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The Evolution of the Physicists

Picture of Nature

4n account of how phy
the past and how,

it can per/m.p.s' be expect

 this article T should like to discuss
the development of general physical
theory: how it developed in the past
1 how one may expect it to develop in
, future. One can look on this con-
pal development as & Process of evo-
o, a process that has been going on
r several centusies.
The first main step in this process of
olution was brought about by Newtosn.
efore Newton, people loo wd on the
pockd a5 being essentially two-dimen-
onal—the two dimensions in which one
an walk about—and the up-and-down
son seemed to be something es-
entially different. Newton showed how
e can look on the up-and-down direc-
as being symmetrical with the other
directions, by bringing in gravita-
forces and showing how they take
k place in physical theory. One can
®y that Newton enabled us to pass from
picture with two-dimensional sym-
v to a picture with threc-dimension-
symmetry.
L.l'}eimem made another step in the
direction, showing how onc Gan
& from a picture with three-dimen-
Soeal symmetry to a picture with four-
4 ional symmetry. Einstein brought
& time and showed how it plays & rule
is in many ways symmetrical with
: three space dimensions. However,
symmetyy is not quite perfect. With

li) 1\ M. Dirae

Einstein's preture one is Jod to think of
the world from a four _dimensional point
of view, but the four dimensions are not
completely symmctnc-.\\. There are some
directions in the four-dimensional pic-
ture that are different from others: di-
rections that are called null directions,
along which a ray of light can move:
hence the four-dimensional picture is not
completely symmetrical. Still, there is a
great deal of symmﬂr_v among the four
dimensions. The only lack of symmetry,
<o far as concerns the equations of phys-
jcs, is in the appearance of a minus sign
in the equations with respect to the time
dimension as compared with the three
space dimensions [sce top equation on
page 501.

We have, then, the development from
the three-dimensional  pieture of the
world to the four<Jdimensional pacture.
The reader will probably not be happy
with this situation, because the world
still appears three-dimensional to his
consciousness. How can one bring this
appearance  i0to the four-dimensional
picture that Einstein roquires the physi-
cist to have?

What appears to our CONSCIDUSNCSS 1S
really a three-dimensional section of the
four-dimensional picture. We must take
o three<dimensional section to give us
what appears to our CONSCIoNsness at one
time; at a later time we <hall have a

ed to develop

sical theory has dm‘('[n[w([ i

in the light of this development,

in the future

different three-dimensional section. The
task of the physicist consists largely of
relating events in one of these sections 10
cvents in another section referring to
later time. Thus the picture with four-
dimensional symmetry does not fmive us
the whole situation. This becomes pat-
ticularly important when one takes into
account the developments that have
been brought about by quantum theory.
Quantum theory has taught us that we
have to take the process of observation
into account, and observations usually
reqquire us to bring in the three-dimen-
sional sections of the four-dimensional
picture of the universe.

The special theory of relativity, which
Einstein introduced, requires us to put
all the laws of physics into a form that
displays four-dimensional symmetry. But
when we use these Jaws to get results
about obscrvations, we have to bring in
something additional to the four-dmmen-
sional symonetry, namely the three-di-
mensional sections that describe  our
consciousness of the universe at a cer-
tain time.

Einstcin made another most important
contribution to the development of
our physical picture: he put forward the
gﬂwr;ll theory of relativity, which re-
quires us to suppose that the space of
physics is curved. Before this physicists
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hadt alwayvs w QTR WL < Bl dpaave, us
e Vowembayy o] et s of Newton
which was then extended 1@ the Sow
dimensional fat space of .\pcx-i.d relativ-
ity. General relativity made a really im-
portant contribution to the evolation of
our 3;]1.\".i(';|] picture by requining us ¢
a0 over to curved space. The ;cv'u-r.ﬂ re-
uirements of this theory meun that all
the laws of physies can be formulated in
curved four dimensional space, and that
they show symmetry among the four
dimensions. But again, when we want Lo
bring in observations, as we must if we
look at things from the point of view of
cquantum theory, we have to refer to a
section of this four-dimensional space
With the four-dimensional space curved,
any section that we make in it also has to
he curved, because in gruw‘.nl we cannot
give a meaning to & flat section in a
curved space. This leads us to a picture
in which we have to take curved three-
Jdimensional sections m the curved four-
dimensional space and discuss observa-
tions in these sections.

During the past few years people have
been trving to :ll'lp‘.\' qll.mllnn ideas to

ISAAC NEWTON (1642 17271, with hi= law of gravitation,
of nature (rom ane with wo-dimensional symmetry to one withs threedinsensional symmerey.
This drawing of him was made in 1760 by James Macardel from a painting by Enoch Sceman.
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shenomena of physics, and this has led

I

to o ratbwr s \lwl-k'-.‘.
namely that when one Jooks at gravita-
tional theory from the point of view of
the sections, one finds that there are
some degrees ot freedom that drop out

of the theorv. The gravitational field is

ey L-ulpnwnr,

4 tensor feld with 10 components. One
fincls that six of the compt ynents are ade

quate for describing everything of physi-
cal inportance and the other four can b
dropped out of the equations. One can

not. however pwk aut the six important
components from the complete set of 10
i any way that does not destrov the
four-dimensional svmmetry. Thus if one
insists on preserving four-dimensional
svmmetry in the oqu;\ﬁmls. one cannot
adapt the theory of gravitation to a dis

of measurements in the way
uantum theory requires without being

CSSI0n

farced to a more <,-nn\ph<-utv.~d description
than is noeded by the p}n_ﬁiv.xl sitwation.
This result has led e to doubt how
fundamental the four-dimensional re-
(quirenent in physics is A few decades
ago it scemed quite cortan that one had

changed the physiciet’s pictare

dimensional form. But now it Seems r}:;‘
LOLIE LA T i abiand oy Fiadis e auiar suh
overriding importuwee, sinee the desi
tion of nature sometimes gets simplifed
when one departs from it,

Now | should Tike to proceed to the
developments that have been broughy

about by quantum theory. Quantym

theorv is the discussion of very smgll
things. and it has formed the main sgh.
iect of physics for the past G0 vears,
During this period phvsicists have heen
amassing quite a lot of experimental i,
formation and developing a theory w
correspond to it, and this combination of
theory and experiment has led to im-
portant developments 0 the phvsiist’s
picture of the world.

The quantun first made its appear-
ance when Planck discovered the need
that the energy of elactm-
magnetic waves can cxiset only in mek
tiples of & certain unit, depending on the
frequency of the waves, 1 order to ex-
plain the Jaw of black-body radiation,
Then Einstein discovered the same anit
of energy occurring in the photoclectrie

to suppost

cffect. In this carly work on <uantum
theory one simply had to accept the unit
of encrgy without being able to mcoe
porate it into physical picture.

"’lu' first wew picture that .1pp¢_‘,utd
was Bohr's picture of the atom. 1t was
a picture in which we had electrons mov-
ing about in certam well-defined orbits
and oceasionally making a jump from
one arbit to another. We coukd not P
ture how the jump took place. We just
had to aceept it as a kind of discoe-
tinuitv.  Bohr's  picture of the atom
worked onlv for special cxamples, essen-
tially when there was onhy une clectron
that was of importance for the problem
Thus the pidulti,
wis an incomplete amd primi?iw' one.
The bhig advance in the quantum.
theorv came in 1925, with the discovery
of 4|\.L.1nllnn mechanics, This advance
was brought about iudqwmh-nﬂ}'by two
and Schrodinget
soon alterward, working from different
points of view. Heisenberg worked keep:
ing close to the cxpo.-limrnt:ﬂ evidenct
about spectra that was heing amassed #
that time, and he found out henw the ex
p«-rinwm:ﬂ information could be fitte
known 3

under consideration.

men, Heisenberg birst

into 2 scheme that 18 now
matrix mechanics, All the mprrmwnl:
data of spectroscopy fitted beautiful
into the scheme of matnx mechan:cs, 38
this led to guite 2 different picture aof U
atomic world. Schridinger worked fro
A mMore mathematical point of view, b
ing to find 2 beautiful theory for descr
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atamic events, and was helped by De
slie’s ideas of waves associate d with
n]ﬁ. He was able to extend De
olie’s ideas and to get a very beautiful
ation, known as Schrodinger’s wave
ation, for describing atomic proc-
. Schrodinger got this equation by
¢ thought, looking for some beautiful
eralization of De Broglie's ideas, and
by keeping close to the experimental
.'c'x)pnwnl of the subject in the way
isenberyg did.

lul"]xl ll‘l‘ vou the storv T heard from
yrodinger of how. when he first qot
idea for this equation, he immediate-
wpplied it to the hehavior of the elec
n in the hydrogen atom, and then he
- results thit did not agree with ex-
disagreement arose be-
wse at that time it was not known that

iment. The

» electron has a spin. That, of course,
s a great disappointment to Schro-
wrer, andd it eansed him to abandon the
Then he noticed
it if he applied the theory in a more
proximate way, nol

ak for some months.

tuking into ac
unt the refinements requ vires] by rela-
ity, to this rough approximation his
wk was in agreement with observa-
m. He published his first paper with
by this rough approxmmation, and 1n
at wav Schradinger's wave equation
as presented to the world. Afterward,
course, when people found out how to
ke mto account (ﬂrr('('ﬂ}' the >pin of
e clectron, the diserepancy hetween
e results of applving Schrivdinger’s rel-
ivistic equation and the cxperiments
as completely cleared up

think there is a moral to this story,

namely that it is more important to
ave beauty in one’s equations than to
ave them fit experiment, If Schrodmger
ad been more confident of his work, he
sld have published it some months
wlier, and he could have publishﬁ’! a
wre accurate equation. That equation is
ow kpown as the Klein-Gordon cqua
om, although it was really discovered by
chrixtinger, and in fact was discovered
v Schrixtinger before he disc overed his
carclativistic treatment of the hydro

en atom. It seems that if one is working
om the point of view of getting beauty

1one's oxpuations, and if one has re ally
sound m\\_l,:l’u!, one is on a sure line of
ragress. If there 15 not cvomplctc agree
ient between the results of one’s work

A
Wi np«-nnwu!,

one should not allow
wself to be too discouraged, because
ie discrepancy may
inor features that are not properly
ken into account and that will get

eared up with further developments of

well be due to

ALBERT EINSTEIN (187919551, with his special theory of relativity, changed the physi.
cisl's pictare from one with three-dimensional symmetry to one with four-dimensional sym-
metry. This photogeaph of him and his wile and their daughter Marget was meade in 1929,

That 15 how quantum mechanics was
discovered. It led to a drastic change
in the physicist’s picture of the world,
perhaps the biggest that has vet taken
place. This change comes from owr hav
ing to give up the deterministic picture
we had ahvavs taken for granted. We are
led to a theory that does not predict with
vertainty what is going to happen in the
future but gives us information only
about the probability ol occurrence of
various events. This giving up of deter
minacy has been a very controversial
subject, and some people do not like it at
o

LIS wnlar never ke k.

whdie be

Although Einstein was one of the great
contributors to the (.«‘\'t'l(qm.t nt of quan-
tum mechanics, he still was alwavs rath.
er hostile to the form that quantum
mechanics evolved into during his life
time and that it stall retaims,

The hostility some people have to the
eiving up of the detenministic picture
a much discussed
paper by Emstem, Podolsky amd Resen
dealing with the difficulty one has in
that still
gives results ‘u;u'n'diuo to the rules of
cuantim mechani

can be centered on

forming a consistent pieture

The miles of (i

tum tpechunes are -imtv detmite. People




NIELS BOHR 1885 1962) imtroduced the ides that the electron
moved about the nuclens i welldefized orbits. This photograph
was made in 1922, nine years after the publication of hiz papwr.

know how to calculate results andd how to
compare the results of their caleulations
with experiment, Everyone is agreed on
the formalism. It works so well that no-
hady can afford to disagree with it. Hut
still the picture that we are to set up
behind this formalism 15 a subject of
controversy.

1 should like to suggest that one not
Worry teo much about this controversy. |
feel very strongly that the stage physics
has reached at the present day is not the
final stage. IU s just one stage i the evo-
lution of our picture ot ature, amnd we
should expeet this process of evolution
to continue in the future, as biokoyeal
evolution continues into the future. The
present stage ol pl).\'\w:xl !ll(’()l'\ is mere-
lv a steppmgstone toward the better
stages we <hall have in the future, One
cun be ¢uute sure that there will be hetter
stages simply because of the difficulties
that oceur in the physies of todav.

| chonld now like tu dwell a bit on
the difficultics in the physics of the
present day. The reader who is not an
expert in the subject might get the ulea
that difficulties
yhvsacal ﬂ'.rn."\' is In prrﬂv poor \"Yl.x})l‘
amdl thaet the (uantum theory & not much

because of all these

good. T should like to corvect this impres-

<ion by saving that quantum theory is an

extremely 2 wod theory, It gives wonder-
ful agreement with observation over i
wide range of phenomena. There is no
doubt that it is a good theory, and the
only reason physicists talk so much about
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the difficultics in it i that it is pre-('isc]\'
the difficulties that are interesting. The
asceesses of the theory are all taken for
aranted. Omne does nol get anvwhere
smply by going over the SUCOESSEs AZain
and again, whereas by talking over the
difficultics [n-uplt can hope to make
some rll'(’:‘:ll'\.\'.

The difficulties in guantum theory arc
of two kinds. I might call them ( Hass One
ditculties and Class Two difficulties.
Class One difficulties are the difficultics
1 have already mentioned: How can one
formy a consistent pacture hehind the
miles for the present (puantum theorv?
These Class One difficulties do not really
worry the physicist. if the
knaws how to caleulate results and com-

phvsicist

pare them with ¢'x1u'|imvnl. he is quite
happy if the results agree with his ex-
periments, and that is all he needs, It is
only the philosopher, wanting to have a
satisfving description of nature, who is
hathered by Class One difficulties.
There aye, in addition to the Class One
difficulties, the Class Two difficulties,
which stem from the fuct that the presemt
Jaws of (uantum theory are not always
adequate o give any results, If onc
pushes the Luws to extreme conditions
to phenomen: involving very high encr
gies or veT small distances—one some-
times gets results that are ambiguons or
not really sensible at all. Then it is clear
that one has reached the limits of appli-
cation of the theory and that some fur-
ther development 1s needed. The Class
Two difficnlties are important even for

11258-1947) introdaced the idea that clectre
muznetic radiation consists of quinta, or particles, This photograph
was made in 1913, 13 years after his original paper wax publizhed.

the physicist, because they put a limita- |
tion on how far he can use the rales of
(uantum thvux) to get results compara-
ble with experiment.

I should like to say a littde more about
she Class One difficulties. | fee] that ane
should not be bothered with them too
much. because they are difEculties that
refer to the present stage in the develop-
ment of our ph_\swul picture and are
almost certain to change with future de-
velopment. There is one strong reason, §
think. why one can be quite confident
that these difficulties will change. There
are some fundamentil constants in na-
ture: the charge on the electron ( desig
nated ¢). Planck’s constant divided by
2 -:d:-:si;n.\'\c:l #1) and the velocity of
hight {¢ Y. From these fundamental com-
stants one can construct @ number that

has no dimensions: the number hcfet.

That number is found by experiment to-
have the value 137, or something very
close to 137. Now. there is no known
reason why it shoukl have this value
rather than some other munber. Various ;
pc.-nph- have put forward ideas about it,
but there is no accepted theory. sl
faivly sure that someday
the prohle'm and
explain why the number has this value.
There will be a physics in the future that
works when fie/e® has the value 137
and that will not work when it Jras any
other valoe.

one can be

physicists w il solve

The [)!l_\\‘)rﬁ of the future, of conurse,
cannot have the three (uantitics f2, & and
o all as fundamental quantitics. Only twe




hem can be fundamental, and the
] must be derived from those two. It
mast certain that ¢ will be one of the
fundamental ones. The velocity of
. ¢, is so important in the four-
cnsional picture, and it plays suc 4 a
jamental role in the special theory of
Hivity, corre lating our units of space
tizne, that it has to be fundwmental.
n we are faced w -ith the Fact that of
two quantities % and e, one will be
Jamental and one will be derived. If
fundamental, ¢ will have to be ex-
ped in some way in terms of the
are Toot of fi, and it seems most un-
Iy that any fundamental theory can
< ¢ in terms of a square root, since
are roots do not oceur in basic cyua
5. It i much more likel v that ¢ will
the fundamental quantity and that h
| be explained in terms of ¢=. Then
re will be no square root in the basic
sations, 1 think one is on sate ground
ac makes the guess that in the physi
picture we shall have at some future
pe ¢ and ¢ will be fundamental ¢uan-
es and fi will be derived.
f % is a derived quantity instead of a
Jdamental one, our whole set of ideas
i is
* fundamental guantity that occurs in
> Hetsenberg uncertainty relation con-

st uncertainty will be altered:

eting the amount of uncertainty in a
sition and in a momentum.
tainty relation cannot play
ntal role in a theorv in which f itself

I think

e can make a safe guess that uncertain-

This un-
a ‘Iln(ill'

not a fundamental quantity,

and that perhaps it is quite impossible to
get a satisfactory picture for this stage.
1 have disposed of the Class One dil-
fienlties by saying that they are really
not so important, that if one can mitke
progress “'nh them one can count onc
self lurL_\'. and that if onc cannot it is
nothing to be genuinely disturbed about.
The Class Two dificulties are the really
serious ones. They o
the fact that when we apply our quan-
tumn theory to fickds in the way we have
to if we are to make it agree with special

rise primarily from

relativity, interpreting it in terms of the
three-Gunenstonal sections | have men
tsonedd, we have mln:alkm\ that at Hest
look all right. But when one tries to swolve
them, one finds that they do not have any
solutions. At this point we ought to say
that we do not have o theorv, But p'n_\'si
Ccists are verv
they have found a way to make prog-
ress in spite of this obstacle, They find
that when r]wy trv to solve the eguations,
the that quantitics
that ought o be fGnite arc actually in
finite. One
instead of converging to somcthing deli-
nite, Physicists have found that there is o

ingendous about it, and

[rnu‘)lr s cerbiin

gets iutcgr;dﬁ that diveroe

way to handle these infinities according
to certain rubes, which makes it passible
to get definite results. This method is
known as the renormalization method.

| \‘\-l]‘ 'l’.".'l'\' ('xl‘[lli" "“' l{]l':l m \\'l":ll.‘i.

We start ont with a theory involving
equations, In these equations there occur
certain parameters: the charge of the
electron, ¢, the mass of the electron, m,
and things of a similar nature. One then
finds that these quantities, which appear
in the original equations. arc not cqual
to the measured values of the charge and
the mass of the clectron. The ;

}7\ cortain cor

moeasured
values differ from these
recting terms om .\.1(1 50 ON—%0
that the total charge is ¢ + Ae and
the total mass m + Am. These changes

O,

in charge and mass are brought about
through the interaction of our elemen
tarv particle with other things. Then one
savs that ¢ + Ae and m + Am, being
the observed things, are the important
things. just
mathematical ;).u.um ters: thev are un

and therefore |||\? hml\ MW

'rhl' ll""r;ﬂ |' o ;l’ll‘ meoare

(ﬂl\a'l'\;l‘)lo

cun discard when one has got far enough

to bring in the things that one can com

r'"vfc.:;v‘")‘ TINT

relations in their present form will not
rvive in the physics of the future.

.:::_”.T -
ot

f course there will not be a retum to
the determinism of classical physi-

! theory, Evolution does not go back
ard. 1t will have
dl have to be some new development
atis quite unexpected, that we cannot
ake g guess about, which will tuke us
A further from dassical ideas but
hick will alter (‘nu\]!!uu-h- the diccus
® of uncertainty relations. And when
5 new development oceurs, people
il find it all rather futile to have had so
uwch of a discussion on the role of ob-

to go forward. There

vation in the theorv. because thev will

P A —

Ve then a much better point of view
wn which to Jook at things. So 1 shall
v that if we can find a wav to deseribe
® uncertamty 3
ferminacy of
anes that is

R e Ly

relations and the in-

-

present quanturn me
satisfying to our philo.
phical ideas, we can count ourselves
*\ But if we cannot find such a way,
E nothing to be really disturbed
- Pl N TSR RS I SR

g 924
I T I U R IR T bogat s ward Lhe adea that partscles are sosociated waith Y

(MR that we are at o transitional stage waves. This photozruph wus made in 1929, five vear< after the anneursnee of hic o



pare with observation. This wonkl be a
tiluu LCurieel Wan L e
and Am were small (or even if they
were not so small but finite) corrections.
According to the actual theory, however,
A amd amoare infinitely great. In spite
of that Fact one can il use the formal-
istn and get results in terms of & & Ac
and me + A, which one can interpret
by saving that the original ¢ aned m have
to be minns infinity of a suitable amonnt
to compensate tor the Ae and Am that
are infinitely great. One can use the
theory to get resufts that can be com-
pared with experiment, in particular for
vlectrodynamics. The surprising thing is
that in the case of clectrodviamics one
gets results that are in extremely good
agreement with experiment. The agree-
ment applies to many significant fig-
ures—the kind of accuracy that previ-
ausly one had only in astronomy. It
is because of this good agreement that
physicists do attach some value to the
renormalization theorv, in spite of its
illogical character.

It seems to be quite impossible to put
this theory on a mathematically sound
basis. At one time physical theory was all
built on mathematics that was inherently

sonnd. Tdo not say that physicists always
e :‘l‘ll.n\: Phdaadhad Jiaiiil y, i ’I IS YRR Y
unsound steps in their caleulations. But
previonsly when they did so it was
simply because of, one might say, lazi-
ness. Thev wanted to get results as
quickly as passible without doing un-
necessary work, It was alwavs possible
for the pure mathematician to come
along and make the theory sound by
bringing in further steps, and perhaps by
mtrocducing guite a lot of combersome
notation and other things that are desir-
able from a mathematical point of view
in order to act evervthing expressed
rigorously but do st contribute to the
physical ideas. The earlier mathematics
could always be made sound in that way,
but in the renormalization theory we
have a theory that has defied all the at-
tempts of the mathematician to make it
sound. 1 am inclined to suspect that the
renormalization theory is something that
will not survive in the future, and that
the remarkable agreement between its
results and experiment should be Jooked
on as a Huke,

This is perhaps not altogether surpris-
ing, because there have been similar
fiukes in the past. In fact, Bohe's clec-

FOUR-DIMENSIONAL SYMMETRY introduced by the perial theors of relativity i not

quite perlec. Thic equation = the expression for the invanunt di-lznce in four-dimensional

spucetime, The symbol = i= the invariant distance: «,
the theee spatial dimensions The d% are differentials.
18 the fart that the contribution from the time direction 1e2dr? ) does not have the <ame
vign as the contribution: from the three =patial directions -

SCHRODINGER'S FIRST WAVE EQUATION did not fit experimental resuli- bhecause it

did not tske inte account the spin of the electron, which was
equation is a generalization of e Brozlie's equation for the motion of a free electron. The
symbol e represents the charge on the elecron; 2 the cquare root of minus one: b, Planck’™
constant: r, the distance from the nackeus; &, Sehridingers wave function: m, the m

the clectron. The symhbols rescmbling sixes turned barkward are partial derivatives,

SCHRODINGER'S SECOND WAVE EQUATION
equation, which does not take into account the refinements

50

ds=,

—~ T
& .“vﬁ'
» . o8

the speed of light: ¢ times «y and 3,
The lack of complete symmetry lies

v andd —dz=0

not hnown #t the time. The

ass of

i= an approximation 1o the original
that are required by relativity.

tron-arbit theorv was found to give \-ﬁ”
e e WFBNSA v D
as one confined oneself to mledem:‘
problems. T think people will now gy
that this agreement was a fluke. becang
the basic ideas of Bohr's orbit theary
have been superseded by someth;
radically different. 1 believe the sy
cesses of the renormalization theory wif)
be on the same footing as the Successes
of the Bohr orbit theory applied to oue.
electron problems.

- “‘_-G‘l [PTSSEEEEET

rhe renormalization theory has re

moved some of these Class Two d&-
ficulties, if one can aceept the illogicsl
character of discarding infinities, but it
does not remove all of them. There are
a good many problems lett over concem.
ing particles other than those that come
into clectrodynamics: the new particles—
mesons of various kinds and neutrin.
There the theory is still in a primitive
stage. It is fairly certain that there will
have to be drastic changes in our funda-
mental ideas before these problems can
be solved.

One of the problems is the one I bave
already mentioned about accounting for
the number 137. Other problems are
how to introduce the fundamental length
to physics in some natural way, haw to
explain the ratios of the masses of the
elementary particles and how to explin
their other properties. 1 believe separate
ideas will be needed to solve these dis-
tinct problems and that they will be
sulved one at o tive through suecessive
stages in the future evolution of phusics.
At this point 1 find myself in disagree-
ment with most physicists. They are in-
clined to think one master idea will be
discovered that will solve all these prob-
lems together. I think it is asking too
mueh to hope that anvone will be able to
solve all these problems together, Onei
should separate them one from amotba!
as much as possible and try to tackle
them separately. And T believe the fu-
ture development of physies will consist
of solving them one at a time, and that
after any one of them has been sotved
there will still be a great mystery about
how to attack further ones,

I might perhaps discuss some idess
I have had about how one can possibly
attack some of these problems. None of
these ideas has been worked out very
far. and 1 do not have much hope for any
onc of them. But I think they are worth
mentioning briefly.

One of these ideas is to introduce
something corresponding to the Tumind
erous ether, which was so popular amosf
the physicists of the 19th century. 1 sai
carlier that physies does not evolve back



ward. When | talk abont reintroducing
the ether, 1 do not mean to go back to
the picture of the ether that one had in
the 19tk century, but T do mean to intro-
duce a 1ew piciuu‘ of the ether that will
conform to our present ideas of quantum
theory. The objection to the old idea of
the ether was that if you suppose it to
be a fuid filling up the whole of space,
n any p’..u‘-(- it has a definite u-]m-it)..

which destrovs the four-dimensional
symmetry rmmru' by Einstein’s special
pnnﬂplc of hvl wivity. Einstein's qx(m]
relativity killed this idea of the ether.

But \\lllh our present quantum ﬂn-oxy
we no ]l_ln:_',m have to attach a definite
velocity to any given physical thing, be-
cause the \'rltx-m 15 subject to uncer-
tanty relations. The smaller the mass of
the Ihmg_{ we are interested in, the more
mportant are the uncertamty relations,
Now, the ether will ('l'l!;xill]}' have very
Bttle mass, so that uncertainty relations
for it will he l-).'h'l-m('!_\ impm'!.uul. The
velocity of the ether at some particular
place should therefore not be pictured as
definite, because it will be subject to un-
certainty relabions and so mav be anv-
thing over a wide range of values. In that
way one can get over the difficultics of
recoaciling the existence of an ether with
the special theorv of relativity

There is one important change this
w:ll make in our picture of a vacuoum. We
'DILH hike to think of a vacuum as «
region in which we have complete sym.
metry between the four dimensions of
Space-time as required by special relativ-
ity. If there is an ether subject to uncer-
famty relations, it will not be possible to
¢ this symmetry accuratelv. We can
=uppose that the velovity of the ether is
pally likely to be anvthing within a
e range of values that would give the
mmetry only approximatelv. We can-
I any precise way proceed o the
it of .d]uwmvz all values for the veloc-
! between plus and minus the velocity
light, which we would have to do in
er to make the symmetry accurate.
us the vacuum becomes a state that is
fainable. I do not think that this s a
¥sical abjection to the theor v. It would
1 that the vacuum is a state we can
oach very closely. There is no limit

W hrnu, dosely we can approac h it,
‘\"' an never attain it T believe
-\uuk' be quite satisfactory to the
u?"‘nmntnl physicast. It would, how-
""” mean a de 'parture trom the notion
the vacuum that we have i the
tum theory, where we start off with
Vicuum state having exactly the

2 ety required by special u']u.lnll\

.

4t % one idea for the deve Joprment
Physics iy the future that would

&

ERWIN SCHR(I.'HHN(;EK HIBBT-19611 devised hiz wave equation by extending De Broglie's
idea that waves are associated with particles 1o the electrons moving around the nacless,
This photograph was made in 1929, four vears after he had pablished his second uation.

change our picture of the vacuum, but
change it in @ wav that is not unaceept.
able to the expedmental physicist. Tt hus
proved dificult to continue with the
theory, becanse one would need to set up
mathematically the uncertainty relations
tor the ether and so far some satisfactory
theory along these lines has not been dis-
covered, If it could be nlm'-.-lu;xw.l sulic
factarily, it would give rise to a new kind
of ficld in physic al thrm\ which maght
help in mplunm" some of the elemen
taary [).mu Jos

\nnlhcr pessible picture T shoald like

to mention concems the pueesbon of
why all the electric charyes that are ob
served in nature should be mmltiples of
one clementary wnit, ¢, Why does one
not have & continuous -lx\tn"mlinn of
(h.ll’"t ocournng m nat ture “n ]n( {ure
I propose goes back to the idea of
Faradav lines of force and nn-»‘\r\ a
deve lnpr went of this idea. The Faradin

lines of foree are a wav of picturmg elec-
tric fickds. If we have an electric field in
any region of space, then according to
Faraday we can draw a set of lines that
have the direction of the electric field.
The closeness of the lines to one another
gives a measure of the strength of the
hield—they are cluse where the field i
strong and less dose where the field is
weak., The Farad: wy lines of force give
us a good picture of the clectric fie ld n
xluw al theory,

When we g0 over to quantum theory,
we bring o kind of discretencss into our
basic picture, We can suppose that the
continuous distribution of Faradav lines
of Toree that we have in the classical pic
ture is replaced by just o few discrete
lines of force with 5o Jlines of torce be
tween them.

Now, the lines of force in the Farada
picture end where there wre charges.
Theretore with these quantized Faraday
Hunes of loree it wonkd be reasonable to
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annaee the chuiroe s ed with each
hine. which has to lie at the ead st the
line of force has an end, is alwavs the
same (apart from its sign . and is al-
wavs just the clectronic charge. ooor

. This Teads us ta a pictare ol Jdiscrete
Faradav lines of foree, cach associated
with a charge. — ¢ ar + ¢, There s i
rection attached to exch line, so that the
ends of 2 line that has two ends are vol
the same. and there is a charge + ¢ at
¢ ut the other.
We may have lines of foree extending to

one end and o charge

imfinity, of course, and then there is no
-.'In;ugv.

Il we suppose that these discrete
Faradav Jines of force are something
basic in physies awd Jie at the bottom of
awr picture of the electromagnetic field.
we shall have an explanation of why
charges always occur 1n multiples ot e.
This happens becanse it we have any
particle with some lines of force ending
on it. the number of these lines must be
a whole munber. In that way we get
a picture that is -!l|;x|it;wti\'t'l\ (uite rea-
sonable.

We suppose these lines of force can
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meve ahont, Some of them. torming
clasedd loops ol sty extendngd from
misus infinity to infinity, will cor vesponcd
to electromammetic waves Others will
have ends. and the ends of these lines
will be the charges. We may have a line
of foree sometimes breaking. When that
happens, we have two ends appeanng,
andl there must be charges at the two
endds. This pmu'.\s—tlu‘ breaking of a line
of foree—would be the picture for the
ereation of an electyon (¢ ) and a posi-
tron (e 1. It would be guite a reason
able Exi--lnu'. ane if one could |,|('\'('l();) it,
it wonld provide a theory in which ¢
APpeRrs as i hasic quantity. 1 have not
vet found any reasonable svstem of equa-
lions of motion for these lines of force,
and so I just put forward the idex as a
possible physical picture we might have
in the future,

There is one verv attractive feature
in this picture. It will quite alter the
discussion of renormalization. The re
normalization we have in our present
(uantum dlectrodvnamics comes from
starting off with what pn)plc call a bare

ectron—an electron without a charge

\ introdueed matrix mechanies, which. like the Schreo-

dinger theory, 2ccounted for the motions of the electron. This photograph was made in 1929,

(]
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an it. At a cortain stage in the ”""""."m.-
DUINES e e Cciarge aad Puts o gy the

clectron, thereby making the elevtrgy
interact with the electromagnetic M
This brings a perturbation into the e,
tions and causes a change in the mass of
the electron, the Am, which is tg he
added to the previous mass of the ¢leg.
tron, The procedure i rather roundaboy
because it starts off with the unphasicg
concept of the bare electron. Probably i
the improved physical picture we shay
have in the future the bare electyon wil)
not exist at all.

Noaw, that state of aftuirs i just whag
we have with the discrete Tines of faree,
We can picture the lines of force g
strings, and then the electron in the pic.
ture is the end of a string. The string jt.
welf 15 the Coulomb force around the
clectron. A bare electron means an clee-
tron without the Coulomb foree around
it. That is inconceivable with this
ture, just asit s inconeeivable to think of
the end of 2 piece of string, without think.
ing of the string itself. This, | think, is the
Lind of way in which we should try to
develop our physical picture—to bm{g in
ideas that make inconceivable the thio&)
we do not want to have. Again we havez
picture that looks reasonable, but 1 have
not found the proper equations for de-
\vlhlnu;_' it.

I might mention o third picture with
which I have been dealing lately. It
invelves departing from the picture of
the electron as a point and thinking of
it us % kind of sphere w ith a hinite size.
Of course, it is really quite an old Klea
o ]m'lulv the electron as a splu-w, bl}t
previously one had the difficulty of dis
cussing a sphere that is subject to ac-
ecleration and to irregular motion. It
will get distorted, and how 18 one to deal
with the distartions? 1 propose that one
should allow the clectron to have, m
general, an arbitrary  shape and size.
There will be some shapes and sizes @
which it has Jess energy than in others,
and it will tend to assume A spherical
shape with a cortain size in which the
clectron has the least energy.

This picture of the extended electron
has been stimulated by the discovery of
the mu mesen, or muon, One of the xle"i|
particles of physics. T he muon has the,

surprising property of being abmost lden'j
tical with the electron except in oné
p:\nin:n\:lr nagncly, its miass s some 200
times freater than the mass of the cles-
tron. Apart from this disparity in mass
the muon is remarkably simikar to the
Sectron, having, to an extremely Ligh
degree of accuracy, the same spin

the same magnetic moment in Propes:
tion to its mass as the electron does. Thi



Lads to the suggestion that the muon
oadd be looked on as an excited clec-
1f the electron is a point, picturing
4w it can be excited becomes guite
awkward. But if the clectron is the mast
gtable state for an object of finite size,

stable state in which the object under-
s 2 kind of oscillation. That is an idea
1 have been working on recently. There
are difficulties in the development of this
ez, in particular the difficulty of bring-
g in the correct spin.
‘ have mentioned three possible wavs
in which one might think of develop-
g our physical picture. No doubt there
be athers that other people will
think of. One hopes that sooner or later
someane will find an idea that really fits
and leads to a big development. 1 am
Cmther pessimistic about it and am in-
dlined to think none of them will be good
‘emouph. The future evolution of basic
psics—that ks to say, a development
that will really solve one of the funda-
mental problems, such as bringing in the
pental length or calenlating the
mato of the masses—may require some
) move drastic change in our phvsi-
tal picture. This would mean that in our
tsent attempts to think of a new physi-
picture we are selting onr imagina
tons to work in terms of inadequate
scal concepts. If that is veally the
, how can we hope to make progress
in the future?
- There is onc other line along which
cn still proceed by theoretical
eans. It seemns to be one of the funda-
features of nature that funda-
physical laws are described in
s of 4 mathematical theory of great
¥ and power, needing quite a high
Mandard of mathematics for one to un-
erstand it. You may wonder: Why is
constructed  along these lines?
can only answer that our present
lge seems to show that nature is
onstructed. We simply have to aceept
One could perhaps deseribe the situa-
5 by saving that Cod is a mathema-
ean of 4 very high order, and He used
i¥ery advanced mathematics in construct-
the universe. Our feeble attempts at
thematics ¢nable us to understand a
b of the universe, and as we proceed
’b d"“'lop higher and higher mathe-
% we can hope to understand the
'_ verse hetter,
5 view provides ws with another
¥ i which we can hope to make ad-
S i our theories. Just by studving
fematics we can hope to make a
B8 at the Lind of mathen
-‘-l{ Suane into the physics of the future.

the muon might just be the next most -

LINES OF FORCE in an electromugnetic feld, if they are assumed 10 be diserete in the

quantum theory, suzgest why electrie charges always eccar in maltiples of the charge of the
elecaron. In Dirse's view. when o line of foree hos two ends, there i« a particle with charge
— ¢, perhaps an electron. at one end and & particle with charge 4 e, perhape a positeon, at
the other end, When a closed line of foree is broken, an vlectron-positron pair materializes,

A good many prople are working on the
mathematical basis of quantum theory,
trying to understand the theory better
and to make it more powerful and more
beautiful. If someone can hit on the
right lines along which to make this de-
velopment, it may lead to a future ad-
vance in which people will first discover
the equations and then, after examining
them, gradually learn how to apply
them. To some extent that corresponds
with the line of development that oc-
enrred with Schridinger's discovery of
his wave equation. Schriodinger discov-
eredd the equation simply by looking for
an oquation with mathematical beauty,
When the equation was first discovered.
people saw that it fitted in certain ways.
but the general principles according to
which one should apply it were worked
out only some two or three vears later. It

may well be that the next advance in
] | | 1 1 N

ety e

lincs: people first discovering the evgua-

tioms and then needmg a few years of
development in order to find the physical
wleas behind the equations. My own be-
lief is that this is a more likelyv line of
progress than trving to guess at phyvsseal
pectures.

Of course, it mav be that even this line
of progeess will fail, and then the only
line left is the experimental one. Experi-
mental physicists are continuing then
work quite independently of theorv, col-
Teeting a vast storchouse of information
Sooner or kater there will be a new
Heisenberg who will be able to pick out
the important features of this informa-
tion and see how to use them ina wav
similar to that in which Heisenberg wsed
the experimental knowledge of spectra
to build his matrix mechunies. 1t is in-
evitable that physies will develop ulti-
mately along these lines, but we may
have to wail quite a long time il people

. AR (T ‘ . L 1"
the theoretical side.




