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This is not a physics textbook, Rather, it is a physics
reader, ¢ ccllection 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 ¢~ the imagination of the artist.

There are old and new classics, and olso 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 joy 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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F 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 dewn 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 stiucture
didn’t fit any of my facts. Soon I was designing structures




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 buiit 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 1.1,
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 the 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




rooms to lunch one morning, overflowing with pleasure;
I wanted to w!l 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
see 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 carlier in the week and I had locked 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 carly 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 the heart that shook me, I saw behind
each distinct black dot ancther 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 onc, 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 error—I 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 photc-
graph, what would have happened? Very easily I might
not have taken it. I should have been satisfied with my




idea: everyone clse would have been. The evidence is over-
whelming, except for this. I should have pulled off a big
thing. Ishould be made. Sooner or later, of course, scmeone
would do this experiment, and I should be shown to be
wrong: but it wou.d 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 everyonc would
have looked at it.

I sugpose, for a moment, I wanted to destroy the photo-
graph. It was all beyond iny conscious mind. And I was
swung back, also beyond my conscioas mind, by all the
forms of—shall I call it “conscience”—and perhaps niore
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. 30: Photograph 3 alone has secondary dots, cozcentric with
major dots. This removes a ~ possibility of the hypothests of structure
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 uncouascious: the not-secing 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 seif chose not to sce, the sec:., dary ring of
dots. Somectimes, more rarely, the fraud must Le nearer
to consciousness; that is, the fraud must be realised, 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




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.rfully 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
peing tolerant towards them.

For muyself, 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 satuntilsix o’clock, working profitlessly;
and when I walked out, ard all through the night, the
question was gnawing at me: ‘What is this structure?
Shall I ever get 1t? Where am I going wrong?’

I had never had two sleepless nights together before that
week. Fulfilment deferred had hit me; I had te kecp 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
aote-book, look at my watch, and try to sleep again; I
vould 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 wried 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 littie problems?’ And another, ‘I shall be swenty-
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 vsorry 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 tw=nty 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 giviag me no rest.

v

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 tcok out some paper and tried to work it out.
Audrey was staring w_th intent eyes. I could not get very far.
I wanted my results and tables. But everything I could put
dcwn 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 1
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?”

“IT’Il 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 bodv tired, and despite
mysel{ it was more comfort t* . ked of her. I re-
member her smiling, a little wryly, and saying: ‘“When this
1s 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 nad 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 in a fever half-way to sleep.




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, 1 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 labo:atory, 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, 1 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 say—if 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




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 Observed
1.435 1.44
2.603 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 wculd be
utterly different. An X-ray photograph of the crystal
would give e 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 Liithy, 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 1 had his answer: “I have obtained crystal will
telegraph result to-morrow honoured to assist. Liithy.” 1
smiled at the ‘““honoured to assist’”’, which he could not
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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. If—if 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.” Iwas numbed for a moment; I could
only see Liithy bowing politely to the postal clerk as he sent
off the telegram. I laughed, and I remember it hac, 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.

o and Succeess
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Structure, Substructure, Superstructure

Cyril Stanley Smith

Anyone who works with the microscope for an itellectual
or practical purpose will frequently pause for a moment
of sheer entoymens of the patterns that he sces, for they
have much i common with formal art What tollows 18
an attempt to extend mnto a more general field some views
on the nature of orgamizaton and relationships that arose
dunng many years of studv of the microstructures of metals
and aHovs * In a landscape painung of the Far East. o rock
n the foreground with crachs and crystalline texture 1 often
cchoed n a distant mountain with ¢hiffs chasins, wrinkles,
and val'evs, a tree may be related to a distan: forest or a
turbulent and eddied stream to a distant tranquil pond
Each part with 1ts own structure merges into a structure on
a larger scale Underlying structures which are only imag-
ined are nccessany as a basis for the visible features The
connectivity of all 1s suggested by the branching tree-hke
element of the design Both separateness and contmunty are
nterwoven, cach aecessary o the other and demonstrating
the relationship between varnous fratures on a single scale
and between the unn and aggregates on different scales
There 15 a close analogy between a work of art which sug-
gests an iterplav of dunensions and the real internal struc-
ture of a pieee of metal or rock which results from physical
interactions between the atoms and electrons composing 1t

The study of nucrostructure on the scale within the
range of the opucal nucroscope (dimensions between a
micron and a nulbmeter) 15 4 somewhat old fashioned
branch of science, and 1t sull involves a high degree of em-
prrical obsenauon and deduction Far more “highbrow”
1s the ngorous science and simple clegant mathematics of
the 1deal crvstal latuce considercd as pomnt groups in space
The whole field of crvstal structure, mathematically devel-
oped n the mineteenth century by Bravais. Federov, and
Schoenflies, was expenmentally opened up by Von Laue
and especially the Braggs in 1912-13, using the diffraction
of X-ravs to reveal and 10 measure the pertodiaties and swm-
metnies m the arrangement of planes of atoms n crystals
But the mathematcal phvsicist must sunphfv in order to get

The converse relanonstip between acsthetics and metallurgy  the
influence of the techmques discovered by craftamen making waorks
of art upon the desclopment of the saencc of metals wasdiscussed
at some length i ins History of Metallography, Chicago 1960,

Fig 1 Group of polyhedral salt crvstals growing individually from
soluion Magmfication X z00 { Photo oy C W' Mason)
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a“1anageable model, and although his concepts are of great
beauty, they are austere 1n the extreme, and the more com-
pheated cnvstal patterns observed by the metallurgist or
geologist, being based on partly imperfect reality, often haye
a ncher aesthene content Those who are concerned with
structure on a superatomuc scale find that there 1s more
sigmficance and interest 1in the imperfections in cnv stals than
i the monotonous perfection of the crystal lattice self
Lake the biologist, the metallurgist 1s concerned with aggre-
gates and assemblies in which repeated or extended irregu-
lanties 1n the arrangement of atoms become the basis of
major structural features on a larger scale, eventually bndg-
ing the gap between the atom and things percepuible to
human senses

The symmetn of enystals in rclation to decorative orna-
ment has been treated by manv wniters, none better than by
Hermann Weslan s Ssmmetn 1 Princeton, 1952, The pat-
terns of cnstal imperfection are less commonly known,
despite their prevaience and despite their relationship to so
many aestheucally sausfuing forms m which regulanty and
wrregulanty are ntricately itertwined

Crystalline Aggregates and Foara Structures

Aggregates of crystals have structures wlnch arc defined by
the atomically chin laver of disordered material between
the crystals Manv charactensues of their shape are shared
with ample undiffcrentiated bological cedls and the am-
plest common seap froth In all these, the pertinent fatures
arc the two-dimensional surfaccs that separate volumes
of matter which, on this wale, s featureless  I'wo-dimen-
sional interfaces are necessan to define the separatc identity

big 2 Raft of uny umform soap bubbles showing * grain bound.
anes where zones of diffening onentation meet Magmfication x 7

big 3 Deepl etched secuon of a piece of mobvum matat showing
network of gran boundanes revealed by selectve avtach at gramn
boundanes Magmitication x 200 (Phato Covies B J Gray, Oak
Ridge Natronal 1 aboratony )

i Sutface of over-heated alaminam sheet showing the begin-
ming of melting at the gram boundarres Magnification x 4 (Photo
Couttesy Brutish Non-Ferrous Metals Research Assocration)

Fig 5 heched secton of shconaton allov showing the junction
of three crvstals - Fhisas an bistone photograph taken in 1848 by
J E Swad

teoSabst cture Superstructure




O

ERIC

Aruitoxt provided by Eic:

16

of things 1n three dimensions Junctions of the interfaces
themselves produce hncar {one-dimensional features, and
these, i turm, meet at ponts of zero dimension This inter-
action between dimensions, the very essence of form, 1s
expressed 1n mathematical beauty as Euler's Law This
simply states that, i a connected acrav, the number of
poimnts minus the number of ines plus the aumber of surfaces
and minus the number of polyhedral cells 1s equal to one, 1 ¢
np=n,+n,—ny=1

where no, 1y, ny, and ny are the numbers of zero, one, two, and
three-diniensional features There are no himitations to this,
bevond the requirements of aimple ~onncctniny, Even more
than Euchd, hath Euler gazed on beauty bare

A pure metal, when cast (or, better, after a httle working
and heating) has a structure hke that of Carrara murble—
hosts of httle crystals pached together irreguia=ls . he units
do not look hike crystals, for they lack the sy mmetrical vertices
and plane faces of a regular polyhedrou, but internal order 1
there nevertheless Although for centunes man has been
tascinated by the geometrical shape and ghtter of natural
crystals, he has only recentlv comne to see that the essence of
crystalhinity hies not in external shape but in the unmiformuty
of the relatonship of atoms to their neighbors within the
crystal A smgle 1solated crystal growing from a solution or
melt can grow uninterrupredly 1n accordance with the dic-
tates of the atomic stepson 1ts surface Usaally this will result
n a sunple polyhedron (Fig 1), reflecung the mternal order
because of 1ts effect on the rate of growth 1n different direc-
uons If many cry<tals start to grow in the same region,
sooner or later they will interferc with each other Neighbor-
ing ¢rystals diffening 1n no way whatever but 1n the direction
of thar atom rows in space caunot join without some imper-
fecuon Figure 21llustrates this It1s a magnified phorograph
of an array of tiny umiforin bubbles floating on soapy water
The hines of disorder (hat formn between the dffcrentls -
onented areas of reguiarly arrangcd bubble 1w thi o
dimensional model are beheved to be closels analogous to
the planes of drorder constituting the boundarnes between
the three-dimensional crvstal gramne i metals, rocks, and
other polverystalline matenals 1he boundarnies are a Lource
of both strength and weakness and they provide the sites for
the beginnung of any ¢rvstalline (hange Though themselves
unvisible exceptat the extreme himit of resoluton of modern
clectron and 10n nucroscopy, thes differ so much 1n cnergy
fron1 the bod\ of the crystals that they are easily revealed as
Iines of enhanced chemical attach ihg 3:, earh melung
(Fig 4), or thev can be inferred from the sudden change of

cnvstal direction revealed by somie hinds of chemical attach
on the surface (¥ig 5) Patterns hike these can often be seen
with the naked eve on the weathered surface of a cast brass
doorknob or hana  ail, or internally 1n clear 1ce which has
been hept just at its melung pownt for several hours

Now these boundanes. which on an atomic scale are
Just imperfections 1n a umiform stacking arrav, on a larger
scale themsels es beconie the basis of ~tructure ‘They are, n
fact, films of maticr, disunguished by structure rather than
conpositiors They must surround evens <nvstal and extend
n foam-hke tashion contmuoush through the entire mass

b & Eroth ofirregular soap bubbles showing a cellylar structure
analogous to that of metals Lhese bubbles were blown between
parallel glass plates and ar~ essentially two-chme nsional Narural
7t

by 7 Pattern of craze hnes on a ¢lo, od ceramic surface NMaeni-
tication x ¢ 5

big 8 Theshape of cells 1n huran tat assae Magnification x 400
(Photo by b1 Lawas, Courtesy Amencan Acadern of 4rts and Surences)

Fig o Crvvtal grams of 4 meral brass, separated from 4n aggre-
gdte <howing the nwtural shape of <rvstals when packed randomly
mto contac + sth each other Note the frequency of pentagons and
curved surt ¢
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Fig 12 Transformation structure 1n a hardened mickel steel,

showing interference between differenthy onented cryrtals grow-
1ng within the same “rysaline matnx Magnificanon x 250
(Phots by Demel Hofimen)

Fig 13 Branching patte™m un corronon of stainless steel 1n uranyl
sulphate solution Magmificauon x 100 (Phow Courtery R J Grey,
Oak Ridge Nanonel Ladaratory)

Having high energy and mobility, they tend to adjust 1o a
configuranon of small area, which makes them join each
other alwavs 1n groups of three at an . agle of 120+, Just ac
do the films in a froth of s0ap bubbles In 2 mass of large
bubbles of irregular size (Fig 6, thete will be differences in
prescure between adjacent bubbles 1o match the surface ten.
sionan the cuned films and 10 reconale the 120¢ angle with
the necessity to (ill space Since three bubbles meet at cach
juncuon, Luler'slaw requires that the average bubble 1n an
finite extended array must have exactly six sides, but
there 15 no requirement that each one be a hexagon, only
that 1 there are some with more than six sides, there must
be a matching number with less T he froth therefore, though
lacking long-range syirmetrv, nevertheless has sen definite
rules as 10 1ts composiion It 1s pleasing in appearance

because the eye senses this interplay between regulanty
and arregulanty  The topological requirements of space-
filkng ngidly detenmine the relationships of the whole, but
allow any onc cell 10 be of pretty much any shape, while
surface tension equilibrium requires only that the films be
a1 120° 10 cach other at the pont of meeung, always three
wogether, and 1t produces the pressure differences that are
needed t0 balance the resuluing cunatures Bevond ths, all
depends on the acaidents which brought a bubble of a
particular size 10 a given place and surrounded it with 11
particular neighbers, cach alo with 1ts private histon

s nteresung to compare 4 two-dimensonal s0ap froth
with the tooologically amalar but geometncally different
pattern of craze marks in a ceramic glaze {(Fig 7' Though
the cracks divide the surface into cells meeting three at each
juncnon, the geometty 1s different from the froth because
the cracks must follow the direction of stressin the glaze and
a new crack oins an old one perpendicularly

A foam n three dimensions 1s 2 bit more complicated,
but drpends on the same prnaples To divide space nto
three-dimensional cells, at leas: 2ix two-dimensional inter-
faces must meet a7 each point, and if surface tension dom-
nate they will join 1n groups of three at 126* 10 cach other
along hnes, forming cell edges. which meet svmmetncally
atthetetrahedral angle of 109 47° “The angle whose counes
minus ty ) Fhis conhguration of three-, two-, and one-
dimensional junctionsis repeated at even vertex Cunature
I8 Becessany 1o connect adjacent vertices and to recondile the
short: and long-range needs Because the polygons (el
faces) must be in groups which close around each three
dimensional cell, the average polvgon will have a smaller
numnber of sides than 1i ¢ hexagon which connectedly fills
space in two dimensions No single plane polvgon can meet
the requirements, {o1 1t would have 10 have 5 1043 ades 1n
ordes 10 nave comer angles of 109 47° The best solution that
has been proposed corresponds 10 a fourteen-nded bods with
six plane four-sided faces and exght doudle-cuned hexagonal
faces, the mixture of polvgons having on the average Sy
sides This cunous trratonal number 1s of the utmost 1m-
portance, though 1t s hutle apprecsated  Cersamndy 1t g5 re-
sponsible for the prevalence of pentagons in nature It 1s
probably betnd the five.fold symmetn of plants and the
five fingers and toes of ammals Frequent pentagonal faces
2re readilv seen within a three-dimensional froth of bubbles
on a glass of beer and they occur also 1n such disparate
bodies as human (at cells or metal grans Figs 8 and 9,
Pentagons are frequent but not universal, for the dea! num-
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ber 1s an irranonal one and pentagenallv-faced polvhedra
alone cannot bl (pace

ftahou! ' ¥ noted that the exten ape of the cnvataly
i Fig 9 revean nothing of thew mner otder for the shape
depends on the property of the dnordered bourd 1y, not
the ordeted cnvaals that are separated A more abuvioush
nvatalhine geometne struc ture occun when asecond envetals
line phase ongiates in direct contact with a presexasting
one, for it automancathy forms i whatever definite otsenta-
uon g es the lowest energy of the wterfs € Notinfrequenthy
two dilerent binds of crvstal grow ain swmbiond relationship
with cach ather forming duplex onented umits which
serve as the bawn for anirtegular team-hike aggregate quite
amilar 1o that formed by (natalh of a ungle substance

Examples of such onented duplex structares are shown w
Frgs 100 12

bre 15 Dendnr ormth o anran cenaal Magmhoat 1 abeat
v T histo o drasang swas sade o 1R=6 by he R oaan
woralaent BRI barnotl T targe siodd ang ot s booratan

St e measute s tal inctiesan tength

buoaq The wrtace o0 ar aneot of attvnony showang dendnt
toualy wheed hase oo v anterterence with ek ather 1has
prattern was the mosne Nar ol Ant mony o the achenasts Aboue
nataral aze  Phote Covrten T Saence Murewm Tandon (roen

eprright
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hig b Paaom of ndges tormed byoa crek movung i a cnatal
of Chnule compoand « capper and maznesiam Cu, Mg Fhe
ctack proceeded fiom the tap  the bottom of the fizare Magiu
hoation N g0 Prote Cousten Daare Mrzer Doy Metal Products
Compary

Branched Structures
The woap troth o the archetvpe for all cellular suterms
which lor amv reason are constrained toward 2 mumimum
area of sutetface A quite different tupe of structure though
A common one. 1s the one that results from the growth of
polated indinaduals in the hranched form bestllustrated by
4 common tree This occurs whenever a protuberance has
an advantage over adjacent arcas 1o getting more matter
heat hight, or other requisite for gronth Such strctures
accur i clectric discharze, in corrosion Frg 13, and even
wn onstal growth Fig 14 althouwh in the lasi case the
basic mechamsm 1s given an overall summetn Al these
brancmng structures start irom a point and grow aneally
but they eventually stop as the hranches interfere with others
already precent Lt the structure encounters «ome ex.
tranecous obstacle Fig 15 . the shapes are quite different
from the snterlace-determined shapes hwcussed above
[he structure 1s that of an ndiadual not of an aggrezate
There are other structures sn which a hranched 1reelihe
strucnare anses from ansnserse mechans 1 The best known
exanple i the successive Joming of many small wreams 10
form a ungle large river In brtde <olids the merging ton
gether of many smal v racks o form a angle sutface gives
nse to a4 amilar form hig 16

The Role of History i Structure

in the typical process amenahle to study by physics the
small number of unin imohed and the umplicin of ther
nteractions gines a definstencss and reproduabilit that »
esther invarniant or s dependent sna simple way upon time
In other sciences such as biology or metatbirgy the structure
of complex matter must be dealt with, v oluing mynads of
uts and interacting interacuons with zsocations of per-
ch can be combined W an
alrist infinste vanety of wavse The structnres which ment

fection and smperfection

parncular study because they happen to exist depend almost
completely on their hissory
with more diveraity, the presenthuman condition Although
nther structres might have been formed with equal a priors
prohability trom the same umts and umit processes the
whole unique sequence of atomic.scale events that acally
hd occur, each adding a Little to a presexnting structure
was pecessan 1o give nse 1o 1he partictlar array of mole-
cules, ervstals or cells i the final stencture * \lthoagh the
ideal cnvstal latiire of a substancs at equilbrium depends

qmite as much as does though

Structure Substructure, Superstructure

enly on 1t compoution and t nperar re ail other aspects

of the structure of a given bit of polvenistalline matter de-
pends upon histonn 3¢ the detals of the nudeation of
mdividuzl envaals, usualiv at ates where smpertecions or

heterogenesties pre-exast in th= mawnx, the locally varvung
rates at which theindividnal enstals grow nto thor envaron-
nient, mcorporatng or rejecting matter as a result of the

mic ro-processes of atom wansler, and the manner i which

the ensals impinge to produce the gram boundany as 4
new element of structure which stself changes < ape s ac-
cordance with its preperties and the particular locat weomne-
tny all resulung fromn nstoncal accidents Far e s compley
but in principle annlar shings occur in biowreal and wal
orgamzatons

In the space-filhing ageregate. the indiniduak hae cach

other

Thev mav be arraved randomly or reulariv b

however undeterminied the shape of an sndividual the con-
ditsons of jornurg at the points where three sr more mcet are

dennea Structure on one level by simperfc sionsor vana-

tons, alwavs gines rve 10 a new Lapd of structure on o bareer

wale

Enversely, 1t mas exen be that there 1 no de ectable

structure withont «wme undrrl\n-z Mecture on a unaller

scale The valiin of asomism depends on the tool used

fanl 1

A local confignranion will alvavs have some cons

nection to neagihbonng ones In everdecreaung degree

even part s dependent on the whole ind vice versa

On Scectrons and Surfaces

Fhe structures sanally obsened on metals and rocks ae
those of a plane «ecuon cnt through a throeshmenvional
stri ture shionyg through the envatal planes and boundaiees
at vanous angles, and thus introducing distortzons of shape
and hiding connec ons that mav et i the thad dinten.
sion We have become ven adept at interpreung things
l-om two-dimenaonal representanon ndeed most of our

tha ing s i snch terms The twosdimensional satface of a

pampting can rcpresent a ﬂrmghl or dissarted projecionor a
point-perspeenne view of either real oo umaganan thanies
In sculprure, the surface can be the namral susface of an
object, but 1t s usualls v« v throuch a body of matenal
which has a three.dimen.. 1al structure and 1t reveals o

surface texture with 1ts own aesthetic quabiaes Sections are

Famandibied o John R Plan tor peanieg our tha Delegy

esenindh an histoncal wience The ideacrlabeerved by [ udwee
son BertalantIn Prodlems of £1fe New Yerk 109
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subth different from the same structures when formed
against a real surface  compasze Fig 4 of Jhe real srface
of a polienstalline metal with Fig 3 of a <ection 10 the
former the angles are nearly all at 120 . while the latcer has
2 pleasing diversits Secuoning 15 stmpler than other two.
dimensional representauon because there 1« no superposition
as n projeciton and no change of scale as in perspectine it
€ives a sngle-clevation contour map, with volumes reduced
to areas, surfaces to lines, and hines to pomts If the structure
15 cellwar and randomh onented. representauons of ali
possible views will be seen at vanous piaces 1n the secuon
Depending on the onentation certam features will be
magnified 1n one dircction Convexats 07 concavis of a surs
facein relation 1o the wctioning plane produces dosea 1alas
ton or extended connectnaty of the hnear traceson st H the
structure 1s not random, but irregularh famellar as the gram
ofatree thevaranonsn the third dimension can be seen asa
distnhution of texture n the two-dimensaonal shee Some
examples in which sach sumctures are exploit *d are wood-
vencer textures marhled ceramice the Damascus sword

Fig 17 and Japancse words and tsuba Fig 18 Theeall
owc much of their charm to the suggestion of combined d -
sign and tex*ure that thes display, with effects not unhke
those of woren trxules hut more natural n ongin and with
threeodimens onal overtones

Conclusion

Do not thew simple structures of cnvstals and the ampler
oncs of bubbles graphically sllustrate some mporiant features
of the worid and our appreciation ofat aestheticall acwellac
ntellectuallv? It i the Chinese prancipal of yang and s,
balanced poutine and negatine deviattons from uniformit,
which if occurning at manmy places must form a foam siruce
ture of cells no matter what matenalspace or idea-space 1
mvalved The freedom of 2 struceueal unat inflic s and suffers
consirants whenever ats closer tnteracuon with some neighs
bors makes cooperation with others less east Social order
intensifies the interfacial tension aganst a differently ordered
group Exersthing that we can <ce eventhing that we ¢an
understand ssrelated tostructure and as the Gestalt pschol-
« st have w beautfulls shown perception atself s 10 pat
tems not fragments Al awarenews or mental acoun ceems
tonvolie the compan<on of a sensed or thought pattern with
A precasung one a pattermn formed n - the bra.n’s phyvacal
structure by biological inhertance and Che umpnnt of
expenence Could it be that aesthete enjovment is the rewls
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of the fenination of a hind of mowré pattern between a newlh
sensed expenience and the old. between the different parts of
a sensed pattern transposed in space and i onentation and
with vanations in scale and time by the man clous properties
of the brain? The part<of a sensed whole form many patterns
suggesting cach other 1n varving scale and aspect, with
patterns of impeifection and disorder of one kind forming the
paruath ordered frameworh of another with an almost
magical diversity depending on the degree to which local
devianons from the ideal pattern are averaged out Somehion
the bran percenes the relationship and actinely enjoss the
rich interplay possible 1n patterns composed of the simplest
parts. an mterplay hetween local and long-range. betw~"n
branching extenaon and consobidation, between substance
and surface. between order and disorder

The ven nature of life s pattern-matching, whether n
the ample acceptance or rejection of “food™ umits to fit the
RN\ molecules within a <ol or the jomning together of
ce.nformung and differentiaced cells i the overall pattein of
the organism which the parts themeelves both dictate and
contormto Thegrowthoforaer *d but hfelessmatter typically
occun by the additon of atoms or molecules 1o the very
wrface of a cnatal A not dissimilar process of structural
matching is involved in the duphication of protein within a
In g cell. but a complete organinm grows by mgernal mulu-
pheation. and the conscquent burgeon.ng of outward move-
ment produces the differing environments for cells whach 1s
an essential charactenstc of a Ining organism

There 15 a kind of indetermiray quite different i es-

sence frem the famous prnaple of Heiwenberg but just as
effective in hmiung our knowledge of nature | which lies 1n
the fact that w  can neither conscioush sense nor tnnk of
ver muchatam one mome .t Under<tanding can onls come
from a rovimg view point and sequential changes i tne scale
of attention The current precision i science will inut ats
advame unless a wav can be found for relating different
but interworven scalec and dimenaons

The chmmation of the ext-ancous, 1n both expenment
and theors  has been the vertable haas of all saiennfic
advance ance the seventeenth centurs, and has fed uc 1o a
pomtw here practic allv ey cnrhmz above the atom s under-
stoodd *m prinaple  Sooner or later, however science mats
advance will have exhausted the supply of problems that
mohe onlv those aspects of nature that can be freshly
studied ir simple 1solation  The great nced now 1 for concern
with svstems of greater cousplextty, for methods of dealing
with comphicated nature as 1t cxists Fhe aruist has long heen

making meamngful and communicable statements, if not
alwars precise ones. about complex things If new methods,
whuch will surely owe something to aesthetics, should enable
the scientist t0 move nto more complex fields, Fis area of
nterest will approach that of the humamst, and science mas
even once more blend smoothlv 1nto the whole range of
human actat

Fig 17 Detail of 2 Damascus sword blade from the Wallace Col-
lecnion, London The surface of the blade had been formed b
cutung through the irregular laminar <tructure which onginated
m the cnvetallization of the high carbon <teel and had mamtamed
e dentitn: dunng forgang N\t canon v 2 ¢ Photo Courtesy The
Wallace Collectton, London}

Fig 18 .\ Japanese . jkumé ewordguard from the collecticn of
G F Hearn The texture anices from the intentional incorporation
of mnumerable tavers of <ighthy different steels mto a single mase
by reprated welding and forqng and then ¢hemicallh etching
the tiral carface which wac cut through the forgrd lamellze The
moon < inlud 1o alver Natwral aze
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X

The “Thomson'’ Atom

R .
L AN \

Following the discovery of the electron it was clear that a complete
revision of atomic theory was required. The atom could 1o 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
atem, 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 cleatly set forth in the closing pages of Ruther-
ford’s book, Radioactive T ransformations, 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 by Thomson ap-
peared early in 1904, which reexamined Kelvin’s static atom rodel 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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prictary 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 “vitrecous and resinous” electricity with “the
*otal vitreous greater than the resinous.” The clectrons 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 tnat
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 medel 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 needcd 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-
ness 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 Barkla showed
that for the light atoms, except hydrogen, it was more nearly half the
atoinic 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 ator: was
of the order of 10~* cm From the scattering experiments 1t was known
that an clectron 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. Accordingly, 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 clectron 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 thcory required that accelerated
electrons must radiate energy, the clectron would naturally be brought to
rest. Hence, the undisturbed atom would be a static atom, and if disturbed,
would produce dynamically stable vibrations, dymmg away with time. If
the disturbances were sufficiently violent, the electron would be cjected,
resulting in a hydrogen jon. All this scemed in accord with experience.
But a Iittle further investigation showed that despite its good beginning,
the model had at lcast one serious defect. The radiation emitted by the
vibrating clectron should, according to theory, consist of light of a single
wavelength appropriate to the far-ultraviclet region of the spectrum. Ex-
perimentally, one observed quite unaccountably a spectrum in the visible
region consistirg of several discrete wavelengths. Othe: series of lines also
existed in the infrared and ultraviolet.

Despite this defect, Thomson went ahead to examine the stability c¢
the multiclecticn 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; instcad they are located at the
corners of a regular tetrahedron. Stable arrangements with greater num-
bers of clectrons up to 100 are then discussed. Thomson was also able to
show that the clectron 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 clongated 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 themseives 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!

Q9000009

THOMSON

The Arrangement of Corpuscles in the Atom '

WE HAVE SEEN THAT CORPUSCLES arec always of
the same kind whatever may be the nature 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 clements. This consideration makes it
important to consider the ways in which groups of corpuscles can arrange
themsclves so as to be in equilibrium. Since the corpuscles are all nega-
tively electrified, they repel cach 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
clements 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 clectricity; the atoms must, along with the corpuscles,
contain positive electricity. The form in which this positive clectricity oc-
curs in the atom is at present a matter about which we have very little
information. No positively clectrified body has yet been found having a
mass less than that of an atom of hydrogen. All the positively clectrified
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
clectricity occurs in the atom, we shall consider a case in which the posi-
tive clectricity is distributed in the way most amenable to mathematical
calculation, i.e., when it occurs as a spheie of uniform density, throughout
which the corpuscles are distributed. The positive clectricity 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 eclectrification is balanced by the
repulsion of the other corpuscles.

Let us now consider the problem asto how 1...2...3... n corpuscles
would arrange themselves if placed in a sphere filled with positive clec-
tricity of uniform density, the total negative charge on the corpuscles being
cquivalent 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 cach 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 cach other; if we let these parts recede from cach other until
they were infinitely remote we should gain work. The diffcrence between
the work spent in removing the negative from the positive and that gained
by allowing the positive to scatter is Q0 the amount of woik required to
scparate completely the electrical charges. When there is only one cor-
puscle we can casily show that

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 clectricity
they will, when in equilibrium, be situated at two points A and B, in a
straight line with O the center of the sphere and such that

a

2
where a is the radius of the sphere. We can casily show that in this position
the repulsion between A and B is just balanced by the attraction of the
positive clectricity and also that the equilibrium is stable. We may point

Aton:
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out that 4 B the distance between the corpuscles is equal to the radius of
the sphere of positive electrification. In this casz we can shuw that

21 €*
°=Toa

Thus if the radius of the sphere of positive electrification remained con-
stant, ( 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 clectrification of its own, for in the latter case we
have seen that

b

PQ=2X

R%

2
10

and this is less than

Thus the arrangement with 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
each 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 clectricity for the combined sysiem is the sum of the volumes of
the individual systems, then a for the combined system would be 214 or
125 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
-adency 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 equa! 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.




3 . t
t For the case of three corpuscles @ = %(“6) ‘;—, and thus again we see that

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 clectricity instead
of being invariable in size were invariable in density, we sce 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 ar:angement is possible and stable when the four
arc in rapid rotation. When there is no rotation the corpuscles, when in
stable cquilibrium, 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

} if the radius of the sphere of positive electricity is invariable, the arrange-

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

Six corpuscles will be in stable cquilibrium 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
casc where the corpuscles arc 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 propertics of the more general distribution, The
analytical solution of the problem when the motion of the corpuscles is
confined to one planc 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, cach corpuscle being thus at the same distance r from the centre of
this sphere, we can find 5 value of r, so that the repulsion exerted by the
(n — 1) corpuscles on the remaining corpuscle is equal to the attraction
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of the positive clectricity 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 it<elf, it becomes stable when there is another
corpuscle placed at the centre of the hexagon and rings of seven and cight
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

n 5. 6. 7. 8 9. 10. 12. 13. 15. 3c. 40.
i 0. L 1.1 2 3. 8. 10. 15. 39. 101, 232

~

When n is large 7 is pioportional to n®. 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-
lated—Editors.]

[Table 37-2] giving the various rings for corpuscles ranging in ~umber
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 bodics
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
needies are equally magnetised. These needles, having their polcs all point-
ing in the same way, repel cach other like the corpuscles. The attractive
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TABLE 37-2
NUMBERS OF CORPUSCLES IN ORDER
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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 ncedle after needle into the water we shall find that they
will arrange themsclves 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 themscives at the corners of a hexa-
gon but five go to the corners of a pentagon and one gocs to the middle.
When we throw in a seventh needle we get a ring of six with onc 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 2 great display of corpuscles on the outside
and nothing in the inside. If, however, we have a go=d foundation of cor-
puscles—if, for example, we tic a considerable number of needles together
for the inside—we 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 magacts 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 cach other—though in this case the repulsive force docs
not vary inversely as the squarc of the distance—while they are attracted
by the external magnet; the iron spheres arrange *hemselves in patterns
analogous to those formed by the magnets. Dr. Monckman used, instcad
of magnets, clongated conductors floating vertically in water; these were
clectrified by inducticn 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 sce from this experimental illustration, as well as by the analyti-
cal investigat.on, that a number of corpuscles will, if confined tc one
plane, arrange themselves in a serics 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 sce that the numbers which come in the same
vertical columns are arranged in patterns which have much in common, for
cach 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 onc below this 15, 11, 5, 1; tne onc below this 17, 15, 11, 5,
15 then 21, 17, 15, 11, 5, 1; and then 24, 21, 17,15, 11, 5, 1. We should
expect the properties f ihe atoms formed of such arrangements of cor-
puscles te have mary points of ‘esemblance. Take, for example, the vibra-
tions of the corpuscles; these may be divided into two sets. The first set
consists of thosc 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 vibratiors 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 ¢lements 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 10 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 s;nall 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 riag without altering their funda-
mental character. Thus we siiould expect the various elements in a vertical
column to give correspor.ing groups of associated lines. We might, in
short, expect the various ciements 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 proportioral 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 thesc 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

37




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 element—say lithium—witk a certain property;
we go on, and after passing many elements which do not resemble lithium,
W come tc another, sodium, having many properties in common with
lithium; then, as v.c 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 .  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 Mendeléef's 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 ring—Editors.]
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Einstein

I CAME 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:

39




ERIC ?

“Professor Finstein wants to see you right away.”

I'knocked at the door of 209 and heard a loud “berein.” \When
I opened the door I saw a hand stretched out energetically. Ir
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 dr;.) His shirt was without a collar, his
brown trousers creased, and he wore shecs 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.”

Quictly he took a picce 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, assures 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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century, 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 partcles in haphazard motion. Here—from the planetarv
systemn to a gas—we 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 tlus picture is of 2 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 iy n 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 born: 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 waves—sent, spread,
received—imply 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, tpe
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 exjs-
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
1s the object localized at this point of space. The field physicist
says: field is everywheze, but it diminishes outside this portion
so rapidly that my senses are aware of it only in this particular
portion of space.




Basically, three views are possible:

1. The mechanistic: to reduce everything to particles and
forces acting among them, depending only on distances.

2. 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 possibilities of a
philosophical approach to basic physical problems. The past
generation believed in the first possibility None of the present
gcneration of physicists believes in it any more. Near]y 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
n”CCSSlty 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.
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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 theery of rela-
tivity and perhaps not the most important one, bu 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 difficultics
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 grected 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




as the language of our conversation. Since I had heard the first
part before, 1 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 thiree 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 quictness, 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
mathematcians hardly need words to understend each other.
They have their symbols and a few technical terms which are
recognizable even when deformed.

I watched the calm, inpressive 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. L 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 possibie 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 clectromagnetic waves 77ust exist was prior to Hertz's ex-
periment showing that the waves do exist.

General relativity is a field theory and, roaghly speaking, it
does for the problem of gravitation what Maxwell’s theory did
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for the problem of clectromagnetic 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 send out electromagnetic waves. It is a2 common
feature of all ficid theories that the influence of one object on
another, of one clectron 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 helieved that a more thorough
exarnination could only confirm this resulr, giving some finer
features of the gravitational waves No one cared about a decper
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 everyoire believed in gravitational waves. In the previous
two years Einstein had begun to doubt their existence. If we in-
vestigate the problem superficially, they scem 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 astoond every
physicist: that fieid theory and the existence of waves are not
as closely coanecied as previously thought. It would show us
once more that the first intuition mav be wrong, that deeper
mathematical analysis may give us ne  and uncxpected results
quite different from those forescen when only scratching the
surface of gravitational equations.

I was very much interested in this result, though somewhat
skeptical. During my scientific carcer I had learned that you may
admire someone and regard him as the greatest scientist in the

world but you must trust your own brain still more. Scientific
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 restricred 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 ! were impressed vy the conclusion re-
garding the nonexistence of gravirarional 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 1s a beautiful view from this window.”

Excited and happy, I went home with the manuscript of Ein-
stein’s paper. I felt the antcipation of intense emotions which
always accompany scientific work: the sleepless nights in which
imagination is most vivid and the controlling criticism weakest,
the ccstasy 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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Tu: PROGRESS OF MY 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 happiness 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
cager 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 in:pact 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 in universi-
ties, which would be suitable for scientists. As an examnle he
mentioned a lighthouse keeper. This would be comparatively
casy work which would allow one to contemplate and to do
scientific research. His remark scemed 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-




ERIC

Aruitoxt provided by Eic:

tem by putting onesclf into somcone 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 idcal life. But ncarly every scientist thinks just the
opposite. It was the curse of my life that for a long time 1 was
not in 2 scientific atmosphere, that I had no one with whom to
talk physics. It is commonly known that stimulating cnviron-
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 rescarch activity dic 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 L. But genius is an exception. Einstein could work any-
where, and 1t 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. He found the atmosphere more
friendly, more human, less marred  intrigue than at the uni-
versitics, 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
carning money from physics by teaching at the university.
Again somcething deeper is hidden behind this attitude, It is the
“religious™ feeling, bound up with scientific work, recalling that
of the carly 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

Linstein
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again this somewhat commonplace statement must not he taken
licerally.

The feeling of pity is one of the sources of human kindness.
Pity for the fatc of our fellow men, for the misery around us,
for the suffering of human beings, stirs our emotions by the
resonance of sympathy. Our own attachments to life and people,
the ties which bind us to the outside world, awaken our emo-
uonal response to the struggle and suffering outside ourselves.
Eut there is also another entirely different source of human
kindness. It is the detached fecling of duty based on aloof, clear
reasoning. Good, clear thinking leads to kindness and loyalry
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 tuat
arises from clear thinking. Too often I have seen how emotions
unsupported by clear thought are useless if not destructive.

Here again, as I sce it, Einstein represents a limiting case. I had
never encountered so much kindness that was so completcly
detached. Though only scientific ideas and physics really matter
to Einstein, he has never refused to help when he felt that his
help was nceded 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 tive with people whom he meets,
waiting patiently for the moment when he will be left alone to
return to his work.

Einstein wrote about himself:

My passionate interest in social justice and sccial 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
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vague aloofness, and the wish to withdraw into myself incre.>>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 comr :nsatrd for it in being
rendered independent of the customs, opimions .nd 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 1s 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 ha;
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 1s cectainly not famous becaus. of this discovery. It is
his work on relauvity theory which has made his name known
to all the civilized world. Does the reason lie in the great influ-
ence of Einstein’s thecry upon philosophical thought? This
again cannot be the whole explanation. The latest developments
in quantum mechanics. jts connection with determinism and in-
determinism, influenced philosophical thought fully as much.
But the names of Bohr and Heisenberg have ::ct the gloy that
is Einstein’s. The reasons for the great fame which diffused
deeply among the masses of people, most of them remcved from
creative scientific werk, incapable of estimating his werk, 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, contirmed 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 predicred 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 enthusiasta 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 confirraed 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 1solation, in his aloofness. Fame bothers him when
and as long as 1t impinges on his life, but he ceases to be con-
scious of 1t 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 r1iore
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 2 movie in Princetor to see the Life of Ewmile
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 minures.”

Rut 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:

“T'envy the simplest working man. He has his privacy.”

Another tine he remarked:

“I appear to myself as a swindler because of the great pub-
licity about me without any real reason.”
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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 <as 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 rernains another question to be an-
swered: why does this fame cling so persistently to Einstein in a
changing world which scoms 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 appeared 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.

Frem 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 symparhy, 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 gentle act-
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 angel’s song,” he said with an excite-
ment which I had hardi, ever noticed before. Lut two minutes
later we were writing down formulae and the cxternal world
bad again ceased to exist.

Tt took me a long time to realize that in his aloofness and isola-
tion lie the simple keys leading to an understanding of mary
of his actions. I am quite sure that the day Einstein received the
Nobel orize he was not in the slightest degree excited and that
if he did nat 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 bat 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 secn 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 inte:ested and refused to be amused. I could see
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 doe> 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 razor—and one
more slavery entercd 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 tix 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, pa1ic 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.




There is no fear of death in Einstein. He said to me once:

“Life 1s 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.”

Einsten
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Mr. Tompkins and Simultaneity
George Gamow

I

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 trzin 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 himselfin 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.
‘Weareinthe land of relativity,’ said Mr Tompkins, ‘aren’t we?’
‘Oh!” exclaimed the professor, ‘you know so much already!
Where did you learn 1t 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.’

“Naturaily 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 brakemar 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 1 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 fivebut 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?’
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“They do, but it requires considerable skill. It is technically
very difficult to get the necessary accelerations, but the conditions
existing in a non-.aiformly 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
‘rom the gravity of the earth. Well, the potential of gravity 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 cbserve 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 of a 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 deubt. 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 eviderce
atall. 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 che system from which you observe it? Come
along quietly,’ he said, turning to the porter.

"Excuse me, constable,” interrupted the professor, ‘but youare
absolutely wrong, and I do not think that at headquarters they will
like your ignorance. It is true, of course, 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 /ater than its effect and, as we got out
of the train immediately we saw the station master fall, we still had
nor 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 12, paragraph e:
““As a perfect alibi should be recognized any authoritative proof,
from any moving system whatsoev v, 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

1y

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 of any 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
thiny 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 kncw 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 orto learn about it. From the point of view of causality
he was, so to speak, excommunicated from you for six days.’
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“What about a telegram?” su_gested 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, ‘«ven 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 sim 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 femain 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.




ERIC

Aruitoxt provided by Eic:

Mathematics and Relativity

Eric M. Rogers

Mathematics 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 unrehable than most people
think. I love vegetables” is so vague that it 1s almost
a disgrace to a civihized language—a 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
tts reading by staring at it—and you are almost cer-
tainly a Iittle wrong A thermometer does not show
the temperature of the water, 1t 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 1t means with amazing brevity and hon-
esty When we wnite 2x* — 3x 4 1 = 0 we make a
very definite, though very dull, statement about x
One advantage of using mathematics in science 1s
that we can make 1t wnite what we want to say with
accuracy, avoiding vagueness and unwanted extra
meamings The remark “av ‘At = 32” makes a clear
statement without dragging 1 a long, wordy de-
scrniption of acceleration y = 16¢* tells us how a
rock falls without adding anv comments on mass or
granty

Mathematics is of great use as a shorthand, both in
stating relationships and in carrving cut comphcated

arguments, as when we amalgamate several relation-
shups. 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 the square of the time.” but it 1s
shorter to sav, “s = v, + 2 at:.” If we tried ta oper-
ate with nordy 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 v? = v,? +- 2as in Chapter 1, Appendix
A, but, without the compact shorthand of algebra,
it would be a brain-twister argument Gong still
further, into discussions where we use the razor-
sharp algebra called calculus, argung in words
would be impossibly complex and cumbersome. In
such cases mathematics s hike a sausage-machene that
operates with the rules of logical argumcnt 1stead
of wheels and pistons. It takes in the scientific in-
formation we provide—facts and relationships from
experiment, and schemes from car minds, dreamed
up as guesses to be tned—.d rehashes them into
new form Like the real sausige-raachine, it does not
always deliver to the new sausage all thc material
fed in, but it never delivers anything that was not
supplicd to it originally It cannot manufacture
science of the real world from its own machmatiors

Mathematscs: the Good Servant

Yet 1 addition to routine services mathematics
can indeed perform marvels for science. As a lesser
marvel, it can present the new sausage n a form
that suggests further uses. For cvample, suppose
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you had discovered that falling bodies have a con-
stant acceleration of 32 ft sec, sec, and that an.
downward motion they are given to start wath 1s just
added to the motion gamed by acceleration Then
the mathem:.tical machine could take vour exper-
mental disexvery and measurement of “g” and pre-
dict therelstionship s = ¢t 4- %(32)6* Now suppose
you ha rever thought of including upward-thrown
things ir vour study, had never seen a ball nise and
fall 1 - parabola. The mathematical machine, not
having been warned of any such restriction, would
calmly offer 1ts prediction as if unrestricted Thus
you .night try putting in an upward start, giving ¢,
a rrgative value in the formula. At once the formula
telis a dxﬂerent-lookmg storv In that case, it savs,
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the store would fly up slower and slo ver, reach a
h:ghest tount, and then fall faster and faster. Ths
is net + rash guess on the algebra’s part It is an
unemotionai routine statement. The algebra-mu-
chine’s defense would be. “You never told me c,
had to Le downward I do not know whether the
new riedicticn is right Al 1 can sav is that IF an
wpward throu follows the rules I was told to use for
downu wrd throws, THEN an upward thrown ball
will rise, stop, fall.” It is we who make the rash guess
that the basic rules may be general. Tt is we who
welcome the machine’s new hint, but we then g0 out
and trv 1t * To take another example from projectile
mathematics the following problem, which 1ou met
earlier, has two answers.

PROBLE\

o
“A stone 1s thrown upward, 3 ;
with imtial speed 64 ft/sec, % 1
at a bird in a tree How ~_ s
long after its start wall the ~,
stone it the bird. whichis I
1S feet above the thrower®”

N

ANSWER. Fie 31.2
1 second or 3 seconds

This shows algebra as a vers honest, if rather dumb,
senvant There are two answers and there should
be, for the problem as presented to the machme
The stcze may hat the bird as it goes up (1 see from
start i, or as 1t falls down again (after 3 secs).
The machime, 1if blamed for the second .amswer
would complain, “But you never told me the stone
had to hst the bird, still Yess that 1t must hit 1t on the
way up 1 only calculated when the stone would be
48 feet abote the thrower. There are two such
times.” 1.ooking back, we see we neither wrote any-
thing in the mathematics to express contact between
stone and bird nor said which way the stone was to
be moving It is our fault for gn ag incomplete -
structions, and it 1s 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-
mg emerges as 3 cows or 24 cows, we nghtly reject
the second answer. but we blame oursel es for not
telling the mathematical machine an important fact
about rows In phvsics problems where several
answers emerge we are usualiy unwise to I,
some of them awav Thes mav ali be nuite tr e ov,
if some are verv queer, accepting them pre- st nally
nas lead to new knowledge If vou look back . the
presectile problem, No 7in Chapter 1, Appendix B,
Yo mav now see what its second answer meant

Here 15 one Iike it.

o Tp\ ProsLEAL,
720N g A man throws a stone down
awell which is 96 feet deep.
It starts with downward
R velocity 16 ft’sec. When
will 1t reach the bottom?

Fic 31-4

Tius 16 2 ample example. chosen to use phyacs vou are
familiar m(h—lxnfomxna(cl_\- o simple that vou know the
arsuer before vou let the machine suggest 1t There are many
cases where the machine can produce suggestions that are
qu.te unespected and do indeed send us rishing to cxperi-
ment E ¢, mathematical treatment of the wave theony of
hght suggested that when hght casts a sharp shadow of a
aze *hete will be a tiny bnght spot of light n the muddie
of the shadov on a wall “There 1< a hole in evers cosn *
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Assign sutable 4 and — signs to the data, substi-
tute them in 2 suitable relation for free fall, and
solve the equation. You will obtain two answers,
One a sensible ime with 4+ sign {the “right” an-
swer), the other a negative time. Is the negative
answer necessanly meaningless and silly? A time
such as “—3 seconds” simply means, “3 seconds be-
fore the clock was started ” The algebra-machme 1s
not told that the stone was flung down by the man
It 15 only told that when the clock start2d at zero
the stone wes moving DOWN with speed 16 ft/sec,
and thereafter fell freely For all the algebra knows,
the stone may have just skimmed through the man's
hand at time zero. It may have been started much
earher by an assistant at the bottom of the well who
hurled 1t upward fast enough to have just the right
veloaity 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
dimimshing speed, reached a highest point, fell with
mcreasing speed, moving down past George 3 sec-
onds after Alfred threw it. George missed it (at
t = 0), so 1t passed him at 16 ft/sec and fell on
down the well agan.” According to the algebra, the
stone will reach the bottom of the well one second
after it leaves George, and 1t msght have started
from the bottom 3 seconds before it passes George.

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

ProBLEM 7 .
= ,T 1z f
A man standing on the top é;
of a tower throws a stone ) “ -
up into the air with initial wp V7
velocity 32 feet/secc up- !
ward. The man’s hand 1s | i
48 feet above the ground AN
§ Ascxaranoyeny;

How long wiil the stone T
take to reach the ground® P 315

In these problems mathematics shows itself to
be the completely honest servant—rather Iike the
hor.est boy 1 onc 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 comn. a bnght
bronze farthing (3¢ ). but gave him a golden pound
($3) by mistake What was the bov to do when he
discovered the obvious mistake® Keep the pound,
trading on the mistahe dishonestly® Or bring 1t baek
with unctuous virtue and embarrass the miser mto

saymng “Keep 1t, my boy"? He did nerther He simply
brought the exact change, 19 shulbngs and 11%
pence The muser was debghted, saving, “At last I
have found an honest man”, and he bequeathed to
the boy ali the gold he possessed The boy,
wooden-headed honesty, interpreted the miser’s will
bterallv, 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 entireh new
viewpomnts With vision of genws the scientist may
see, in something new, a faint resemblance to some-
thing seen before—enough to suggest the next step
in mmaginative thinking and tnal If we tried to do
without mathematics we should lose more than a
clear language. 2 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
50 clearly that it is easier to discover the essential
simplicity many of us seek in science That is no
crude simplicity such as Snding all planctary orbuts
arcles, but a sophisticated simpheity to be read
only in the language of mathematics itsclf. For ex-
ample, imagine we make 2 hump n a taut rope by
slapping 1t (Fig 31-6). Using Newton's Law 11, we

” T TENSION
Newten T Reasorung —> \ = JMA”/LKNGI’N
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Fic 31-6 Wave TraveLs Aronc A Ropre

can zodify the behavior of the hump in compact
mathematical form. There emerges, quite unmvited,
the clear mathematical trademark of «ave motion ®
The methematical 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 wave-cquation reduces to the essental fonm
TV = (1) dVde

ot eny wave of coastant pattern that travels with speed ¢
(I you are famibar with calculus, ask a physiast to show
vou this remarkable piece of general mathematical physics )
This equation connects a soreading-m-space with a rate-of-
change 1n ime 7'V would be zcro for an inversesquare
Eeld at 1, st 1n space hut here 3t has a value that looks hke
some acceleratzon In the electromagnetic case, we may trace
the dV/de* back to an accelerating clectron emitting the
wave
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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 sample 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 1s 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 *vithout understanding their term-
nology Suppose that at time ¢ there are fields due to
electric charges and magnets, whether moving or
not, an electric field of strength E, a vector with
comporents E,, E,, E,, and a magnetic field H with
components H,, H,, H.. Then, in open space (air
or vacuum), the experimental laws known a century
ago reduce to the relations shown yn Fig. 31-7

I Ir
dEy dEy de. dHg Iy dn,
= T H T E T R T
jitg x

e, dey)_ . dn, dn=_duy>_
(@ r)-“wr '(7; /=
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A o " odr

ey izl)_ dn, _(‘du., d'n\)_
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Fic 31:7 M.xwrit’s EQUaTIONS (1nconpLiTy)
The constant Kx relates to magneac fieids It appears
iz the expression for the force exerted by a ma.netic

field on an clectizc current (See the discussion in
this chapter and 1n ©h 37 ) There s a corresponding

clectric constent Ke, which appears i
Coulomb’s Law (Sce Ch 33)

Look at IV and compare it with I11. The equations
of IV look mcomplete. spoiing the general sym-
metry ? Maxwell saw the defect and filled 1t by n-
venting an cxtra electric current, 2 spooky one 1
spacc. quite unthought-of till then, but later ob-

2 In completing IV, you will need to msert a constant K
corresponding to Kn an I'l The muinus st 1s ohviously un-
necessary in the present form of 1%, and when 1V s com-
pletee & W wporl the svmanalty t~mewhat, hut the cxpen
mental facts prodic v ~nsenation of (nergy requares at,
and without 1t the.e would be 1o radio wases

served expenimentally How would you change 1V
to match I1T1f told that part of the .lgebra had been
left out because 1t was then unknown? Try thus,

The addiuon was neither a lucky guess nor a
mysterious inspiration. To Maxwell, fully aware of
the state of developing knowledge, 1t secmed com-
pulsory, a necessary extension of symmetry—that 1s
the difference between the scientific advance of the
disciplined, educated expert and the free mvention
of the enthusiastic amateur

Having made his addition, fantastic at the time,
Maxwell could pour the whole bunch of equations
mnto the mathematical sausage-machine and gnnd
out a surprising equation which had a faimihar look,
the same trademark of wave-motion that appears for
a hump on a rope. That new equation suggested
strongly that changes of electric and magnetic felds
would travel out as waves with speed v = 1//KgKg
Here Ky is a constant involved mn the magnetic
effects of moving charges, and Kp is the correspond-
ing electrostatic constant inserted by Maxwell 1n his
improvement.* (Kg 15 involved in the inverse-square
force between electric charges. )

An informal fanciful derivation 15 sketched near
the end of Chapter 37,

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

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

One of the great contnibutons of mathematics to
physics is Relativity, which is both mathematics and
physics: you need good knowledge of both mathe-
matics and physics to understand 1t We shall give
an account of Emstein’s “Special Relativity” and
then return to comments on mathematics as a

language.

*In this course we use chfferent symbols See Ch 33
and Ch 37 We wnte the force hetween electric charges
F = B(Q. Q:)/d" Companson with Mawwell's form shows
our B is the same as 1/Ke Agawn. we wnite the force between
two short pieces of current-carrving wire, due to matuetic-
feld cffects, & = B" (C I.) (C: L) /d, and our B" is the
samé as Kn Then Maxwell's prediction. v = 1 Kz Ka . be-
comes, 1n our termmolagy, v = 14 (178) (B') = B/ B
So. of you measure B and B° vou can predict the speed of
clectromagnetic waves The arthmetic 1s cass Trv it and com-
pare the rcsult with the measured speed of haht, 30 x 10
meters’scc (B == 900 X 10° and B" = 10 7, 1n our unats)
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RELATIVITY

The theory of Relativity, which has modified our
mechanics and clanfied scentific thinking, arose
trom a sumple question “Hotw fast are we moving
through space?” Attempts to answer that by expen-
ment led to a conflict that forceu scientists to think
out their system of knowledge a.-esh. Out of that
reappraisal came Relativity, a bnlhant apphcation
of mathematics and philosophy to our treatment of
space, time, and motion. Since Relativity 1s a piece
of mathematics, pobular accounts that try to explamn
it without mathematics are almost certam to fail.
To understand Relativity you should either follow
its algebra through in standard texts, or, as here,
examme 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 spinming Earth moving
around the Sun with an orbital speed of about 70,000
miles/hour The whole Solar system 1s moving to-
wards the constellaton Hercules at some 100,000
miles/hour, wh..e our whole galaxy. . .

We must be careermg along a huge epicycloxd
through space wathout knowing 1t Without know-
ing 1t, because, as Galileo pointed out, the mechan-
1cs of motion—projectiles, collisions, ., etc—i1s
the same in a steadily moving laboratory as in a
statronary one ¢ Gahleo quoted thought-experiments
of men walking across the cabmn of a salling ship
or dropping stones from the top of its mast. We 1l-
lustrated this “Galilean relativitv” in Chapter 2 by
thought-experiments 12 moving trans Suppose one
tram 15 passing another at constant velocity without
bumps, and m a fog that conceals the countryside
Can the pass~u:gers really say which 1s moving® Can
mechanical ««perments in either train teli them?
They can onlv observe therr relative motion In fact,
we developed tt - rules of vectors and laws of mo-
tion m earthly labs that are moving, vet those state-
ments show no eftect of that motion

We give the name inertial frarre to anv frame of
raevence or laboratorv in which Newtor’s Laws

4 Though the Earth's veloaity changes around ts orhit, we
think of 1t as steady cnough dunng anv short experraent In
fact, the steadiness 1s perfect. because any changes *n the
Earth's veloaity exactly compensate the effect of the Sun's
cravitation ficld that "causes” those changes We sce no
effect on the Earth as a whole, at its center, but we do see
differential effects on outlying parts—solar tides The Earth's
rotatwn does produce cffects that can be seen and measured
—Foucault’s pendulum changes its hine of swing, g shows
differnces between equator and poles, &c ~hut we can
make allowances for these where they matter

seem to describe nature truly objects 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 mertial frame 1s also
an inertial frame—Newton's Laws hold there too.
In all the following discussion that concern, Gah-
lean relativity and Emstemn’s special Relativity, we
assume that cvery laboratory we discuss is an n-
ertial frame—-as a laboratory at rest on Earth 1s, to
a close approximation * In our later discussion of
General Re’itivity, we consider other laboratory
frames, such as those which accelerate.

We are not supplied by nature with an obvious
mertial 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 mertial frames.
Every frame moving with constant velocity relative
to our first inertial frame proves to be an equally
good inertial frame—Newton’s laws of motion,
which apply by defimtion in the onginal frame,
apply m 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 Relativity,
simply showng that our earthly lab does provide
a practically perfect mertial frame Any expenments
that demonstrate the Earth's rotation could be taken
nstead as showing the imperfection of our choice of
frame. However, by saying “the Earth is rotating”
and blaming that, we are able to imagme a perfect
frame, n which Newton’s Laws would hold exactly

We incorporate Galilean Relatwity mn our formu-
las When we write, s = v,t 4 %at? for a rocket ac-
eclerating horizontally  we are saving, ‘Start the
rocket with v, and 1its effect will persist as a plam
addhtion. © ¢, to the distance travelled ”
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This can be rew orded: “An experimenter ¢, starts a
rochet from rest and observes the motion s = %at2.
Then another expenmenter, €', running away with
speed v, will measure distances-travelled given by
s = vt -+ %ar®, He will include « ¢t due to his own
mot.on "

We are saving that the effects o1 steady motion




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

€ and € have the following statements for the
distance the rocket travels in time ¢

EXPERIMENTER ¢ EXPERIMENTER ¢’
s = Yat? § = vt + lwat?

Both statements say that the rocket travels wath
constant acceleration,®

Both statements say the rocket 15 at distance zero
(the orimm) at ¢t = 0

The first statement says € sees the rocket start
from rest When the the clock starts at ¢t — 0 the
rocket has no veivaty relative tohum At that instant,
the rocket is moving with his motion, if any—so he
sees 1t at rest—and he releases 1t to accelerate.

The difference between the two statements says
the relative velocity between € and ¢ is v,. There
is nc information about absolvte motion ¢ may be
at rest, in which case € is running backward with
speed v, Or € may be at rest, and ¢ runmng for-
ward v, (releasing ihe rocket as he runs, at ¢ — 0)
Or both € and ¢’ may be carried along in a moving
train witl ternfic speed V, still with ¢ moving ahead
with speed v, relative to ¢, In every case, v, is the
relative veloaity between the observers, and nothing
in the analysis of their measurements can tell ys
tor them) who 15 *reallv” moving

(a) = (; .
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# The first statement 1 sunpler because it belongs to the
observer who relerases the rochet from rest celative to him, at
the instant the clock starts, t = ¢
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Adding vt only shifts the graph of s vs ¢ It does
not affect eshmates of acceleration, force, etc Then,
to the question, “How fast are we moving through
space?” simple mechanics replies, “No expenments
with 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 velocity—relative to some
other object or material framework

. I
Each crow SAME LAWS |
says cther - '
“Tw LS ‘:T s ‘
mavuid past MECHANICS
at speet v
X’E . .
AT REST

e 3i.11
Observers i two laboratornies, one moving wath constant
veloaty v relative to the other, will find the
same mechanwal laws

Yet we are sull talking as »f there is an absolute
motion, past absolute landmarks n space, however
hard tc find Before explonng that hope into greater
disappc intments, we shall codify rules of relate
motir 11 simple algebrac form
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Gallean Transformation for Coordinates

We can put the companison between two such
observers 1n a simple, general way. Suppose an ob-
server € records an event in his laboratory  Another

Observer ready to obscrve an event at time ¢ and
place x, y, =

observer, €, flies through the laboratory with con-
stant velocity and records the same event as he goes
As sens.ole scientists, € and €’ manufacture 1dent:cal
clocks and meter-sticks to measure with Each car-
nes a set of x-y-z-axes with i For convenience,
they start their clocks (t = 0 and ¢ = 0) at the
instant they are together At that mstant their co-
ordinate onigmns and axes concide. Suppose € re-
cords the event as happening at time t and place
(%, y, =) referred to his axes-at-rest-with-hum.® The
same event 1s recorded by observer € using his -
struments 4s occurning at ¢ and (¥, ', 2°) referred
to the aaes-he-carries-with-him How will the two
records cempare® Common sense tells us that time

z
s

Iic 31-12h
Another olserver, moving at constant velocity v
relative to the {:st, also makes observations

15 the same for both, so ' == t Suppose the relative
velocity between the two observers 1s v meters sec

¢ For example he fires a bullet along OX from the ongin
at t = 0 with speed 1000 m /sec Then the event of the
bullet reaching a target 3 meters away micht be recorded
asx = 3meters,y = 0,2 = 0,2 = 0003 ¢

along OX. Measurements of y and z are the same
for both 4 = y and 2’ == = But since ¢ and hus
coordinate franework travel ahead of € by ¢f meters
in t seconds, all his -measurements will be vt
shorter So every ¥ must = x — ut, Therefore

’e

V=v—-ut Y=y =z -t

Fic 31-12¢
For measurements along direction of relative motion v,
the second ohserser meastres 1, the first measures x
Then 1t scems obvious that x” = x — ¢t

These relations, which connect the records made by
€’ and ¢, are called the Galilean Transformation,

The reverse transformation, connecting the rec-
ords of € and €', 1s*

x=x 4t y=y ==z t=t
These two transformations treat the two observers
umpartially, merely indieating their relatiwe veloaty,
-+ vfor € — e and — v for e — ¢’. They eontanr our

common-sense knowledge of space and time. written
in algebra

Velocity of Moting Object

If € sees an object moving forward along the x
direction, he measures its velocity. u, by Az/at.
Then & sees that object moving with velocitv u’
gwven by his av,at Sunple algebra, using the
Gablean Transformation, shows that & = u — ¢
(To obtan this relation for motion with constant
veloaity, just drvide ' = x — 1t by t ) For example
suppose & stands beside a railroad and sees an
express train moving with 4 = 70 miles/hour An-
other observer, ¢, nides a freight tran moving 30
mules ‘hour n the same direction Then ¢’ sees the
express moving witn

4 = u — v = 70 — 30 = 40 miles/hour.

(If € is moving the opposite wav. as i a head-on
colbsion, v = -- 30 nules‘hour, and ¢ sees the e
press approachig with speed

w = 70 — ( --30) ~= 100 mules ‘hour )
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Fic 31-13
Each evpenmenter caiculates the velocity of a moving
object from his observations of time taken and

distance travelled

-

Fic 31-14

Stationary espe..nenter g observes the velocities shown
and calculates the relative veloaity that moving
expenmenter g should observe

This 15 the “common sense” way of adding and
subtracting velocities. It seems necessanly true, and
we have taken 1t for granted m carlier chapters Yet
we shall find w e must modify 1t for very high speeds.

PAbsolute Motion?

If we discover our laboratory 15 a moyving tram,
we can add the train’s velocity and refer our experi-
ments to the sohd ground Finding the Earth mov-
ing, we can shuft our “fived” 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® 5 1t
honest to worry about finding an absolutely fixed
framework® Curiosity makes us reply, “Yes' If we
are moving through space 1t would be nterestmg
to know how fast.” Though mechanical experiments
cannot tell us, could we not find out by electncal
experiments? Electromagnetism is summed up
Maxwell’s equations, for a stationary olnerver Ask

what & mouving observer should find, by changing
x to ¥, etc, with the Galilean Transformation. then
Maxwell's equations take on a different, 'nore com-
pheated, form. An evperimenter who trusted that
transformation could decide whch 1s really moving,
himself or lus 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 hght waves—the electromagnetic waves pre-
dicted by Maxwell's equations. We might find our
velocity through spaee by timing flashes of hght.
Seventy-five years agc such expeniments were being
tried When the experiments yielded an unexpected
result—farlure to show any effect of motion—there
were many attempts to produce an explanation,
Fitzgerald in England suggested that whenever any
piece of matter 1s set i motion through space 1t
must contract, along the directton of motion, bv a
fraction that depended only on its speed With the
frachon properly chosen, the contraction of the
apparatus used for tming light signals would pre-
vent their revealing motion through space. Ths
strange contraction, which would make even meas-
uring rods such as meter-sticks shnnk Lke everv-
thing else when in motion, was too surprising to be
welcome, and 1t 2ame with no suggestion of mecha-
nism to produce 1t. Then the Dutch phvsicist 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 contaming small electric
charges that could move and emt hght waves The
expenimental discovery of electron streams, soon
after, had suj.ported his speculations, so it was
natural for Lorentz to try to explamn the unex-
pected result with his electrical theory He found
that if Maxwell's equations are not to he changed in
form by thie motion of electrons and atoms of mov-
ing apparatus. then lengths along the motion must
shrink, i changing from t t~ x', by (he modifving
factor’

1
/‘l‘ _-,4( SPFFD OF OBSERVFR )2‘
SPEED OF LIGHT

He showed that this shrinkage (the same as Fitz-
gerald’s) of the apparatus would just conceal any
motion through absolute space and thus explam the
experimental result But he also gave a reason for
the chanze he showed how electnical forces—n the
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new form he took for Mawwell's equations—would
compel the shnnkage to take place

It was uncomfoztable to have to picture matter in
motion as mvisibly shrunk—mwisibly, because we
should shrink too—but that was no worse than the
previous discomfort that physicists wath 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 apphed
to t’ as well as 2/, and a strange extra term must be
added to t' And then Maxwell's equations mamtam
their same stmple symmetrical form for all observ-
ers moving with anv constant velocity You will see
this “Lorentz Tiansformation” put to use i Rela-
traty, but first see how the great experiments were
made with 1 ght signals

Measuring Our Speed through “Space”?

A centurv ago, it was clear that hght consists of
waves, which travel with verv igh speed through
glass, water, air, even “empty space” between the
stars and us Scientists imagined space filled with
“ether”” to carry hght waves, much as ar carnes
sound waves Nowadays we think of hight (and all
other radio waves) as a travelling pattern of electnc
and magnetic fields and we need no “ether”; but be-
fore we reached that sumple view a tremendous
contradiction was discovered

Experunents with hght to find how fast e are
moving through the “ether” gave a surpnsing result:
“no comment” These attempts contrast with suc-
cessful measurements with sound waves and air.

Sound travels as 2 wave mn air A trumpet-toot is
handed on bv air molecules at a defimte speed
through the air, the same speed whether the trum-
pet 1s moving or not, But a moving observer finds
his motion added to the motion of sound waves
When he 15 running towards the trumpet, the toot
passes by him faster He can find how fast he 1s
moving through air by tming sound signals passing
him

sy s
_ %
Lo T 1o f s
W fosee “Jﬁ::
£9P0 ST
Fie 31-15

Expenimenter runnmg towards source of sound finds the
speed of sound 1120 ft + ¢, 1n ¢ xcess of normal
by has own speed

T Thes ether or ather was namad after the nonversal sub-
stance that Grook philosophers had pictured g all <pace
bavond the atmosphere

A moving observer will notice another effect 1f
he 15 out to one side, hstenmg with a direction-
finder He will meet the sound slanting from a new

Fic 31-16
Observer minning across the hine-of-trave] of sound
notices a change of apparent directicn of source

direction 1f he runs Agan he can estimate his run-
ning speed if he knows the speed of sound

In exther case, his measurements would tell hun
lus speed relative to the air. A steady wind blowmg
would produce the same effects and save lum the
trouble of running. Similar expeniments with hght
should reveal our speed relative to the “ether,”
which 15 our only remammng symbol of absolute
space. Such experunents were tned, with far-
reaching results.

Aberration of Starhght

Soon after Newton’s death, the astronomer Brad-
ley discovered a tiny yearly to-and-fro motion of
all stars that is clearlv due to the Earth’s motion
around 1ts orbit. Think of starhght as rain shower-
ing down (at great speed) from a star overhead. If
you stcad in vertical rain holding an umbrella up-
right, the ran will hit the umbrella top at right
angles, Drops falling through a central gash will lut
your head. Now run quite fast To you the ramn will
seem slanting. To catch it squarely you must tlt
the umbrella at the angle shown by the vectors in the
sketch Then drops falling through the gash will still
tut your head If you run around mn a circular orbut,
or to-and-fro along a hne, you must wag the um-
brella this way and that to fit Your motion This 1s
what Bradlev found when observing stars preasely
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 echptic

° This aberration 1s quite distinct from parallax, the ap-
parent motion of near tars agunst the background of ve-
moter stars  Aherration makes a4 star seem to move i the
same hind of pattern but 1t apphies to 6l tars and ot s
dozens of times izger than the parallac of even the nearet
stars (Ao a tar s aberration, which woes wath the 1ot
teloaty s three months ont of phase with ity paradlay 1
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move 1 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 1 that time.
From the tiny measured change in 6 months, Brad-
ley estimated the speed of hght. It agreed with the
only other estimate then available—based on the
varying delays of seeing eclipses of Jupiter’s moons,
at varving distances across the Earth’s orbit *

e / 7/

, . ,
S0 T 7 Man stands sut ‘
7
velocay of
muhfhjlj
refatwe
10 e
Velocuty
.:f wind

Fic. 31-18 “ABERRATION” OF Ralv FALLING 1N WinD
If you stand still but a steady wind carnes the arr
past you, you should still tilt the umbrella

To catch ram drops fair and square, you must
tilt your wmbrella if you are running or if there
1s a steady wind, but not if you are runmng and
there 15 also a wind carrying the air and raindrons
along wnth you—f you just stand in a shower ins: Je
a closed raroad coach speeding along, you do not
tilt the umbrella Therefore, Bradley’s successful
measurement of aberration showed that as the Earth
runs around its orbut it 1s moving through the “ether”
in changing directions, moving through space if you
like, nearly 20 miles/sec.

An overall motion of the solar system towards
some group of stars would remain concealed, since
that would give a permanent slant to star directions,

It was another century before terrestrial expeniments
succeeded
(~ 1600) Gakleo recorded an attempt wath erperunenters
ugnallirg by lantern flashes between two moun-
tan tops ¢ sent a flash to g5 who mmmedsately
returned a flash to g, At first €2 was clunsy and
they obtained a medium speed for light, As they
mproved with graclxcc‘ the estimated speed
frew greater and greater, towards “infinity”—
ight travels too fast to clock by hand
(~ 1700)* Newton knew only Roemer's estimate from Jupi-
ter's moons
(1849)* Fizeau succeeded, by using a distant mirror to
return the hght and a spinning toothed wheel as
a chopper to make the flashes and catch them
one tooth later on their retumn His result cone
firmed the astronomical estimate His and all
later terrestnial methods use some form of
chopper—as 1n some methods for the speeds of
bullets, and electrons
The result speed of light 1s 300,000,000 meters/sec or
186,000 mules/ sec.
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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 Werld. 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.

Fic 31-20. THe MICHELSON-MoALEY EXPERIMENT

A semi-transparent mirror spht the hght into two
Leams, one travellng, 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-§ light beam wou'. take longer for its round trip
than the E-W one. Yo 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 2n 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

Mathematics and Relativity
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the bird 10 sec - 10 sec.® or 20 see for the round

trip To flv from end to end, upstream and back, takes
-— .~ >
-
—-— 400t 40 ft
1 N 53t see T (5301 see
-— —— {
THFA — -
- | ] i l 1 TS or 20 see + 3 see, 4 much longcr tune '* Put a bird
[ a— LA -~— m da cage Iike this and compare las round trip tmes
-~ - T3 -~ E-Wand N-§, and vou will be able to tell how fast
—_—— the cage is moving through the air, or use twin birds
——— and compare thar returns Twist the cage to dif.
Fic 3121 Giant Bilweacs 18 Wiso ferent orientations, and returns of the twins will

tell vou which wav the cageas travellng through
air and how fast. A similar experiment with sound

waves mn an open laboratory moving through ar
* would tell us the laboratory’s veloaity. Let @ trum-
peter stand m one corner and gve a toot The ar-
rivals of returnng echoes will reveal general niotion,
of lub or wind (Of course, if the moving liboratory
¥ This requires some geometneal thmhing The bird must
. . fly a 50-ft ‘hypotenuse to crows the 40-ft cage while the
Fie 31.22 wind earnies hun 30 £t downstroam The simplc answer
Bird fhes erther aganst the wind and badk, 8 + 8 se., which s mcorreet 1 even shorter
or across the wind and back across the wind
a e
to the air, Either (a) drag the cage steadily along { . ;
through still ar, or (b) keep the cage still and have Burd fiics L e kel WIND
an equal wind blow through it the opposite way. SF o ——————
We shall give the wind version, but you can re-tell mar (RO SN o
the story for a moving cage, with the same results .
Suppose the Lird has arr-speed 5 ft/sec, the cage 1s Ce e e e
40 ft square, and the wind blows through at 3 ft /sec. - - a0ft - .
To fly across-stream from side to side and back takes
(6) Biras v of A
@ 5 ess it AN WIND
- = o AN P <
A " N i se
4 N i A%
<+ S/ AL ‘,
SO R . ot AV \
. k 5, ‘
= e / ' \
oy W
R = R
A " -
I
£l
LA R s A maton reduces Yol !
M e winp furds path tv THIS : f
T "":‘[;A—“ e rodanve to e\ _: | [
- 2l L-—.—‘”" ) s -
e le—— i
e § -
/ - G bic 31-24 Drraws o Fricurs
e 2 it Burd fhes 5t sec Steady wind 3 ft/sec
- 1 If you are still not convinced and feo! sute the tnps up
Fic 31.23 and downstream should average out, try a thought-expen.
Cage movmg 3 ft/sec through still wr has same effect ment with the wind blowr g faster, say 6 ft/sec Then the
on bird’s flight as wind b owing 3 ft/sec through bud could never mahe the trip upstream-—that time would
stationary cage, be mfinitef
)
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15 closed and carnes its air wath 1t, the echoes will
show no motion.)

The corresponding test with hght-signals is diffi-
cult, but the interference pattern affords a very del:-
cate test of trip-timing When 1t was tnied by Michel-
son and \orley, and repeated by Miller, it gave a
surprising answer ~0 MOTION through the “ether.”
It was repeated in different onientations, at different
seasons always the same answer, ~o »Mottox If
vou are a good scientist you will at once ask, “How
big were the enor-boxes? How sensiive was the
evpeniment?” The answer. “It v.ould have shown
reliably % of the Earth’s orbital speed around the
Sun, and in later’* work, 40 Yet aberration shows
us moving through the “ether” with %o of that
speed Still inore experiments added their testimony,
some optical, some electrical Agamn and again, the
same “null result.” Here then was a confusing con-
tradiction

"ABERRATION Micpeison. MorLey, MILLER
OF S$1..UMIGHT EXPERIMENTS
Libt from star Laght signals compared for
to telescope perpendicular  round  tnps
showed change pattern  showed no change
of Giltin 8 when apparatus was rotated
months or as seasons changed
TARTH, MOVING 1IN FARIH 18 20T MOVING
CRBIT AKOU'ND SUN, THROVGH “ETHEF”, Of
1S MOVING. FRFELY FARTH IS CAR®Y ING
THROLGH “FTIER™ FIMRR VITHe T

CONTRADICTION

Growing electnical theory added .onfusion, be-
cause Maxwell's equations seemed to refer to
currents and fields in an absolute, fixed, space
(= ether). Unlke Newton's Laws of Motion, they
are changed by the Galilean Transformation to a
different form mn a moving laboratery. However,
the modified transformation devised by Lorentz
kept the forin of Maxwell’s ¢quations the same for
moving observers. This scemned to fit the facts—in
“magnets and coils expeniments™ (Experiment C 1n
Ch. 41), we get the samne effects whether the magnet
moves or the coil does. With the Lorentz Trans-

11 The latest test (‘Townes, 1958) made by timing micro-
waves 1n a resonant cavity, gave a null result when 1t would
have shown a veloaty as small as 17100 of the Earth’s
orbital speed.

formnation, electrical expenments would show rela-
tive velocity (as they do), but would never reveal
uniform absolute motion. But then the Lorentz !
Transformation made mechanics suffer, 1t twisted
F=Ma and s=v, <4 “at* mto unfamilhar forms
that contradicted Galleo’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
Thorndike repeated it with unequal lengtbs for the
two perpendicular trips. Their null result requires
the Lorentz change of time-scale 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-
clusion. “Inconsistent.” Here 1s a very disturbing
result Before studying Einstein’s solution of the
problemn it posed, consider a useful fable

A Fable

[This 1s an annoying, untrue, fable to warn vou
of the difficulty of accepting Relatvitv Counting
items is an absolute process that no change of view-
pomnt can alter, so thus fable 1s very distressing to
good mathematical physieists with a strong sense of
nature—take it with a gram of tranquilizer You wall
find, however, that what 1t alleges so unpossiblv for
adding up balls does occur in relativistic adding of
velocities }

I ask you to watch a magic trick. 1 take a black
cloth bag and convince you it is empty. I then put
into 1t 2 white balls. You count thum as they go
m-—one, two- znd then two more—three, four.
Now I take out 5 white balls, and the bag 1s elapty.

2hallyin + 2 bally in  balls owr
[ E;;g ,/ﬁ i X
MEATTIAR

Fic 31-26

Pour this record mnto the logic machine and it will
say, “Inconsistent™ What is your solution here?
First, “It's an 1llusion " It is not. You are allowed
to repeat the game yourself. (Miller repeated the
Michelson-Morley experiment with gre:t preaision )
Next, “Let me re-exammne the bag for concealed
pockets.” There are none. Now let us re-state the
record. The bag 1s sunple, the balls are sohd, the
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tally i true 2 4 2 go w and 5 come out What
can you say now? If you cannot refute tned and
truc observations, you must erther give up scrence—
and yo erasn—<or attack the rules of logie, includ.
g the basic rules of antlunetic Short of neurotie
lunacy, yor would have to say, “In some cases,
2 + 2 do not make 47 Ratber than take neurotic
refuge 1 a cateh-phrase such s "It all adds up to
anything,” you mmght set yourseli to catalogumg
events mowhieh 2 and 2 make 4~c g, adding beans
on . table. comms m a purse, and ca!a]ogumg eventy
for which 2 4 2 make something else ¥

32 The,  are cases where 2 4 2 do not make 4 Vectors
2 4 2 mav make anything between 0 and 4 Two quarts of
4'cohol 4 «wo quarts of water mix ¢ ) muke Jess than 4 quarts
In the orewt shetched, il the resistors, R, are dentical bt
the heatmg ffects do not add up Two currents cah delin-
enng 2 g0 les sec add to one d(sncnng 8 joules sec
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ki 31.27

In studymg Nature, scuntists have been seeking  and
selecting quantities that do add simply, su~b as masses of
bqunds rahier than volumes, copper-plating by eurrents rather
than heatng The essence of the “exceptions” 1s that they are
cases where the wtems to be added mteract, they do not jast
act independent’ 5o that therr effects un ve superposed

In tins fable, you have tiree explanations to
choose from

(@) "1' < witcheraft ™ Thac way madness hes

(b) “There 15« spectal mvisible mechamsi”
hardly any better—it turns science nto 4 horde
of demons

(c¢) “The rules of anthmetic must be modified.”

However unpleasant (c) looks, you had better
try st—desperate measures for desperate cases
Think carefully what you would do, n this phght.

You are not faced with that anthnetical paradox
m real bfe, but now turn again to motion through
space Ruling out mustuken experimenting, there
were smilar chorces blame witeheraft, invent spe-
cial mechanisms, or modify the physical rules of
motion, At first, screntists -nvented mechamsins,
such as elecsons that squack mto elipsoids when
moving, but even these .:d to more troubles
Poincare and others prepased to change the rules for
measurnng tune and space Then Emutemn made
two bnlhant suggestions: an honest viewpont, and
a single hypothesss, i lus Theorv of R atiity.

The Relatmaty vrewpomt 1s this., serentific think-
ing should be bt of things that can be observed
i real expernments, detals and pictures that canaot
be observed must not be reated as real Questions
about sucn detarls are not only unanswerable, they
we improper and uascientific. On this view, fixed
space (and the “cther” thought to £l it) must be
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thrown out of our scientfic thinking if we become
convinced that all expenments to detect it or to
measure motion through 1t are doomed to failure.
This viewpoint merely says, “let’s be realistic,” on
a ruthless scale.

All attempts like the Michelson-Morley-Miller ex-
peniment failed to show any change of hght's speed.
Aberration measurements did not show hght moving
with 2 new speed, but only gave a new direction to
its apparent veloaty. <, the Relativity hypothesis
is this: The measuced speed of light (electromag-
netic waves) vl pe the same, whatever the motion
of observer or source Thus is quite contrary to com-

mon sense, we should expect to meet light faster or
slower by running agamnst it or with 1t. Yet thus 1s
a clear apphication of the reahstic viewpoint to the
experimental fact that all experiments with Lght
fail to show the observer’s motion or the motion of
any “ether wind™ Pour this Liypothesis into the
logic machine that previously answered, “Incon-
sistent”, but remove the built-in “geometry rules™ of
space-&-ume and motion, with their Galilean Trans-
formation Ask instead for the (simplest) new rules
thet will make a consistent scheme. However, since
Newtonian mechanics has stood the tast of time,
in moving ships and trains, in the Solar System, etc.,
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the new rules must reduce to the Gallean Trans-
fonmmation at low < ! S0 1 v re-
phes “There 1s onlv one rewsonabie scheme  the
transformation sugested by Lozents and wdopted
b Emstan ™

ds Lae )

Instead of the Garnras TrasstoraamON

X S [ " =2 [

the 1 orenrz-ErnsTain TRANSFORNMATION runs

x -t . t—xt
H Ty =y =2 V- T
ot er AT — el

wad these turn mis the reverse transformatiorn, with

Phtne el gy chanaing to v

g

X et

NI et et

where ¢ s the speed of light 1n vacuum That speed
is involved essentiallv in the new rules of measure-
ment, bxcause the new transformation was chosen
to make ail attempts to measure that speed vield
“Le saine wasver And the svimnetnical form shows
that absolute mution is never revealed by evperi-
ment. We can measure relatnve motion of one ex-
penmenter past annther, but we can never sav whach
1 N monanz

Of course the now transdormation accouns fee
the Michelson-Morlev-Miller null result—it was
chasen* Ho 2 It ulso accounts for aberration, pre-
1 1g “we sar ¢ abemration whether the star moves

rwe do But it iuodifes Newtonian mechan-cs In
ther w -1 we have « chorce of troubles: the old
transio™  Lon upsets ine form of clectromagnetic
lavs & mew transformation upseds th~ Jorm of
me Limea laws Over the full range of expenment,
fagh sperds as weiac ' o the old clectroniagnetic

IN$ $26T 10 Femnain goaa simple desenptions of na-
ture but -“¢ mechanicai laws do fail. 1n their classi-
el frm ot ligh snoeds So we choose th. new
trasf mar noand o¢ ot mohfs rechanical fws,
atdame 2o find tha %e modified faws desenbe
nad re evellentiv wl mechameal expe.aments
we snad othoror wel recuracy.

The wev -5t »mor - looks unplessant® be.
CauS * s more enr o e
‘ess pivoagmt T Coin B Galidean relasaaty
News - gl ssamecchat wn 2t anass, and tnre are
e, Yot of the oheer er aned of cwn o her e

lieations are

- \ . . :
t s 1w oapp! Sohr's et “Pon. ple of Core
e<pon, en ™oy et o whers e pow re \utre-
e e, A speetiathy ran the v w o gt
teduce ke ¢

L

- £ -

Tt ay v rwre pele abie ' yeu
T rervt gpetaton of axes spucdtune bor
thay e ey BN Ppter pee 195

could assert that mechamcal experznents will fail
to reveal uztform: motion through “space ™* When
Emsten extended the assertion of fnlure to expen-
ments with hght, he found 1t necessan to nave
incasurements of length and tune, and therefore
mass, different for obseners with different motions
We shall not show the steps of the logic machme
gneling out th - transformat:on and its 1r plications,
but you may -sust them as routine algebra * We
shall ioliow custom ane! cali it the Lorents Trans
formation

Implications of the Lorentz Transformation
p

Take the new modifieC weometry that will fit the
expermmental mformation, and argue from it how
measurements by differsait obsenvers will comp e

~h

Fic 31-29
One expeiinenhte: 18 mavng wath «oastant vebwoty relative
to the other Thev wzange to use standasd
meaeinag msirements of slentical construction

Return to our two observers € and €”, who eperate
with dentical meter stieks clocks, and standard
hilograms € and his coordinate framework are mov.
ing with speed ¢ relative to €, and ¢ s moving
backward with speed t relatine to ¢ The trans.

*When an eypeninant lFads us ) helave N\ewton's
Laws Fand JU aze valid it < ceatly qust tellimg us "%t we are
luks enozh to be in a Liberstony that 1<« practcally) an
nettial frame If we had alwa s expernment~d 1n 2 tossing
ship, we should not hwe for anlated thier amp » Jaw

3 For detanls, see standazd tex.«. There 1s 2 sxmp{:- version
i Relc ity A Poprlar Expoewon by A Eanstern (pub.
hi-hed by Methuen, Loadon, 15th edn | 1555)

O
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formations € — ¢ and €’ — € are ompictely svm-
metnical, and show onlhv the relaave velocity t—the
same in both cases—=with no indicaticn of absolute
motion, no hint as to which s “really noving ”
The results of argaing from the transfonmation
differ straa sely from carhier c.nmon sense but only
at exceedingly high speeds. An obsener ﬂ)mg past
a laboratory in a plane. or rocket, would applv
Gahlean Transformations safely. He would agree
to the ordinary rules of vectors and motion, the
Newtonan Laws of mechanies
The sped of high'. ¢, is huge
. ¢ = 300.000,000 meters sec = 186,000 mules ‘sec
== a hithon ft sce =5 700 million miles hour
- 1 f2 nonasecend, 1 the latest term:nology.

For relative metion with any ordinary velocity ¢,
tae frachion © cas iny, o ¢ still smaller. The factor
\1—v ¢ is 1 for all practicu’ purposes, and
the time-lag xe ¢* is neghgible—sc we have the
Gaulean Tra .sformation.

Now suppose € moves at tremendeas speed rela-
tive to €. Each n his own local lab will observe the
sar~e mechanical laws, and any beam ~f Light pass-
ing through both labs will show the same speed.
universal ¢, to each chserver. But at speeds like
20,600 miles sec, 40.00¢. 60,000 aad up towards the
speed of hight, experimenter € would see surpeising
things as ¢ and his fab whizz past. ¢ would say,
“The sily fellow € 15 using maccurate apparatus

€
PR N
Lo, AT f
VO -SEEN ST S

~-
Y
~2

€
C
NG

Fald Liiais”
Fu 3130
Lach expersmenter finds by uang his own standard
wstruments, that the other cvpenmenter 15 using
tncorzect mstruments  a shaunk-n meter stick, a
cJock that runs 100 slowl, and a standard mass
that 13 too biy
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Hs meter stick s shrunhen—less than o
meter His ddock 1s runming slow—taking imore
one of mv true seconds for vach tick ™ \Means
€' fiads nothing wr mg an s ewn Lhoratan :
sees € and tus lab moving awav backward:. and
says, "The silly fellow € . Ly meter vk o
shrunken . . . clock running slow ™

Suppose € measures and checks the appar s
used by € just as they are passing € By the meter
stick that €’ holds as standard shrunk to \ | — ¢ «-
meter. € finds the standard clock thet €' holds to *c k
seconids is ticking longer periods. of 1 \ I -~ 7¢- (-
second And ¢ finds the 1 kg standard mass that ¢
holds 15 greater, 1 \'1 — % ¢* ke These aze
changes that a “stationary™ obsen er sees i 4 mo-
g laboratory: but. equailv, 2 moving cbserser
watehung a “stationary” laboratory sees the seme
pecubaritics. the stationary meter stich shorter,
clock running slower, and masses increased. The
Loren'z Transformations € — € and € — € are svm.-
metrical If & and € compare notes thev wall quarzel
hepelessly. since each imputes the same ervors ¢,
the other! Along the direction of relatne motion
cach sees all the other's tppasatus shak, even
electrons. Each sees all the other's clocks renang
slowly, even the vibrations of atoms . Across ‘he
motion. ia y- and z-directions, € and € agree  In
this symmetrical “relatinity™ v e see the same thi g
in the other fellow’s laboratory, = hether he s moe -
ing or u¢ cre Only the relatice motion between us
and apparatus matters—we are left without any hint
of being able to distingwish absolutc motion through
space. ’

The shrinkage-factor and the slowing-facior are
the sarie. 1 \ T — ¢7 ¢ This factor 15 practicaih
1 for all osdinzry valucs of ¢, the relative spred
between the two observers Then the transformation
reduces to Gahlean form where geometrs fellows our
old "common sensc.” Watch a supersonic ‘plane Ey-
ing away from vou 1800 amles hour : == % mi'e sec
For that speed, the factor is

1

T L nfxi?&&

‘ b= (lei.OOO:mi(-s sec

or 1 0000000000 §

The plane’s length would seem shrunk. and n. clsck
ticking slower, by less than half a bilhonth 1%
At 5,000,000 miles hour (nearly 1 100 of ¢ the
factor nises to 100005 At 70,000 000 nules hons it
*s 1005, making a '2% change mn length

Until this century. scientists never expeninented
with speeds approaching the speed of Ight—cxeept
for hight stself, v.here the diffcrence is paramount

gl
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CHANCES OF M SUREMENT PREDICTED By FELATRVITY

Nowadays we h. e protons hurled out from small
cyclotrous at 2/1v of ¢, making the factor 1.02.
clectrons hitting an X-ray target at 6 10 of ¢, making
the factor 12, beta-rays Hung from radioacuve
atoms with 9§ 100 of c. making the factor 5, and
billion-volt electrons from giant ac sators, with
.95999988 c, factor 2000.

Among cosmic rays we find some very cnergetic
particles, mu-mesons, some with energy about 1000
million electron - volts moving with 199 200 of the
speed of hight. For them

AVI=T =1 vT— 19973000 =1 | =0

100
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Now these mesons are known to be unstable, with
bfetime about 2 X 10 * sec (2 microseconds) Yet
they are manufactured by collisions hugh up 1 the
atmosphere and take about 20 3 10 * secords on the
tap down to us It seemed puzzhing that the: could
last so long and reach us. Relatnity zemoves the
puzzle: we are looking at the fiving nieson’s internal
hfe-ime-clock. To us that is slowed by a factor of
10. So the fiying mesos *s lifetime should seem to vs
20 < 10°* seconds Or. from the meson's own point
of view, its lifetime 15 a normal 2 microseconds, but
the thickness of our aimosphere, which rushes past
it, is foreshortened to 1 10 of our estimate—so it
can make the shrunk trip 1n its short lifetime

Measuring Rods and Clocks

We used to think of a measuring rod suck as a
meter stick as an unchanging standard, that could
be moved about to step off lengths, or pointed in
difierent directions, without any change of length.
Truc, this was an idealrzed meter stick that would
not warp with mc.sture or expand with some tem-
perature change. but we fck no less confident of its
properties. Its length was incaricnt. 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 elocks.t Now-, Rela-
tivity' warns us that measuring reds are not com-
pletely nzid with invanant length. The whole 1dea
of a rigid body—a harmless 2nd useful idezlization
to 19th-century physicists—now seems misleading.
And so does the idea of an absolutely constant
strexm of ime flowing independently of space. In-
stead, vur measurements are affected by our moion,
and oniy the speed of light, ¢, 1s ncariant. A broader
view treats ¢ as merely a constant scalefactor for
our choice of un* 'n a compound space-&-time.
which different voservers shee differently,

Changes cf Mass

if length- and time-measurements chunge. muass
must change too We sha™ now find out how mas,
must change, when a moving observer estimates st
by following a thought-experiment along hnes s.3-
gested by Tokman. We shall assume thet the con-
servation of momentum holds true 1n any {inerha!
frame) laboratory whatever its speed relatine to the
observer—we must chng to some of onr working
rules or we shail land 1n a confusion of urnecessary
changes.

Consider € and € 1a their labs. moving with rela-
tive velocity ¢ in the x-direction Suppose they make
two platintm blocks, each a standard hilogram,
that they know are wdentical—they can count the
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atoms if necessary. Each places a 1.kg biock at rest
in hus lab on a frictionless table Just as they are
passing cach other € and € stretch a long light
spirai spning betwoen their blocks. along the y-direc-
tion They let the spring tug for a short while and
then remove it. leaving each block with some y-
momentum Then eacl experimenter measure: the
y-veloaty of his block a1d calculates 1ts momentum.

UL Ve L~ 1y —
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Fic 31-32. Two O3seEmERS \EASUAING MassES
¢ A the .ght-expenment ¢ §ad how mass cepends on speed of
chject ze e 20 dbserver ' g savs. Fhave 1 g
Monng acn ss my lab wath velouty 5 meters see
. \now ¢ has 1 ag, and I sec that he re~w.ds sts
velovy as 3 < ueters sec, but T kacy hus clech 1s
tcking stowls, so that the velocns of hus lump
13 less than 3 melers 'sec Therefore hus lump
has o s emerethaa l L

They coiipare noces. each records 3 meters sec tor
nis black in s own framework. They conciude:
equal and oy, site welocities. equal and opposite
momenta TH  are pleased to adopt Newton's Law
HT as a worka .e ruic Then €, watching € at work,
sces that € uses a cleck *hat runs slowly (but they
agree on ~.ormal meter sticks in the y directions?. So
€ sees th. t when €’ said he nicasured 3 meters trave!
i 1 sec. * was “reatlv” 3 mieters in more-than-1-
sccond as € we ld measure it by ks clock. There-
fore € computes hat (I~ aty as smaller than 3
meters/second by \'I" = ¢T ¢t Sull beliesing in
Newwton HI and momentum-consenation, € con-
cludes that, since his ov n block acquired momentum
1 kg - 3 meters sec the other. which he caleulares
s mowing <lower must have greater mase *—m-

~reased by the factor 1 \1 = ¢~ ¢ While that
block 1s dnfting across the table after the spring’s
tug, € also sees it whizzing along in the x-direction.
table and all. with great speed ¢ Its owner. €, at
rest with the table, calls his block 1 kg But €. who
sees it whizzing past, estimates its mass as greater, by
INT — 5 ¢

This result applies to all moving masses- mass. as
we commenly know it, has different values for
different obseners. Post an observer on a moving
“ndy and he will find a standard value, the “rest-
mass,” identical for every electron. the same for
ev.ry proton, standard for every pint of water, etc.
But an ohserver moving past the body, or sceing
it move past him. will find it has greater mass

m

t]

VI, &
makes practically no difference at ordinary speeds
However, in a cyclotron, accelerated ions increase
their mass sigmficantly. They take too long on their
wider tnps. and armve 1ate unless special measures
are taken Electrons from billion-volt accelerators
are so massive that they practicallv masquerade as
protons.

For example. an electron from 2 2-millior-volt
gun emerges “uith speed about 294.000.000 metess
sec or 09S ¢. The factor I \' T — (9% ¢¥ is
I\T =735 T00% ~ 1 \TI0® = 3. To 2 sta-
tionarv observer the clectron has 3 times its rest-
mass.® {Another way of putting thys is. that ciec-
tron’s kinetic energy is 2 milkon elect-on - volts, the
energy associated with an electron’s rest-mass is
half a million ev. and therefore this elect-on has
KE. that has mass 4 rest-masses. and that w.th the
originzl rest-mass makes 5 rest-masses. }

This dependence on speed has Leen tested by
deecting very fast clectrons (beta-rays) wath elec-
tric and magnetic fields. and the results agree ex-
cellentiy with the predicuon. Another test: in a
coud chamber a very fest electron hitting a ste-
tioncry electron {"at rest” i some atom of the wet
air} does not make the expected 93° fork In the
photograph of Fig. 3134c. the measured ang'es

m . Again, the factor 1 /1T —¢* ¢

¢ Suppose £ and € are pisung each other with relatne
veloaity 112000 mules sec Then ¢ sees the zlock used by
€ ruaniag slow, tcking once every 12 seconds So he Lnows
the block belongng to ¢ has vefocity 3 metess/1 2 secs or
25 meters sec His own block has momentum 1 kg - 3 m /
sx¢ To preserve momentm consenvation. he must say that
the other vloc\ has m~nentum 12 kg - 25 m /ssc So he
estimates the macs ol the otaer black as 1 2%, 2 20T increase

* To the moving ele-tron, =7 to a neighbor flying along
becdle 1t ats mass 15 the normal rest-mass. and 1€ 1s the ex-
peranenter = “hing towards it whe has 5 times his normal
zest mass and 1 squashed to 13 his nomal thickness

S s v ange Relativ
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Fic 31-33 Ciances of \fass oF Orgrers Movme Ritatie 70 Onsemvan
Th -~ zraphs of Fig 31-31 covet the whol+ ange of speeds from zero to the speed of hght. and they 1, e a
m iken 1presson of noticeable tnerease of mass at ordinary speeds Thic graph 15 a copy of the
miss-graph there, with comments )

agree well with those predicted by Relatiaty for a
moning mass 127m hiting a ¢ onary mass m, in
an elastic collision The tracts are curved be-
cause th>re was a strong nanetic field perpen-
dicular to the picture Measurements of the curva-
tnres give the maneatun of each electron after
¢ollien, and the momentum of the bombarding

clectron before collisior  Measurements of the
angles shown in the sketch confirm the proportions
of these momenta. If nonrelativistic mechamcs
[KE = “mu? eic ] 15 used to ecleulate the masses,
assuming an clastic collision, the projectile’s mass
appears to be abo.t four times the torget particle’s
mass Ye* the tracks look like those of an electron-
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ELASTIC COLLISIONS

W Saule / .
4
roas? Pid
PO
o ne T o H i
() Eldrons
Jet
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4 \ JRIC € ¢ .l
. (a) Colision of uipta-p.-tunle w.th stationany atom Fuien

with its huzh energe, an alph-pautede from a racwactive
atom kas a speed that 15 less thaa 01 ¢, $0 1ts mass is not
noticeably increased It mahes the expected M fork wher
1t hats a statonan party fe i Hed of s ownriase Wetha
hygrogen atom s target, 1t shows its ureater mass

b When a slow ¢l sror bty 2 stationan ooe, the fork
sha'vs the cxpectet W) When a fast electroa hits 3 da-
tionary one, the angled J w thae the fae ore b minch
Lt uer mase

ELECTRONS COLLIDE

& Cd et

;‘J:

(c) Claud-chamber photograph of verv iast electron coid-
Ing wth a <hwonany one « Photograpi: bv H R Cruae,
Taneren € Aichagan

(A Metsarime &

AN
N
‘A Mesowments ol photograph, {¢), gave the
follwang redn 1 045 00l meter, 2 0105 m

30050 m AMametie fel? o~ b wac 1125000
ouguritsfor Han b = 10 Or H e ussedan Ch 57
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clectron collision, and we do not espect moand m
classicelly tor two electrons So we tn assuming
relatits tie mechames {(KE mo--m

MOMENTUNL —- mip thom m 1 t '74 !

Then we find 2 constent story from the magne’ ..

field

1d vur measurements of curvature we fiad

BLEORE COlI 1510\
projectile had muss 12Tm spead 09969 ¢

Smee the track 15 short and onlv \hghtly cunved. it
radius cannot be measured verv precsely, so the
projectile’s momentum, and thence muass 1y uncer-
tan within about 67 W should sa

mass =127 m, = 6% or mass - 12T m. = 0Sm

AFTFR COl11ISION

projectile had mass SS m . speed 09936 ¢,
target particle had mass 43 m  speed 09725 ¢

where m, s the standard rest-mass of an clectron
and ¢ is the speed of haht Before collision th  tots!
mazs was 137 m., (including the target | after col-
bsion it was 132 m,. Mass 1s consenved m this col-
lision—with:n the 67 evperin:ental uncertamty.—
and so is energy, now measured by me’

A Mean:ing for Mass Change

There 15 an easv phvsical wnterpretation of the
change of mass t+» extra miss is the mass of the
bodv’s kineti~ energv Trv some algebr 1, using the
binomial theorem to cvpress the N7 as a senies
for farrly low <peeds

m
m= 2

VI3I—- ¢

il
2
5
[——— p— ———

which are very small at " geeds

—m, ~ ' - neghable terms @ low

s peeds
= REST-\MASS — K} 7

=7 REST-\MASS - \{ASSOF X .

Maximum Speed ¢

As a body's spred groas nearer to the spead st
light 1t becomes e reastnady harder to accelerate -
the nuiss sweeps up tow ads mfinne mase ot the
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speed of hg'st Experimenters using “lnear accel-
erators” (which dnive efectrons strasght ahead) find
that at high energies therr vicums approach the
speed of light but rever exceed 1t. The electrons gamn
more energy 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 strcam—a welcome simphfication in de.
sign).

Mass growing towards infinity at the speed of
light means unaccelerabihity growing to infimty. Our
efforts at making an object move faster seem to run
along the level of constant mass, il 1t reaches very
high speeds, then they climb a steeper and steeper
mountain towards an insurmountable wall at the
spred of hight itself No wonder Relatwity 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, Relativistwally

Faster than light?® Surely that is possib.. - mount
3 gun on a rocket that travels wath speed %ic and
have the gun fire a bullet forward with muzzle
velocity ¢ The bullet's speed should Le %¢ + %j¢
or 1%c¢. No. that 1s a Gahlean addition of velocities
We must find the relativistic rule
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Fie 31351 Onser ans Mrastnr & Vriocin
Two eypenrmienters ohsene the same moving object How do
thewr estmates of ste veloaty compare® The Lorents
transformation Ieads to the relation shown, hesweer u
as measoed by g and o as measured by ¢

Suppose £ sces an object moving n "us laboratory
with velocity . along the x-direction What speed
will € measurc for the object” As meas ired by €.
= Ar At As measured by €, o = 3 AF and
simple algebra leads from the Lorentz Trat, forma-
tion to
{s—v)

=3

u

wstead of the Gualean o' = (u — v) And the -
verse relation runs
(v +v)

X

‘The factor m [ s practically 1 for all ordmnary
speeds, and then the relations reduce to Gahlean
form. Try that cn a bullet fired by an ordinary nfle
inside an ordinary express tram. ¢, riding 1 che
train, sees the rifle fire the bullet with speed o’
£, sitng at the side of the track, sees the bullet
move with speed u. He sees the tram passing hum
with speed v. Then u = (v’ 4 v) /[1]. The Gallean
version fits closely
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SPEED OF BULLET RELATIVE TO GROUAD

SPEED OF BULLET SPEED OF TRAIN
" RELATIVE TO TRAIN ' RELATIVE TO CROUAD
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g & sees Bullet speed w = u'e v
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Fic 31-35b ApDIG VELOCITIES AT ORDIMARY SPEEDS
Two expenmeaters observe the same bullet, shot from a
gun 1n a mouing tramn With such speeds, the Lorentz
transformation leads to the sunple Gallean relations
v=t—-c¢ aad u=u + ¢

Now return to the gun sn a 3ic racket finng a o
bulle. forward ¢’ nides on the rocket and sees the
bullet emerge with 4’ = 'z ¢ on the ground sees ¢’
and his rocket moving with speed ¢, and € learns
from € how fast the gun fired the bullet Then, usmg
the relatnty-formula at.ove, € predicts the bullet-
speed that ke will observe, thus

Fic 31-36. Apoine VELOCITIFS AT Viny HIGH Sprins
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{a} Expeimentet g on ground observes a rocket moving at 3¢
Expenmenter € niding on the rocket fires a bullet at % ¢
rddative to the racket What will be the speed of the
bullet, as meavired by £ on the gronnd?®
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SPFED OF BULLFT RELATIVE TO GROUND

SPFED OF GUN i SPEED OF BULLET
RELATIVE TO GROUND ' RELATIVE IO GUN

SPEED OF BULLET SPEED OF GU

SPEED OF 1 IGHT  SPFED OF LIGHT

Have another tr, a, uefeating the hmmit of velocity,
c. Run two rockets head on at each other, with
speeds %c and ¥c ¢ on the ground sees € riding on
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(b) Expenimenter g on ground sees two Tockets approaching
each other, one with speed 3ic, the other with speed Y%c
What speed of approach will expenimenter ¢’ nding on

the first rocket see®

one rocket with velocity v = %¢ and the other rocket
travelhng with u = —Y¥c, and he thinks they must
be approaching each other wath relative velocity
14%¢ ¢, nding on the first rocket, sees the second
rochet movig with predicted speed

, u—v (—%c) —(%c)
T Twe T T= (—%) (%) et
—l%c¢ 10
T T

Therr rate of approach is less than ¢. Whatever we
do, we cannot mke a material object move taster
than light—as ccn 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 Iight
for ob.ervers with different specds Take a fash of
ight traveling with speed u = ¢, as observed by e.
Observer € 1s travelling wath speed v relative to €,
in the same direction. €’ observes the flash moving
with speed

, u—v c—v c(l—v/c}

“:l—uv - 1—cvre (1 —~v/c) =

Every obscrver measures the same speed ¢ for hight

STARLIGHT
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Fic 31-37
Two expermenters mezsure the speed of the same sample of
hght Experimenter ¢ secs tEat ¢’ 1s running with
veloaity ¢ in the direction the hight i trave'lirg

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

Energy

We rebuild the Newtontan view of energy to fit
Relativity as follows Define moMENTUM as my,
where m 1s the observed mass of the body 1 motion
m = m,/\/1 — v’/c%. Define force, F, as A(mv) At
Define chonge from potential energy to KE as
WORK, F - As Combme these to calculate the KE
of 2 mass m moving with speed v We shall give the
result, omitting the calculus derivation.

N
m= m, [part of Lon-ntz] i

T\ 1= |Transformation ‘

_a{m) [Newton Law 1!] l
f
|
i

At | Relatwaty formn
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. |
AKE) =F-As Defimtion !
=Feooae [0

KE =01fv =0 o ;
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CALCU Lﬁs,
Y

KE = nc* — mye?
= (m —m,)c?

We assign the body a peimanent store of “rest-
energy” myc*~—locked up m 1ts atomic force-felds,
perhaps We add that to the K E | then the total en-
ergy, E, of the body 1s mc* + ' me? — myc?) = .nct.
Therefore total E = mc?. Tlus apphes whatever 1ts
speed—but remember that m itself chauges with
speed. At low speeds, mc? reduces! to

(rest-energy m,c?) 4- (K.E “mo?)
For a short, direct dervation of E = me?, see the
note at the bottom of the next page
This view that energy and mass go together ac-
cording to E = me? has been given many successful
tests in nuclear physics. Agal. and agamn we find
some mass of material particles disappears n a

17See the discussion above, with the binomual theorem
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nuclear break up. but then we find a release of
energv—radution 1 some cases, K E of flving frag-
ments in others—-and that energy carries the muss-
ing mass.

The expression for mass, m = m, \'T = ¢& ¢2
follows from the Lorentz Transformation and con-
servation ¢f momentum. So E = me¢? follows from
Newton’s Laws II and HI combined with the I.o-
rentz Transformation,

Then if an observer assigns to a moving body a
mass m, momentum me, and total energy mc? he
finds that, 1 any closed system, mass is conserved,
momentum 1s conserved (as a vector sum), and
energy s conserved In 2it this he must use the
observed mass m, which 1s m,/\/T = v* ¢ for any
body moving with speed v relative to him. Then
ke is doubling up his claim of conse: vation because,
if the sum of all the masses (m, + m, -+ ), s
constant, the total energy (m,c* + mye* + )
must also be eonstant, If energy is conserved, mass
must also be conserved. One rule will cover boi,
That is why soraz scientists say rather carelessly,
“mass and energy are the same, but for a factor ¢*.”
In fact, since ¢* 1s umversally constant, there is little
harm in saying that mass and energy are the same
thing, though commonly measured in different umts.
But there 15 also Iittle harm if you prefer to think
of them still with quite different flavors as physical
concepts, And a very umportant dis’inction remains
between matter and radation (and other forms of
energy). Matter comes in particles, whose total
number remains constant if we ccunt the produc-
ton or destruction of a [particle + anti-particle]

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

Coranance

Fmally, Emstemn treated momentum as a 1 ector
with three components 1 space-&-time, and kinetic
energy with them as a fourth, time-Lke, component
of u 'pervector” Thus, conservation rules for
mas  .nomentum, and energy can be rolled into
one great formula mn relativisic mechanics The
Lorentz Transformation gives this formula the same
form with respect to any (steadily moving) set of
axes whatever their velocity. We say such a formula
or relation 15 “covaniant” We pr. great store by
covariance covartant laws have the most general
form possible and we feel they are the most perfect
mathematical statement of natural laws, “We lose
a frame of reference, but we gam a umversally vahd
symbolic form ™*

“A Wrong Question”

The physical laws of mechanics and electromag-
netism are covanant. they give no hope of teling
how fast we move through absolute space Thus
brings us back to Einstein’s basic principle of being
realistic. Where the an.wer s “impossible,” the
question 1s a foohsh one. We are unscientific to
umply there 15 an absolute space, as we do when
we ask “How fast . . . through space® We are
begging the question, mnside our own question, by
menti ning space. We are asking a wrong question,

2 Fredenc Keffer

NOTE Denation of E = me*

This short denvation, due to Einstein, uses the expen-
mental koowledge that when radiation with energy E joules
15 absorbed by matter, it dehvers momentum E/¢ kg'm /sec
(Experiment shows that PRESSURE of raciatict or. an absorb-
g wall 15 ENERGY-" "R-UNIT.voLUME of radiation-beam.
Suppose a beam of area A falls on an absorbing surface
head-on In time At, a length of beam ¢ - At arnves Then
MOMENTUM delvered 1n at

=~ FORCE - At = PRESSURE * AREA * A?
= (ENERGY/VOLUME) * AREA - At
= (e moy/A c A -A-at
= ENERGY/ ¢
“This also follows from Maxwell's equations)
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We take two views of the same thougut-experiment

(A) Place a bloch of niatter at rest on a 1 . tonless table
Give 1t some energy E by finng two chunks .* radiation at
it, KE from due East, 5E from due West Tt block absorhs
the radiation and gans energy E, but its net gan of mo-
mentum s zero it stays at rest {B) Now let a running
observer watch the same cvent He yuns with specd ¢ due
North, but according to Relativity he can equally wall think
he s at rest and see the table, etc moving tow:r.s him
with speed v due South Then he sces the bloch moang
South with momentum Mo He sees the two chunks of radia.
tion moving towards the block, each with speed ¢ but 1n
directions, slanted southward with slope v/c (Thiz 15 like
the aberration of starhght ) In his view, each chunk
has momentum (%E/c) with a southward component
(%E/c)(v/c). Thinking hmself at rest, he sees total souch-
ward momentum Mv + 2(%E/c)(v/c). After the hinck
has absorbed the radiation, he still sees 1t moving Scath
with the same speed v—since in version (A) we sav that
the hlock gamed no net momentum However, *.e block
may gam some mass, say m Find out how hg m s by
trusting conservation of momentum

Mu + 2(%E/c)(v/c) = (M + m)v
m=E/c" or E=me

where m 15 the mass gained when engncy E 13 ganed




like the lawyer who savs, "Answer me “ves” or no”
Have vou stopped beating sour wife* The answer
to that 1v "A reasonable man does not answer un-
reasonable questions© And Einstemn nught suggest
that a reasonable scientist does not ash urmeasonable
questt oy

Sunultaneity

The observers € and € do not merely see each
other’s clocks runming stowly, worse still, elocks at
different distances seem to disagree Suppose each
observer posts a senies of clocks along the 1-direc-
tion n his laboratory and sets themn all gong to-

. gether And when € and € pass cach other at the
ongm, they set their central clocks 1in agreement
Then eack will blame the other, saying: “His clocks
are not even ssnchromzed He has set Ins distant
clocks wrong by lus own central clock—the greater
the distance, the worse his mistake The farther I
look down his corrider, along the direction he 1s
moving, the more hc has set hus clocks there back—
they read early, beland my proper time  And look-
g back along s corndor, opposite to the direc-
tion of s motion, T sec his clocks set more and
more forward, to read later than mv correct tune”
(That judgment, which each makes of the other's
clocks, 15 not the result of forgetting the time-delay
of seemng a clock that 1s far anav Each observer
allows for such delays—or reads one of his own
clocks that 1 close beside the other's—and then
finds the disagreement This disagreement about
settiy of remote clocks belongs with the view that
each observer takes of clock rates Each cla ms that
all the other’s clacks are runnmg too slowlh so thev
should not be surpnsed to find that thur central
clocks, ongmalle synchromzed at the ongin, dis-
agrec after a while Each savs “His central clock,
that swas opposite me, has moved ahead and was
runmng too slowly all the while so no wonder its
hands hase not maved aroand as fast as mv clock.”)

€ ol enves lus own row of clocks ticking simul-
tancouslv all 1. agreement But £’ does not find those
tichs smnultaneous  Events that are simultaneous
for € are not stmultancous for € This 15 a senous
change from our common-sense view of universal
time. butt 1s a part of the Lorents Transformation
In fact, the question of simultaneity plavea an es-
sential role in the development of relativity by
Poincaré ard Einstem Argmng with thought-e-
periments that keep “c” constant, vou can show this
change 15 necessary The foliowing example -
lustrates this

Suppose € and €’ have their laboratories i two
transparent raiivad coaches on parallel tracks, one
moving with speed ¢ relative to tive ot'er. Just
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/e €' with fus.
- own clok
Fro 3138 “Stverrasrors” Croon Serrnes
Each experimenter scts has own clocks all 11 agreement
(allowing carcfully for the time taken b, any hyht
signals he nses in Joohing at them) Fach cxpenmenter
fnds that the other man's clocks disa ree among
themselves, progressivy with distance (Tuat s, after
he has allowed carefully for the ime taken by the hght
sigmaly he use 1 cheching the other man's clocks
agaumnst his own ) The shetch shows a scries of clocks
all fived m the fr.mework belonging to g As adjuste 1
and observed by g, thev all agree thes are svuchro-
mzed As myvestigated by g those clueks disagree vt
cach other The lower shetch shows what ¢’ fin's by
companing those clodks sumultancoush  (as he, ¢,
thinks) with his own clock The two shetches of clocks
disaree because each evpenmenter thinks ke com-
fares them all sunultancously but disagrees with the
other man's 1dea of smnltaneity

as the coaches are passing, € and €’ lean out of their
center windows and shake hands They happen to
be electrically charged, 4- and -, so there 1s  flash
of hght as they touch. Now consider the hght from
this flash, Some of 1t travels m cach coach starting
from the mua-pomnt where thc evpenmenter 1s
standing ¢ finds 1t reaches the front and hund ends
of lns coach simultaneously And €’ finds it reaches
the ends of fus coach simultaneously, Each con-
siders he 15 1n a stationary coach with hght travelling
out from the center with constant speed ¢ But €
can also observe the light flash reaching the ends
of the other coach that carnes € He observes the
events that €' observes, but he certanly does not
find them simultaneous, as &’ claims By the time
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the flash has travelled a half-length of the €’ coach,
that coach has moved forward past ¢ As € sees 1,
the hght travels farther to reach the front end of
that moving coach, and less to the hind end. So ¢
sees the flash hit the hind end first, while € claums
the hits are simultaneous ** (Reciprocally, € sees
the hight reach the ends of the coach carrying € at
different instants, while € claims they are simul-
taneous.) You wall meet no such confusion mn ord:-
nary life, because such disagreements over prionity
anse only when the events are very close i time,
or very far apart in distance. Where events P and
Q are closer in time then the travel-time for hght
between them, observers with diferent motions may
take different views: one m.y find P and Q simul-
taneous, while another finds ¥ occurs before Q, and
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€ sees flah hir fus € sees flask hir fus
0k’ mds simulantousty coach s mds simulioneousty
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& sers flash hit Both ends of Ris coach sumubsancously,
buc the ends of €' coach ac difftrent times (Sumilarly for €1)

Fic. 2} %9 THouGHT-ExPERIMENT
To show that events th  are simultancous for one observer
are not sunultanc-u for an observer moving with a
dib erent velocity

still anotler finds P later than Q To mantan Fan-
stein’s Relativaty, we must regard time as interloched
with space 1n a compound space-time, whose sheing
nto separate ime and space depends somew hat 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

Earher science was much concerned with canu-
sality Greeks looked for “first causes”, later scien-
sts looked for immediate causes—“the heating
caused the rock to melt”; "the pressure caused the
liquud to flow”, “the alpha-particle caused the 10n.
to be formed” It is dufficult to define cause and
effect “P causes Q”. what does that mean® The
best we can say 1s that cause is something that pre-
cedes the effect so consistently that we think there 1s
a connection between them

Even in common cases (hke stress and sTrarx or
Pp. and CURRENT), we prefer to say P and Q go to-
gether: we still look for relationshsps to codifv 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 obsery-
ers—and all obsercers are equally “nght” The
sketches of Fig 31-40(e), below, show how various
observers at an event P, here-noto, must classiy
some other events (eg, Q,) as m the absolute
future, some other events (e g, Q.) i the absolute
past, and some events (eg, Q,) in the absolute
elsewhere (as Eddington named 1t) 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 1s not due
to fergetting the time taken by light signals to briag the -
formation to e:*her observer We treat tﬁe problem asif each
observer had = whole gang of perfectly trained clockwatchers
ranged along hus coach to mate observations without signal
delays and then report at leisure The observers compare
notes (eg by radio) Then each has an obvious explanation
of the other man's claim that he saw the light flash reach the
ends of hus own coach simultansously “Why, the slly fellow
has set lus clocks askew He has a clock at each end of hus
coach, and when the hght flash hut those end clocks they
both showed the same instant of time—I saw that, too But
he 15 wrong n saying his end clocks are <et 1n agreement
I can see that he has sct his front-end clock back by my
standard, and s hind-end clock ahead 7 can see that
the flash had to travel farther to reach his front end. And
my clocks tell me it arrved there later, as I know 1t should
But since his clock 15 mis-set, early by mine, the late-
ness of armval did not show on it Those mustakes of his
tn setting his clocks just cover ap the di”le-ence of transit
time for what I can see are different travel-distanc s to the
ends of his coach.” As 1 all such relatistic «omy anscns,
cach observer blames the other for making exactly the same
kind of mustake




PAIRS OF EVENTS
ON A TIME AND DISTANCE MAFP

e e e ——

1

" , EVENT BE
LATER o P ALWAYS Q
Q. s PRECEDES
L L
T l, ? J
s ’ L CAUSES
g U .
SOON ¢S
Pe
NOwW >
distane
PAST

TWO ORSERVERS  MOVING \ERY FAST RELATINE To £ACH OTHER RECORD EVENTS P & Q

GALILEAN TIME AND DISTANCE MAF

Fr CBSERVER € and MOVING O.SERVER £

. e s
Susmamiwmim )y Vs

\xfmm ’ M

P fy &' vt

¥
3
/
! . .
l/‘“‘ —- =~ b povlen fne
/
/ ,
fJ&iS‘m‘ Satee ,
N t-v¢
t=zo

] distance

~-
IN GALILEAN WORLD
t
. Po-Q
t it o
€at ook € ar oz otdlock Gatitco |
- Keeps
— e tTand t
rocode fincfor Fand &1 ] sanc for
g : S and £
14
. 1ok s
Eand €ar tay teo
ditance wa tee

(These fanciful shetches are highly restncted. all the events
shown occur 1n one ’.'u‘gh! line, 1n a2 one-dimensional space.
along an r-aus

In the Lorents picture, a very high relative velocity between
€ and €15 assured The distortion of the 1’ and ¢ system
the Lorentz picture shows the view taken by ¢ Of course, ¢’
himself would take an “unc.storted” view of his own system,
but ¢’ would find the x and ¢ system “distorted *

It s not possible to show the essential symmetry here, so the
Lorentz picture should only be taken as a suggestion. taken
iiterally, 1t would be misleading )

(a) An event that occurs on the straight Lne (x-aus) s
shown by a point on this chart Distance slong shows w here
the event occurs cn the Line. Distance up shows wnen 1t
occurs Event P precedes event Q in time It may be sensi-
ble to say that P causes Q, for some types of event
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Fic 31-40 Cuants oF SpaCE (ONE DiMENSION) AxD TiME

(b) A moving experimenter carnies his ongin for distance

with hun On the Grllean system he uses the same time-
scale as a ~tationary experunenter

(c) Wi a Gablean transformation between two experi-

inenters, the hnes for each hour by the clock are the samne
for both observers, and parallel to the axis, ¢ -: 0,

(d) The Lorentz transfonmation between two s cpenmenters

tilts one coorchinate system of space-&tune relative to the
other (through a neglxglble angle, except when speed of
€' relative to g approarhes ¢)

Then an event Q that follows event P in time for one ex-
perimenter may p .cede P for another—but only if the
events are <o far apart that 2 hyht 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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Obwrver ¢ mat the ongm and so g who v moving ot
along x-aus relatine to € The hne skrs-sow has equation
1 = —ot, and marks il events that € (or €71 sy at thas
mted sow g hnowmg the vaue of ¢, shows for e
tme and marks s oas of events that happen now alung the
auy However ¢ will make a different allowance from the
samie stes-now hne ad wall moak o tilted "now” hine as lus
1 ans The lmes continnng strsesow an the forward dives -
ton of tme mark the mwanum tlt that ¢ could have for
fov o w bre—bocanse ¢ can never have velatne vodoaty
Steater than ¢ so Bns Teanas can nover bt as much s those

So now we mant be more careful We may keep
case and effect 1 smple cases such as apples and
stomach-ache, or alpha particles and 1onv but we
must be warv with events sa elose in time, for ther
dintance apart, that they fall n cach other's amo-
LUTF }LSI WHERE

In atonuc physics vou will meet other doubts con-
cerning cause and effect Radioactive chunges ap-
pear 1o be a matter of pure chance—the future lfe-
time of an individual atomn beng unpredictable, In
the final chapter you will see that nature enforees
partial unpredictabibity on all our hnowledge, hedg-
mg mdividual atomie vvents wath some unaordable
uncertanty, m.nkmg It unwise to msist on exact
“effeets” from exact “causen ”

The Iorentz Iransformation as ¢ Rotation

The shetches of Fig 3140 suggest we can throw hght
o1 the Lorents transformation of v e look at the effect
of a aimple rotation of the axes of a comtr m 1-, y-graph
Trv the algebra und find the “transformation” connect-
ing the old coordimates of a pomnt, x. y, with the new
coordinates, x°, y of the sume pomt, thus

! ot BN
! | Y A
! A
v ¥ \
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| A , L2
| e
—_ 12 e . .
Ay e YRA e 0

Refer + pomtn a plane to x y-anes Vhen rotate she
axes threugh . angle A (around the zeans The poant,
remamng at s old posiion m spice, has coordinates
x’, y’ referred to the new axes Use the svinbol s for the
slopie of the new vaxn, <o that s1s tas A Then as the
diagram shows
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hght Tves which o slope ¢ Rotee the pactare o nind
the t-asn and the hight ey mke ¢ donble cone Sunpose
an ovent Poocaure ot the onmgan e sow, wnd g ther
event at I Q s wathm the upper heht-cone Qs it
dehmtel mothe future of ©for all obanvers Simlaly all
events m the Jower hght-cone (Q51 ate i the absolute past
carher than P for 2ll obsensars Bt Qs 1 the space betw
the cones may be an the futuze fo. ¢ d vet be m the e
for an obverver € whose 1-av s tHy abive 1t S0 we lar ¢
that tenmediate fegon amo 110 iawam M Q falls
thae, nether P onor Q can cause . ther—they sunphy
ocenr at different places

X e hican A oy Y Al cos A

- Wy w"\__(xé\y\ Vv 4 n A
Cox =k sy (4 s

Simlarh, y* = (y — sxiry (b e v

This transformation for sunple rotation of aves \haws
A square root pl.nmg much the same role as in the
Lorentz transformation In fact we obtam the Lorentz
form 1f we replace y by a tune coordinate, thus instead
of y. use  multiphed by constaat ¢ and by 1 the squuare
root of {—1) And mstead of slope s use 10t ¢t Then,
with y = 1t and y =t and s = n ¢, the sunple
rotation-t.ansformation 1s the Lorentz transformation
Trv that That shows how the Lorents transformation
can be regarded v a shang of spacesd-time wth o dif-
ferent slant for different obsersers

The Invanant “Intercal” between Tuo Frents

We can define the "mterval” K between two events

2. 1,) aad (x, 1) bv the Pvthagorean form
R ~ (x - L N A

Theu we can also wnte the expression that gives R, the
“mterval” for another observer who records the same
tho events at (x,%, 1"} and (x ', 8.} on his (oordinates
If we then use the Lorentz tramformation to expre s i’
n tenins of the first obsenver's coordimates, we f{nd that
R’ 1s the sume ws B Lae Lorentz transformation keeps
that “mtenval™ mvanant That states the Kebitinty o
sumption—measuied ¢ s alwavs the same—n 3 -
ferent way

;okp A Wheeser suggests a fuble to tllustrate the role
of ¢ Suppose the whabitarts of an wland do ther
sunvcvig with rectangula cocrdinates, but measure
Norti-South distances i meles and East-West ones in
feet Then asudden, penmanent shaft of magnetic North
threng’. an angle A muabes them turn ther « stem of
axes to the new diwection Thev again measure i miles
along the new N7-§7 direction and i feet E'-W' Thev
tn to compute the distance ™ between two ponts by
Prvthagoras R? = (3x)2 4 (Ly1?, and thev frd that
R takes o different value with the new conrdinates
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Then thev find that they obtam the sane value for R
(and a wsefal ones with both sets of coosdinates it they
define R bv  R® = (Ax - = (3250 Ayr-

Therr “mystenious essential factor, 3250, mrresponds
to ¢ n the relatinistic intenal” in the parea-aph ubove
Moral ¢ s not so much a mystenous lnating veloaits
as a umt-changmy fuctor, which suggests that ime and
space are not utterh hifferent  they form one con-
tinuum wath both of them measurable m meters

Is There a Frameuork of Fixed Space®

Thus we have devised. i special Relatinaty, 2 new
geometrs and phisics of space-&-time with our
clocks and measuning seales (basic mstruments f
physics), conspiring, by their changes when we
change obsenvers, to present us with 1 annersaily
constant velocity of hight, to limit all moving matter
to Tesser speeds, to reveal physical laws in the sante
form for all observers moving with constant +cloc-
wties, and thus to conceal fron, us forever any abso-
lute motion through a fixed framework of space, in
fact. to render meaningless the question whether
such a framework exists.

HICHER VALUES OF MATHEMATICS
AS A LANCUAGE

Mathematical Form and Beauty

As a language. algebra may be verv truthful or
accurate, and even fraitful but is 1t not doomed to
remain dull. uninteresting prose aud never rise to
poctry® Most mathematicians will dens that doubt
and claim there is a great beauty in mathematics.
One can learn to enjoy sts form and clegance as
much as those of poctry As an evample, watch a
pair of smultancons equations beng polshed up
mto elegince Start with

X +3y=9

4 — 24 = 10
Then with some jugghng we can get nd of y and
find z = 3. and then y =2 1. But these are lopsided,
individual equations. Let us makc them more gen-
cral, replaeing the coefficients 2.3, 9, ete | by letters
a b, e ete, thus

ar - by -¢ dr - cy — f
L . cc —fb
After heavier juggling we find x = i Then
Q¢ —

more jugehng s needed to find y These solutions
cnable us to sohe the carher cquations and others
hke them by substituting the number coefficrent,
for a. b, c. ete But unless we had wany equations
to solve that wonld hardlv pas. and we scem no
nearer to poetry But aow et us be more svstem-
atic. We are deabng with x .nd g as much the
same things, so we might emphasize the sumlarity

by cathing them 1+ wnd ©. To muteh that change
we se @ an, a, ustead of a0 b, ¢ and wnte
4 — ax - a. But than we have the second
equations coefficents We nught call them a °, ete.,
but «ien so the two cquations do not look quite
symmetrical To be fairer still, we all the fint lot
a/ etc and the sczond lot a” e¢te Then
‘l-‘x- X
and a “x, -

T

is a gam we need not sohe for x; or g S:mmetry
will show us the answer strarght anay Note that 13
and x, (the old v and y) and their coefficrents are
ouly distimguished by the subscripts , and .. if we
mterchange the subseripts . and , throughout, we
get the same equations again, and therefore wenust
have the sane soluttons We mmake that uterchange

m the solution above and v, =

aa” —a,"a’

comes x, :- Now we have the an-

aaT—a
swer for x, (the old y3, free of charge. The cconomy
of working may scem small, but think of the m-
creased complexity 1f we had, sav, five unknowns
and five simultancous equations With this sym-
metrical system of writing, we just solve for one
unknown, and then write down the other four solu-
tion= by symmetry. Here 1s form plaving a part
that 15 useful for econoray und pleasant :n appear-
ance to the mathematical eve. More than that, the
new form of equations and answers is general and
universal—in a sense this 1s a case of covanance.
This 1s the kind cf symmctrical form that ap pealed
to Maxwell and Emstein.

This 1s only a little wav towards fiiding poetry
in the language of mathematics—about as far as
well-metered verse. The net stage would be to use
svmmetrical methods rather than symmetneal forms,
¢ ¢ "determinants ™ As the professional o thema-
tivn develops the eareful arguments which hack
up his mcthods, he builds a structure of logic and
form which to Ins cve 1s as beautful as the finest

poem

Geometry anl Seience Truth and General Relativity

Thus, mathematics eces far bevond working
anthmetic and sausage-rmding alecbra It aven
abandons pert defintions and some of tie restric-
ton: of logic, to encourage full fovermg of its
growth, hut vet sts whole scheme 1s based on ats
own startmz pomts, the views its founders take of
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numbcrs, ponts, paralldd hines, tectons, P'ure
mathematics s un wory tower saence The resalts,
bemg derved by geod logic, wre antomatically true
to the onganal assumptions and defimtions W hether
the real world fits the assumpticns s=ems at first .
matter for experiment \We certunly must not trst
the assumptions just because they seem reasonable
and obvious. 1Tow ever, they muay be more hike defini-
tions of procedure. m which case mathematics, still
tre to those defimtions, nught interpret any world
in terms of them.

We used to think that when the mathematician
had developed his world of space and numbers, we
then had te de experiments to find out whether the
real world agrees with him For example. Enchd
made assumptions regarding pomts and lines, ete
and proved, or argued out, a consistent geometry
On the face of it. by rough companson w th real
circles and tnangles drawn on paper or surveved
on land, the resnlts of lus system seemed true to
nature. But, one felt. more and more precise evpen-
ments were needed to test whether Euclid had
choser the right assumptions to mtate nature
exactly, whether. for example, the three angles of a
triangle do make just 180 degrees.”® Relatmity-
mechanics and astronomcal thinking about the uai-
verse have raised serious questions about the most
fitung choice of geometry. Mathematicians have
long known that Euchd’s version 1s only ore of
several dc.isable geometries which agree on a
small scale but differ radically on a large scale in
their physical and ptilosophical nature.

Special Relaticity deals with cases where an ob-
server is moving with constant celocity relative to
apparatus or to ancther observer, Emstein then de-
veloped General Sclatity to deal with measure-
ment 1 systems t at are accelerating,

What is General Relativity. and how does it affect
our views of physics—and of geometry?

** It probably secins obvious to vou that they do This may
be because you have swallowed Euchd’s proof whole—an-
thontaran deduction Or you 1aw have assurea yonrself -
ductively by makirg a paper tnangle teanag off the corners
ard assembhing them Suppuse, howercz. we mved on a huge
globe, uithout knowmng it Small tnaneles, confined to the
schoolroom would have a 150° sum But a huge tnangle
would have a bigger sume For exampre, ene with a %0 anex
at the N-pole would have night 2ngbs at its base on the
equator

1@ TN B s
7~ P .
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tar Teanng a paper taangle  (b) Tnangle on a sphese

Ewmstemn’s Principle of Kgravalence

Einstemn was ied to General Relativ ety by a sugle
question. “Could an observer 1 a fallimg ele ator
or accelerat ng train really know he s aceelerating”
Of course he would notice strange forees ¢ as m the
case of truek and-tiack evperiments to test F = \a
i an accelerating ralroad coach ® There strang
farces act on the truck and make F := Ma untrue)
But could he decide bv evpenment between ac-
ecleration of his frame of reference and anew gravi-
tational field® {1f a carpenter bulds & correctly
trted laboratory in the aceelerating coaeh. the ob-
server will again find F = V{6 holds, but he wall
find “g" different.)® Therefore, Einstein assumed
that no local expermments—mechanical, clectrical or
optical—could decide no expeniments could tell an
obsers er whether the forces he finds .are due to his
aceeleration or to 4 local “gravitational” field Then,
Ewmstein swd. the laws of physics must take the same
cssental form for ALL obscr crs, even those who
are accelerating. In other words. Einsten required
all the Laws of physics to be covariant for ail Luns-
form.tions from one frame of reference (or labora-
torv) to another That 1s the essential basts of Gen-
eral Relutivity all physical Lwws to keep the same
form.

It was obvious long ago that for mechanical be-
h -ior a gravitational field and an accelerating
frame of refererce are equivalent Einstemn's great
contribution was lus assumption that they are com-
pletcly equivalent, that even m optical and electrical
experiments a gravitational field woule have the
same effect as an accelerated frame of reference
“This assestion supphed the long-scught-for link
between gravitation and the rest of physics. .t

Accelerating Local Obscreer = "Gratitational Freld”

The Principle of Equin alence fluenees our view
of matter motion and geometry m several ways

(1) Local Physics for Accelerated Observers 1f
the Principle of Equivalence 1s true, all the strange
effects observed m an accelerating laboratory can
be ascribed to an cxtra forcefield. If the labora-
torv’'s azceleration is @ meters sec”. we may treat the
Liboratory as at rest mstead if we give every mass
m kg an extra force —mag newtons, presumably due
to a force-field of strength —a newtons kg Then,
with this field included, the ordinary rules of
mechames shounld applv—or rather the lorentz
modification of Newtonan mechanies snd Euclid-
ean geometry, just as m Spectal Reletivaty,

* See Chpter 7 Problems 30 aad 31

+ S Fdmund Whattker an From Eucdid to Eddington
(Cambndege Unnasits Press 1949 now 10 Dover paper-
back «htin
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Evamples

(1) Expenimenters in a ratlroad coach that 1s ae-
celerating—or 1n a rocket that 1s being driven
by 1ts fuel—wall ind Newton's Laws of motion
applying at low speeds. provided they ad.d to
all visible forces on cach mass m the extra
{backward" force, ~ ma, due to the equivalent
force-field.** Objects moving through the 1abo-
ratory at very high speeds would seem to have
mcereased mass, ete, just as we always expect
from Special Relatnaty.

(i) An expenmenter weighing himself on a sprng
scale mn an elevator moving with downward
acceleration a would obtain the scale reading
that he would cxpect m a gravitational field
of strength (g — a). (See Ch. 7, Problem 10.)

(m1) In afreely falling box the force cxered by the
equ:valent force-field on a inass m would be
mg upward Since this would cxactly balance
the weight of the body, mg downward, every-
thing would appear to be weightless The
same applies to exporiments nside a rocket
when its fuel has stopped driving it, or to ex-
periments on anv satellite pursuing an orbrt
around the Earth che pull of the Earth's con-
trolling gravaty 1s not fclt, because the whole
laboratory 1s accelerating too

(v} In a rotating laboratory, adding an outward
force-field of strength +* R would reduce the
local mechanical behavior to that of a sta-
tionary lab

(2) Interpreting Grauty. All (real) gravitational
fields can be reinterpreted as local modifications of
space-&-time by changing to appropsiate accelerat-

g axes so that the field disappears This change

gives us n6 help in mechameal calculatons, but it

leads to a new meamag for gravity, to be discussed
in the next section

(3} “Removing Grawty.” If a gravitational field
1s reallv equivalent to an accelerating frame, we can
remove 1t by gning our laboratory an appropriate
acceleration. Common graaty, the pull of the Earth,
pulls vertically down Itis equivalent to an accelera-

22 Over 200 ycars ago, the French philosopler and mathe-

matician d'Alembert stated a general prnciple for solving

Eroblems that imvolve accelerated motion add to all the

nown forces acting on an accelerating mass m an extra

force —ma, then teat m as in equilibrium By adding such

“d’Alembert forces™ to all the bodies of a complex system

of niasees in motior. we can convert the dynemucal problem

of predicting forces or moton mto a statical problem of
forces 1 equilibrium  This 15 now common ?ractlcc among
professional physicists, but 1t 1s an artificial, sophisticate
notion that 1s apt to be misleading, sc we avmfl( i ele-
mentary teaching Itas the basis or the “~ngncer's headache-

cure” mentioned 1 Opwwon MII of centrfugal force, 1n
Chapter 21

tion of our frame, g vertically up It we then let
our lab fali through our frame of reterence with
acceleration g vertically down, we observe no offects
of gravrty Our lab has two azceleraticas, the “real”
one of falling and the opposite on~ that replaces the
gravitational field. The two just cancel and we have
the cquivalent of a stationary lab m zcro gravita-
tionat field That just mneans, “let the lab fall frech,
and gravity 1s not felt m 1t ” We do that physieally
when we travelin a space ship, or m a frecly-fulling
elevator Our accelerating framew ork removes all
sign of the gravitational field of Earth or Sun® on
a small local scale. Then we con leave a boldv to
move with no forces and watch it path We call its
path in spac:-&-time a stra.ght Iine and we evpect
to find s.mple mechanical laws obeved W have an
wmertial frame in our locahty.

(4} Artsficial Gravity. Conversely, by mposmg o
large real acceleration we can manufacture a strong
force-field. If we trust the Prineiple of Equn alence
we expect this force-field to treat matter in the same
way as a very strong gravitational field On this
view, centnfuging increases avalable ‘g many
thousandfold.

(5) Myth-and-Symbol Expernment To an ob-
server with acecleration a every mass m® seems to
suffer an opposite force of size m°¢. m addition to
the pushes and juils exerted on it by known gents
In a gravitational field of strength g evers muss '
is pulled with » force m'g Here. we are using m®
for inertial mnass, the m in F == ma, and m' for gravi-
tatwonal mass, the m in F = GMm . The Principle
of Equivalence says that gravitational ficld of
strength g can be replaced 1 effcct by an opposite
accelcration g of the obscrver

<. m'g must be the same as m®g . m' z=m®

The Principle of Equivalence requires gravitational
mass and mertial mass to be the same, and the
My th-and-Symbol Expernnent long ago told us that
thev are. As vou will see in the discussion that fol-
lcws, Emstein, m hus development of General Rela-
tiaty, gave a deeper meanmng for this equality of
tc two kinds of mass

Generd! Relatuaty and Geometry

Over small regions of space-&-tune, the Earth's
gravity is practically umform—and so 15 any other

2 That 1 why the Sun’s gravitational pull produces “no
noticeable ficld™ as we move with the Earth aronnd ity vearly
orbit (That phease in the table of ficld values an p 116 was
a quibble’) Only 1f mertial mass and gravtanonal mass
fatled to keep exactly the same proportion for different sub-
stances would any noticcable effcct occur Minute differences
of such a hnd are bemg, looked for—if any are duscovercd,
thev will have a profound «ffcct on our theory
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gravaitational field So we v remove’ gravaty or
local expeniments by ha .ng 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 hne, and with forces ap-
plied we shall find F = ma. However, on a grander
scale, sav all around the Earth or the Sun, we should
Jave to use many different accelerations for our
local labs to remove gravity ln fitting a strught
e defined i one "ab Lv Newton's Law 1 to its
continuation in a ncig boring lab. also accelerating
freely, we should find we have to “bend” our struight
line to make 1t fit The demands of bending would
get worse as we proceeded from lab to lab around
the gravitating mass. How can we cxplun that?
Instead of saying “we have found there is gravny
here after all” we might say "Euclidean geometry
does not quite fit the real world near the massive
Earth or Sun.” The secona choice 1s tahen m de elop-
ng General Relativity. As in devising Spccial Rela-
tivity, Eunstein looked for the simplest geomctzy to
fit the new assumption that the laws of phvsics
should always take the same forin. He arnved at a
General-Relativity geometry 1n which gravity disap-
pears as a strange force reaching out from matter,
iestead, 1t appears as a distortion of space-&-tme
around matter.

“From time immemorial the phvsicist 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 mathematictan
was to come first and analyse the properties of space
and time building up the pnmarv sciences of geome-
try and kinematics (pure motion), then, when the
stage had thus becn prepared, the physiast we to
come along with the dramatis personae—material
bodies, magnets, electric charges, hight and so forth—-
and the play was to begin But in Enstein’s revolu-
tionary conception the characters created the stage
as they walked about on 1t geometry was no longer
antececdent to physics but indissolubly fused with
it into a single diseiphne The properties of space
i 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 night geometry Lut to choose the stmplest
or most convensent one which would describe the

24 Sir Edmund Whittaker, Fromi Euchid to Eddngton,
opat, p 117

world with least stretching.® 1f we do, we must
reahize that we choose our geometrv but we have
sur umverse, and if we ruthlesslv mcke one fit the
oti ~r Ly pushing and pulling and distorting, then
we must take the consequences

For example, if ali the objects 1n our world con-
sisted of so'ne pieces of the elastic shun of an orange,
the easiest geometrical niodel to fit them on w ould
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 1t to the surface,
making 1t 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
mght find strange forces trving to make the middle
of the patch bulge awav from the table—again, 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 1t
is, but just such a discuss'on on a three- or four-
dimensional basis. instcad ot a two-dimensional one,
has been used in General Relauvity. The strange
force of gravity may be a necessary result of trying
to interpret nature with an unswitable geometry—
the system Euclid developed so beautifully. If we
choose a different geometry, in which matter dis-
torts the measurement system around 1t, then gravi-
tation changes from a surpnsing set of forces to a
mere matter of geometry. A cannon ball need uo
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 mmprove our comprehension of old knowledge.
It can. On such a new geometrical view, the
“curved” paths of freely moving bodies are inlaid
in the new gecmetry of space-&-time 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 Obwiowsly a great property
of nature, this equality was neglected for centuries
until Einstein clamed 1t as a pattern property 1m-
posed on space-&-time by matter

** You can have your coffce served on any tray, but on
some trays it wobbles less
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Even a light ray must follow acunve just as nmch
as & bullet moving at hght speed Near the Larth
that curve wonld be imperceptible, but wtarhght
streaming past the Sun should be deflected by an
angle ot about 00003 degrees, st measurable by
modern wstruments Photographs tahen dunng total
cclipses show that stars very near the edge of the
Sun seem shifted by about 00006° Ou the tradi-
tonal {“classical™ view, the Sun has a gravitational
field that appears to modify the straight-lne law for
hight ray s of the Enchidean geometrical scheme On
the General Relativity view, we replace the Sun’s
gravitatienal field be « crumpling of the local ge-
ometry from simple Euchdean form into a version
where hght seems to us to travel slower Thus the
hight beam 1s cursed shghtly around as it passes the
Sun—the reverse of the bending of light by hot air
over a road, when 1t makes a mirage.

Finding thus view of gravitation both simple and
fruitful—when boitled down to simplest mathemati-
cal form—we would like to adopt it In any ordinary
laboratory experiments we find Euchd's geometry
gves simple, accurate descriptions. But i astro-
nomical cases with large gravitational fields we
must either use a new geometry (in which the mesh
of “strarght lines” in space-&-time seems to us
shghtly cruinpled) or else we must make some com-
plicating changes in the laws of physics. As n
Special Relativity, the modern fashion is to make
nie change i geometry This enables us to pohsh
up the laws ~! hysics into simple forms which hold
universally. and sometimes in doing that we can see
the possibilty of new knowledge

In specifying gravitation on the new geometrical
view, Einsten found that his ssmplest, most plausi-
ble form of law led to shghtly different predictions
from those produced by Newton's inverse-square
law of gravitation He did not “prove Newton’s Law
wrong” but offered a refining modificaticn—though
this mnvolved a radical change in viewpomt e
must not think of either law as nght because 1t is
suggested by a great man or because 1t 1s enshrined
in beautiful mathematic;. We are offered 1t as a
brithant guess from a great mind unduly sensitive
to the overtoncs of evidence from the rcal umiverse
We take 1t as a promising guess, even a likely one,
but we then test it ruthlessly The changes, from
Newton’, predictions to Emstein’s, though funda-
mental in naturc, are usvally toc small in effect to
make any difference in laboratory experiments or
even mn most astronomical measurements But therc
should be a noticcable effect in the rapid motion
of the planct Mercury around its orbit Newton pre-
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dicted a simple ellipse, with other planets produemg
perturbations which could be calculated and ob-
served General Relatiaty theory precicts an extra
motion, a very slow slewing around of the long axis
of the elhpse by 000119 degree per century When
Ewnstemn predicted it, thss tiny motion was already
known, discovered long beforc by Leverner. The
measured value, 000117°,century was waiting to
test the theory

Accepting this view of jravity, astronomers can
speculate on the geometry of all space and ask
whether the universe 1s mfimtc or bounded by 1ts
own geometric curvature (as a sphere 1s) We may
vet be able to make some test of this question.

There are still difficultics and doubts about Gen-
eral Relat: ity Even as we use 1t confidently to deal
with Mercury’s motion, or the hght from a massive
star, we may have to anchor our caleulations 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 1t, may have some kind of absolute milestones
This doubt, this threat to a powerful theory, does
not irritate the wise scientist he keegs 1t in mind
with hopes of an inl=ssting 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 ne 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 rematn mathematical forms, they
yield fruitful predictions, ranging from the strength
of metal wires and chemical cnergics to the behavior
of radiactive nuclei.

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

- Anonymous

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
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S Parable of the Surveyors

Edwin F. Taylor and John Archibald Wheeler

Cxecerpt oot e Sy stune Poyan s 3 Frooe

Copunir 1 060

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, 1n miles (y 1n 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” 1n meters) and sacred distances
north in miles (' 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 he learned the other method. As
the days and nights passed the student puzzled more and moic 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

Dayiime surveyor’s axes ortented Nightuime surveyor's axes
Place 10 magnetic north oriented to the North Star
(x 1 meters. y in rules) (¢’ 11 meters, y' 1n miles)
Town squire ] 0 0 0
Gate A XA ¥a LI N
Gate B Xs Vs sV

Other gates

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 [(xa)? + (kpa)}"? based on Daytime measurements
of the position of gate A had exactly the same numerical value as the quantity

an t Compan,

Daytime surveyor uses
magnetic north

Nighttime surveyor
uses North Star north
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{(xa’)* + (kya'»]V2 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 quantitv

) [(x) + (kyp)e

the distance of the point (x, 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.aces 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 Poincaré of
Paris. How naive?

I. Surveyors in this mythical kingaom measured northward distances in 4
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 corbining space and time coordinates when both were
measured in meters. The conversion factor between seconds and meters,
namely the speed of light, ¢ = 2.997925 ;¢ 10® 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 meters—a factor
that arose out of historical accidents zlone, with no deeper physical
significance.

2. 1n 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 yand y’ were due
to suiveying 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-
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ferent values, r and 1, for observers in different states of motion.
Think of one observer standing quietly in the laboratory. The other
observer zooms by in a high-speed rocket. The rocket comes in through
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
measusements. The second explosion occurs. for example, 5 seconds
later than the first, as measured by laboratory clocks. and 12 meters
further down the corridor. Then its time coordinate is 74 = 5 seconds
and its position coordinate is xs = 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 sanie events as seen by two
observers 1n relative motio~. For simplicity the y and z co-
vrdinates are zero. and tne recket i3 moving in the x direction.

Coordnates as measured by observer who 1s

Event -
standing moving by i rocket
(x m me s, 1 in seconds) (x" 1 meters, ' 1n seconds)
Reference event 0 0 0 0
Event A W Ia L Y
Event B xp Iy X'y i'n

Other events

. The mythical student’s discovery of the concept of distance is matched by

the Einstein-Poincaré discovery in 1905 of the idea of inferval. The in-
tervat as calculated from the one observer’s measrrements

(2) interval = {(c14)? — (xa ]2

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

3) interval = [(c1a”) = (x4}

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)al—its independence from
the choice of the reference frame—forces 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.”

One observer uses
lahoratory frame

Another observer uses
rocket frame

Discovery invariance
of intcrval
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The rest of this chapter is an claboration of the analogy between surveying
1n space and relating e ents 1o one another in spacetime. Table 3 15 a preview
of this elaboration. To recognize the unity of space and time one follows the
procedure that makes a landscape take on meaning —he looks at it from several
angles, This 1s the reason for comparing space and time coordinates of an

event in two dgifferent reference frames in relative moton.

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

Purable of the surver ors
geometry of spuce
The task of the surveyor 15 to locate the post-
ton of a point (gate A} using one of two co-
ordmate systems that are rotated relative to
onc another

The two coordmate systems. oniented 10
magnetic north and to North-S  aorth

For comenience all surveyors agree to make
posttion measurements with respect to a
common origin (the center of the town
square)

The analysis of the surveyors’ results 1 sim-
plified 1f « and v coordinates of a point are
both measured i the same units, 1n meters

The separate coordinates x4 and 1, of gate
A do norhave the same values respectively in
two coordinate systems that are rotated
relatne to one another

Invariance of distance The distance (vt +
Jal)? between gate A and the town square
has the same value when calculated using
measurements made with respect to either of
two rotatd coordiate systems (v, and v,
beth measured 10 meters)

Euclidean transformation Using Euc ludean
geometry, the surveyor can solve the follow-
ing problem  Given the Nightime coordin-
ates xa" and 3,' of gate A and the relative
inchnation of respective coordinate axes,
Sind the Daytime coordinates v, and 3, of
the same gate

Analogy 1o plys es
geometry of spaceume

The task of the physicist 1s 1o locate the pos:-
tton and ..me of an event (firecracker explo-
ston A) using one of two reference frames
which are mn motion relatnve 1o o~ another

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

For convemence all phyéicists agree 1o make
posiion and time measurements with re.
spect 1o a common reference event (explo-
ston of the reference firecracher)

The analysis of the physicists” resulis 1s sim-
plified 1f the 1 and 1 coordinates of an event
are both measured n the same units, 1n
meters

The separate coordinates 14 and 1, of evem
A do not have the same values respectively in
two reference frames that are n untform
mouon relative to one another

Imvartance of the imterval The merval (142 ~
2P between event A and the reference
event has the same value when calculated
using mcasurements made with respect to
cither of two reference frames in relatve
moton (x4 and 1, both measured in meters).

Lorentz  trunsformution  Using  Lorent:
geometry, the physicist can solve the follow-
g problem: Grven the rocket conrdinates
v’ and 1’ of event A and the relauve
veloaity between rocket and laboratory
frames, find the laboratory coordinates x,
and 1, of the same event,

The parable of the surveyors cautions us to use the same unit to measure
both distance and time. So use meters for both. Time can be measured in
meters When a murror is mounted at each end of a stick one-half meter
long, a flash of light may be bounced back and forth between these two mir-
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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 1 meter. Therefore the unit of time between
ticks of this clock is called I meter of light-travel ime or more simply / meter
of time. (Show that ! second 1s 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. Speciai relativity deals with the classical
laws of physics expressed with respect to an inertial refsrence 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
vith insufficient surprise—by generations of ordinary people. Some of the
pest 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 correctly —thus “making the bad difficult and the good easy.”’t
The problem of understanding relativity is no longer one of learning but one of
intuition—a practiced way of seeing. With this way of seeing, a remarkable
number of otherwise incomprehensible experimental results are seen to be
perfectly natural.}

tEinstein, 1n a ssmilar connection, in a letter to the architect Le Corbusier

$For acomprehensive set of references to introductory literature concerning the special theory
of relativity, together with several ceprints of articles, see Special Relauvity Theory, Selected
Reprints, published for the American Association of Physics Teachers by the American Inst-
tute of Physics, 335 East 45th Street, New York 17, New York, 1963

Simplty Pick freelv
falling labaratory
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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 actung. 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 relatvity 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 ar the top of a skyscraper
much higher than any real one. Suddenly the cable
supporting the clevator 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 conditiens. 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
1t 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 ot view
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
saine acceleration. But so is the elevator, with its walls,
ceiling, and floor. Therefore: t_2 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. ic
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




Qutside and Inside the Elevater

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
1s, 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
CSis only 2 “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-
tive 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 2 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 transforma..on.

Let us see in what way both the observers, outside
and insic}e, 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 ficld 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. 3ut 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. Without
this clew, unnoticed in classical mechanics, our present
argument v uld fail completely.
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Qut vde and inside the 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 inerdal 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 whoie 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
1s in “absolute” nonuniform motion. But a motion
which is wiped out by the assumption of an acting
gravitational field cannut be regarded as absolute mo-
tion.

There s, 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 oppcsite wall after a




very short time. Again let us sce 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

slightly curved line. The difference is dve 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 1s 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 seenss 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 cquivalent. 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, thicn his results would have
been exactly the sarne as those of an outside observer.

The gravitational field of ihe 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 clevator the con-
sistency of the two descriptions. Nonuniform motion




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
cownpletely.

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 essendal
for this connection. It is clear that the solution of the
gravitational problem in the general theory of rela-
uvity 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 mertial CS.
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o Einstein and some Civilized Discontents
Martin Klein
Avacle froam e nal Phvgics Today January 1984

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 Milar 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 to recognize the future intellectual
conqueror in the boy of fifteen who had just
crossed the A'ps 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 nighly praised ciassical 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 mysterv 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 twelve—it 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.

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 ieave.
His leaving was assisted by the way in which his
teachers reacted to his attitude toward school.
“You will never amount to anythirg, Einstein,”
cne 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 witk. his own
decisions, and he set off to join his family in
Milan. The next months were spent gloriously
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 science—at 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, kut he had
not lost his love for saience 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 Zirich. Since he had no high-
school diploma he was given an entrance exam-
ination—and he failed. He had to attend a Swiss
high school for a year in order to make up his
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deficiencies in almost everything except  mathe-
matics and physics, the subjects of his own private
study. And then, when he was finally admitted
to the Polytechnic Institute, did he setle 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 coures were now almost
all in mathemaucs and physicz, Einstein cut most
of the lectures. He did enjoy working in the lab-
oratory, but he spent most of his time i his
room studymng the oryginal works of the masters
of nineteenth-century physics, and pondering
what they set forth

The lectures on advanced mathematics  d not
hold him, because in those days he saw no need
or use for higher mathematics as a ol for grasp-
ing the structure of nature. Besides, mathematics
appeared to be split into so many branches, cach
of which could absorb all one’s time and energy,
that he 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 ould not
decide which bundie of hav he should eat.

Physics presented no such problems to Emstein,
even then As he wiote many years later: “True
enough, physics was also divided into sepaate
fields, each of which could devour a short working
hie without having satisfied the hunger for deeper
knowledge Buc in physies 1 soon learned to
scent out the paths that led to the depths, and
to disregard evenvthing else, all the many  things
that clutter up the mind, and divert it from the
essential The litch in this was, of counse, the
fact that one had to cram all this stufl into one's
mind for the examnnation, whether one liked it
or not.”

That was indeed the rub Finstein had recon-
ciled himself to being only an average scholar
at the Polytechnic. He knew that he did not have
and could not, or perhaps would not, acquite
the traits of the outstanding student: the casy
facility in comprehension, the willingness 1o con-
centrate one’s encigies on all the required sub-
jects, and the orderliness to take good notes and
work them over propaly, Fortunately, however,
the Swiss system required only two examiuations.
Even more fortunately Einstein had a (lose friend,
Maicel Grossmann, who possessed just the qual-
ities that Emstemn lacked, and who generously
shared his excellent systematic notes with his non-
conforming comrade $o Emstein was able to
follow his own line of study, and still succeed in
the exams by domg some appropriate cramming
from Grossmann's notes. This success left more

116

-
photo by lotte Jocobs

than a bad wste in his mouth. As he put i,
“It had such a deterring effect upon wme that,
after 1 had passed the final examination, 1 found
the consideration of any scientific problems dis.
tasteful 1o me for an enthe vem " And he went
on to ay. “It is lirtle shore of a miracle that
modern methods of instruction have not alieady
completely strangled the holy cwiosity of inquiry,
because what this delicate littde plant needs most,
apart from initial stimulation, is ficedom; with-
out that 1t 1 surely desuoyed .1 believe that
one could even deprive a healthy beast of prey
of 1ty voraciousaess, 1t one could force 1t with a
whip to eat continuously whether it weie hungry
or not

This is strong language. Should we take it
personally? Could 1t be meant for us, for the
teachers responsible for an educational system of
adlnevement tests, preliminary college boards, (ol
lege boards, national scholarships, grade point
averages, graduate record exams, PhD qualitying
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exams—a system that starts earlier and earlier
and ends later and later i our students’ careers?
Could this system be dulling the appetites of our
voung mtellectual tgers® ks it possible that our
students need more tme to dayv-dream rather than
more hours in the school dayv> That the relentless
pressure of our educatonal system 'nakes every-
thing only a step toward something else and
nothing an end in itself and an object of pleasure
and contemplauon?

For almost two years after his graduation from
the Polvtechmic v 1900 Emstein seemed to be
headed for no more success than his earlier history
as & dropout night have suggested. He applied
for an assistantship, bit it went to someone else.
During this perrod he managed to subsist on the
odd jobs of the learned world, he substituted for
a Swiss gh:school teacher who was domg his
two months of mulitary service. he helped the
professor of astronomy with some calculations, he
tutored at a boys' school Finally, in the spring
of 1902, Einstein’s good friend Marcel Grossmann,
“the irreproackable student™, came o his rescue
Grossmann’s father recommended Ewmstemn to the
director of the Swiss Patent Ofhce at Berne, and
after a secarding exammation he was appointed
0 a positton as patent examiner He held this
position for over seven years and often referred
to 1t in later years as "o Kind of sahvadon™ Tt
freed him from finandal worries: he found the
work rather interesung. and sometimes it senved
as a stimulus to his saentific imagination And
besides, it accupied onh eight hours of the day,
so that there was plenty of time left free for
pondering the riddles of the unnerse

In his spare time duting those seven vears at
Berne, the young patent exammer wrought a
series of scientific miracdles: no weaker word s
adequate He did nothing less than to lay out
the main lines along which twentieth-century
theoretical physics has developed. A very brief
list will have to suffice. He began by working
ont the subject of statistical mechanics quite inde-
pendently and without knowing of the work of
Jo Willard Gibbs He abo ook this subject seri-
ously ..1 a way that neither Gibbs nor Bolt/mann
had ever done, since he used it to gne the theo-
retical basis for a final proof of the atomic
nature of muatter His reflections on the problems
of the Maxwell-Lorents electrodynamics led him
to ceate the speaal theory of relatnvity. Before
he left Berne he bad formulated the princple
of equivalence and was struggling with the prob-

lems of gravitation which he later solved with
the general theory of relativin, And, as if these
were not enough, FEinstein introduced another
new idea into phvsics, one that even he described
as “very revolutionary”, the idea that light con-
sists of particles of eneigy. Following a line of
reasoning related to but quite distinct from
Planck’s, Finstein not only introduced the hght
quantum  hypothesis, but  proceeded almost at
«nee to explore its implications for phenomena
as diverse as photochemistiy and the temperature
dependence of the specific heat of solids

What is more, Einstein did all this completely
on his own, with no academic connections what-
soever, and with essentally no contact with the
elders of his profession Years later he remarked
to Leopold Infeld that until he was almost thirty
he had never seen a real theoretical physicist To
which. of course, we should add the phrase (as
Infeld aimost did aloud, and as Einstein would
never have done) “except m the mirror'”

I suppose that some of us might be tempted
to wonder what Einstein might have done during
those seven years, if he had been able to work
“under really fivorable conditions”, full dme, at
a major univenity, instead of being resuicted to
spare ume activity while earning his Ining as a
minor dwvil servant. We should resist the tempta-
ton om specutlanions would be not only frundess,
but completely unfounded. For not only did
Einstein not regret his lack of an academic post
in these years, he actually considered it a 1eal
advantage, “For an acadenmnc carcer puts a young
man into a kind of embartassing position,” he
wrote shortly before Lis death, “by 1equinng him
to produce scientific publications in impiessive
quantity—a  seduction into supetficiality which
only suong characters are able to withstand. Most
practical occupatious, however, are of such a
nature that a man of normal ability is able 10
accomplish what is expected of him. His day-to-
day existencz does not depend on any  spedial
illuminations, If he has deepa scientifie interests
he may plunge into his favonite problems in ad-
diton 10 doing his 1equired work. He need not
be oppressed by the fear that his efforts may lead
o no results, I owed it 1o Marcel Grossmann
that T was m such a fortunaie position.”

These were no casual  temarks: forty  yvears
carlier instemn had wold Max Born not to worn
about placing a gifted student in an academac
positon. Let him be a ¢obbler or a4 lockunith:
if he really has a love for sdence in his blood
and il he's really worth anything, he will make
s own way, (Of course, Emstemn then gasve what
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help he could in piacing the voung man.) Einstein
was even a livde reluctant about accepting a re-
scatch professonship at berhn, partdy  because
Prussian  rigidity and academic  bomgeon life
were not to his Boheman taste, But he was alo
reluctant because he knew very well that such
a research professor was expected 10 be a sort of
prize_hen, and he did not want v guarantee
that he would lay any mere golden eggs.

It will not have evaped yowr notice  that
Einsdem's views en aesearch and the nature of a
sdentfic career differ sharply from those which
are standard o the saentific community. No
doubt ore of thiv difference in attitude reflects
only izt v emquely solyary nature. It is hard
to imagine anyone el setiously suggesting as he
dul. that a poaton asv hghthouwe heeper might
be suitable for a saentnt, Most wientisis feel the
need 10 test ther wdeas on their peers, and often
to form these ddeas in the give and take of dis
cussions, 4y among then most urgent needs One
may sull question the necesity of as many meet-
ings . we find announced m Physies Today, and
one may question ¢ven more imistemly the ne
cessitv of seporung on each and publishing s
proceedings as if 1t were the fira Solvay Congress
inelf

More serious is the atutude that every young
man of sdentific abthty can daim the nght o
a position as prize hen “Doing research”  has
become the hallowed  aconity in the acadennc
world, and, as Jacques Barsun has put i, “To
suggest that practce, or teaching, or reflection
might be preferred is blasphemy.” I do not need
to re emphasize Emstemn’s remarx on the publih.
or-perish policy that corrupts one aspect of aca
demic life. 1 would, however, like 10 remak
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parentheticallv that I am always astonished when
tollege  admintiztors and  Jepatment  heads
claim that it s tenibly difficule, vivtualis iimpos-
sbie o judge the quality of & man's teachmg,
but never doubt ther abilin 10 eveluate the
results of his research This s astonshing because
any honest undergraduate can give a rather <anny
and vaallv accurate appraisat of the teaching he
is subjected to, but judging the quality ol a s
enbific paper generally maceases in difhculin with
the onginality of the work 1eported. Finstein's
hypotheas of hight quanta, for example, was cone
sidered av wildly off the mak, as at best 2 par-
donable exces in an otherwne sound thinker,
even by Planck a decade after it was intoduced,

The wav m which phisics is taught is deeply
influenced by our views of how and wh physics
15 done. Finvemn, who was skepucal about  the
professionalization of research, was answenmg in
lns purant of fundamental undenstanding. he
was & natwral philosopher in the fullest sense of
that old term. aml he had no great 1espect for
those who teated saence as a game to be plaved
for one’s pensonal  watndaction, or  these  who
solved  problems 1o demonsrate and  maintain
their mtellectual yinoaty I phisics is viewed
in Finstein's way, it follows that it should Ye
taught v o drama of adeas and not as a batary
of techmques. Tt follows too that thete \hould
be wn emphasis on the evolution of ideas, on
the history of our atempts 0 understand the
phyacal world, o that owr studears acquire some
perspective and realize that, in Einstein's words,
“the present position of saence can have no last
ing significance.” Do we keep this hberal view
of our saiences o1 is it ost in what we call meee
essary preparation for graduate work iand research?

One last theme that cannot be jgnored when
we speak of Finstein iv that of the scientivt as
atizen Linstein’s actne and courageous 1ole in
public affairs is widelv known, and it absmbed 2
substantial fractzon of hus eflois for forty veas,
He stepped onto the public stage carly and in
characteristic stvle. In Ocwober 1914, two months
after the outbreak of the Firve World War, 2
document was 1wued in Berlin bearing the gran.
diose utle, Manifesto 1o the Civilized World: it
cnied the signatwes o almoda a hundred of
Germany’s most prominen: «Centists, artists, men
of leters, deagymen, etc T mamlesto pro-
claiimed dts signery' full support of Germany's war
cffort, denounced the opponents of the fatherland,
and defiantly asserted that German notitarism and
German  culture formed an mseparable unity.
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Not all German mtellectuals approved this chau-
vinnte document, but among the very few who
were willing to sign a sharphy worded answer
callimg for an end 10 war and an international
orgamzation. was Albert kinstein The highly un-
popular stand that he wok n 1911 xpresed a
deep'v et conviction, one on which he acted
thougnour s hife, regardless of the consequences
to himself Duning the succeeding decades Emsten
devored o great deal of his encigy 10 the causes
in which he believed, lending his name 1o many
organtzatons which he felt could furither these
aumes Contrary 10 the view held in some ardes,
however, Linstemn carefully considered each signa-
ture that he insaibed on a petition, each politcal
wse that he made of the name that had become
renowned for scenufic reasons, and ofter refined
his support o orgamizations  that attempted 1o
soliit it

i public statements became even more fre-
quent and more outspoken in the years after the
Seccond World War, as he put all his weght
behind the effort 1o achieve a world government
and to abolish war once and for all Tinstem
was among those who have been trying to impress
npon the world the very real hikelihood that an-
other wir would destroy enilizzron and perhaps
humanity as well. He was nog overly optimistic

about las efforts, bur they had to be made, He
alvo felt that he had o speak ont, Joudly and
cleathy, dunmmg the McGarthy era, uiging  mel-
lectuals to wlopt the method of avil disobedience
as pra.ticed carher by Gandhe and  later by
Maran Luther hmgy A\ he wiote i an open
letter, “Eveny intellecutal who as called before one
of the committees ought to refuse o we-uhv, e,
he must be prepued for jul and cconetmic run,
in sharg, for the saanfice of s personad wellare
in the imterest of the cultural volhre of his
countiy © 1 such a0 program were not adopred
then, wrote Ramveen, “the mtellecuals of  this
couniiy deserve nothing better than the slavery
which iy intended for them,”

It s quite evident tha Fistemn approaciied
polincal and sodal questiens as a man who con-
adered himself ontade the Fatabhshment He had
a very sttong sense of responabiliy 1o s con-
science, but he did not feel obbged 1o accept
all the resuicnons that foaety expedts ot a “re-
sponstble spokesman™  rhe approach v neither
possible nor appropriate for todav's leadhing i
entists who are comtanty senving av saenafic
statesmen—as adeasers to the ALC, or the Depart-
ment of Defense, o1 major corporatons, or even
the President. Such men are i no posthon 1o
adopt  Fkanstein’s  (nitical stance, even af  they
wanted o At ts time, wlen acace requires
and receives such Lugeacale s port, it seems that
we hive all given more hostages o fortine than
we may reahise

Onc of Emstein's Jast public statements was
made i amwer 1o a request that he comment
on the situation oi sdentsts in America He
wrote: “Instead of uying 10 analyze the problem
I should like 10 cxpress my feehng in a short
remark, H 1 were a young man agan and had
0 deade how o make a hving, I wonld not
try to become a sdentist or scholar or teacher
I would rather choose to be a plumber or a
pc(l(llcr, in the hope of finding that modest degree
of independence stll available under  present
circumstances.”

We may wonder how irterally he ecant this
to be taken, but we cannot help feehng the force
of the affront to our endre insttutionalized hfe
£ the mtellect

As we pride oursehves on the success of physics
and physiasts in today's world, let us not forget
that it was just that snccess and the way n
which it was achicved that was repudiated by
Einstein. And let us not forget to ask why' it
may tell us something worth knowing about ou-
seives 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 lashirg us with his tongue,
but now it sounded half in carnest. “Forget evervthing
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 tel! you, and it
won’t hurt you. I suppose—and anyway I'm going to.”

Somecone dropped a ruler just then, and afterwards the
rcom was very quict. Luard took no notice and went on:
“Well, if you took a piece of lead, and haived it, and halved
the half, and went on like that, where do you thirk 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
any 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 lcad, you'd get—picces of
positive and ncgative electricity. Just that. Just positive
and r.egative electricity. That’s all matter is. That’s all you
are. Just positive and ncgative electricity—and, of course,
an immortal soul.” At the time I was too busy attending to
his story to observe anything clse; 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
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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 it—the nucleus, they call it—
and every atom has bits of negative clectricity going round
the nucleus—like pl-nets 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 sume 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: ore’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 conie 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 Cesars
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 Encyclopadia.
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




Encyclopazdia 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 z 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 learnced 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 secm to glimpse an eerie shadow world Iing 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 *./c make cxperiments.
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 transpircs
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
cxperiment, we find a definite, authentic 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 cxactitude of probabilitics; an exactitade, indeed, of wave-
like, interfering probabilities. But probabililies are potent
things—if only they are applicd to large numbers. Let us sce
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 possibilitics. And, more
important cven than that, if we toss ten thousand coins we
know we may safcly 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 someonc 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 double
zero will come up as frequently as any other number and thus
guarantce them a stcady percentage of the total transactions.
Now and again the luck runs against them and they go broke
for the cvening. But that is because chance is still capricious
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when only a few hundred spins are made. Insurance companies
also rely on probabilitics, but deal with far larger numbers. One
docs 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 claborate and brilliantly suc-
cessful theory of gases upon the seeming quicksands of prob-
ability.

In the new world of the atom we find both precisc proba--

bilitics and enormous numbers, probabilities that follow exact
mathematical laws, and vast, incredible numbers compared
with which the multitudc of persons carrying insurance is as
nothing. Scientists have determined the weight of a single
clectron. Would a mullion clectrons 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 clectrons would outweigh the feather, Nor vet a million
billion billion. Not till we have a billion billion hillion can we
talk of their weight in such everyday terms. Quantum
mechanics having discovered precise and wonderful laws gov-
crning 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 powcrless to foretell the cevact uehavior
of individual el.ctrons, or photons, or other fnndamental
entitics, it y<c can tell with enormous confidence how such
great multitudces of them must behave preciscly.

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, when the work-
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ings of naturc 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-have just described, if
we arc to round out our story faithfully. To stific nostalgia, we
pictured a world of causal law lying beneath our world of space
and time. While important scientists scem 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 1s difficult to decide where science ends and mysticism
begins. As soon as we begin to make cven the most clementary
theories we are open to the charge of indulging in metaphysies.
Yet theorics, however provisional, are the very lifeblood of
scientific progress. We simply cannot escape metaphysics,
though we can perhaps overindulge, as well as have too little.
Nor is it fcasible always to distinguish good metaphysics from
bad, for the “bad” may lead to progress where the “good”
would tend to stiflc it. When Columbus made his historic
voyage he believed he was on his westward way to Japan. Even
when e reaclicd land he thought it was part of Asia; nor did
he live ro Icarn otherwisc. Would Columbus have embarked
upon his hazardous journcy 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 Broglic. 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 personahities 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 pioved 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 prescats itself
to us through our experiments, however strange it may seem.
This and this alonc 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
foolhiardy to invent that hidden world of exact causality of
which we once thought so fondly, a world which by its very
nature must lic 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-
scopc 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
irdeterminacy 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 modern physics, the full delineation of
the quantum world beyond which the:c is nothing that may
properly belong to physical science. As for the idea of strict
causality, rot 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 fecling that it might have
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been more appropriatc to italicize the second part of the state-
ment rather than the first!

Hecre, then, is a more restricted pattern which, paradoxically,
is at oncc a morc cautious and a bolder view of the world of
quantun physics; cautious in not venturing beyond what is
well cstablished, and bold in accepting and being well content
with the result. Becausc it docs not indulge too freely in specu-
lation it is a proper vicw of present-day quantum physics, and
it seems to be the sort of view held by the greatest number.
Yet, as we said, there are many shades of opinion, and it is
sometimces difficult to dccide what are the precise views of
particular individuals,

Some men feel that all this is a transitional stage through
whicli science will ultimately pass to better things—and they
hope soon. Others, accepting it with a certain discomfort,
have tricd 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 nonscicntists, but few scientists, have seen in the new
idcas the cmbodiment 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 scem utterly inconse-
quential to the uninitiated.

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

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

The result of an experiment on an individual atomic particle
genzrally cannot be predicted. Only a list of various possible
results may be known beforchand.

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 clectron which
is enough 5f a wave to pass through two holes in a screen and
interfere with itsclf 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 clectron, we send through a rich and abundant stream we
can predict with detailed precision the intricate interference
pattern that will build up, cven to the relative brightness of its
vanous 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 naturc. A new, a2nd deeper, theory would have to
be found to replace it, and quantum mechanics would have to
be retired, to become a theory cineritus with the revered, if
faintly irreverent title “classical.”

Now that we arc accustomned, 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 tnivial and
inconscquential, namely, that clectrons are so similar we can-
not tcll onc from another. This is true also of other atomic
particles, but for simplicity let us talk about clectrons, with the
understanding that the discussion is not thereby confined to
them alone.

Iinagine, 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 cyes and take another look at
thein. They are still there, one on this page and cne 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?
Docs it not always rain on just those days when you go out
and lcave the windows open? Docs it not always happen that
your shoclace breaks on just those days when vou are in a
special hurry? Remember these clectrons are identical twins
and apt to be mischicvous. Surely you know better than to
arguc that the clectron interchange was unlikely. You cer-
tainly could not prove it onc way or another.

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

You still think so? You think you could keep your cyes
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glued on them so they could not fool you? But, my decar sir,
that is classical. ‘That is old-fashioncd. We canuot 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 clectrons jump we knew not how. For all we know they
could be changing places all the time. At the moment of
impact cspezally the danger of deception is surcly cnormous.
Let us then zgree that we can never be sure of the identity of
each clectron.

Now suppose we wish to write down quantum cquations for
the two clectrons. In the present state of cur tlicorics, we arc
obliged to deal with them first as mdividuals, saving that cer-
tain mathematical co-ordinates belong to the first and certain
others to the sccond ‘T'his is dishonest though. It gocs beyond
permissible information, for it allows each clectron to preserve
its identity, whereas electrons should belong to the nameless
masscs. Somchow we niust remedy our initial crror. Somchow
we must repress the clectrons and remove from ther their
unwarranted individuahty, ‘This reduces to a simple question
of mathematical symmetrics. We must so remold our cquations
that mterchanging the clectrons has no physically detectablz
cflect on the answers they vield.

Imposing this nonindividuality is a grave mathcmatical re-
striction, strongly influencing the behavior of the ciectrons. Of
the possible ways of imposing it, two arc specially sim ple math-
cmatically, and it Lappens that just these two are physically of
interest. One of them implics a behatior which s actually
observed in the case of photons, and a particles, and other
atomic particles. The other method of imposing nonindi-
viduahty tums out to mcan that the particles will shur one




another; in fact, it gives preciscly the mysterious exclusion
prinaple of Pauli.

This is indeed a remarkable result, and an cutstanding
triumph for quantum mechanics. It takes on added significance
when we learn that all those atomic particles which do nat
obey the Pauli principle are found te behave like the photons
and a particles. It is about as far as znyune 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 stzrt we begin with indi-
viduality and then deny it. The Pauli principle lies far decper
than this. It lics 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 cqua-
tions and causes extraordinary cffects which cannot be properly
explamncd in pictonal terms. It may be interpreted as bringing
into baing strange forces called exchange forces, but these
forces, though alrcady appearing in other connections in
quantum mechamcs, have no counterpart at all in classical
physics.

We might have suspected somec such forces were involved.
It would have been incredibly nave to have helicved that so
stringent an ordinance agamst overcrowding as the exclusion
principle could be imposed without some measure of force,
however well disguised.

Is it so surc that thesc exchange forecs cannot be properly
explained in pictonal terms? After all, with force is associated
encrgy. And with energy is 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 mecharism
thiough which these forces exist. This is a promising ideca. But
if it is clarity we scek we shall be greatly disappointed in it,

It is true there is an oscillation involved here, but what
a fantastic oscillation it is: a rhythmi~  *erchange of the clec-
trons’ identitics. The electrons do not {  caily change places
by leaping the intervening space. That would be too simple.
Rather, there is a smooth ebb and flow of indi\'idualit}' between
them. For cxample, if we start with clectron A here and clec-
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 indchinitely. 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 clectron, the clec-
tron being analogously pictured as oscillat.ug in this curious,
disembodied way between two different positions.

Perhaps it is easier to accept such curious pulsations if we
think of the electrons morc as waves than as particies, for then
we can imagine the clectron waves becoming tangled up with
cach other. Mathematically this can be readily perceived, but
it does not lend itseif well to visualization. If we stay with the
particle aspect of the electrons we find it hard to imagine what
a 60 per cent-40 per cent nxture of A and B would look like
if we obscrved it. We cannot obscrve it, though. The act of
obscrvation would so jolt the clectrons that we would find
ather pure A or clse pure B, but never a combination, the
percentages bemg just probabilitics of finding ¢ her 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 cails.

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 mecharical 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 secemed to be in
younger days, or has internal upheaval undermined its health
and robbed it of its powers? Ias 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 decp 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 ne nroper place for it anywhere in the
whole broad domain of iy ~ical 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 detzrminism, relcasing the pent-up forces
of scicntific 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 crcated
within the classical domain. The older theories were made
more secure than ever, thir triumphs unimpaired and their
failurcs mitigated, for now their validity was establishea
wherever the influence of the quantum might momentarily be
neglected. Their failures were no longer disquieting perplcxi-
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 cffectiveness.
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
scemed 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, cveryday fact on which
the Maxwellian theory so spectacularly foundered, the endur-
ing stability of the different clements and of their physical and
chemical propertics. 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 photoclectric effect and a host of kindred phenomena suc-
cumbed to the new ideas, as too did the wavelike interference
cffects which formerly scemed to contradict them. With the
aid of relativity, the spin of the clectron was incorporated with
remarkable felicity and success. Pauli’s exclusion principle
took on a broader significance, and througl 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 difhcultics in the theory of the flow of clectricity 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 sccrets 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; sccrets 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




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
mysterions regions of the universe. This is no more than a
glimpse of the unparalleled achievements of quantum nue-
chanics. The wealth of accomplishment and corroborative
evidence is simply staggering,

“Daddy, o 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 physicists—quite irrespective of quantum mechanics. But
on sufhciently lofty grounds the poets, philosophers, and priests
thcuselves may scarcely claim they know whereof they talk,
and in some instances, far from lofty, science has caught both
them and itsclf in outright error.

True, the universe is more than a collection of objective
experimental data; more than the complexus of theones,
abstractions, and special assumptions devised to hold the data
together; mcere, 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,




is the awful mystery of Existence itsclf, to confound the mind
with an cternal enigma.

But let us descend from these to more mundanc levels, for
then the quantum physicist may make a truly impressive
casc; a casc, morcover, backed by innumecrable interlocking
cxperiments forming a proof of stupendous cogeney. Where
clse could one find a proof so overwhelming? How could one
doubt the validity of so victorious a system? Men are hangc | on
cvidence which, by comparison, must secm small and incon-
scquential beyond measure. Surcly, then, the quantum physi-
cists know what they are talking about. Surely their present
theories arc proper theories of the workings of the universe.
Surely physical nature cannot be markedly different from what
has at last so painfully been revcaled.

And yet, if this is cur belicf, surcly our whole story I'1s been
told n van. Here, for instance, 1s a confident uttcrance of the
ycar 1889:

“The wave theory of hght is from the point of view of human
beings a certainty.”

It was no irresponsible visionary who made this bold asser-
tion, no ffth-rate incompetent whose views might be lightly
laughed away. It was the very man whose classic experiments,
morc than those of any othcr, established the clectrical charac-
tcr of the waves of light; none other than the great Heinrich
Hertz himsclf, whose own scemingly incidental observation
contained the sced from which there later was to spring the
revitalized particle theory.

Did not the classical physicists point to overwhclming evi-

encc in support of their theorics, 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 gencrations? And did they not
beheve these thizs even whie they were aware of such
unsolved puzzies as the violet catastrophe, and the photo-
clectric effect, and radioactive disintcgration?

The experimental proofs of science are not ultimate proofs.
Experiment, that final arbiter of science, has somcthing of the
aspect of an oracle, its precise factual pronouncements couched
in muffled language of deceptive import. While t. Bohr such
a thing as the Balmer ladder meant orbits and jumps, to
Schrodinger it meant a smeared-out essence of ¥; neither view
is accepted at this moment. Even the measurement of the
spced of hght in water, that scemingly clear-cut experiment
specifically conceived to decide between wave and particle,
yiclded a truth whosc import was misconstrued. Science
abounds with similar instances. Each change of theory demon-
stratcs ancw 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 waith only superficial alteration, It may be so, but
we arc unable to prove it, and certainly precedent would scem
to he against it. ‘The quantum physicist does not know whether
he knows what he is talking about. But this at leas* he does
know, that Ins talk, however incorrect it may ultimately prove
to be, is at present inmncasurably superior to that of his
classical forcbears, and better founded in fact than ever hefore,
And that is surcly something well worth knowing.

Never had fundamental science scen an era so cxplosively
triumphant. With such revolutionary concepts as relativity
and the quantum theory developing simultancously, physics
cxperienced a turmoil of upheaval and transformation without




parallel in its history. The majestic motions of the heavens and
the innermost tremblings of the atoms alike camc under the
scarching scrutiny of thc ncw theorics. Man’s concepts of tiine
and space, of matter and radiation, energy, momentum, and
causality, even of science and of the universe itself, all were
transmuted under the clectrifying impact of the doubie 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 spcctacular 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 weie firmly set in tradi-
tional ways. In those days even the flexible m'r 1 of the
younger men found them startling. Yet now th- ¢ iists of
the new generation, like infants incompreheny i, 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 hist of scientific corroborations and proofs may now
be added this crowning testimony out of the mouths of babes
and sucklings. The quanwum has arrived. The tale is told. Let
the final curtain fall.

But ere the curtain falls we of the audience thrust forward,
not yet satisficd. We are not specialists 1n atomic physics. We
are but plain men who daily go about our appointed tasks, and
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of an evening peer hesitantly over the shoulder of the scientific
theorist to ghmpse the enchanted pageant that passes before
his mind. Is all this business of wavicles and lack of causality
in space and time something which the theorist can now accept
with scremty? Can we ourselves ever learn to welcome it with
any deep fecling of acceptance? Whea 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 are saddened that science should have taken this curious,
unhappy tum, ever away from the beliefs we most fondly
cherish. Surcly, we console oursclves, it is but a temporary
aberration. Surcly science will someday find the tenuous road
back to norwalcy, and ordimary men will once more under-
stand its message, simple and clear, and nntroubled by abstract
paradox,

But we must remember that men have always fclt thus when
a bold new idea has arisen, be the idea right or wrong. When
men first proclaimed the carth was not flat, did they not
proposc a paradox as devilish and devastating as any we have
et in our tale of the quantum? IHow utterly fantastic must
sich a behief at first have appeared to most people; this belief
which is now so 1cadily and blindly accepted by children,
agamst the clearest evidence of therr immediate senses, that
they are quick to nidicule the solitary crank who still may claim
the carth is flat; their only concern, if any, is for the welfare
of the poor people on the other side of this our round carth
who, they so vividly reason, are fated to live out their hves
walking on their heads. Let ue pray that political wisdom and
heaver.-sent luck be granted us so that our children’s children
may be 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 paiticles, and the necessity for national sovercignty,
and all the other superstitions of an outworn age.

It is not on the basis of our routine feelings that we should
try herc 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 accept them
only laboriously, after much obstinate struggle. We shall never
sce their decper 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 sce
in it a profoundly simple revelation, by whose hght the ideas
of the older science may appear as laughable as the doctrine
that the carth is flat. We have but to remind ourselves that our
ideas of spacc 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 1n 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 pattem 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
point—something having no size at all but only a continuing
location. Now, this is all very well in abst:act thought. Indecd,
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 housc, or a pebble, or even, with difficulty,
a particular giain 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, shapcless 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 clude 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
somechow 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 conriected 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 utimost exactitude, would we then have a poii..
such as we have in mind? No. For a pont has a continuing
location, while our location would be cvanescent. We would
still have merely a sort of abstract wavicle rather than an
abstract point. Whether we think of an clectron as a wavicle,
or whether we think of it as a particle buffcted by the photons
under a Heisenberg microscope, we find that the physical
notion of a precise, continuing location cscapes us. Though we
have rcached 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 naively thought.

It is much as if we sought to observe a detail in a newspaper
photograph. Wc 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 cager optimism is shat-
tered. We find ourselves far worse off than before. What
seemed to be an cye has now dissolved away into a mecaning-
less jumble of spiotches 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 measurcment we find that the infinite detall we had
imagined has somchow vanished away. It is not space and time
that arc basic, but the fundamental particles of matter or
cnergy themselves. Without these we could not have formed
cven the picture we instinctively have of a smooth, un-
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blemished, faultless, and infinitely detailed space and time.
These clectrons and the other fundamental particles, they do
not cxist in space and time. It s space and time that exist
because of them. These particles—wavicles, as we must regard
them if we wish to mix in our inappropriate, anthropomorphic
fancics of space and time—these fundamental particles precede
and transcend the concepts of space and time. They are uceper
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 ovr 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 mrinds 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 scem so paradoxical.
If space and time arc not the fundamental stuff of the universe
but merely particular average, statistical cffects of crowds of
morc fundamental entities lying deeper down, it is no longer
strange that these fundamental entitics, when imagined as
existing in space and time, should exhibit such ill-matched
propertics as those of wave and particle. There may, after all,
be some innate logic in the paradoxes of quantum physics.

This ideca of average cffects 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-ter, is
merely a statistical effect of chaotic molecular motions. Nor
arc we at all troubled that it should be so. The air pressuie in
our automobile tires is but the statistical effect of a ceascloss
bombardment by tircless air molecules. A single molecule has




neither temperature nor pressure in any ordinary sensc of thosc
terms. Ordinary temperature and pressure arc crowd cffects.
When we try to cxamine them too closcly, by observing an
individual molccule, they sinply 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 watcr molecules in cnormeus
numbers.

So too may it well be with spacc and time themsclves,
though this is something far morc difficult to imagine even
tentatively. As the individual water molecules lack the every-
day quahtics of temperature, pressure, and fluidity, as single
Ictters of the alphabet lack the quality of poctry. so perhaps
may the fundamental particles of the umverse indwidually lack
the quality of cxisting in space and time; the very space and
time which the particles themselves, in the enormous aggregate,
falscly present to us as entitics so pre-cminently fundamental
we can hardly conceive o0 any existence at all without them.
Sec how it all fits in now. The quantum paradoxes arc of our
own makmg, for we have tried to follow the motions of indi-
vidual particles through space and time, winle all along these
mdwidnal particles ave no existence in space #nd time. It is
spacc and tine that cust through the partiddes. An individual
particle is not m two places at once. It 1s in no place at all.
Would we fecl amazed and upset that a thought could be in
two places at once? A thought, if we imagine it as somcthing
outside our brain, has no quality of location. If we did wish to
locate it hypothctically, for any particular reason, we would
expect 1t to transcend the ordimary hmatations of space and
time. It is only because we have all along regarded matter as
existing i space and time 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
nothing sc 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
mvolved. 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 somecthing
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 relativity, asa ficld
theory, must look on space and time as basic entities, wwhile
the quantum theory, for all its present technical inability to
cmancipate itsclf from the spacetime tyranny, tends very
strongly against that view. Yet 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 itsclf to bring their separatc domains under a single
rule. What will then survive of our present ideas no one can
say. Alrcady we have scen 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 setious should
happen.
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The Evolution of the Physicist’s Picture of Nature

Paul A. M. Dirac

the development of general physical
theory how it developed i the past
and how one may expect it to develop v
the future. One can look on this con-
tinual development as a process of evo-
lution, a process that has been gomg on
for several eentunies
The first main step n this process of
evolution was brought about by Newton
Before Newton, people looked on the
world as bemg essentully two-dimen-
sional-the two dimensions 1in which one
can walk about—and the up and-down
dimension seemed to be something es-
sentially different Newton showed how
one can look on the up and-down direc-
tion as being ssmmetnical with the other
two directions, by bringing n gravita-
tional forces and showing how thev take
their place m physieal theory One can
say that Newton enabled us to pass from
a prcture with two-dimensional sym
metry to a picture with three-dimensions
al symmetry
Emstern made another step in the
same direction, showig how one can
pass from a picture with three cimen-
sional symmetry to a picture with fours
dimensional symmetzy Emnsten brought
m time and showed how it plus a role
that 1s m many ways ssmmetneal with
the three space dimensions However,
this symmetry 15 not quite perfect With

]n this article I should Iike to discuss

Einstemn’s picture one 1s led to think of
the world from a four-dimensional pomt
of view, but the four chmensions are not
completely syinmetnical There are some
directions i the tow: dimensional pic-
ture that are different from others  di-
rections that are cailed pull directions
along which a ray of hght can move,
hence the faar dimessional picture 1s not
completely symmetneal Still, there s a
great deal of symmeatny among the four
dimensions The only Tick of svinmetn
so tar as concerns the equations of phys.
1s 18 an the appearance of @ mimns sign
m the equations with respoct to the tine
dunension as compared with the three
space dimensions [see top equation on
page §]

We have, then, the dz-\v]()pmvn! from
the three dimcnsional picture of  the
world to the four-dimensional prcture
The readur will probably not be happy
with this situation, hecanse the world
sull appears three dimensional to i
consaiousness How can one brng tins
appearance mto  the four dunensional
prcture that Fipsteo roqueees the phyos
st to hase?

What appears to our consaousness 1s
reall a three dimensional section of the
four dimensional prcture. We must take
a three-dimensional wonor fo give us
what Appears to our Loy oL siess at one
time, at a later time we shall have a

different three dimensional section The
tash of the phvsiast consists largely of
relating events 1 one of these sechons to
event i another section reforning to
later time Thus the picture with four-
dimensional smmmetry does not gwve us
the whole stuation Fhas becomes par-
ticularh amportant when one takes into
account the devdopments that have
been bronght about by gquantum theon
Quantumn theary has taught e that we
have to take the pracess of observation
into account, and observations ysualiv
require vs to hning an the three-duncn-
sional sections of the four dimensionat
picture of the unnerse

The speaal theary of relatinaty which
Emnstem mtroduced, requires us to put
all the Taws of physics into a form that
displavs four dunensonal svmmetny But
when we use thuse laws to get results
about observation we have to bring, n
something add.ire 1al to the four-dimen
sional svinmetry, nameh the three dis
mensiomal sections that desenbe our
consaosness of the unnverse at a cer-
tnn tume

l“nntcm mide another most mpo tant

4 contribution to the developm + of
our phyvaical picture: he put forward the
el theory of relativity, whic!y re
qres iy to suppose that the sp e of
plosies 3s cunved Before this phys asts
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hadbalw ass worked with a flat space the
thrce dimensional Hat space of Newton
which wan then aatended to the four
dimension J fl it spice of speaal 1datn-
ity Genaal relaavits made ooreally 1m
portant contrbution to the ovolution of
our phyacal prcture by requinng w to
goover to curved space The gencral re
duirenmonts of this theony mean that alt
the Iiws of phyaics can be formulated
aived four dame naonad space, ind that
they show wmmetrs among the fonr
dmensions But again, when we want to
bong i observations as we must of we
loak at things from the pomt of view of
quantinm theory, we have to refer to a
section of this four dimensional pace
With the tour-dimensional space cunved,
ais section that we make mot ko has to
be curs el because m general we ¢ ennot
give o manng to a flat section in a
cunved space s leads us to a prcture
m which we have to take curved three-
dunenssonal sections i the curs ed four-
dimenstonal space and disenss obsers a-
tions in these sectiony

Dyring the past few vears peopleha e
been trying to apply quantum sdeas to

gravitition s wedl as o the other
phenomena of phvacs and this has led
to a rather unapected devdlopment,
mumelh that when one looks at gravita
trotn! theory foin the pontt of sview of
the scctions one finds that there are
some degrees of freedom thit drop out
of the theory The gravitational ficdd 1¢
tensor fidd with 10 components One
finnds that s of the compone nts are ade-
quate tor desennng ove nthing of phva
ad mportance and the other four can be
diopped out of the cquations One ean-
not however, pich out the sn nnportant
components from the comple te et of 10
namy wn that does not destrov the
four dimensional svinmets Thas of one
maists o presernang four dime naonal
svimmetny an the equations one Ginnot
adapt the theony of gravitation to a dis
ansaion of measurements i the way
quantum theony requires without be ng
forced to amore campheated description
than s aceded by the phyaical situation
This result has led me to doubt how
fundamental the four dimensional re-
(uireinent m phyvsics s A few decades -
120 1t scemed quite certain that one nad

ISAAC NEWTON (1642 17271, with his law of gravitation, changed the phvsteist's picture
of nature from one withtwo dimensional «vmmetry to one with three-dimensional symmetry
This drawing of him was made 1n 1760 by Jame« Macardel from a pasnting by Fnoch Seeman

to express the whole of phyvsics m four-
dimenvonal form But now it scemns that
four-dunensional swmmetiy 1s not of such
overnding miportaince smce the desenp
Hon 0 nature sometimes gets \nnphﬂ(d
when one departs from 1t

Now 1 should fike ) proceed to the
devclopments that have been brought
about by quintum theory Quantum
theony as the diccusaon of very sl
things and it has formed the mam sub
jeet of phusies for the past 60 vears
Duning thes pened phyvacsts have bean
anmassing quite a ot of expenmental in
formtion and developig a theory to
correspond to 1, and this combination of
theony and experiment has Ied to am-
portant developments i the physiast's
preture of the world

The quantuin firit made its appear-
ance when Planck dincovered the need
to suppose that the energy of electro.
magnetic waves can eant only i mul-
tiples of 4 cortn uaat, d('pcndlng on the
frequency of the waves, 1n order to ex-
plun the law of black bodv radiation
Then Einstemn discovered the same umt
of energy occurning 1 the photoelectric
effect In thas carly work on quantum
theors one <mply had to acer ot tne umt
of enargy wathout bemg & to incor-
porateatinto a phnsical pict e,

'l‘hc first new picture that appeared
was Bohr's picture of the atom It was
apictuten which we had eleetrons mov-
wg about in certun well defined orbits
and occasionath making 4 jump from
one orb to another We could not pic
ture how the jump took plice. We just
had to accept 1t as a hand of discon-
tmnty - Bohrs picture of the atom
warked only for special examples, cssen-
ity when there was onh one elcetron
that was of importance for the problom
under consderstion Thus the prture
wasan mcomplete and prinitine one
The big advance w the quantum
theon came 1923, with the discovers
of quantum mechanics This advance
was bronght about independentlv by two
men, Hascnberg first and Schrodmger
soon afterward, working from diffcrent
pants of view Hewsenberg worked heep-
mg dose to the expenmental evidence
about spectra that was being amassed at
that time and he found out how the ex-
permental mformation could be fitted
mte w scheme that 1y now hnown as
matriy mechanics: All the expenmental
duta of spretroscopy fitted beautifully
mto the schemne of matrix mechames, and
thisled to quite a different picture of the
atomie world Schrodinger worked from
a more mathematical pont of view, try-
g to find a beautiful theory for descrb-




ERIC

Aruitoxt provided by Eic:

g atomic cvnts andwos helped by De
Broghe s ideas of waves twocnited wath
particles He was able to ostond 1
Broghe s ide wand to gt cverny b wtitul
cquation, koown as Schiodingon s wane
equation, for desanbing weenic prec
owes Schiodinger got this cquation by
pute thought looking for some beautiful
goren iz om of De Ruoghe vaideas, and
nat by heeping dove to the expoimental
development of the subject i the w.
Hasenberg did

I might tell vou the story 1 heud from
Schiodinger of haw  when he fust got
theadea for thi cquation, ho immediate
Iy upplied 1t to the behavior of the (lec
tren an the Iindrogen atom, and then he
got results that did not agree with ex-
peniment The disagreement srone be-
cause at that time 1t was not known that
the electron has a spin Fhat, of course,
was agreat (h\.)ppmnlm('nl to Schro-
dinger,and it cansed him to abindon the
work for sorne months Then he noticed
tha, of he apphed the theann o more
apg roxumate May, Dot ta, 5 nto ac
caunt the refinements requued by rcla-
it to this rough pprosumition hus
work was i agreament waith observa-
tion He published s fist pper wath
onlv this tough approymation, and n
that way Schrodinger s wave quition
was presented to the world Aftaward,
of course, when people found out how to
tahe 1nto account corectly the spin of
the clectron, the discrepancy between
the rosults of applying Schrodinger's rel-
a0vitic equation and the espernnents
was completely dleared np

l think there 1s a moral to this story,

naimely that 1t s more unportant to
hive baauty an ane s cquations than to
hav e them fit experament If Schrodinger
had been more confident of s worl, he
could have published 1t some months
tarher, and he could have published a
thore aceurate equation That equation i
now known as the Klan Gordon cqua-
tion, although itwas really discovered by
Schrodinger, and in faet was discovered
by Schrodinger before he discovered s
nonrclativistic treatment of the hydro
gen atom It seems that if one i working
from the pont of view of getting beauty
m one’s cquations, and 1f one has realls
a sound msight, one 1x on a sure line of
progress H thore i not complete agree
ment between the results of ond's work
ind expeniment, one should not allow
oneself to be too dineonraged, because
the dicrepancy mav well be due to
mmor features that are not properly
taken into account and that will get
cleared up wath further developments of
the theory

1\1
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AL BFRT EINSTEIN (1879 1955}, with his specria theory of relativity, changed the phva
Qst's pacture from ony with three dimensiana symmetry 10 one with four dimensional s
metey Thes phitograph of him and s wafe and their daughiter Margot was tnade an 1024

That v how quantum mechatac was
divcosared It Ied to 2 drastic chang
i the phyaconts preture of the wnld
perhiaps the biggest that hus vet taken
place Flus chnge comes from onr hay
mg to give up the dotcommstic prcture
we had alwav s taken for granted We are
Ted to athcory that docs not predict wath
cortunty what in gomg to h.lppl 1 the
future but gives unv mformation onh
about the probability of occurrence of
vanous events This gvang up of deter
matacy has heen a veny controveraal
subject and some people do not like 1t at
JI Fanstan m particular never Thed it

Althongh Firntan was sne of the frest
vontnbatons to the deve lopment of quar
tom mechines he st was alwas s aath
«t hostile to the form that quintum
mechanics avolved into dunng his bfe
tnne and that 1t tH rctans

The hostibits some pe ople have to the
g up of the detaminntic picture
e be centared ona much discnssed
paper by Banstem Podolsks and Rown
dedhng with the difficults one has
formmg 1 consmtent picture that sull
gives toalts according to the tules of
quiatum mech e The ruloy of quan
tum mechanics ge quite definute People
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mored about the nucleus in well defined orbits Thie phetograph
was made 1n 1922, nine years after the publication of his paper

know how to calculate results and how to
compare the results of their cak ulations
with expeninent Everyone 1s agreed on
the formalism I works so wdll that no-
bodv eans afford to disagree with st But
still the pacture that we are to sct up
bebind this formalism s a subject of
cont l()\'('[sy

I should like to suggest that one not
worry too much about this cow roversy 1
feel very stronglv that the stage Possics
has reached at the present day 1. a0t the
final stage It 1s just one stage in the evo
hation of our picture of nature, and we
should expect this process of evolution
to continue n the future, as Laologacal
evolution contmues mto the future The
preseat stage of physical theory s inere-
Iy a deppingstone toward the better
stages we shall have in the future One
can be quitc sure that there wall be better
stages simply because of the difficulties
that uccur in the physics of today

l should now Dike to dwell a bit on

the difficulties in the phvsics of the
present day The reader who 1s not an
expertan the subject might get the idea
that because of all these difficulties
physical theory 15 wi pretty poor shape
and that the quantum theory 15 not much
good 1should like to correct this impres-
s1on by saying that quanturn theory 18 an
extremelv good theorv It gives wonder-
ful agreement with observation over a
wide range of phenomena There 1s no
doubt that 1t 15 a4 good theory, and the
only reason physicasts talk so much about

the difficulties m t 1s that 1t 1s precisely
the difficuities that are mtcresting The
successes of the theory are all taken for
granted  One does not get anywhere
sinply by gomg over the successes agan
and agam, whereas by talling ov-r the
difficulties people can hope to make
some progress

‘The ditheulties m quantum theory are
of two kinds Inught call them Class One
difheulties and Class Two difficulties
Class One dufficulties are the difficulties
Ihave alieady mentioned How can one
form 4 consistent preture behind the
tiles for the present quantum theory?
These Class One difficulties do not really
worry the phvsicist I the physicist
knows how to calculate results and com-
pate them witl expeniment, he s quute
happvaf the results agree with s ex
prnments, and that 15 all he needs It s
oniv the philosopher, wanting to have a
satisfying description of nature, who 1s
bothered by Class One difficulties

There are, myaddition to the ( lass One
dificulties, the Class I'wo difficulties,
which stem from the fact that the present
laws of quantum theory are not always
adequate to give any results If one
pushes the Liws to ¢ xtreme conditions—
to phenomena involving very high cner-
gies or vers small distances—one some
times gets results that are ambiguous or
not really sensible at all Then s clear
that one has reached the hnnts of 2pph-
cation of the theory and that some fur-
ther development 1s needed The Class
Iwo difficulties are smportant even for

magnetic radiation consits of quanta, or pasicct~« Thia photograph
was made 1n 1913, 13 vears after hiy onginal paper was pubiished

the physiaist, because they put a himitu-
tion on now far he can use the rules of
quantum theory to fet results compara-
ble with experiment

I'should Iike to sav a Iittle more about
the Class One diffculties 1 feel that one
should not be bothered with them too
much, because they are difficulties that
refer ta the present stage in the develop-
ment of our physical picture and are
almost certain to change with future de-
velopment There 1s one strong reason, 1
think, why one can be quite confident
that these difficulties will change There
are some fundamental constants in na-
ture the charge on the eleetron (desig
nated ¢1, Plinck’s constant divided by
2+~ (designated ) and the veloeaty of
hght {¢) From these fundamental con.
stants one can construet a number that
has no dimensions  the number he/e?
That nurrber s found by expenment to
have the value 137, or something very
close to 137 Now, there 1s no known
reason why a1t should have this value
rather than some other numiber Vanious
people have put forward 1deas about 1t,
but there s no accepted theory  Sull,
one can be faly sure that someday
phvsiasts will solve the problem and
explain why the number has this value
Fhere wall be a physics m the future that
works when fic/e? has the value 137
and that will not work whon 1t has any
other value

The phyvsies of the future, of course,
cannot have the three quantities ki, e and
¢ all as fundamental quantities Only two
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of them can be tundamental and the
third nust be derned from those two It
nalmost certawn that ¢ will be one of the
two fundamental ones The veloaty of
hght ¢, v so importint i the four
dimensonal prcture, and at plas such a
fundamental role in the spear d theory of
relativity | correlating our umits of Space
and time, that it has to be fundimental
Then we are faced with the fuct that of
the two quantities fiand ¢, one will he
funduniental and one will be derned If
hoas tundamental, ¢ will have to b e-
pluned m some wav i tenms of the
sqanre root of h, and it seams most un
hkeh that any fundamental theory
give ean terms of wosquare root, ainee
square roots do not occur an hasic equa
trons It is much nore hhelv that ¢ will
be the fundamental quantits and that 4
will be explameu i tenns of ¢ Then
there wall be no square root in the basic
cquations I think one s on safe ground
1t one inahes the guess that in the phaa
cal picture we shall have at vome future
stage e and ¢ will be fundamental quan
tities and h will be derved

H fs o derned quantity mstead of a
fundamental one, our whole «et of 1deas
about uncertainty will be ahtered #i 15
the fundamental quantity that occurs 10
the Henenberg uncertamty relation con-
necting the amount of uncertanty 1 a
positivi and 1 a moinentum  Fhie un-
certainty relation capnot plav a funda-
mental role 1n a theory i which & steelf
1s not a fundamental quantity 1 think
one canmake a safe guess that uncertaine
ty relations in their present form wall not
survive in the phy sics of the future

f course there will not be a return to

the deternumism of classical physi
cal theorv Exvolution does not go back-
ward It wiall have to go forward There
wilt have to he some new development
that s quite unexpe cted that we cannot
make a guess abaut, which wilt take us
still further from clavacal 1deas but
which will alter completely the dincus
sion of 1 neertanty relationy And when
this new development occurs, people
will find 1t all rather futile to have had so
much of a discussion on the role of ob-
servation in the theorv, because they wiall
have then a much better pomt of view
from which to look at things So J shall
say that if we can find a way to deseribe
the uncertawnty relations and the 1n-
determinacy of present quantum me-
chanies that 1s satisfung to our phalo
sophical 1deas, we can count ourselves
lucky But if we cannot find such a way,
1t 1s nothing to he really disturbed
about We aimply have to take into ac-
count that we are at a transitonal stage

and th st perhapsat s quitc impasable to
gt a satfuctors picture for this stage
Ihave disposed of the Cles One dat

ficulies by sovmg thit they e el
not sy amportint thtf one Can ke
prodress wath tham one i count on

sedt ok and that it ondc canmot at s
nothang to be gernndy distibed about
The Class Two difhcnbtios are the seally
serous ones They ase poimar iy from
the fact that when we appl our quan

tum theors to fields mthe w i we have
toaf we arc to mahe st agccwith speaal
relativaty, e rpreting it in woens of the
three dimenaonal sections T have nen
tioned we have coutiony that at fus
Toak ali night Bat whon one tres to sohve
them one finds that they donat have am
solutions At this pomt we onght to sy
that we do not huve athoonv Bt phivs
ants are veny angomons about gty and
they have found a wanv to make prog
ressan spite of this obstacle They find
that when they tiy towlve the cquntions
the trouble v that certan quantities
that ought to be fimte are actualh m
fimte One gets integrals that dwerge
mstead of conmverging to something defi
nite Physicists have found that there s a

way to handle thove imbimtics according
tovartun mles which makesat possible
to get definite results Thiv method s
kuow n s the renormalization method

l shailmereh caplan thedeain words

We start ont with g theors imvolving
cquations Inthese equations there occur
certan paumeters the charge ot the
cee m e the mas of the dectron, m,
nd things of a wnular nature One then
finds that these quannties which appear
i the onggnal Gprations, are not equial
to the measured values of the charge and
the mass of the dectron The measured
valnes duffer from these by <ertam cor-
reeting terms—2¢, Amoand so on-so
that the totai charge 1s ¢ + e and
the total mass m = am These changes
n charge and mus are brought about
through the interaction of our elemen-
tany patticde wath other things Then one
sivs that ¢ 4+ d m o~ Am, bemg
the observed things are the mportant
things  The onginal ¢ and m are Just
mathenudical parameters, they are un-
obrervable and therefore just took one
can diseard when one has got far enough
to bring 1n the things that one can com-

LOUIS DE BROGLIE (1892- ) put forward the 1des that particles are associsted with
waves This photograph was mede 1n 1929, five years after the appesrance of his paper.
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pare with observation Tis would be 4
qute correct wn to pr()t('cd W Le
and Am were small (or even f they
were not so small but fimte) corrections
Accordmg to the actual theory however,
Le and Zom are infimtedy great Lo spite
of that fact one can still use the formal
isin and get results in terms of ¢ ¢ Ac
and m + zm, which one can mterpret
by saving that the onginat e and m have
to be minus mfinity of a suitable amount
to compensate for the Ae and Am that
are anfimtely great One can use the
theory to get results that can be com-
pared with expesiment, i particular for
electiods namics The surprsing thing s
that i the case of elcctrodynamics one
gets results that are m extremely good
agreement with expenment The agree-
ment applies to manv ugmficant fig-
ures—the hind of accuracy that previ-
ously one had only m astronomy It
15 because of this good agreement that
phyacsts do attach some value to the
renormalization theory, - spite of s
logicut character

It scems to be quite unpossxblc to put
this theory on a mathematically sound
basis Atone time physacal theorv was all
built on mathematies that was mherently

sound Tdonot sa that phyvacsts alwane
use sound mathamatics they often use
unsound steps i thar caculations: But
previoshv when thev (hd wo it was
smph because of one might sav lan
ness They wanted to get 1eslts as
guicklv as posaible without doing un
necessary work It was always posable
for the pure mathematicnn to come
along und make the theory sound
brnging v further steps, and perhaps by
mtioduc ng quite a lot of cumbersome
notation and other things that are desir-
able from 1 mathematical pont of view
moorder to gt evenvthimg apressed
ngoromly but do not contnibute to the
phvaicabideas The carher mathematics
could alway s be made sound m that way,
but e the renomalization theory we
have a theorv hat has defied all the at-
tempts of the mathemataan to make 1t
sound Tam inchned to suspect that the
ranormalization theory 18 something that
will not survave m the hature, and that
the ramarkable agrecment between ats
results and cxperment should be looked
on as a fluke

This s pethaps not altogether surpris-
ng. because there have been similar
flukes i the past In fact, Bohr's elee-

ds? = ¢*dt* - dx? ~ dy? - d2?

FOUR DIMENSIONAL SYMMETRY introduced by the special theory of relativity 1+ not
quite perfect, This equation i the expression for the wnvariant distance 1n four dimension.l
space tune The synibol s 15 the invaniant distance,, ¢, the ~peed of hight, 1, tine; x, y and z,
the three spatial dintensions The d's are differentials The Jack of complete symmetry hes
an the fact tnat the contnibution fromn the ume direction (¢2di<) does not have the sanre
s1gn as the contributions from the three spatial directions (- dx?, - dy?and - dzé)

(grear+ &)= [ - 2(Gr + 55+ )]0

SCHRODINGER'S FIRST WAVE EQUATION did not fit experimental resulrs because 1t
did not take 1nto account the span of the electron, which was irot known at *L.¢ , me The
equatron 1s a generahzanion of De Broghe's equation for the motion of a free electron The
symbol e representa the charge on the electron, 1, the square root of minus oue A, Planckh's
constant, r, the distance from the nucleus, v+ Schrodinger's wave function, m, the mass of
the electron The symbols resembling sixes turned backward are partial derivatives

SCHRODINGER'S SECOND WAVE FQUATION 1« an approximation to the oniginal
equation, which does nor take into account the refinements that are required by relativaty

tron orhit theory was found to g ven
good agrecment wath observation ay long
s one confined oneself to one electron
problans 1 think people will now s
that this agreanent was a 8uke, because
the basie adeas of Bohrs orbit theory
have been superseded b something
radically diffaent 1o believe the suc

cesses of the renormabization theory will
be on the same footing as the suctesses
of the Bohr othit theon apphed to one

dection problans

'l‘ht' renormalization thears has re.
moved some of these Class Two if-

ficulties, f one can accept the llogical
charwter of discarding mfimties, but it
dots not remove all of themn There are
4 good many problems left over concern-
mg particles other thin thore that come
mto electrodvnamies the new p.lrtICIcc—
mesons of vanous hinds and neutninos
There the theors s still i a primitve
stage It o fanlv certam that there wall
have to be drastie changes woour funda-
mentabidess before these problems can
be sohed

One of the problems s the one T have
alteady mentioned about accounting for
the number 137 Other problems are
how to mtroduce the fundamental length
to physics i some natural way, how to
explun the ratios of the masses of the
clementary particles and how to explan
thewr other properties 1bheheve separate
wdeas will be needed to solve these dis-
tnet problems and that they will be
sohved one at 2 time through successive
stagesan the future cvolution of physics
At this pomnt 1 find myself m disagree-
ment with most phvsiasts: They are -
dimed to think one master sdea will be
discovered that will solve all these prob-
lems together I think it 1 ashmg too
much te hope that anvone will be able to
solve all these problems together One
should separate them one from another
as much as posuble and try to tackle
tham sepairateh And I believe the fu-
ture drvelopment of phsics will consist
of sohumg then one at a ime, and that
after amv one of them has been solved
there will sull be a great inystery about
how to attack further ones

I might pethaps diseuss some 1deas
I have had about how one can possiblv
attack some of these problems None of
these 1deas has been worked out very
far, and I do not have much hope for any
one of them But I think they are worth
mentioning briefly

One of these 1deas 15 to introduce
something cortespondmg to the lummf-
erous cther, which was so popular among
the phyvsiasts of the 19t century [ said
earher that physies does not evelve back-
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ward When Itk about ramtrodncng
the ether, T do not mcan ta go back to
the picture of the ethar thee one lad m
the J9th centuny but I do me i to intro
ducc anew pcture of the ether that wall
contorm to our proseig deas of quantum
theorv The obycction to the old Wdea of
the ether was that sf von suppose 1t to
be a flmd fithng up the whole of space,
ey place st has o definte vedoan
which destrony the four dimensional
svinetiy o quure d by Finstan s NEXS 1l
prnaple of rclativats Einstem s speaial
redatiaty hlled thas sdea af the ther

But with our present quantum theor
we no longer have to attach a definite
veloaty toany gnven plvacal thing he-
cause the veloaty s subject to uncer-
tanty relations The smaller the mass of
the thing we arc interested n, the more
importent are the uncertamsy relations
Now, the cther will cortnhy have very
hittle mass, so that uncetamty relations
for 1t will be atromels raportant 1he
veloats of the ether at some particular
place should therefore not e prctured as
dette, be e it wall be subject to un-
certainty rclations and <o mnay be any-
thing over wwide range of values Inthat
way une can get over the difficnlties of
reconciling the enistence of an « therwith
the speaal theory of rclatimaty

There i one important change this
willinake m our picture of a vacuum We
would hike to thmk of a vacuum as a
region in which we have complete sym-
metry between the four dimensions of
space time as required by special relativ-
1ty If there is an ether subjeet to uncer-
tunty relations, it will not be possible to
have s symmetry ac curately We can
suppo  that the veloeity of the etner is
equally hikely to be anvthing within a
wide range of values that would give the
symmetry only approamately We can-
not an am precine way proceed to the
limut of allow g all values for the veloc-
ity between plus and minus the veloaty
of hight, wlinch we would have to don
o der to make the symmetry accurate
Thus the vacum becomes a state that s
unattamable Ido not think that this s a
pbysical ebjection to the theory It would
mean that the vacuum 1 4 state we can
approach very closelv There 1s no lumt
as to how closely we can approach 1t
but we can never attam ot 1 beheve
that would be quite satisfactory to the
eperimental physiast It would, how-
ever, mean o departure from the notion
of the vacuum that we have m the
quantum ”I('()Y)‘_ where we start off with
the vacoum state having exactly the
symmetry required by special relatnaty

Thatas one adea for the development
of physis in the futnre that wanld

ERWIN SCHRODINGE R 11887 19611 devired his wave equairan by extending De Broghe's
dea that waves are amocated wub parinles to the electrons mosing around the nucleu.
This pholograph was made 1n 1929, four vears after be had pubili~hed his second equation

changte our picture of the vacunm, but
change it m a way that s not un weept
able to the expermental phyvaast It has
proved difficult to continue with the
theory, becanse one would need to set up
mathematicallv the uncertaimty relations
for the ether and so far some satinfactory
theorv along these hines has not been dis
covered If it could be developed satis.
factorily, it would give rise to a new hand
of field in physeal theorv, which mght
help i explaming some of the elomen-
tary partidies

\no(h('r possible picture I should hike
- to mention concerns the question of
why .l the electric charges that are ob-
served i nature should be multiples of
onc elementury umt, ¢ Why does one
not have a continwous distnibution of
charge occurnng 1 nature® The pieture
I propose goes back to the dea of
Fataday hnes of force and mvolves a0
devdopment of this idea The Faradav

lines of foree are a wan of preturing elec
tric ficdds Howe hve an electne field m
am regron of space, then accordmg to
Faraday we can draw a sct of lines that
have the direction of the dectnc field
The closeness of the lines to one another
gnes ameasue of the strength of the
field—they are (lose where the freld
strong and less lose where the fiehd
weak The Faraday Ines of force give
us i good picture of the electrie field m
classical theory

When we go over to quantum lhcor),
we bring a kind of ducreteness into our
basic picture We can suppose that the
contnuous distnibution of Faradas lines
of force that we have n the dassical pr-
ture 1 replaced by just a few discrete
ines of force with no Lines of force be
tween them

Now, the lines of force m the Faraday
prcture end where there are charges
[herefore with these quantized Faraday
hnes of force t would be reasonable to
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snppose the chirge sso nted weh ek
e which s to T the ad it the
hne of furce s cdd i dw s the
samc apat trom s s ad soal
Waavs Jist the clectronic charge [T
<o i loads uste oprctare of discrcte
Faadas ey of loce cch ot d
with a g e« Thaow od
e ction Gttachod to i e so b the
ends of alme that his two onds e not
the sune and thare s clneg oo
one end and o charge et the othes
Wanas have hines of totec oatendimy te
ity of course and then thae oo

(ll.l

Howe suppose that thec discnen
Fatiday lmes of torce e somne thang
basic m ph\\ll sand hie atth bottom of
our prctre of the dectromaencte ficld
we shall have e explanitien ot why
charges alwavs oconr mon nlnph ol ¢
Hus bappens beamse af we have am
particle wath some limes of force ending
onat the nmber of these s t
a whole number Inothat wav we g
A pretiie that 15 qmln.mn l) it tos
sonable

We suppose these Tines of force can

- i Ea,

tene deoros e e f o
Cloned Hy oot v udig fom
Patois ettt wd o G !

Uroddonttom et waes O 1s
Vone omds, o e enas 0w T
wail be e chngos Weoma lona 1 B
v frce s et oo 2 W g e
’“l'i"“‘ we he o oy PPt
md there ot b choages of the tae
crds Hhos precese toe fnck ng o ching
of toree wonld e tha Pt o the
aotwn ol koo el 4 posy
on s It wondd b gmte e s
Bl prctine ad it one cowld dey lop at
wtowendd provde cthe vom o whuh
ppec st e b qumty Thag oo
vottonnd iy rcson bicseton g
tions of motion for these s of force
wied s st prt forw ad the ade oy
prssible phivacd promune we naght Lo
w the futnne

Ihore v one vyt wtine b etun
ue the pactone I owdb ottt the
dicosson of sonommdizdione The o
norndizton we b on o prosent
Guantun doctindvi s comcs om
stoting off wath whet pople cll b
dectron an ddection swathout ol

WERNER HEISENBFRG (1901~ ) introduced motens mechanics whih, hike the Schro

dinger theory, accounted for the motiun< of the tlecteon Traa photograph w i< mads i 1920

TN et oy the thoors ane
Votes e e e Pt otk
eett o den by ke e lecnon
ot o i ton o e b
[NERET cport el it by iy
oms ot oo chanze oo the mns of
the oot e the reowhich s to b
cdded o the provicas o b the e
ton The procedircn ntio nmd & oo
te casoat stats o wath the mphvscd
cwapt tthebacdoon oy Probio g,
the oprovad phvacd protas we il
Loove mthe totan the boad cdection wall
not ot ol

Newcthat state b dbins s st wha
we lovewaith the diven te i of fone
Woo v et the e of forse
st aed Qo the Cecann the i
tre o theond ot canng The sting t
selt s the Condomsh foice aomd tha
slocttm A b dectian s e
trot vathont the Conlomb force gaomnd
o Th 0 eonconoable wath thas B0
tare st st e oncony bl to thmk of
the endob tpece of stimge waithout thaek
me of the stengatse It Flas Tk s the
hind of wovm o whach we shonld tiy 1o
devedopon prasicd prctine to b m
e tht modcneoncon ble the angs
we donot w ant to hing Aeanwe o
pretinc it ket son bl bt This
not foand the proper cqtions for de
velopingat

1 nnetd montaa o thad pu(uu with
which T o boco dodhng By It
nnvolves opting fom the pretare ot
the deanon s Cpowt e thanking o1
itas chind ot sphacwathe o« hinte s
OF contse stacradh quate anold adey
to et the cloctron oy csphcre but
previonsh one hod the dhifhoglts of an
cussmg csphore that s subpet toa
cdaritom md 0 woeada mation It
will getdistonted and bow s one toade
wath the distartians 2 propose that one
shouhd Al the ection to e m
cenoval an ubatr oy shope el s
Thore wilh be sone slopes o sizes n
which t hoas Tess ez thoan i others
and sl tend to wssimne sphencad
stoape swath o cartan sizc e winch the
lection bas the 10 ast G te,

[his prctnre ot the cstondad dectron
boos Bee s stimuabated W the discove ry ot
the 1 ncsor on minon one of the new
pertichos of plvacs The muon has the
NP propets of bemg ot sden
tical th the dloction cveept e ome
putionlar nancv ot s s some 200
ties Scator than the poas of the s e
tron Apat froue thas dispinty s mass
the muon s 1ao ok by smata to the
dection hamg tom evhiemes highe
degree ot accar oy the samd spin nd
the e mognetic momont 1 propol
tion toats mies s the decttondoes Thas




loads 1o the sngecstion that the moo,
shonld be fooked an e eveted oleg

tron M othe dhictron s Pomt prctann |
b it con be evated beconnes e
whward Butaf the (loction s the most
stBle state fon ar ohpoct of foate s

the muon mght just be the nost niost
stable state m wine the obpect unda

coos chid ot osalhity o Thiatssanode
Lhne beowwarking onrecenth Thon
e dithicndties i the de velupmont of thas
W paticatu the diffenlts of b
mgn the conect spm

' e mention d thice possible wong

i which one might thank of deve top
it om phasicad presie No doabt ther
wil be othary dar other people will
thank of One hopes tht sooner o Tty
somcone wall find anode cthat el s
end lds to 4 by dovdopreat 1 am
1 ther peossunintic Wout ot .and anon
chned to think nane of thimwall be gond
cumgh Yhe tature coolution of b
pll\\n\ thit s to vav (ln\nlulmnnl
thet will teally solve one of the fund,
mental probicms suchoas brmg ngm - e
amdimental longth or calauliing te
tatio of the manses mon sequire sonie
e morc dostic chang m ot phys
cal pretun
prosaut attampts to think of anes plaa
ol Prouure We are settingd o anagin
tiee s to work e torms of m.ulullnh
plasicl conaepts 1t that s really the
cane how can we hope to make pragress
mn the future ?

[here s one othar lmc along whih
onc e stll proceed by thear tical
means 1t scans to be one of the tunda
meatal featwres of natnre that tunda
mentil phyacal laws are desenbed
torms of v mathan i d theony of sroat
haauts and pawear nocding quite 1 high
standard ot mthonmnities for one to un
derstind 1t You mo wonder Why i
mature canstructed along these hines
One car only s that our present
hnowle dg( seamns to show that ndwe i
so comtructad Weamph hasc to accept
1t One could perhaps desenbe the situa
tion by wving that God s o mathamna
tcan of avans lngh order and He used
veny advanced mathenation m construct
g the wnnase Ow fecbk attaripts at
mathematies enable us te undastind o
it of the umvene and as we procecd
to devdop higher and hagher mathe
watics we cunhope to undenstand the
unnase better

[l stew provides nv with another
wav m which we canhop to make ad-
vances g ont thee ses Just by studsing
mathematits we can hope o mighe a
guess at it hind of mathamrtics that
will come mto the phvsics of the futare

thrs wonld mean that i our

LINES OF FORCE ate an electrm

gnenic hield of they are assumed to be
quantam theors wggest why deanc charges abwavs acenr an multuple s of the |
H

1 an the
e of the

eleteon In Dia’s siew when o bine of fone e two rnde there i o putticde with charge
< e perhapean election st one end and s partrcle with charge ¢ e perlups 3 pontion, at
the othetl end When g closed Tne of force 1s broken an ddectron positron pair matetializes

\ Q(N)(‘ mant '"'(Il\i(’ it \\I‘IL"IK R3H) 'h(
muthetntical basis of qantam thoon,
troug to undonst il the thoots hetter
aid to mke st moe powaful and mote
bowttul Bt somcone can hit on the
nght ' nes along which to noke ths de
velopmont at mas dead 1o a future ad
vanccan which people will fist discorer
the equations nd then bter exannnig
than gradualh Jern how o ag oh
them To some oxtent that cortesponds
with the Tme of dovelspment that o
cutred with Schrodinger s diseonery of
his wav e equationn Schrodimger dive
ered the cquation smphy by ook 1or
ancquation sath imathanatical beants
When the aqration wis fist discon cred,
people s that ot fitted i cortan wons,
but the genenil punaples wccording o
which one should apphy 1t weare worked
out ouly some two or three veans later It
o wddl be that the nest advanee m
physics will come about along thewe
Imes peaple fint discosenmg the cqna

tums aad then nocding a fow seans of
devclopment m order to find the phycal
we s bedund the cquations My own bes
liet o that this s 0 mare Bheh hne of
progtess than trymg ta gness at phaaieal
pletures

Of coarse, 1t mas be that ey en this hine
of progress wall ful, and then the only
fne left i the expenmental one Expen
niental plasiosts are cmtimamyg therr
work quite mdepondently of theory, col-
lecting o vast storchouse of information
Seener ot Later there will be a new
Hosanberg who will be able to pick out
the amportant features of thas mforma-
tion and see how to use them 1 o way
stnnlar to that 1 which Hesenberg used
the expenmental know ledge of spectra
to bunld lus matnx mechames It 3y m-
evitable that physics will develop ylo.
unately along these hines, but we mav
have to wart quite 2 long e of people
do not get bnight ideas for developmg
the theoretical side
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Dirac and Born

Leopoald 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 genecalogy of which can be traced directly to
Newton.

I knew nothing of Dirac, except that he was a grcat math.
ematical physicist. His papers, appearing chiefly in the Proceed-
ings of the Roya! Society, were written with wonderful clarity
and great imagination. His name is usually linked with those of
Heisenberg and Schroedinger as the creators of quantur 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 graat 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
onc 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, rold me:

“I still find it very difficult to talk with Dirac. If T 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.”

Once~according to a story which I heard—Dirac was lectur-
ing in the United States and the chairman calied for questions
afrer the lecture. One of the audience said:

“l did nor understand this and this in your arguments.”

Diraz sat quietly, as though the man had not spoken. A dis-
agreeabie 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 Srares. He
lived in an apartment with a famous French physicist and they
invariably talked English to each other. Once the French physi-
cist, finding it difficult to explin 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 of praise of
his gentle attitude toward everyone. They believed thac 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. Tke
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 withov. 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.. <ed 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. Comoplete 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.”

L]




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 T spoke of the problem, took out my per in order to
write a formula. Without sayiig 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?”

“No.”

Ileft 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 scemed 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 1s 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 cafés belonged to the past. How we worked for hours,
analyzing the actions and reactions of others, inventing talks and
situations, imitating their voices, mocking zheir weaknesses, lift-
ing gossip to an art and cultivaring 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 anothers
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 :deas. I had never enjoyed this kind of work, but I deter-
mined to learn its technique. I worked hard. In the morning [
went to a small dusty library in the Cavendish Laboratory. Every
time [ entercd 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. T knew what
happened to anyone who returned empty-handed after a year on
a fellowship. I had heard conversations on the subject and I
needed only to change the names about to have a coripleze pic-
ture:

A: 1 saw Infeld today; he is back already. What did he 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: Pmsure 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.




A: We can have fun when Loria comes here. We'll ask him what his
protégé 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.

"rhis 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 weli 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 coliab-
oration by Born and Heisenberg. Born was the first to present
the probability interpretation of quantum mechanics, intro-
ducing ideas which penerrated 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 eycs
in which the suffering expression was intensified by fatigue. In
the beginnin.- 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 1 story which Loria told me of 4 professor of Fis
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 quicter and more dignified. No
one is interested in quick publishing, and it matters much less to
an Englishman when someone else achieves the same resuits 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 concrate
problem of generalizing Maxwell’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 rmost important chapters in theoretical
physics. Its great achievement lies in the introduction of the con-
cept of the field. It expiains 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 clementary particles like clectrons exist, and it
does not bind the propertics of the fieid 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 1)
cover, through modifications an- 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 cquations gave the old laws confirmed by experiments.
But in addition they gave a new solution representing an elemen-
tary particle, the clectron. 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: ficld and matter. Born
called it the Unitary Field Theory, the name indicating the union
of these two fundamental concepts.

After onc of his lectures I asked Born whether 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 T would help him. I wanted
to understand a point which had not been clear to me during the
lecture and wehich seemed to me to be an essential step. Born’s
new theory allowed the construction of an elementary particle,
the clectron, with a finite mass. Here lay 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
suddenty became clear to me. T knew that the mass of the elec-
tron was wrongly cvaluated in Born’s paper and I knew how to
find the right value. My whole argument scemed simple and con-
vincing to me. I could hardiy w it to tell it to Born, sure that he
would see my point mmediately. The next day I went to him
after us lecture and said:

“I read your paper; the mass of the electron is wrong.”

Born's face looked even more rense than usual. He 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. 1 find nothing wrong with
the way I introduced the niass.” Then he rurned 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 1t over.”

I was annoyed at Born’s behavior as well as at my own and
was, for one afternoon, disgusred with Cambridge. I thought:
“Here 1 met two grear physicists. One of them does not talk. I
could as easily read his papers in Poland as here. The other ralks,
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. VWhen 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 ourside. I get angry and swear
but always accept afrer a time if it is right.”

Our collaboration had begun with a quarrel, but 2 day later
complete peace and understanding had been restored. I told Born
about my new interpretation connecting more clesely and
clearly, through the “{ree densitics,” the field and partcle as-
pects. He immediately accepted these ideas with enthusiasm. Qur
collzboration grew closer. We discussed, worked together . frer
lectures, in Born’s home or mine. Soon our relationship berame
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 orly 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 vrork 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 prais¢ and encouragement. In his enthusiastic arti-
tude, in the vividness of his mind, the impulsiveness with which
he grasped and rejected ideas, lay his great charri. Near his bed
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he had always a pencil and a picce of paper on which to scribble
his inspirations, to avord turning them ¢ er and over in his mind
during slecpless 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 ca 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 mathernaticians 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 protessor.

“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 clse.”

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. Loyali, 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. Hay-
ing new ideas, turning blankness into understanding, suddenl
firding the right solution after weeks or months of painful doubt,
creates perhaps the nighest emotion man can experience. Every
scientist knows this feeling of ecstasy even if his achievements
are small. But this pure fecling of Eureka is mixed with overtones
of very human, selfish emotions: “I found it; I will have an im-
portant paper; it will help me in my carcer.” I was fully aware
of the presence of these overtones in my own consciousness,




I am this Whole World: Erwin Schrodinger

Jeremy Bernstein

THERE is a parlor game often played by my colleagues
in physics. It consists of trying to decide whether the
i 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
physics—a 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 inveated the notion of the
quantum—the idea that energy wac always emitted and
absorbed in distinct units, or quanta, and not continu-
ously, like water flowing from a tap—and 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 1925, 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 Hcisenberg, 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 maithematics of the
theory and who showed how it could be reconciled with
Einstein’s theory of relativity; Wolfgang Fauli, whose “ex-
clusion principle” led to an explanation of why there is a
periodic table of chemical elements; Max Born and Pas-
cual Jorcan, who contributed to the interpretation of the
theory; and, finally, Erwin Schrédinger, whose Schrédinger
Equation is in many ways the basic equation of the
quantum theory, and is to the new physics what Newton’s




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. Qddly, 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
Schrédinger began his work on the quantum theory he
had been working on a psychological theory of color per-
ception. Schrédinger 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-cne, I had good reason to expect a chair of theo-
retical piigsics 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 quantuia 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<,standing of atomic physics,
of what we call the quanturi theory of atomic systems,
had its origins at the turn of the century and its great
synthesis and resolutions in the nineteen-tventies. 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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ana subtle and critical spirit of Niels Bohr guided, re-
strained, deepened, and finally transinuted 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
s0 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 Schridinger
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 uf
electrons. The theory is fundamentally statistical and deals
solely with probabilities. The Schrodinger Equation en-
ables onc 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 proiects the trajectory of a
planet moving around the sun.
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To most physicists, these limitations are 2 fundamental
limitation, in principle, on the type of information that
can be gathered by carrying out measurements of atomic
systemns. 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 iilu-
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 murder to dissect,” as Words-
worth has said.) The observer—or, really, his measuring
apparatus—has 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
Schrédinger, 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 innumerabie simple circular motions. Reduced to the
simplest terms, a planet was presumed to move in a small
circle around a point that moved in a large circle around
the earth. The theory was 1eplaced by the assumption,
conceived by Copernicus and Kepler, that the planets
move in clliptical orbits around the sun.] I confess to the
heretical view chat their modern counterpart in physical
theory are the quantum jumps.” In his intioduction to
My Tiew of the World, Schrodinger puts bis belicf even
more strongly: “There is one complaint which I shall not
¢scape. Not a word is «aid 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 instcad of trespassing on the
professional philosopher’s preserves? Ne sutor supra crepi-
dam. On this I 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 ol his equation, a vigorous de*ate tock place, in the
course o7 which Schridinger remarked that if he had
known that the whole thing would be taken <o se1 iously he
never would have invented itin the first plac..

Schiodinger was too great a scientist not to recognize the
significance of the all but universal success of the quantum
theory~it 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, Schridinger’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
changeability—the 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 molecules—the genes.
Gernes are maintained at a fairly high temperature, g8°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. Schrodinger 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 inkeritance has been studied carefully and
published, complete with historical vortraits, 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 ¢8°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 quantum 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 ruoleculz must absorb just the right amount of
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energy. If oo little energy is supplied, the molecule will
not make the transition. This situation differs completely
from that envisaged by classic:! physics, in which the
change of state can b+ achieved by absorbing any energy. It
can 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 thirmal 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 ore 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 joir together at their Lase.
Schrédinger, who received the Nobel Prize jointly with
Dirac, in 1933, succeeded Max Planck at the University of
Berlin in 1g27. When Hitler came to power, Schridinger,
although not a Jew, was deeply affected by the political
climate. Philipp Frank has told me that Schrédinger at-
terupted to intervenc 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 o let him go. Shortly afterward, Schré-
dinger weut to England, then back to Austria, then to
Belgium, when Austria fell, and finaily to the Dublin In-
<titute for Advanced Studies, where he ,emained until be
returnied to Vienna, in 1956. By the end of his life, he must
have mastered as much general cuiture—scientific and non-
scientific—as i is possible for any single person to absorb
in this age of technical specialization. He read widely in
several languages, and wrote perceptively about the rela-
tion between science and the humanities and abeut Greek
science, in which he was particularly interested. He even
wrote poetry, which, I am told, was extremety romantic.




(The pictures of Schrodinger as 2 young man give him a
Byronic look.) What kind of parsonal metaphysics would
sach 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 essays—one
written in 19235, just before the discovery of the Schro-
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 ciear: Tat tvam
ast, 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 whoele
world,” and in the later essay he returns to this theme.
He does rot attempt to derive or justify his convictions
with scientific argument. In fact, as he stresses in his pref-
ace, he ‘eels that modern science, his own work included,
is not relevart to the search for the underlying metaphysi-
cal and moral truths by which one lives. For him, they
must be intuiiively, 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 Lrings a man of nobility
not only to risk his life for an end wkich he recognizes or
believes to be good but—in rare cases—to lay it down in
full serenity, even when there is no prospect of saviug his
own person. It guides the hand of the well-doer—this per-
haps even more rarely—when, without hope of {uture
reward, he gives to relieve a stranger's sufering what he
cannot spare without suffering hiinself.”

In 1960, { had the chance to visit Schrédinger in
Vienna. I was studying at the Boltzmann Institute for
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Theoretical Physics, whose director, Walter Thirring, is
the son of Hans Thirring, a distinguished Austrian physi-
cist, also a classmate of Schrédinger. Schrodinger had been
very ill and he rarely appeared at the Instituie. 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 Schré-
dinger. He lived in an old-fashioned Viennese apartment
house, with a rickety elevator and dimly lit hallways. The
Schrodinger living room~library 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 tid 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
years—that 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

Evwin Schrodinger

On passing through an optical instrument, such as a telescope or a camera
lens, a ray of hght 1s subiected to a change in direction at cach refracung or
reflecting suiface. The path of the ravs can be constructed if we hnow the
two simple laws which govern the changes in direction: the law of refrac-
tion which was discovered by Snclius a few hundred vears ago. and the faw
of reflection with which Archimiedes was familiar more than 2,090 vears ago.
As a sunple examyle, Fig. 1 shows a rav A-B which 1s subje -¢d to refraction
at cach of the four boundary surfaces of two lenses m accordance with the

law of Snclhus,

Fig 1.

Fermat defined the total path of a ray of hght fron: a much more general
point of view. Tn different media, hghe provagates with different veloaties,
and the radiaton path grves the arpearance as 1f the light mist arrive at 1ts
desrnation as quickiy ax posible. (Inaidentally. 1t 1s permissible hete to con-
sider any rieo pomts along the ray as the startng- and end-ponts.) The least
deviation from the path actuaily wken would mean a delay. This s the fa-
mous Fermat prneiple of the noerest hght tnc . which moa marvellous manner
determumnes the enure fate of a zay of hght by a smele statement and aiso
mcludes the nuere general case. when the v ture of tie mediun varies not
suddenly st mdividual surfacen. but gradualiy from place o place. The at-
mosphere of the cuth provides an v xampic. The more deeply a rav et hght
penesrates mto 1t from outsde, the more showly 1t progresses m an increas-

ingly denser an Altheugh the ditfriences i the speed of propagation are
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infinitesimal, Fermat's pranciple m these crcumstances demands that the
light ray should curve carthward («ce Fag. 2), so that1t remarns a hetle longer
in the higher « faster» lavers and reaches 1ts desunation more quickly than
by the shorier straight path (broken hine i the figure: distegard the square,

WWWHW! for the time bemg). I think, hardly any of vou will have failed
to obseu ve that the sun when it is deep onithe horizon appearsto benot circular
but flarrened: its verucal diameter looks to be shortened. This s a result of
the el eure of the rays

According to the wave theory of light, the light rays, strictly speaking,
have only ficutious significance. They are not the physical paths of some
parucles of ight, but are a mathematical device, the so-called orthogonal
trajectorics of wave surfaces, imaginary guide lines as it were, which pomnt in
the direction normal to the wave surface in which the latter advances (cf.
Fig. 3 whicl: shows the smplest casc of concentric spherical wave surfaces
ar * accordingly rectilinear rays, whereas Fig. 4 1llustrates the case of curved
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rays). Itis surpusing that a general principle as important as Fermat's relates

dircetly to these mathemaucal guide hnes, and not to the wave surtaces, and
one nught be melmed for this reason to consider 1t a mere mathematcal
curtosity. Far trom 1t. It becomes properly understandable only trom the
pomt of view of wave theory and ceases to be a divine nuracle. From the
wave pomt of view, the so-called curvature of the hight ray is far more readily
understandable as a swrering of the wave surface. which must obviously oc-
cur when neighbourmg parts of a wave surface advance at diferent speeds,
m exactly the same manner as a company of soldiers marching forward will
carzy out the order « right mchne » by the men taking steps of varving lengths,
the nght-wing man the smallest, and the left-wing man the longest. In at-
mospheric refraction of r~diation for example (Fig. 2) the section of wave
surface WW must necessarily swerve to the nght towards W'WT because
1ts left half 1s located m shghtly higher, thinner air and thus advances more
rapidly than the nght part at lower point. (In passmg. T wish to refer to one
pomt at which the Sne”uis” view farls. A horizontally cnutted hght ray should
remain horizontal because the refraction mdex does not varv in the horizon-
tal drecuion. In truth, a horizontal ray curves more strongly than anv other,
wlich 15 an obvious consequence of the theory of a swerving wave front.)
On detaled exannnanion the Fermat principle is found to be completely
tantaraonar to the trivial and obvious statement that-given local distribution
of hght v."sermes—the wave front must swerve »in the manner indicated. |
cmmot prove this here, but shall attempt to make 1t plausibic. I would agan
asn vou to viswahze a rank of soldiers marching forward. To ensure that the
Ime remams dressed. let the men be connected by a long rod which cach
hoids firmly m his hand. No orders as to direction are given: the only order
152 let cach man march or run as fast as he can. If the natare of the ground
varies stowly from place to place. 1t will be now the night wing, now the
left i -r advances more quickly, and changes m: direction will occur spon-
tancously. After some tme has clapsed, 1t will be seen that the entire path
wravelled is not rectihnear, but somchow curved. That <his curved path is
exactly that by which the destimation attained at any monient could be at-
tamned me rapdly according to the nature of the terram, 1s at least quite
plausible, smee cach of the men did his best. Iu will also be seen that the swerv-
mg al ~ occurs mvariably m the direction m which the terrain 1s worse,
so that it wili “ome to look in the end as if the men had intentionally «b---
passed» a place where they would advance slowly.

T Fermat prmaiple thus appears to be the tivial quintesence of the wave
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tneory, It was therefore a memorable occasion when Hamilton made the
discovery that the true movement of mass points m a ficld of forces (e.g. of
a planet on its orbit around the sun or of a stone thrown in the gravitatonal

field of the carth) is also governed by a very smular general principle,
which carrics and has made famous the name of 1ts discoverer smce then.
Admuttedly, the Hamilton principle does not say exactly that the naass point
chooses the quickest way, but it does say something so sumlar - the anaiogy
with the principle of the shortest travelling time of light is so closs, that onc
was faced with a puzzle. It scemed as 1f Nature had realized one and the
same law twice by cnurely different means: first in the casc of hight, by
means of a fairly obvious play of rays: and again in the case of the mass
ponts, which was anything but obvious, unless somehow wave nature were
to be attributed to them also. And ths, it seemed impossible to do. Because
the « mass points» on which the laws of mechanics h :d really been confirmed
expenimentally at that ime werc only the large, visibie, soractimes very large
bodices, the planct-, for which a thing like « wave nature » appeared to be out
of the question.

The smallest, clementary components of matter which we today, much
more specifically, call «mas. points», were purcly hypothetical at the tiae,
It was only after the discovery of radioactivity that constant refinements of
methods of measurc:aent permitted the propesties 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 (stercophotogrammetrically) 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
bodics, plancts, ctc. However, 1t was found that neither the molecule nor
the individual atom can be considered as the «ultmate component»* but
even the atom is a system of highly complex structure. Images are formed
in our munds of the structure of atoms consisting of particles, images which
scem to have a certain similanity with the planctary 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 sausfactory on a
large scale. In other words, Hamilton’s mechanrcs, which, as I said above,
culminates in the Hamilton prmciple, were applied also to the «inner hife»
of the arom. That there 15 a very close analogy between Hanulton's principle
and Fermat’s optical principle had meanwhile become 21l but forgotten. 1€
it was remembered, it was considered to be nothing more than a curious
trait of the mathemaucal theory.
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Now, 1t 1s very dithcult, without further gomg nto details, to conveya

proper conception of the success or fatlure of these classical-mechanical mi-
ages of the atom. On the one hand, Hamilton’s principle m particular proved
to be the most faithful and reliable guide, which was simply mdispensable;
on the other hand one had to suffer, to do justice to the facts, the rough
mterference of entirely new incomprehensible postulates, of the so-called
quantum condiuons and quantum postulates. Strident disharmony i the
symphony of class:cal mechanmics-yet strangely famihar-played as it were
on the s~ine instrument, In mathematical terms we can formulate this as fol-
lows: whereas the Hamilton principle merely postulates that a given mtegral
must be 2 mintmum, without the numerical value of the minimum bemg
estabhshed by this postulare, 1t 1s now demanded that the numerical value
of the minimum should be vestricted to integral multiples of a universal natu-
rat constant, Planck’s quantum of action, Thisicidentally. The situation was
fairly desperate. Had the old mechanics failed completely, 1t would not have
been so bad. The way would then have been free to the development of a
new system of mechanics. As it was, onc was faced with the difficult task of
saving the sonl of the old system, whose mspiration clearly held sway m this
microcosm, while at the same ume flattering 1t as 1t were mto accepting the
Guantum conditions not as gross mtcrference but as 1ssuing from 1its own
Imnermost esscnce.,

The way out lay just m the possibility, already indicated above, of attrib-
uting to the Hamulton principle, also, the operation of a wave mechantsm
on which the point-mechamcal processes wre essentially based, just as onc
had long become accustomed to doing in the case of phenomena relatng to
light and of the Fermat principle which governs them. Admuttedly, the m-
dividual path of a nass point loscs its proper physical significance and be-
comes as fictitious as the individual 1sofated ray, of light. The essence of the
theory, the mmimum prmciple, however, remainsnot only intact, but reveals
1ts true and sunple meaning only under the wave-like aspect, as already ex-
plamed. Strictly speaking, the new theory 1s m fact not new, 1t1s a completely
organic development, one might almost be tempted to say a moze claborate
exposttion, of the old theory.

How was 1t then that this new more« elaborate » exposition fed to notably
different resulrs; what enabled 1t, when applied to the atom, to obviate diffi-
culties which the old theory could not solve? What enabl~d 1t to render gross
mterference acceptable or even to make it 1ts own?

A gain, these matters can best be illustrated by analogy with opucs. Quite
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properly, indeed, I previously called the Fermat principle the qumtessence
of the wave theory of ight: nevertheless, 1t cannot render dispensibleamore
exact study of the wave process wself. The so-called refraction and mter-
ference phenomena of hght can only be understood 1f we trace the wave
process mn detail because what matters 15 not only the eventual destimation of
the wave, but also whether at a given moment it arrives there with a wave
peak or a wave trough. In the  der, coarser cxperimental arrangements,
these phenomena occurred as small details only and escaped obscrvation.
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, ctc. The object 15 to obtain a
sharp image, i.c. it is desired thau all rays issuing from a pomt should be re-
united in a point, the so-called focus (cf. Fig. sa). 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 instri-
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ments focussing of the rays was considerably inferior than would be expected

tf cach ray exactly obeyed the Fermat principle mdependently of the neigh-
bourmng rays. The hght which issucs from a point and is recerved by the
mstrument 1s reuntted hehind the mstrument not in a single pont any more,
but s distributed over a sinall circular arca, a so-called diffraction disc, which,
otherwise, 15 m most cases a circle only because the apertures and lens con-
tours arc generally circular. For, the cause of the phenomenon which we call
diffraction 15 that not all the spherical waves issumg from the object point can
be accommodated by the instrunient. The lens edges and any aperrures
mercly cut out a part of the wave surfaces (cf. Fig. 5b) and—1f you will
permit me to use a morc suggestive expression-the mjured margins resist
rigid unification m a pomt and produce the somewhat blurred or vague
image. The degree of blurrng 1s closcly associated with the wavelength of
the ight and 15 completely mevitable because of thus deep-seated theoretical
relationship. Hardly noticed at first, it governs and restricts the performance
cf the modern microscope which has mastered ail + er crrors of repro-
duction. The mmages obtained of structures not muci: coarser or even still
finer than the wavelengths ofhight arc only remotely or not at all sinular
to the original.

A second, even simpler example 15 the shadow of an opaque obyect cast
on a screen by a small pomt light source. In order to construct the shape of
the shadow, cach hight ray must be traced ard it must be established whether
or not the opaque object prevents it from reaching the screen. The margin
of the shadow 15 formed by those light rays which only just brush past the
cdge of the body. Expericence has shown that the shadow.margn 1s rot ab-
solutcly sharp 2ven with a poini-shaped light source and a sharply defined
shadow-casting object. The reason for this s the same as in the first cxample.
The wave front is as it were bisccted by the body (cf. Fig.6) and the traces
of this mjury result m blurning of the margin of the shadow which would
be mcomprehensible if the individual hght rays were independent entities
advancing mndcpendently of one another without reference to therr neigh-
bours.

This phenomenon - which is also called diffraction—is not as a rulc very
noticeable with large bodics. But if the shadow-castng body is very small
at least in one dimension, diffraction finds expression firstly m that no proper
shadow is formed at all, and secondly - much more strikingly - m that the
small body 1ts:!f becomes as it were 1ts own source of "ght and radiates hight
in all directions (preferentialiy to be sure, at small angles relative to the inci-
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Fig. 6.

dent hight). All of you are undoubtedly fanuhar with the so-called « motes
of dust» m a light beam falling into a dark room. Fme blades o grass and
spiders’ webs on the crest of a hill wath the sun behind it, or the ecrant locks
of hair of a man standing with the sun behind cften ight »p ne steriously
by diffracted hght. and the visibihity of smoke and mist is besed on at. It
comes not really from the body 1tsclf, but from 1ts immediate surroundings,
an arca m which it causes considerable mrerference with the mcident wave
fronts. It 1s mteresting, and important for what follows, to observe that the
arca of mterference always and in every direction has at least the extent of
onc or a few wavelengths, no matter how small the disturbmg particle may
be. Once again, therefore, we obscrve a close relationship between the phe-
nomenon of difiraction and wavelength. This is perhaps best 1llustrated by
reference to another wave process, i.c. sound. Because of the much greater
wavelengrh. which 1s of the order of centimetres and metres, shadow for-
maucn recedes m the case of sound, and diffraction plays a major, and prac-
tcally important, part: we can casily hear a man calling frora behnd 2 high
wall or around the corner of a solid house, cven 1f we cannot see .

Ler us return from opucs to mechamies and explore the analogy to its
fullest extent. Tn optics the old system of mechanics corresponds to mtellec-
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tually operating with 1solated mutually independent hght rays. The new
unaulatory mechanics corresponds to the wave theory of hight. What 1s
gained by cha.agimg from the old view to the new is that the diffraction
phenomena can be accommodated or, better expressed. what 1s gamed 1s
somethmg that 1s strictly analogous to the diffraction phenomena of hght
and which on the whole must be very ummmportant, otherwise the old view
of mechanics would not have given full srusfaction so long. It1s, however,
casy to surrse that the neglected phenomenon may in some crrcumstances
make atself very much feit, will enurely dommazs the e hamical process,
and will Zace the old system with msoluble nddles, if the entire mechameal
systew is comperable in exent with the wavelengths of the « waves of matter » whach
play the samc part m mechanical processes as that played by the hght waves
m optical processes.

This is the reason why in these minute systems, the atoms, the old view
was bound to fail, which though remaining mtact as a close approximation
for gre.s mechanical processes, but 1s no longer adequate for the delicate
interplay m arcas of the order of magmtude of one or a few wavelengths.
It was astounding to observe the manaer in which all those strange addi-
tional requirements developed spontancously from the new undulatory
view, whercas they had to be forced upon the old view to adapt them to
the mner life of the atom and to provide some explanation of the observed
facts.

Thus, the sahient pomt of th: whole matter 15 that the dameters of the
atomsand the wavelength of the hypothetical material waves are of approxi-
mately the same order of magmitude. And pow vouare bound to ask wheth-
er 1t must be considered mere chance that m our contiued analysis of the
structure of matter we should come upon the nrder of magnirude of rhe
wavelength at this of all points, or whether this 15 to sonc extent compre-
hensible. Further, vou may ask, how we know that this 1s so, since the
material waves are an entirely new requirement of this theory, unknown
anywhere clse. Or 1s 1t simply that this 1s an assumption which had to be
made?

The agreement between the orders of magmtude is 1 mere chance, nor
is any spectal assumpuon abous it neces:ary; it follows autormatically from
the theory in the following remarkable manner. That the heavy nuclens of
the atom is very much smaller than the atom and may therefore be consid-
cred as a pom. centre of attraction in the 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 clectrons we
mtroduce hypothetical waves, whose wavelengths are left entirely open,
because we knew nothmg about them vet. Tlis leaves a letter, say d, m-
dicating a sull unknown higuie, m our calculanion. We are, however, used
to this m such calculations and 1t does not prevent us from calculating that
the nucleus of the atom must produce a kind of difftaction phenomenon m
these waves, similarly as a nunute dust particle does in hight waves. Analo-
gousiy, it follows that there is a close relanonslap between the extent of the
arca of mterference with wlich the nucleus surrounds itself and the wave-
length, and that the two are of the same order of magmitude, W this 1,
we have had to leave open; but the most IMPOrtart step now L0y ws: e
identify the arca of wmterference, the diffraction halo, wie! e atom; e assert that

the aton in reality is merely the diffraction phenomenon of an electron swave cap-

tured as it were by the nucleus of the atom. It 1s no longer a matter of chance
that the size of the atom and the wavelc.ytl arc of the same order of magm-
tude: 1t 1s a mater 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 determinmg 1t, which provide
a mutual check on one another., First, we can so select it that the mamfesta-
tions of lifc of the atom, above all the spectrum haes emitted, come out
correctly quantitanvely; these can after all be measured very accurately.
Secondly, we can select @ m a manner such that the difraction halo acquires
the size required for the atom. These two determunations of (of which the
second 15 admittedly far niore imprecise because «size of the atom» is no
clearly defined term) we in complete agreement wnth one another, Thirdly, and
lastly, we can remark that the constant remaiing unknown, physically
speaking, does not i fact have the dimension of q length, but of an action,
L.e.energy X tme. Itis then an obvious step to substitute for it the numierical
value of Planck’s universal quantum of action, which s accurately known
from the laws of heat radiation., It will be seen that e return, with the full,
now considerable accuracy, to the first (most accurate) determination.

Quantiwsively speaking, the theory therefore manages with a mmimum
of new assumptions. It contains a single available constant. to wlich a
numerical value famnhar from the older quantum theory n:vst be given,
first to atnibute to the diffraction halos the right size so that they can be
reascnably identific ' with the atoms, and sccondly, to cvaluate quantitative-
ly and correctly all the manifestations of life of the atom, the hght radiared
by 1t, the onizanon energy, etc.
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I'have tnied 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 from the very beginning, I have painted the lily. Not
asregards the high degree to which all suthciently, carcfully drawn conclu-
sions arc cenfirmed by experience, but with regard to the conceptual case
and simplicity with which the conclusions are reached. I am not speaking
here of the mathematical difficultics, which always turn out to be trivial in
the end, but of the conceptual difficnltics. It is, of course, casy to say that we
turn from the concept of a atrved path to a system of wave surfaces normal
t it. The wave surfaces, however, cven if we consider only small parts of
them (see Fig. 7) include at least a narrow bundle of possible curved paths,
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Fig. 7.

to all of which they stand in the same relationship. According ‘o 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
«arcally ravelled ». We are faced here with the full force of the wgical oppo-
sition between an

cither -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

v hdnis:
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point of view of wive merhames, the mfiniee array of possible po.nt paths
would be merely fictitions, none of them would have the prerogauve over
the others of bemg that really tzavelled m an individual case. T have, how-
ever, already mentioned that we have vet really observed such individual
parucle paths in some cases. The wave theory can represent this, either not
atall or only very impertecdy. We tind 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-connecuons are necessary for an understanding of the diffraction
and interterence phenomena which can be demonstrated for the same par-
tcle with the same plausibility -and that on a large scale, not Jjust as a consc-
quence of the theoretical ideas about the interior of the atom, which we
mentioned carher. Conditions are admittedly such that we can aflways man-
age to make do in each concrete individual case without the two different
aspects leading to different expectations as to the result of certain experi-
ments. We cannot, however, manage to make do with such old. familar, and
scemingly indispensible terms as «real» or «only possible »; we are never in
a position to say what reatly 1s or what really /mppcn.c, but we can only say
waat will be obserred m any concrete individual case. Will we have to be
permanently satisfied with this...> On principle, ves. On principle, there 1s
nothmg new in the postulate that m the end exact science should aim at
nothing more than the deseription of what can really be observed. The ques-
tion 1s only whether from now on we shall have to refrain from tving de-
scription to a ciear hvpothesis about the real nature of the world. There are
many who wish to pronounce such abdication =ven today. But I believe that
this means making things a htle too casy for onesclf,

I would define the present state of our knowledge as follows. The ray or
the paruclz path corresponds to a longitudinal relationship of the propagation
process (i.c. m the direction of propagation), the wave surface on the other
band to a transversal relationship (v.c. normal to it). Both relationships arc
without doubt real; onc is proved by photographed particle paths, the other
by mterference experiments. To combine both m a uniform system has
proved impossible so far. Only m extreme cases does cither the transversal,
shedl-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.




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 £nest on the Moon,
known as the Mare Crisium—the 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 eutered 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 geologist—or selenologist, if you want to be
pedantic—in 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 hed once
been half a mile deep, and now the only trace of moisture
was the hoarfrost one could sometimes find in caves which
the 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 evew 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 ruggel 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 hy 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. Qutside,




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 sausagcs began
to fill the cabin, it was sometimes hard to believe that we
were not back on our own world—everything 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 comner 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 fwvorite melodies, the
old Welsh air, “David of the White Rock.” Our driver
was already outside in his space-suit, inspecting our cater-
pillar treads. My assistant, Louis Garett, was up for-
ward in the control position, making some belated entries
in yesterday’s log.

As I stood by the frying pan waiting, 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 southere horizon, marching out of sight to
east and west below the curve of the Moon. They seemed
only a mile or two from che tractor, bui I knew that the
nearest was twenty miles away. On the Moon, of course,
there is no loss of detail with distance—none 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 fromn
where 1 was standing the horizon was only twc miles
away.

1 lifted my eyes toward the peaks which no man had
ever climbed, the peaks which, before the coming of
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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 a 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 sonietimes see the great
ranges in the Oceanus Procellarwn burning with a blue-
white iridescence as the <unlight fashes 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 flat. I stared for a leng 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 we were 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




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 high—that’s only two thousand under
Earth gravity—and 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 genily.

“That,” I said with great dignity, “is as good a reason
as any for going.”

We went to bed early that night, after driving the
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 ozly 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 theroughly 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
beulder splintered ages ago by a falling meteor, a- 4 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 tcward 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




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 smooth—too smooth tv be nat-
ural—but 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 dic not distress me; it *vas
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, aud calling on their
gods in vain.

I took a dozen steps forwa: -+ i examine the thing more
closely, but some sense ¢f 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.:r strange materials these
far more ancient architects had used. Because of the
thing’s smallness, it did not occitr to me that I might be
looking at the handiwork of a race more advanced than
my own. The idea that the Moou had possessed intelli-
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gence 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 neck—something 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 li:tle pyramid, as though »-
invisible wall was protecting it from the ravages of tin.c
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 o 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 <till 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 a3 if I had
stepped into the deadly, silent aura of an unshielded
atcmic pile.

I remember turning then toward 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 Crisiuni—
Sea of Crises, indeed—strange 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
h_fO; earlier still, the long loneliness before the coming of

e

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 Moor.'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 Jooked at the shining pyramid again, and the more
remote it seemed frum 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 walis.
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 mechanisms—if indeed
they are mechanisms—of 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 inachine, for the thickness of the meteoric dust
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on the plateat has enabled us to measure its age. It was
set there upon its mountain before life had emerged frot
the szas 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

ess.
guNearly a hundred thousend 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
had come only to a handful of worlds. Theirs would have
been & loneliness we cannot imagine, the loneli.eszs of
gods looking out across infinity and findiug none to share
their thoughts.

They must have searched the star-clusters as we have
searched the planets. Everywhere there would be worids,
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 t! . 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 ~Nil-
dren. Here, in the distant future, would be intelligeuce,
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




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 survive—by 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 2 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 pardon s, 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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L The Sea-Captain’s Box
. John L. Synge

SR O ~ulox Sowence Sense ane Nunssnse, pubhished in 1961

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 the pox did not open. ‘Perhaps I haven’t turned
the shaft far enough,’ he saiu 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 himself severely
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 ‘Log of my 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:




Date of observation Reading of pointer
3 March 1453, morning,
cloudy, wind fresh S.E. 2°00
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, 2°00
fair, wind sligh* 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! He guickly 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 tinmie 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
pcace the idea of naming the pointers after girl friends of
his youth or even after Greck goddesses. Fie must choose
names which would apply to his pointers only and to nothing
clse, and the only thing to do was to make up names. He
finally decided on PROTUS for the one he had discovered first
and peutus for the one he had discovered second. The
grammarians iight 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 clse.
So he now prepared three columns in his log like this:

Date of observation PROTU> DEUTUS

The sca-captain’s wife thought that he bought things at
auctions merely to satisfy a childish yearning to POSSCss
carious picces of rubbish, but that was rot 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
some trunk or box picked up for next to nothing at an
auction. That is the reason for the gleam in his eyes as he
nov grasps the two knobs on the box and prepares to turn
them. Surely the box will open now!

But the box docs not open. Instcad, the sca-captain
Jumps back, shaking in every limb and with his hair on end.
‘Shiver my timbers! he crics. ‘There’s a witch in the: fo’c’sle?

For, as he had tricd to turn the knobs, there scemned to be
human hands inside the box resisting his efforts.

Then cautiously, as if afraid of getting burned, he stretches
out Lis hand to Protus and turns it gently, No resistance.
But he draws back his hand in alarm. When he turned
Protus, Deutus turned at the same time!

The sca-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°00 283
3°00 346
400 400

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 DEUTUS
500 4'47
6-00 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 Detitus
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 gore 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 thai their motions |
will reproduce k¢ motions of Protus and Destus, but it will
not work. He can easily make one windlass tarn 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 o0-50 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 000 to 1-00,

ERIC 211

Aruitoxt provided by Eic:




Deutus goes from 0'00 to 200. That means that Deutus goes
twice as fast as Protus, at least at the start of the race. So
wher Protus goes from 000 to 0°50, Deutus will go from
0.00 to 1.00. That’s obvious!” And he writes in the log

PROTUS DEUTUS
0'50 1'00 (theoretical)

By adding that word ‘theoretical’ the sca-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 1'41 (observed)

What do you think of the sea-captain’s ‘thecory’® Not bad
for 1453, but any modern schoolboy could tell hiim how to do
better. He should have 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 oif from the curve the ‘theoretical’ Deutus-reading
corresponding to the Protus-reading o'50. That might have
saved him from making a fool of himself, provided that
nature does not make junups. 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 use photography,
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A mathematical formula is always regarded as a much more
convenicnt and satisfactory way of describing a natural law.
The sca-captain had never hezard of graphs or photography,
but the other idca slowly evolved in his mind. Let us con-
tinue the story.

After thinking the matter over for several years, the sca-
captain walked down to the pier one evening and stuck up
a notice which read as follows:

DEUTUS IS TWICE THI SQUARE ROOT OF PROTUS

The people of the sca-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
carncstly ‘This notice, wkat docs it mean?’

The sea-captain had been celebrating his discovery and
was a little unstcady on his feet. He stared belligerentiy at
th2 young man. ‘Deutus is twice the square root of Protus,’
he said. ‘That’s what it mecans. Can’t you rcad?

‘And who is Deutus?’ said the young man. ‘And who is
this creaturc Protus that has a squarc root”

‘You don’t know Protus and Deutus?’ cried the sca-captain.
*Why, everyone knows Protus and Decutus! Come up to my
house and mect 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
lcaned over and whispered confidentially in the young man’s
car: ‘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 Deutus is a
werd which stands for the number indicated by the right-
hand pointer. When you say that Protus is twice the square
root of Deutus, you mean that onc of these numbers is twice
the square root of the other. In Paris we do not use words
like Protus and Deutus for numbers. We use letters. We
would write your result

D=24/P.
But is it really true?

‘Of course it’s true,’ said the sea-captain, ‘and we don’t
need all your French fancy-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. 6s.

‘Let us see,” 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 line 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 cnough 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 sccond line
P is one; the square root of one is one, and twice one is two.
Guite correct” He put out his hand to ruake a check mark,
but withdrew it hastily.

‘In the next line,” he continued, ‘P 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
sensc that the law D = 2.4/ P isnotsatisfied by these numbers.’

The sea-captain was taken aback. 'What’s that?’ he said.
‘An irrational number? I’ve sailed the seven scas, but never




The Sea Captoin ~ Box

did I meet up with an irrational nuinber. Take your
irrational numbers back where they come from, and don’t
try to teach me about Protus and Deutus!’

‘I can put it another way,’ said the young man. ‘If you
square both sides of your equation, and then interchange the
sides of the equation, you get

4P = D,

Now we shall put in the figures from the third line of your
log. Pis2'00and D = 2:83. Four times P is thercfore cight.
Now we calculate the square of 2:83; it comes out to be
8'0089. So you assert — or do you? — that

8 = 8-0089.

Surely you cannot mean that?’

The sca-captain scratched his head. ‘That’s not the way
I figured it,” he said. ‘Let’s sce now. Protus is 2:00. What
is the squars root of 2:00? Why, it's 1-4142. If you double
that you get 2-8284, and that is 2-83 to the ncarest second
decimal place. You can’t trip me up, my boy. The law is
satisfied all right.’

‘Honest sir,” said the young man, smoothing his Parisian
hair-cut, ‘do you tell me that

2:8284 = 2-83”

‘Yes,’ said the sea-captain stoutly, ‘it is. Those numbers
are cqual to two decimal places.’

The young man jumped to his feet in anger. ‘What a
waste of my time!” he 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 those be?’ asked the sea-captain
suspiciously.
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‘Write that Deutus is twice the square root of Protus fo
{wo dectmal places.’

‘I will not,’ replied the sca-captain stubbornly. ‘Every-
body knows that Protus and Deutus have only two decimal
places and they don’t need to be told. Keep 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-2 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 sca-captain told the young man how he had first
thought that there was gold in the box, how then he had
thought that theie 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 sca 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 Deutus 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 scc?’ asked the sca-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
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mathematics. -I see two variable numbers, P and D, taking
all values rational and irraticnal from zero to infinity. What
fools we were to talk of two decimal places! The law is exact!
D = 24/P. Itis 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 sec that I am right. The
law D:= 2 4/ Pis 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 you ~~nnot sail for
France. It may be that this grog has been too much for your
young stomach. Lie down on the couch therc and sleep it
off’

But before long the silversmith made thc cunring 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 ycars. The sea-captain
died thinking of Protus and Deutus ra~*a¢ in a stiff breeze
and bequcathed 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 4/ P remained truc. Generation after gencration 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 :hat 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 manceuvres.

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 explar.ation, but if you are not, then probably you
will want an explanation which establishes analogies betw=en
the deep laws of pature and simple facts of ordinary life.

Up to the year 1900, roughly, such homely explanations
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were available. It is true that liey 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 desire to hide secrets, but because
the simpie 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 centuries.

! Drac, P. A. M., Quantum Mechanics, Clarendon Press (Oxford, 1930), p. 7-
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s Space Travel: Problems of Physics and Engineering

Harvard Project Physics Staff
TN

Traveling through empty space. After centuries of gazing curiously at
stars, moon, and planets from the sanctuary of his own planet with 1ts
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, often in balloons equipped with all
the luxuries of a modern ocean liner. These stories, of course, 1g-
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 1t must lie a nearly perfect
vacuum. In this vacuum of outer space there 1s no frictlon to retard
the motion of a space ship, and this 1s a great advantage. But the
forces of gravity from the sun and other bodies will not always takhe
a vehicle where we want 1t to go, and we must be able to produce oc-
casional bursts of thrust to change 1ts 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 1s to use
recoll forces like those acting on a qun when 1t fires & project:ile.
Indeed, Newton's third law says that to obtain a thrusting force on the
space vehicle an equal ard oppvusite force must be exerted on something
else, and in empty space this "somethina else" can only be a matter that
comes from the space vehicle 1tself, a matter that we are willing to
leave behind us. Only by throwing out a part of 1ts own mass can a
vehicle achieve recoil forces to change 1ts own velocity—or at least
the velocity of the part of 1t tnat remains intact.

A rocket 1s a recoil engine of this tvpe. It carries 1ts own oxygen
(or other oxidizer) with which to burn its fuel, and the mass of the
burned fuel and oxyden i1s ejected from the rear and left behind. The
rocket 1s much like a continuously firing qun that constantly sprays
out an enormous number of very tinv bullets. The recoil from these
"bullets" 1s precisely the thrustina force on the body of the rochet.

Obviously there is a limit to the length of time that such a process
can continue, for the mass remaining 1in the space ship aets smaller all
the time, except when the engine 1s turned off entirely. In this chap-
ter we w:ll examine this limitationh anc see what 1t implies about space
travel., ™o be defin:te, we shall usually sveak about rocket enaines,
but 1t will be clear that what we have to say anplies to any recoil
endine whether 1t 1s run by chemical power, nuclear power, or anv other
source of power. All such engines, to produce a thrust 1in 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-
erty of a rocket erngine that seriously limits 1ts performance 1s the
"eshaust velocity" of the burned fuel gases, 1.e. the velocity of the
exhaust material as seen from the rocket. This exhaust velocity, which
we denote by vey, 1S determined by the eneray released inside the com-
bustion chamber and hence by the fuel (and oxidizer) used by the rocket.
The same “"kick" backward 1s qiven to the exhaust-aqas molecule whether

or not the rocket 1s already moving. Therefore, to a man standing on
the rocket using a specific combustion process, the qases rushing out
the exhaust will always appear to have the same velocity relative to

the rocket, whatever the motion of the rocket i1tself with respect to
another body.
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Imagine vou sre watchina a rocket coastina along at constant velocity,
far away from any other massive bodies. Suppose that the engine 18 1g-
nited briefly an! ejects a small mass ‘'m of burned gases. The situiation
1s sketched in F g. 1, where we have Jdenoted the initial mass and veloc-
1ty of the vehic.e by m and v respectively. The velocity v may be mea-
sured with respect to any (uniccelerated) coordinate system, for example,
another space shiv coasting alongside the first, or the sun-centered
coordinate system that we commonly use to analyze the motions of ths
planets. (The actual value of v will cancel out of our final results.
why 1s this expected?) A“L>r the burst of power, the rocket will moye
away from us at velocity v + /4v, having a mass m - m; and the "cloua"
of exhaust gases, of mass 'm, w,11 be moving away from us at a vel.city
equal to the exhaust velocity iminished by the forwar:! velocity of the
rocket, Vex - V.

Since no externa. forces are acting on the system, we know that
momentum must be corserved. In Fia. 1l{a), before the burst of power,
the momentum 1s mv; rrght afterwards, in Fiq. 1(L), 1t 1s (m - ‘m)(v + ‘v)
= (im) (Vey = V). These momenta must be the same:

(m = m) (v + 2v) = (Am)(vex - V) = nmv .

Multiplying out the terms on the left-hand .ide, we find that all terms
containing Vv cancel out (as thev must), anu *he result can be written 1in
the form,

. . - .
Cmpv o+ (am) (*v) m(*v)
If we consider a sufficiently small burst of thrust, we can make ‘v as

small as we wish comparel to Veyx, and the second term on the left-hand

side of this equation ca.. be made completely negligible compared to the
first term. Then we can write (ferr very small bursts of thrust):

'm ‘v
—_— T — (1)
m Vex

Votice that this relaticon does not depend 1in any way on the length of
time during which the change “v cccurs. The fuel °‘m may be burned very
ranidly or very slowly. As long as the exhaust acases emerge with veloc-
1ty Vex relative to the roclet, the resulting momentum changes wi1ll he
the sare, and wiil lead to the same relation Eq. (1), whenever the changes
are sufficiently small. Not ce also that this result denends only on
the conservation of momentum; we have used no other law in deriving 1t.

Now, a moderately large bu.st of power can be divided conceptually
into a great many consecutive small bursts, and qg. (1) shows that each
small incrzase 1in velocity reairres ejecting a given fraction of the re-
maining mass of tne rocket Tiwe rules of this "inverted compound-interest
payment" are exa™ined 1n the arpendix tc this chapter. There we £ind
(£g. A6) that any velocity chanjye Ve, licge or small, requires reducing
the rass of the rocket as follovs:

=(v /v
(v /v,
m=mn_ e

%)

or
~{v_/v__)
m/mo = e ¢ ext (2)

Here mg 15 the mass before the chante, and m is the mass after the
change. "he quantity e 1s a certaln number whose value 1s




s Traven b e s ey, and boeppeenng

(a) JUST BEFORE FIRING OFF am:

(b) JUST AFTER FIRING OFF (m:

_—N N
L~

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 ah external observer. This
would happen 1f v 1s larger than v__, 1in which case
the exhaust "cloud" 1s seen to mov&¥off to the right,
too, although at a speed less than that of the rocket.
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e=2.718... = 100-4343...

(3}
One use of Eq. (2) 1s in computing the final velocity ve of a rocret
that has ainitial mass mg, 1nitial speed vo, final mass me, and exhaust
velocity veyx. The result is

Tﬁ - e'(vf/vex)
My '
as shown graphically in Fig. 2.
|/
FINAL MASS / 7
. MJC
),to J

d'

hf .

y INTIAL  MASS TTees ¥
,;ﬁ::g », 0 Ve
Ve
7
Yer

Fig. 2

Fg. (2) :s the rocket equation. Urless a table of powers of e happens
to be handy, the most convenient way to write this equation i1s the fol-
lowing:

(0.4343 v_/v )
my = (m) 10 ¢ ex (4)

or
loq10 (mo/m) = 0.4343 (vc/vex), (5)

This relation 1s based only orn the conservation of momentum and on the
concept of a constant exhaust velocity vex (constant with respect to
the body of the rocket) for the spent part of the fuel. (But the rela-
tion 1s jdealized ln the sense that we have nut taken 1into 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:

0.8686

m_ = (m1l0

° = 7.39 (m).

That 1s, the original takeoff mass m_ must be over 7 times the final
mass. In other words, about 87 percé&nt of the initial mass must be
expelled to achieve a velocity of 2ve,. The usaful 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.

O
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Practical rockets. The rocket equation skows that the most irportant
feature of a v~clet 1s veyx, the velocity with wrich the spent fuel gases
are expelle.. When chemical fuels are useu, there 1s a limit to how
large this exhaust velocit: can le. We can see this by applying the law
of energy conservation to the irter:or of the rocket.

Consicer what happrentg when a aiven rass r of fuel and oxidizer are
combined, with the fuel burning in the oxidizer. Let the total energy
produced by this chemical reaction be F. Obwiously, the ratio F/r,
which 1s the energy per unit mass of fuel and oxidrzer, will be a con-
stant that depends only on the chemical nature of the fuel and the
oxidizer. After the materials have reacted, the total mass m 1s ejected
from the rocket with velocity vey, and *'e }:netic enerqgy of the ejectea

mass 1s Jjust v-m(vex)’. SincCe thlis e eray comes from burning the fuel,
1t can bLe no greater than the chemical eneray liberated, narely i:
f 2
m(v - r
( ex) - '

Dividing by '~ and taking square roots, we find:

Y ox V2(Y /™) . (6)
These relations are not simple equalities hecause much of the releasecd
eneray will be wasted, primarily as internal (rarncom motion) heat energy
1n the still-hot exhaust gases.

Chemists have measured the "heats of reaction" (which determines I/m)
for almost all chemical reactions. For exarple, for typical hydrocarbons
such as fuel oil, gasoline, kerosene, and the like, they have found that
about 1.1 » 10° kcal are qiven off for each kilogram of fuel nurned.

When we add the mass of oxygen required (about 3.4 hqg per ka of fuel)
and convert to mechanical units, we find that I'/m for all of these fueis
1s very nearly 107 j/kg. fTherefore, according to Eq. (6),

Vex V20 « 103 m/sec = 4.5 km/sec
for hydrocarbon fuels burned in oxygen. Thkis, of course, 1s the largest
value that could possibly be obtained, even 1f the exhaust gases emerqged
ice-cold. In actual practice, many current rockets using herosene and
liquid oxygen (called LOX) obtain roughly:

‘ex = 2.5 km/sec. (7)
Even liquid hydrogen and liquid fluorine will yield exhaust velocities
only about 20 percent greater than this in pract.ce.* Consequently
whenever the speed of the rocket has to be substantially more than this
value of vecx—and we shall see i1n the next section that this 1S indeed
so even for orbital fliahts——the useful payload 1s in practice only a
small fraction of the oricinal mass, by Fg. (2).

In view of this limitation on the fundamental quantrty Vey for chem-
ical rockets, a number of proposals and experimental models gave been
made for nonchemical rockets where v,y 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 1s that today the auxiliary
apparatus for ion-beam enqines, 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 ruch
better with nonchemical engines.

* Specific impulse 1s a term often used by rocket engineers who use the
symbol T for It. It 1s essentially impulse per unit weight of fuel and
equals the exhaust velocity divided by the acceleration of gravity at
the earth's surface: I = vgyx/q. Typical practical values are therefore
about 250 sec.
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Artificial satellites. Now let us see what velocities we need to perform
the simplest tasn of space engineerina, rarely placina an art:ficial sat-
ellite 1n orbit above the surface of the carth. Since the radius of the
earth 1s apout 1000 miles, the force of gravity on a satell:te moving per-
haps a few hundreq miles above the eart™'s sirface will be not very dif-
ferent fror that on the surface. Thus, the satellite wijl experience an
acceleration of approximately g towarc the ceater of tl. earth, »as we

saw 1n Chapter 5 1f 3t 1s travelling in a circular orbit with speed v,

1ts centripetal acceleration must be v /R wrere R 1s the racdius of the
orbit. For these two facts to be consistent,

vi/R = g or v = \Rg .

Since the satellite 1s assumed to he fairly close to the earth, the
radius of 1ts orbit R will be about the same as the radius of the earth,
or about 6400 km. Substituting this value, along with g = 9.8 m/sec

= 0.0098 km/sec’, into our formula, we obtain

v = 8 xm/sec (close orbit), (8)

This 1s the approximate speed an object must have 1f 1t 15 to remain
inoorbit, Eq. (7) displays the rocket-exhaust velocities achieved when
chemical endines are used. Are these velocities adeguate? From Egs. (7)
and (8), we have

vc/vex =8/2.5 = 3.2 .,

Substituting this value 1nto the rocket eguation (4) or (5), we find:

mo= m 10037 = 2a5(m) .
That 1s, the takeoff mass My 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 go into orbit (even iqnoring the problem
of 1lifting 1t to orbit altitude, which we shall examine shortly).

But the situation 1s even worse than these numbaers may seem to imply
at first. The 'other nonfuel structures”—the rocket's casing, frame-
work, fuel tanks, fuel purps, and the like—have much more mass than the
payload, the satellite. In fact even with the best of modern structural
materials and technigues, there 1s so far no rocket mechanism with a mass
less than about 1/10 of the mass of _he fuel 1t 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 1s to use the techrique of staging,
which essentially amounts to putting a small rocket onto a larger rocket
(and this combination onto a thira, still larger rochet, and so on as
necessary). The fundamental rocket equat:ion 1s not circumvented by this
strategem; it rerains val:d. Put heavy casings ar. fuel tanks can be
thrown away as soon as their fuel 1s used up, and tine remain.ing fuel 1n
the remair ocket then need only accelerate the remaining mass, which
can be muc: .ualler. In this way, the remaining fuel is used rore
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, fo. that would violate the conservat:on of momentum, upon which
the rocket equation s based.

There 1s one further matter that we should look into. We have ne-
glected to compute the work we must do to 1ift the payload up into 1its
orbit against the downward force of gravity. (Anyone who has watched




pictures of a hig rocket tak:ing off nas seen how, at the start, thrust
must be increased until the rochet's owr welcht on the launching pacd 1is
halanced ard the net acceleration unward can beair.) This work, how-
ever, 1s not terr:bly large, relatively sncal:ina, for a close-in orbit,
as we can easily show. In obtainine lg. (8), we derived the relation
v+ = Rg for the orbital velocity. If we rultiply this equation by .,
we find that the orbhital kinetic eneray is ,mv = .mqgR. The potential
eneray chanse 1in liftina the mass = tc heio™t h above the surface of
the earth 1s mah. Since h 1s only a few hundred miles while R 1s 4000
miles or rore, the wcrk (mgh) requirec to railse the satellite will be
only about 1/10 to 1/5 of the worh (:mgR) required to give 1t orbiting
speed 1n a close-in orbit. (‘aturally, this 1s not true for a very
large orbit with a height ofy s.,, 4000 miles or more above the earth's
surface.)

Interplaretary travel. To send instruments to other planets, we pust
first free them fror the gravitational attraction of the earth. This
requires that the payload be given a velocity sufficient to prevent 1t
fror returning close to the ecarth of 1ts own accord. The smallest such
velocity 1s called the escape velocitv, A vehicle with this velocity
will just harely escape, and its final velocity will be nearly zero

rela.:ive to the earth.

As might be expected, the escape veloCity :S not enormously greater
than orbital velocity, and 1in the appendix to thils chapter, we show that
1t 1s about:

v (for escape) = 11.2 km/sec, (9)

as compared to v (for close orbit) = 8 km/sec. (8)

Evea this moderately greater (than orkital) velocity for escape requires
a rather large increase 1n the ratio of takecff mass to payload mass.
With vey equal to 2.5 km/sec as in I'q. (7), we have vg/Vex = 11.2/2.5
= 4.48, anu the rocket equation (iq. 4) vielus:
A [
rg = () 10077 = g9 (my .
So, despite the seemingly modest change 1irn velocity (11.2 km/sec

instead of 8 km/sec), free:na a payloau frcm the earth with cherically
fueled rockets (even 1in stages) requires about 3% times as much fuel

as required for placing the same payloaw into a close-in orbit.

Once essentially free of the earth, a hody will still be under the
direct influence of the sun's gravitational forces. Here 1t 1s 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 1f 1t has been merely freeé from
the earth with no additional accelerations. This velocity 1s about
30 km/sec and clearly represents a very substantial bonus for 1nterplane-
tary travel. Even so, the tariner 4 probe to “Mars, for example, actually
required a takeoff mass 400 times as larae as the mass of the probe 1tself.
The rocket was an Atlas-Agena witn an 1nitial mass of abouat 200,000 1lbs.
and a payload of 500 lbs. It was desiqned to cover the 3 » 10" mile trip
1n the cfolar system 1n about 7 months (this worxs out at about 16
miles/sec) .,
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Fig. 3

Travel to a star? When we think of sendina a payload to examine a star,
we ting onCe more that the necessary velocity 1s the cruc-al factor, but
the origin of the needed velocity 1s different. The velocity recguired
to escape from the solar system 15 about 45 km,'sec, but even the nearest
stars are enormously far away, and the payload must travel much faster
than this 1f 1t 1s to complete 1ts journey within a century,

The distances to the nearest stars have been measured by observing
the slaft in their apparent positions 1n, say, summer and winter as
the earth moves from one side of 1ts orbit to the other. Even with this
very larae baseline (186 million miles), the apparent shift in direction—
the parallax—is extremely small, and the correspond:ing distances are
found to be several million million mles, i1.e., several trillion myiles.
Such larage distances are morE_Eonvenxently expressed in light years, a
l1qht year being the distance that light will travel in one ge:r. A
simple multiplication shows that one light year 1s about 10!? «m

The two nearest stars are in the constellation Centaurus, The nearest
one, Proxira Centaur:, 1s 4,2 lvght years awav but 1s very dim and emits
only ahout 10 times as much light as our sun. The next-to-nearest star,
Alpha Centaur:, 1c 4.3 liaht years away and 1$ actually a double star,
consistind of two stars sirilar to our sun and separated by about the
dis*tance between the sun and Jupiter. The brighter of the two emits
ereray at about the same rate as our sun, and the other at about 1/5
that rate.

While ione of these particular stars seems likely to have hakitable
planets corparable to our own, it might be very interesting to send in-
struments 1n close to one of them and take pictures of i1t, To see just
what problems such a project might entail, let us examine this simplest
of all isterstellar journeys a little more closely.

The first question to be answered 1s how long we would be willing to
wait for the results of the .ourney. Although an unmanned 1nstrument
package need not return to the carth within a man's lifespan, i1t never-
thel:ss seems that we would be unlikely to plan today for a very expensive
prouject whose results would bhe hnown later than, say, a century from now.




|

If the payload 1s to c¢ravel 4.2 l:q.t vears curing 100 years, iis
spee:. must be 0.042 tircs t'e sveed of liaht (3 - 10 i~-/sec). This
speel! Vo 1s 12.6 - 10° km/sec. let ug ontimistically assure that “e
can soon design rockets wi*h exha.st telocities twice as bhial, as the
ones we now have, even thouah 1% 1s diff:cilt to see now how this coula
be done with che~ical fuels. Thus, we assume Vex = 5 km/sec. Then we
have vg/Vex = 2.52 - 10, which we substitute 1nto the rocket equat:on.
(Both speeds are srall enougn so that we can useé t':s nonrelativ:stic
eguation; actually the relativistic one gives slightly rmore pessiristicC
results.)

When we make this substitution in ¥Fg. (4), we fine a resalt that can
only be described as ricdiculous:

1094
¢ = (m) 10

To see jJust how impossibly large this mass ratio 1S, we might note that
the total nurmber of atoms 1n the entire solar system hLas Leen estimated
to be less than 10°". There 1s not enouah chemical fuel in the entire
solar syster to send even one atom on such a journey! In fact, we are
short of having enough fuel for even 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 ~uch longer ti~e for the journey, for example,
5000 years of 50 centuries—a terribly long walt. Retracing the aritn-
metic we find that we then obtain

21.9 21

r o= (m) 10 g8 » 10 (n) .

o
Fven this more familiar sort of number 1s still absurdly large. The
mass of the entire earth 1s only 6 - 10! tons, less than enough (even
1f 1t were all good fuel-—and to be go used!) to send a one-ton paylcad
on a journey of 5000 years to the nearest star.

There 1s only one sensible conclusion: 1interstellar travel 1s jympos-
sible 1f chemical fuels are used for propulsion.

Future star travel? Perhaps one of the conceivable nonchemical rochets
might scmeday offer an cape from this pessimistic conclusion. To look
at this possibility, let us return to our sirplest of interstellar
journeys, a trip to the nearest star in 100 years. As we saw, we need

a velocity ve of 12.6 » 107 km/sec for such a journey. (With this veloc-
1ty, the payload arrives at Alpha Centauri after 100 years; 1t must con-
tain either a very powé?ful radio transmitter, or enouah fuel to return
1n another 100 years or so.)

The various "plasma" engines and "“magnetohydrodynamic” engines that
have been proposed are essentially electric "guns" that shoot out 1onized
gases. It 1s difficult to set limitina 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 ro
better than nuclear engines, which we shall examine later. It 1s probably
fair to say that exhaust velocities much larger than 1/300 the velocity
of liglt could not Le expected when very larage masses of 1onized gas must
be expe.led.
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If we adept tmis estirate, then a value of vex of 1000 Yr/se¢s 1s arcut
the best that could cver le expected re- guch non-nuclear engines. it
this value we cobta:n the rat:c Tc/Ver = 12,6, and Ly irsertira this into
the rocket equation, la. (4), we 7et the

15.47

N

m_o= (7)) 10

Thus, a 3-ton payload wouli reac.ire at least a mMiilica Lons of "fuel®
(material to Le expelled as :onized gas). If the ,hi0a0 1S to centain

a sufficrently powerfvl racio transmitter, 1t :s likely to weigh at least
3 tns. To forr sore picture of what a million tons of material mright
look like, we may note that a rillion tone of water woulc cover a foottall
field to a depth of 200 yards.

Abandoning the rawio transmitter and wairting another 100 years for the
payload to return would be no way to avcid i1hais large mass of "fuel," !e-
cause the effective pavload on the outward journey wruld ther have to in-
clude all the “fuel" for revessing the velocity for the return trip. This
essenti1ally sguares t'e mass fatio, ranlra rg,m™ ecual to 10 , whach s
far worse: even only one pound of true payload then recurres 50 million
tons of takeoff mass.

These results are not quite so ridiculous as the ones we oltained whesn
we tried to use chem:cal fuels, but they clear iy show that ion-team en-
qines will 20t be very practical for interstellur travel unless tiiey can
consistently aive an exhaust velocity sianificantly greater than 1,300
the velecity of light.

‘uclear fission yields about 8.2 - 10-° Joules nmer hilogram of fissicn-
able material. According to Fg. (6}, thrs will result in a maximum ex-
haust velocity of the products of fission of 12.8 -« 10% m/sec, or 12.6 - .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 interstelldr journeys. For the lyu-year, one-way trip to
Alpha Centauri, the necessary Ve 15 just about exactly equal to the vey
that we might hope to obtain for nuclear fi1ssion products, and the rocket
equation then gives Mo/m = 2.7 to 3. This, 1in 1tself, 1s so clearly
practical that we miaht beqgin to consider raking the elapsed time some-
what shorter or journeving furtner to a few of the slightly more distant
stars. Note, bowever, that a 20-year, one-way trip to Alpha Centaur:
would still require mg/m = 200 approximately.

Lut present day cngineer:ng 1s a lona way from Leinqg able to put a

small nuclear reactor on a rocket to provide these exhaust velocit:ies

cr fission products, Today's nuclear reactors involve so much acditional
mass bes:des their fyel that they would Le even less useful than engines
working with chermical fuels—and the latter are hopeless for interstellar
journeys, as we have seen. I