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Another Dover classic on scientific method,

philosophy of science!

This is an expanded version of a famous address given by Max

Born, Nobel Prize Winner, at King's College, Newcastle-on-

Tyne, in 1943. It examines the nature of experiment and

theory in theoretical physics, discussing conflicting opinions

as to their relative values, weight, claims. It then analyzes

in detail the two types of theoretical scientific advance:

synthetic and analytical, showing that each is really based

firmly upon experimental data.

Dr. Born also offers careful analyses of actual theoretical

and mathematical advances made by the great physicists of

our day: Einstein, Heisenberg, Bohr, Planck, Dirac. and

others. These analyses are not mere inference (as might be

the case with a historian standing outside the field of physics),

but are analytical narrative, with scientific background, of

the actual idea-flights as they occurred, as witnessed by a

participant. A special discussion then follows of the a

priori theories of Eddington and Milne, in which each is

examined in terms of validity of scientific method.

This modern classic is invaluable to anyone interested in

either theoretical physics in its widest application, or in sci-

entific method, the psychological logic of science, or the

creative process in science.

44pp. 5 3/8 x 8. Paperbound.
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EXPERIMENT & THEORY

IN PHYSICS
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This new Dover edition, first published

in 1956, is an unabridged and unaltered

republication of tiie original 1943 edition.

It is published through special arrange-

ment with the Cambridge University

Press.

Manufactured in the United States of America
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-2/3/7"

NOTE

This paper represents in a slightly expanded

form an address given to the Durham Philo-

sophical Society and the Pure Science Society,

King's College, at Newcastle-upon-Tyne on

21 May 1943
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EXPERIMENT & THEORY

IN PHYSICS
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EXPERIMENT e> THEORY

IN PHYSICS

IT is natural that a man should consider the work of his

hands or his brain to be useful and important. There-

fore nobody will object to an ardent experimentalist

boasting of his measurements and rather looking down

on the 'paper and ink' physics of his theoretical friend,

who on his part is proud of his lofty ideas and despises

the dirty fingers of the other. But in recent years this

kind of friendly rivalry has changed into something

more serious. In Germany a school of extreme experi-

mentalists, led by Lenard and Stark, has gone so far

as to reject theory altogether as an invention of the

Jews and to declare experiment to be the only genuine

'aryan' method of science. There is also a movement in

the opposite direction whichâ€”though not racialâ€”is not

much less radical, claiming that to the mind well

trained in mathematics and epistemology the laws of

Nature are manifest without appeal to experiment. Two

distinguished astronomers, Milne and Eddington, follow

this philosophy, though it seems to lead them in rather

different directions.

It is not my purpose here to discuss any of the fasci-

nating theories of these men; but I wish to direct your

attention to Eddington's philosophy, which proclaims

the triumph of theory over experiment. I am a theo-

retical physicist (of Jewish origin) and might be ex-

pected to rejoice in this philosophy. But I do not

rejoice.

: I

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r@

u
cs

b
.e

d
u
 (

U
n
iv

e
rs

it
y
 o

f 
C

a
lif

o
rn

ia
, 
S

a
n
ta

 B
a
rb

a
ra

) 
o
n
 2

0
1

2
-0

4
-1

1
 2

3
:5

1
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
6

5
6

6
1

5
6

6
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



On the contrary, I consider these ideas to be a con-

siderable danger to the sound development of science. It

is this conviction which has induced me to accept your

suggestion of this difficult subject. However, I do not

wish to argue with Eddington on deep philosophical

principles, nor to compete with him in his unsurpassed

mastery of dialectics in controversy. What I wish to

show you in a simple way is the mutual relationship

between theory and experiment in the actual historical

development of science, and to offer a balanced opinion

on the present situation and future possibilities.

But even this modest programme is not easy, because

of the fact that an active scientist has little time to spend

on the history of science. I have read very little, far too

little, of the original literature, and the greater part of

my knowledge is second-hand, taken from textbooks,

handbooks and encyclopaedias. There are, however,

two encouraging points. I know a few of the great

classical masterpieces of mathematics and physics,

enough to be certain about the historical and personal

background on which they have grown. And secondly,

I am old enough to say that in my own lifetime I have

watched the development of modern physics, which

means a very considerable part of the whole of physics.

It seems to me that this provides sufficient material to

form an opinion.

Scanning the history of science we notice a kind of

cycle, periods of experimental expansion alternating

with periods of theoretical development. Theories have

a tendency to become more and more abstract and

general. They culminate in principles which are first

opposed by the philosophers, but later assimilated. As
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soon as they have become a part of a philosophical

system there begins a process of dogmatisation and

petrification. This feature is already noticeable in the

oldest quantitative sciences, mathematics and astro-

nomy. There is no doubt that the first geometrical

knowledge discovered by the Sumerians, Babylonians

and Egyptians was purely empirical. The Greeks dis-

covered the logical interdependence of geometrical

facts and founded the first deductive science as formu-

lated in Euclid's work. If you are a modern mathema-

tician you can of course look at geometry as a product

of pure thinking, taking the axioms and postulates as

definitions and the whole system as an entertaining

game. But that is certainly not what the Greek philo-

sophers meant their geometry to be: they believed they

were dealing with properties of real things. The fact

that the predictions of their theories were confirmed by

experience in all cases led to the conviction that the

axioms of Euclidean geometry contain final truth.

The Euclidean system has lived 2000 years. It has

survived the decline and fall of the Graeco-Roman

civilisation, and all the later upheavals of history. It

went through all phases of more or less conscious

dogmatisation. Even after the dawn of the modern

scientific age with its critical revision of traditional

opinions the actual validity of Euclid's statements was

not doubted, but its possibility was made the object of

philosophical speculations. Kant took it for granted

that we have some direct and exact knowledge about

certain thingsâ€”space, time, causality, etc.â€”and ex-

plained it by the assumption that actually we have to

do not with the things themselves, but with the forms

3
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of our intuition of these things. It is plausible that

these forms of thinking are given to us a priori, that is

prior to experience. Kant's main example of a priori

knowledge were the theorems of geometry, ipso verbo

understood to mean Euclid's canon.

The idea that we can produce knowledge a priori has

its roots in the historical fact of the persistence of Greek

geometry, which was replaced by a more general theory

only in our own time. The real reason for the longevity

of Greek geometry is the accuracy with which it describes

the behaviour of bodies in our terrestrial surroundings.

The first doubts were raised not on account of experi-

mental evidence, but on logical grounds. Some mathe-

maticians found one of Euclid's axioms, that about

parallel lines, less evident than the others and began to

wonder whether it could not be proved from the rest.

All efforts to do this were in vain, and in the end the

attempt was made (first by Gauss, but not published;

then independently by Bolyai and by Lobachevsky) to

prove the independence of the axiom of parallels by

constructing a system of geometry in which it did not

hold. These constructions of non-Euclidean geometry

were successful. Gauss even made measurements in

order to find out which geometry is valid in the real

world. He and his successor Riemann clearly realised

the empirical character of geometry. Riemann created

the mathematical foundations on which Einstein, in

our own time, succeeded in reducing geometry to a

part of physics by his general theory of relativity.

The history of astronomy is parallel to that of geo-

metry with the difference that some of the Greek philo-

sophers already had clear ideas about the spherical
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shape of the earth, the central position of the sun in

the planetary system and about the real distances be-

tween its members, ideas which were lost or suppressed

in the dark ages. The Church had accepted Greek

philosophy and science in the form given to it by

Aristotle and Ptolemy. Looking at this historic pheno-

menon from our point of view we may say that the

stagnation of science in the middle ages is due to an

excessive veneration for the mind as opposed to material

phenomena, leading to a preference for theoretical

speculation rather than experiment.

Indeed, the beginning of modern science in the

Renaissance consisted in a new philosophy, which con-

sidered systematic experiment to be the main source of

knowledge. Francis Bacon was its prophet, Galileo and

Newton its real founders. Scholastic philosophy was

already assailed by Descartes and other philosophers,

who used mainly logical and metaphysical arguments;

the theories of the Universe of these rationalists, how-

ever, seem to us unconvincing, as they are not based

on sufficient evidence of observation or experiment.

For the essential distinction between our time and the

middle ages consists in the renunciation of tradition

and the establishment of experience as the true source

of knowledge. The Renaissance meant not only the re-

discovery of Greek literature, but a revival of the Greek

spirit, of the sceptical and at the same time constructive

attitude of Greek philosophy. Then the method of in-

ductive reasoning was established, which leads from

single observations to general laws. This method itself

can be made an object of philosophical analysis; it is

clear that it presupposes not only a fundamental belief
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in the existence of natural laws, but also criteria for

distinguishing genuine regularities from accidental ones,

and other principles of this kind. But I cannot dwell

on these abstract problems. I only wish to state that

the revolution which replaced scholasticism by modern

science has dethroned the deductive method from its

dominating position and put it in its proper place. Both

Galileo and Newton were absolutely clear about the

inductive character of the new philosophy; the theories

which they formed by synthesis of experimental results

were used for suggesting new experiments, and if these

tests were favourable the theory was considered as con-

firmed. That is the legitimate method of science, a

blending of deduction and induction, which is described

in innumerable textbooks. But it is not the whole

story.

Galileo and Newton were both anxious to avoid

metaphysical speculation (hypotheses non Jingo). But a

short time later, when the laws of mechanics were fully

known, we find attempts to derive them from prin-

ciples which by their formulation suggest some non-

empirical origin. The most successful of these principles

is that of least action. Maupertuis was certainly led

to it by a ideological idea; Nature was supposed to act

like a human being, with a definite purpose which it

tries to attain with the smallest amount of 'action'

possible. Why the mathematical expression which he

gave for this action should be so dear to Nature as to

be spent parsimoniously is of course difficult to explain.

We know to-day that the actual motions do not corre-

spond to real minima of action except for short time

intervals, but to stationary states, and we consider the

6

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r@

u
cs

b
.e

d
u
 (

U
n
iv

e
rs

it
y
 o

f 
C

a
lif

o
rn

ia
, 
S

a
n
ta

 B
a
rb

a
ra

) 
o
n
 2

0
1

2
-0

4
-1

1
 2

3
:5

1
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
6

5
6

6
1

5
6

6
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



principle of least action only as a very useful and

powerful tool for condensing complicated differential

equations in a short expression.

The power of this principle, in the form given to it

by Hamilton, is seen by the fact that not only classical

mechanics of particles and rigid bodies, but also elas-

ticity and hydrodynamics, electromagnetism and all the

modern field theories connected with ultimate particles

(electron, proton, meson) can be formulated with its

help. To give an example, let us consider electro-

magnetism.

For this purpose assume the existence of a scalar

potential 0 and a vector potential A, and introduce

for the sake of abbreviation the vectors

Â£=-grad<Z,--^, H=curlA. (1)

c ot

Then the principle of action for electrodynamics in

empty space is given by

o, (2)

where dv is the element of volume and the integration

is extended over the space and time considered, while

the symbol S means a small variation of the potentials.

The results of this variation are conditions in the form

of differential equations, and these turn out to be Max-

well's equations

i dE . â€ž i dH . .

for empty space, provided E and H are interpreted as

the vectors of the electric and magnetic field.
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The variational principle has something convincing

in the way it condenses a great domain of phenomena

in one short expression, and this perfection is further

enhanced if it is considered with the eye of the mathe-

matician, who has learnt the principle of relativity and

knows that E and H together form a so-called six-vector

having definite transformation properties for changes

of the frame of reference, i.e. Lorentz transformations

of space and time. For there exist only two invariants,

E2 â€” Hz and (E.-H)*, and as the electrodynamic action

must be invariant, it can be only a function of these;

add to this the postulate that the resulting equations

ought to be linear, then the action must be quadratic,

and you are led directly to the expression given above.

This seems to be straightforward reasoning from first

principles. Given the knowledge and the penetrating

brain of our mathematician, Maxwell's equations are

a result of pure thinking and the toil of experimenters

antiquated and superfluous.

I need hardly explain to you the fallacy of this stand-

point. It lies in the fact that none of the notions used

by the mathematicians, such as potential, vector poten-

tial, field vectors, Lorentz transformations, quite apart

from the principle of action itself, are evident or given

a priori. Even if an extremely gifted mathematician

had constructed them to describe the properties of a

possible world, neither he nor anybody else would have

had the slightest idea how to apply them to the real

world. The problem of physics is how the actual phe-

nomena, as observed with the help of our sense organs

aided by instruments, can be reduced to simple notions

which are suited for precise measurement and used for
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the formulation of quantitative laws. It was a long way

from the first observation of simple electric phenomena,

like the attraction of small particles or the observation

of small sparks, to the concept of electric field and

potential, a still longer way to the interaction of these

with the corresponding magnetic forces, and to the

system of Maxwell's equations connecting them.

When I was a student, forty years ago, the idea of

the field in vacua was extremely strange to us, assimilable

only with difficulty. From this point to the full develop-

ment of relativity with its formal apparatus of Lorentz

transformations, its invariants, covariant vectors and

tensors is again a long and tedious journey. The rela-

tivisation of time was forced upon us: Einstein's paper

was later than the experiments of Michelson and

Morley, and even Lorentz himself was reluctant to give

up his absolute stationary ether and to accept the

equivalence of different times admitted by his trans-

formations.

The order of historical events clearly shows the true

position of the variational principle: It stands at the

end of a long chain of reasoning as a satisfactory and

beautiful condensation of the results. It may even have

helped to find these results (though I doubt it in this

case of electromagnetism). But it has little to do with

the formation of the fundamental new concepts which

are the characteristic feature of electrodynamics. The

revolutionary conception which distinguishes electro-

dynamics from classical mechanics is that of the field.

One can see in Faraday's work how it sprang from his

observations of dielectric, paramagnetic and diamag-

netic properties; but it needed Maxwell's powerful
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mathematics to formulate it. However, that was not

mathematics pure and simple, but an amazing act of

divination. The facts known at the time would have

led (for the vacuum) not to the complete set of equa-

tions (3), but instead of the first one to

curlH=o.

Maxwell's decisive step consisted in adding the missing

T f)P*

term - -=- without proper empirical foundation, first

c ot

guided by mechanical models of the ether, later by

reasons of mathematical perfection or beauty, or how-

ever you may describe the act of genius. It is this term

which leads to the prediction of waves with the finite

velocity c, to the electromagnetic theory of light, to wire-

less and all that modern radio-engineering stands for.

Indeed this is a brilliant example of the possibilities

which exist for the theoretical physicist: he can trace

deficiencies in the perfection of a theory and can try

to amend them by what you may call 'mathematical

guessing'. If he is successful, if the modified theory

predicts phenomena confirmed by new experiments, we

may call these 'synthetic' predictions. This kind of

prophecy is rarer but much more impressiveâ€”at least

in my opinionâ€”and generally of much greater im-

portance than the normal ' analytical' type of scientific

prophecy based on well-established theory. Of the

latter kind there are so many examples that it is diffi-

cult to pick out a characteristic one. They happen in the

everyday life of a physicist or engineer who designs an

apparatus and expects it will work 'according to plan'.

If you enter a room and you see the head and body

10

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r@

u
cs

b
.e

d
u
 (

U
n
iv

e
rs

it
y
 o

f 
C

a
lif

o
rn

ia
, 
S

a
n
ta

 B
a
rb

a
ra

) 
o
n
 2

0
1

2
-0

4
-1

1
 2

3
:5

1
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
6

5
6

6
1

5
6

6
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



of a man behind a desk you are sure that he will have

legs though you do not see them, and you are not

astonished if it turns out that you have been right with

this prediction (alas, you may be wrong, he may be

a cripple). Well, that is exactly what happens in the

ordinary course of science, with the only difference that

the shapes, not observed but to be expected, are less

obvious than that of the human body and have to be

deduced by some calculation.

On the other hand what I mean by a synthetic pre-

diction can be illustrated by the remote side of the

moon, which is invisible like the legs of the man behind

the desk. Let us assume that, at the time when the

spherical shape of the visible part of the moon was dis-

covered, there was a school of philosophers who insisted

that you have always to make the simplest assumption

and that a plane is the simplest surface. Then the

astronomers would have declared that the moon is a

hemisphere with a plane back, in perfect agreement

with the then available observations. However, under

the influence of other experiences, the ideas of what is

simple change. One day a man found that the circular

edge where sphere and plane meet was against his idea

of simplicity, and that a complete sphere was a more

perfect surface. I shall not report to you the protracted

and violent discussions about the philosophical idea of

perfection and simplicity which ensued and led, at the

time of the Surfaceist Government, to the trial of the

modernist before the inquisition and his burning at the

stake. But some time later new observations disclosed

the existence of little oscillations of the moon which

make small parts of the invisible side visible and show the
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absence of the edge, the continuity of the surface. Now,

the new theory was generally accepted, and its author

celebrated as a martyr of truth; and when the moderate

Moon-sheviks were overcome by the radical Ball-

sheviks, it became dangerous to deny that the moon

was a perfect ballâ€”although still nobody had seen the

more central parts of the remote side.

Maxwell's addition of the missing term is just such

a smoothing out of a roughness of a shape, though this

shape is here a mathematical structure of a more refined

type than a sphere.

Allow me to enlarge a little on this conception of

shape which I have used. What I mean is that idea

which modern psychologists (von Ehrenfels, Koehler,

Wertheimer and others) have introduced under the

German term 'Gestalt' in order to describe the ele-

mentary processes connected with the perception of

sense impressions. The experimental fact is that simul-

taneous sense impressions are not independent of one

another, like a mosaic, but form a psychic unit of a

definite shape. You do not see coloured specks and

compose them by a secondary process, but you see the

man behind the desk. A good example of a shape is

a melody; it is heard together with the component

tones, but is obviously more than these component

tones. It is a favourite idea of mine that the question

'what is the reality described by the formulae of theo-

retical physics ?' can be answered by applying the same

conception with the supplementary remark that the

'shapes' of physical things are the invariants of the

equations. These have the same kind of realityâ€”I

mean: objective reality in the external world, as any

12
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shape of familiar things, for instance that of the human

body. And I cannot see that analytic prediction in

science differs much from the everyday procedure with-

out which we could not live, whereby we expect that a

shape recognised by a few criteria is complete with all

other properties characteristic for it. A synthetic pre-

diction, however, is based on the hypothetical state-

ment that the real shape of a partly known phenomenon

differs from what it appears to be. If confirmed by

experiment it produces new knowledge, and although

hypothetical it is a legitimate method. But its success

depends in a high degree on intuition and can hardly

be learnt.

I think that this distinction is useful in order to

appreciate the value of scientific discoveries. Let us

illustrate it by a few examples.

One of the most celebrated cases is the discovery of

the planet Neptune by Galle according to the theore-

tical predictions made by Adams, and independently

by Leverrier, on the basis of small perturbations in the

motion of other planets. This was an admirable feat

of mathematical skill and endurance, and of confidence

in the results. But without minimising these one can

say that it did not widen the scope of theory; it was an

analytical prediction, an application of the well-known

shapes of Newtonian mechanics.

Very similar is the situation with respect to the cele-

brated prediction of conical refraction by Hamilton,

which is often quoted as an example of the power of

theory. I do not in the least deny this power. But there

is no doubt that this discovery was based on a given

theory and consisted in the skilful unravelling of the
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involved properties of Fresnel's wave surface. From the

standpoint of the classification suggested it belongs to

the analytical class.

It is quite different with Einstein's prediction of the

deflection of light by the sun derived from his theory

of general relativity. For this theory is a fundamental

generalisation of Newton's theory. I wish to use this

example to show you that if Einstein guessed he had a

very solid basis for his guessing in physical facts, so that

it is justifiable to use the word 'synthesis' for it. The

act of scientific imagination consists in divining the im-

portance of a fact which in this case was known from

Newton's own time, but had failed to excite the curiosity

of many generations of physicists. This fact is the pro-

portionality between mass measured by inertia and mass

measured by gravity which was assumed by Newton

and later confirmed by Bessel, Eotvos and others with

an extremely high degree of accuracy. The problem of

explaining this was beyond the reach of Newton and

his successors; but the strange thing is that it did not

strike these successors for two centuries as a problem

at all. The possibility of a solution depended on a long

sequence of research: the replacement of the idea of

force acting at a distance by the conception of a field

spreading with finite velocity; the establishment of

linear relativity, and last but not least the hypothetical

generalisations of Euclidean geometry by Gauss, Rie-

mann, Ricci, Levi-Civita and others. All this was

needed, and it was focused in Einstein's mind by the

riddle of the two aspects of mass. The new theory is a

gigantic synthesis of a long chain of empirical results,

not a spontaneous brain wave. General relativity ex-
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presses physical laws in a geometrical language and at

the same time makes geometry into a part of physics.

It has an a priori appearance in a similar or even higher

degree than Euclid's geometry. This is due to its

mathematical perfection, without which we would not

acknowledge it as a theory at all. But if we feel so

satisfied that we consider it as final we are wrong. It

soon turned out that general relativity was not final.

It did not help in understanding the nature of matter,

the existence of different ultimate particles and fields.

Generalisations have been attempted by Einstein him-

self, by Weyl, Eddington, and others. But the chance

of a correct guess seems to be small. So far nothing

definite has come out of it apart from the fact that there

is ample scope for possible theories beyond Einstein's

original model.

Let us now consider the other fundamental branch

of modern physics, quantum theory. It was preceded

by a series of experimental discoveriesâ€”cathode rays,

X-rays, radioactivity, etc.â€”many of which have later

turned out to be beyond the power of classical mechanics

and electrodynamics. But none of them led directly to

the discovery of the quantum of energy; you know that

Planck (in 1900) was driven to itâ€”I should say 'in

despair'â€”by the failure of the classical laws to account

for the properties of radiant heat. He discovered his

radiation formula by an interpolation of semi-empirical

laws for very long and very short waves, and after-

wards tentatively suggested his interpretation in terms

of finite quanta of energy. The long period of twenty-

five years before the appearance of quantum mechanics

is characterised by the accumulation of more and more

'5
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empirical evidence for the reality of this quantum and

of the complete inadequacy of the classical concepts to

deal with it. I can mention only some outstanding dis-

coveries: Einstein's explanation of the photo-electric

effect; his theory of specific heat of solids; Bohr's inter-

pretation of Ritz's combination principle in line spectra

and its experimental verification by Franck and Hertz,

followed by Bohr's general theory of atomic structure

and of the periodic table of elements; the Compton and

the Stern-Gerlach effects; the disentanglement of band

spectra and the discovery of quantum rules in them;

and innumerable others. The vague ideas about the

quantum became clearer with each new discovery;

small modifications of the fundamental principles would

not do, but a thorough revolution was in the making.

Quantum mechanics which was the result of this

process has two apparently independent roots, matrix

mechanics and its generalisations (Heisenberg, Born,

Jordan, Dirac) and wave mechanics (de Broglie,

Schroedinger). Before discussing these ideas from the

standpoint of physics let me say a few words about the

mathematical tools. Both aspects of quantum mechanics

are in a large degree based on the work of Hamilton.

This is often acknowledged for wave mechanics; Hamil-

ton prepared the way by disentangling the relation

between geometrical optics and wave theory, and by

demonstrating the close analogy between Fermat's

principle in optics and Hamilton's own formulation of

the principle of least action in dynamics. But the other

form of quantum mechanics, which is characterised by

the use of matrices and operators, must also be traced

to a fundamental conception of Hamilton's. We cele-
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brate this year the centenary of Hamilton's invention

of the quaternions, the first example of non-commuting

algebra. This colourless expression does not stir the

imagination as does the phrase non-Euclidean geo-

metry, which clearly indicates the break with an ancient

tradition of thought and the dawn of a new epoch.

But Hamilton's work marks a turning-point of the same

order of magnitude. He tried to generalise the presenta-

tion of vectors in a plane by complex numbers z=x + iy

to vectors in space. The idea was to have an analytical

counterpart to geometrical constructions (for instance:

the 'geometrical sum' of two vectors a, b is represented

by the analytical process a + b).

Hamilton found a natural generalisation of the

ordinary complex numbers, having 4 terms (quater-

nions), for which all laws of algebra are valid except

one, the commutative law of multiplication: ab differs

from ba. This was the beginning of modern algebra,

which can be rightly compared with Riemannian geo-

metry in its influence not only on mathematics but on

physics as well. The quaternions themselves have not

been as fertile as Hamilton and some of his enthusiastic

pupils had hoped. A more general construction,

Cayley's matrices, have proved to be the versatile tool

for countless mathematical and physical investigations.

I learned their use as a young student (Rosanes and

Minkowski were my teachers in algebra) and I have

applied them to different problems of theoretical physics

(for instance in the lattice theory of crystals). So I had

the good luck to recognise Heisenberg's symbolic multi-

plication (which I shall discuss presently) as an example

of the well-known matrix calculus, and to be the first,

'7
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as far as I know, who ever wrote down a strange equa-

tion like pq â€” qp = A/2 iri (published jointly with Jordan),

in which the non-commuting symbols are true repre-

sentatives of physical quantities (coordinate q and

momentum />). Almost simultaneously Dirac established

non-commutative mechanics in a very general and

satisfactory form. To-day the whole of theoretical physics

is based on these mathematical methods.

It is often said that it was a metaphysical idea which led

Heisenberg to the principle of matrix mechanics, and this

statement is used by the believers in the power of pure

reason as an example in their favour. Well, if you were

to ask Heisenberg, he would strongly oppose this view.

As we worked together I think I know what was going

on in his mind. At that time we were all convinced

that the new mechanics must be based on new concepts

having only a loose connection with classical concepts,

as expressed in Bohr's postulate of correspondence.

Heisenberg felt that quantities which had no direct

relation to experiment ought to be eliminated. He

wished to found the new mechanics as directly as

possible on experience. If this is a 'metaphysical'

principle, well, I cannot contradict; I only wish to say

that it is exactly the fundamental principle of modern

science as a whole, that which distinguishes it from

scholasticism and dogmatic systems of philosophy. But

if it is taken (as many have taken it) to mean the

elimination of all non-observables from theory, it leads

to nonsense. For instance, Schroedinger's wave func-

tion ty is such a non-observable quantity, but it was

of course later accepted by Heisenberg as a useful

concept. He stated not a dogmatic, but a heuristic

18
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principle. He found by an act of scientific intuition

the spurious conceptions that have to be eliminated.

I shall try to describe this.

According to Bohr, the electrons move in orbits

around the atomic nucleus similar to those of the planets

around the sun. Classical mechanics uses the method

of Fourier to describe such quasi-periodical motions;

each coordinate is analysed into a sum of harmonic

motions, the first of which has a frequency i>1} the

fundamental, the following ones multiples of it, vz = zvly

vt = 3vi>'"> the overtones.

The line spectra of atoms, however, show no trace

of these harmonics, vn = nv^. Instead they obey a rule

discovered by Ritz. All frequencies in a spectrum can

be expressed with the help of a set of'terms' Tlt 7~2, ...

in the form vnm= Tnâ€” Tm; they form therefore a quad-

ratic array with two indices

"12

The experimental spectroscopists used to arrange their

measurements of groups of lines, so called multiplets,

in such arrays, and it seems strange now that these

never suggested the idea of a matrix to a mathemati-

cally trained physicist. But it did not happen this

way. The actual progress was much more indirect and

based on much more evidence. First came Bohr's

identification of the terms Tn with the energy values

of stationary states by applying Planck's law in the

form En = hTn. Then followed a long series of con-

siderations deriving quantum formulae from classical
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ones by a kind of mathematical guessing, guided by

correspondence (Bohr, Heisenberg and Kramers, Born).

These formulae, well confirmed by experiment, sug-

gested to Heisenberg the idea that these quantum

formulae could be expressed by a kind of symbolic

multiplication; the clue to this formalism is the remark

that from Ritz's rule there follows the additive com-

bination law of frequencies,

hence the multiplicative combination rule for the ampli-

tudes

This leads at once to Heisenberg's multiplication, which

was soon identified with the well-known matrix calculus

(Born and Jordan). The first confirmation of the new

theory and its generalisations (Dirac's ^-numbers,

Schroedinger's operators) was found in the identity

of the results in simple cases with the formulae pre-

viously obtained by correspondence.

It was therefore an essentially inductive line of

reasoning which led to the most abstract theory known

in physics, where observables are represented by non-

commuting quantities (matrices or operators) and their

numerical values by their latent roots or eigenvalues.

Quite different was the origin of wave mechanics.

The corpuscular character of cathode rays seemed to

be finally settled by J. J. Thomson's experiments and

nobody expected that they could be made to produce

interference fringes. De Broglie's association of waves

with corpuscles is therefore rightly considered as a

triumph of intuition. But here also the empirical foun-
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dations are quite clear: Special relativity had shown

that

(1) the three components of momentum p and the

energy e form a 4-vector, i.e. have certain definite

transformation properties;

(2) the three components of a wave vector (a vector

in the direction of the wave normal of length k = 1/A,

where A is the wave-length) and the frequency v also

behave like a 4-vector;

(3) Planck's quantum theory, meanwhile well estab-

lished by experiment, states that with every energy e

there is associated a frequency v such that e = hv.

These facts strongly suggest that with any particle

there is associated a wave whose wave vector is parallel

to the momentum of the particle and satisfies p = hk.

This is de Broglie's law. He studied the consequences

for plane waves and indicated the interpretation of

Bohr's quantum conditions with the help of standing

waves. But what did he predict? As far as I know,

nothing. Then were the interference fringes of cathode

rays discovered experimentally? There is no truth in

this either. The real facts are these: Directed by a

remark of Einstein, my colleague Franck and I pondered

about the meaning of de Broglie's waves. One day

I received a letter from Davisson in America, con-

taining accounts of measurements on the reflexion of

electrons by nickel crystals with the question whether

we could make sense of the strange maxima and minima

of his curves. How it came that we connected these with

de Broglie I cannot remember in detail. Some remarks

by Einstein had something to do with it; also considera-

tions about the Ramsauer effect (i.e. the increase of
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the range of free electrons in some gases for decreasing

velocity). Anyhow, we encouraged Franck's pupil

Elsasser to work it out; he found the correct explana-

tion and de Broglie's formula was confirmed. The final

demonstration of electronic diffraction by crystals is

due to Davisson and G. P. Thomson. It is a remarkable

historical fact that the son of the man who established

the corpuscular nature of cathode rays was destined to

reveal their undulatory features.

This is the true story, which does not in the least

minimise de Broglie's achievement. For such is the

natural way of scientific progress.

The real fertility of these ideas was brought to light

by Schroedinger. He discovered their connection with

Hamilton's work on dynamics and geometrical optics

and established the general wave equation which holds

not only for free electrons but also for those bound in

atoms. To him is due the representation of physical

quantities by linear operators. This method has the

considerable advantage of transforming the strange

equations of non-commutative physics into ordinary

analysis. If for instance the momentum p is repre-

sented by the differential operator â€” : .=. the commuta-

2m dq

tion rule pq â€” qto = â€” . is reduced to the trivial state-

i i 11 2m

ment that for any function/ (q]

By substituting such differential operators into the

energy equation of mechanics one obtains Schroe-
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dinger's wave equation. It must be remembered that

this powerful synthesis of wave theory and mechanics

sprang into being quite independently of matrix me-

chanics ; the equivalence of the two methods was later

proved by Schroedinger, together with numerous appli-

cations to old and new problems.

However, the new theory was very formal. Nobody

knew what Schroedinger's wave function really meant.

Again the solution of this question was no free invention

of the mind but forced by experimental facts. The

statistical interpretation of de Broglie's waves was sug-

gested to me by my knowledge of experiments on

atomic collisions which I had learnt from my experi-

mental colleague James Franck. The whole develop-

ment of quantum mechanics shows how the accumula-

tion of observations and measurements slowly produces

abstract formulae for their condensed description and

that the understanding of their meaning follows after-

wards. This was accomplished by Heisenberg's con-

siderations on the impossibility of simultaneous accurate

measurements of position and velocity, and other such

pairs of 'conjugate' quantities, (uncertainty relations)

followed by a great number of abstract mathematical

investigations bordering on epistemology and philo-

sophy (Jordan, Dirac, Neumann and others).

The essence of the statistical interpretation is this:

the square of Schroedinger's ^-function for a set of

particles represents the probability of finding the par-

ticles at the places (or with the velocities, or with the

energies) indicated by its arguments. It would be very

attractive to expand on this fascinating subject, espe-

cially on the uncertainty relations and on the question

23
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of causality and determinism in physics. But this would

be outside the frame of this lecture, and I must restrict

myself to a few remarks. According to classical me-

chanics the configurations and velocities of all parts of

a closed system at a given moment completely determine

its future motion. In quantum mechanics there is also

a quantity which is determined by its initial value,

namely the ^-function; however, one cannot find the

configuration and velocities of the particles from ijr, but

only the probability of a certain configuration or a

certain set of velocities. Therefore the situation with

respect to determinism is fundamentally different.

Statistical methods had been used in thermodynamics

long before the development of quantum mechanics. They

were regarded as an expression of our lack of knowledge,

with the idea in the background that this shortcoming

might yet be amended. In the new theory there is a

natural limit for the improvement of our information, and

statistics becomes an integral part of mechanics itself.

Thermodynamical statistics has become a central

part of physics, and it is necessary to cast a glance at

its development.

Thermodynamics is the classical example of the in-

ductive method. The two fundamental laws, concerning

the conservation of energy and the existence and mono-

tonous increase of entropy, are condensed expressions

of accumulated experience, namely of the impossibility

of constructing a perpetuum mobile, and of a machine

which could pump heat out of a reservoir (like the sea)

and transform it completely into mechanical work

(perpetuum mobile of the second kind). Whittaker has

called a statement of this kind a 'principle of impotence'
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and he has expressed the idea that a few of these prin-

ciples are sufficient to derive the whole of physics.

Relativity, for instance, is the consequence of our im-

potence to send signals with unlimited velocity, and

quantum mechanics can be reduced to our impotence

to measure simultaneously coordinates and momenta,

etc. However this may be, I wish to stress the point

that all these principles, in particular those of thermo-

dynamics, are not a priori given, but are the results of a

long experience. Man has never acknowledged defeat

except after a stubborn struggle. However, in this con-

nection the case of Robert Mayer needs special con-

sideration. He was a physician, and his scientific

imagination was directed towards the problem of the

equivalence of heat and mechanical work by a physio-

logical observation, the difference of colour of the human

blood in the tropics and in our moderate climate. From

this strange starting-point he found in the end a method

of calculating the mechanical equivalent of heat from

simple properties of gases. But when he submitted his

paper for publication it was rejected by the editors

because it was richly adorned with philosophical and

metaphysical considerations. At that time this was no

recommendation for a physical theory. Joule's pains-

taking measurements and Helmholtz's mathematical

reasoning on the other hand were accepted without

difficulty. This was hard for Mayer, and perhaps not

just; for he had given convincing evidence, as was later

acknowledged by Joule and Helmholtz. Let us try to

learn from this regrettable affair. If we reject some

philosophical arguments, that does not mean that we

reject any theory to which they are applied. I beg
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you to remember this when I have to criticise some

modern authors.

The amazing feature of thermodynamics is that a

few simple and negative statements lead to such far-

reaching consequences as the existence of absolute

temperature and of entropy, and to a great number of

numerical relations between measurable quantities, such

as specific heat, compressibility, thermal expansion, gal-

vano- and thermo-electric coefficients, chemical affini-

ties, etc. However, thermodynamics is, in spite of its

name, only a formal connection between thermal and

dynamical properties. The real identity of heat with

motion was established by the kinetic theory, first of

the gases, later of systems of a more general kind. You

all know the fundamental idea: it is neither possible

nor necessary to know each detail of the motion of all

the innumerable atoms in a piece of matter, but it

suffices to know their average behaviour in order to

predict the measurable phenomena. In this way statis-

tics is introduced into mechanics. The principles of

statistical mechanics have developed step by step, by

trial and error, from the first establishment of Maxwell's

distribution law of velocities to the most complex

generalisations of Boltzmann, Gibbs, Fowler and Dar-

win. These principles involve of course the concept of

probability and share its controversial character. As

far as I see the only foundation of the doctrine of

probability, which (though not satisfactory for a mind

devoted to the 'absolute') seems at least not more

mysterious than science as a whole, is the empirical

attitude: The laws of probability are valid just as any

other physical law in virtue of the agreement of their
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consequences with experience. The development of

statistical physics is a demonstration of this view. Each

statistic depends on the choice of equally probable

cases, or, more generally, on the choice of the weight

of a given distribution. It is true that the invariance

properties of the equations of classical mechanics restrict

this choice to some degree (by the so-called theorem

of Liouville), but the result that the statistical weight

is proportional to the extension in phase-space (coordi-

nates and momenta) can be justified only by the agree-

ment of the consequences with observations.

The same holds for the modifications introduced by

quantum theory. The description of the statistical

weights is even simpler for quantised systems: each

state of given energy which by no physical means can

be split into several stages has the same weight. This

assumption has been checked by numerous examples;

if it is for instance applied to the case of electric oscil-

lators emitting and absorbing radiation one obtains for

the latter Planck's law.

But just this example can also be considered from a

different standpoint and leads then to a new and funda-

mental result. According to de Broglie the radiation

itself must obviously be equivalent to a gas of quanta

of light or of photons, to which quantum statistics can

be applied directly (without using absorbing and

emitting oscillators). If now these photons are treated

as genuine particles, having an individuality of their

own, Planck's law would not be obtained. One has

instead to assume that two states which differ only by

the exchange of two photons are physically indistin-

guishable and have statistically to be counted only as
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one state. In other words, photons have no indi-

viduality. Bose and Einstein have extended this assump-

tion to other gases and shown that for extremely low

temperatures and high pressures there ought to be de-

viations from the ordinary gas laws.

Unfortunately these conditions are hardly attainable

by experiment, and the interesting result about the lack

of individuality of particles would have remained a

theoretical speculation if it had not been endorsed by a

quite different way of reasoning.

This came from spectroscopy. The first step was the

discovery of the spin of the electron by Goudsmit and

Uhlenbeck, which happened before the days of wave

mechanics, and was an interpretation of empirical facts

in terms of mechanics of the electron. These facts con-

sisted in the observation that many spectral lines showed

a fine structure (doublets, triplets, etc.) which could not

be explained by assuming the electron as a structureless

particle; they could be explained by ascribing a spin-

ning motion to the electron, if this spin was treated

by quantum rules already known (Stern-Gerlach effect).

The second step was also connected with spectro-

scopy. The clue to the understanding of atomic spectra

is Ritz's combination principle which we have already

discussed (p. 19): all lines of a spectrum can be obtained

by taking differences vnm = Tn â€” Tm of a set of terms

Tl9 7~2, .... But it was evident from the beginning that

not all of these differences correspond to real observable

lines, and so-called selection and exclusion rules had to

be formulated. When Bohr had succeeded in inter-

preting the terms Tn as the energy levels of electronic

orbits, and was able to ascribe definite quantum numbers
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to each of the electrons, it turned out that not only

had certain transitions between two electronic states to

be excluded, but that even some mechanically possible

states did not occur. Pauli formulated this exclusion

principle in an extremely simple manner: States in

which two electrons would have the same set of quantum

numbers (those of the spin included) do not exist; and,

moreover, if two sets of quantum numbers differ only

by exchanging those of one electron with those of

another they represent only one and the same state of

the whole atom.

Here again we recognise the lack of individuality of par-

ticles, but on the ground of much more direct evidence.

For we must not forget that Pauli's exclusion principle

rests on such facts of observation as the non-existence of

the lowest state of the helium atom (both electrons having

the lowest set of quantum numbers) and is supported

by innumerable consequences. The most important of

these is Bohr's explanation of the periodic system of the

elements, which rests essentially on the idea of completed

shells of electrons implied by Pauli's principle.

From the standpoint of wave mechanics the situation

can be described in this way: Consider a function

^("u^), where i^,^ are the quantum numbers of

two indistinguishable particles. As mentioned before

the square of ^ represents the probability of finding

the particles in the states Â«j, n^, and the lack of indi-

viduality is expressed by ijr* (nly n^ = ijr* (t%, BJ). There

follow two possibilities for ijr itself,

either ^ (Â«i, Â«a) =V!r ("a, Â«i),

or

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r@

u
cs

b
.e

d
u
 (

U
n
iv

e
rs

it
y
 o

f 
C

a
lif

o
rn

ia
, 
S

a
n
ta

 B
a
rb

a
ra

) 
o
n
 2

0
1

2
-0

4
-1

1
 2

3
:5

1
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
6

5
6

6
1

5
6

6
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



The second case implies for equal values of n, and n,

^(n,n) = -f (n, n)=o,

which is obviously the expression of Pauli's exclusion

principle. Now it has turned out that not this case, but

the first one (ijr symmetric in its arguments), corre-

sponds to the statistics of Bose and Einstein, while the

other case (\jr skew in its arguments) indicates a quite

different behaviour. The statistical consequences for

this case, which holds not only for electrons, but also

for protons (and other particles), have been worked out

by Fermi and Dirac.

These symmetry properties of the wave functions and

Pauli's principle are an essential part of quantum

mechanics. I hope to have convinced you that they are

derived by a long inductive process, in which flashes

of imagination have alternated with painful observation

and interpretation of facts. It was a period of ideal

co-operation of experiment and theory. There was

neither the experimenter boasting about the empirical

purity of his results, nor the theorist claiming a priori

knowledge, but mutual help and encouragement.

Once established, quantum mechanics and quantum

statistics of course permitted countless analytical pre-

dictions to be made, many of which were confirmed

by experiments. The electronic structure of atoms

and molecules could be subjected to calculations simi-

larly to the planetary system in the century after

Newton.

The most important results are the explanation of

line and band spectra, of the nature of the metallic

state and of chemical valency. The number of pre-
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dieted or confirmed experiments was overwhelming.

One of the most admirable predictions was that of the

existence of two types of hydrogen atoms, para- and

ortho-hydrogen, by Heisenberg.

Theoretical physics seemed to be definitely and

triumphantly ahead of experiment.

But, alas, only for a short time. Again there came

a wave of experimental discoveries, many of which

were a complete surprise and not even implicitly con-

tained in the accepted theory.

Most of these are concerned with radioactivity,

cosmic rays and the atomic nucleus. Perhaps the most

unexpected discovery was that of the neutron (Chad-

wick). It completely changed our ideas about the

structure of the nucleus and opened the way to treat-

ment by quantum mechanics. In general it can be said

that from about 1930 experiment was ahead of theory.

But there are two outstanding theoretical predictions,

namely of new elementary particles, the positron and

the meson.

However admirable, these discoveries are not pro-

ducts of pure reason, but the final outcome of a long

chain of empirical research. The positron is connected

with Dirac's linear wave equation of the spinning

electron. To give you the history of this equation would

need a whole lecture. It may suffice to say that the

spin of the electron, which, as explained above, was dis-

covered by typical induction from spectroscopic facts,

the multiple! nature of certain lines (Uhlenbeck and

Goudsmit), was fitted into quantum mechanics by the

introduction of a set of simple matrices representing the

two directional states of the spin (Pauli), and that every
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step of the development of the spin theory was inspired

and checked by spectroscopic evidence. Dirac gave it

the last polish by discovering that the natural rela-

tivistic generalisation of Schroedinger's wave equation

led automatically to the spin. How the discussion of

the solutions of Dirac's equation brought to light states

of negative energy, and how Dirac succeeded in recon-

ciling these with our traditional ideas about energy by

the interpretation of non-occupied states as positrons is

too technical to be recorded here. But I must mention

that he first believed that the positive particles pre-

dicted in his theory were protons, and was corrected

by experience; he recognised them as positive electrons

when these were actually discovered in cosmic rays

(Anderson, Blackett).

In the case of the meson, I shall try to indicate some

of the ideas which led the Japanese physicist Yukawa

to the suggestion of the existence of new particles with

a mass midway between electron and proton. The

starting-point was the existence of forces of very short

range which keep the neutrons and protons in the

nucleus together. Yukawa observed that a potential of

the form e~r/a/r would have the properties required, if

the constant length a were chosen of the order of nuclear

dimensions (1o~u cm.); this potential is a generalisa-

tion of the Coulomb potential i/r of the electrostatic

forces (charge 1) and satisfies, not the Laplace equation

J0 = o, but the slightly modified equation A$ = $/a3.

Now just as electrostatics can be considered as a special

case of electrodynamics, described by Maxwell's equa-

tions, one can construct a dynamical Yukawa field which

contains the one given above as the statical case. Each
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field component satisfies, instead of the ordinary wave

equation J0 - .^ . = o, Yukawa's modified equation

The complete field equations can be obtained from an

action principle which differs from that of electro-

dynamics given above ((2), p. 7), by a term $a* (<f>* â€” A*)

added to the integrand.

Now these equations have solutions which represent

plane waves, just as in Maxwell's case, and according

to de Broglie's general principle there must be particles

associated with these waves in the same way as photons

are associated with light waves. According to the theory

of relativity the energy e of a particle of mass m depends

on its momentum p by the formula

= m*c*+p*. (5)

If one introduces here Planck's and de Broglie's rela-

tions e = hv, p = hk, one obtains

(;)'=(?)'+*'-

On the other hand Yukawa's wave equation (4) leads for

a wave 0 = A sin zn (vt â€” kx) to the same relation between

v and k, provided

me i . .

This is a relation between the range a ( ~1o~u cm.)

of the nuclear forces and the mass m of the particles
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associated with the vibrating Yukawa field, and one

obtains

h 6 x 1o~a7 9r /0.

m= = ~ â„¢ = 3XIÂ° g-, (8)

27TOC 277 X IO~18 X 3 X IO10 *

this is some hundred times bigger than the mass of the

electron (1o~27g.), but definitely smaller than that of

the proton (1800 x electron mass). In this way, Yu-

kawa was led to predict a new particle, now called

meson, which was actually discovered a short time

later in the cosmic radiation.

Again this does not appear as a result of a priori

principles but an ingenious synthesis of well-established

knowledge with a new simple assumption.

These examples I hope will suffice to show you the

way theories are formed and used.

Charles Darwin, my predecessor in my Edinburgh

chair, once said something like this: "The Ordinary

Man can see a thing an inch in front of his nose; a few

can see things 2 inches distant; if anyone can see it

at 3 inches, he is a man of genius." I have tried to

describe to you some of the acts of these 2- or 3-inch

men. My admiration of them is not diminished by the

consciousness of the fact that they were guided by the

experience of the whole human race to the right place

into which to poke their noses. I have also not en-

deavoured to analyse the idea of beauty or perfection

or simplicity of a natural law which has often guided

the correct divination. I am convinced that such an

analysis would lead to nothing; for these ideas are

themselves subject to development. We learn some-

thing new from every new case, and I am not inclined
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to accept final theories about invariable laws of the

human mind.

But now I have to return to my starting-point and to

apply the results obtained to the present unsolved

problems of physics, and in particular to Eddington's

philosophy. In spite of the brilliant achievement of the

last period the state of theoretical physics is just as

problematical as it was at any timeâ€”if we except the

proud late-Victorian days when all riddles were believed

to be solved. There are several elementary particles:

photons, electrons and positrons, neutrons and protons,

mesons charged and uncharged (neutrettos), and per-

haps neutrinos. Each of them is associated with a wave

function and has characteristic constants (mass, charge)

which appear in the wave equation. But all these

fields are hardly related to another, and we have no

theory explaining the dimensionless ratios of the dif-

ferent constants (for instance the ratio 1845 of proton

mass to electron mass). Particularly mysterious is a

dimensionless number which because of its first ap-

pearance in spectroscopy (Sommerfeld) is called the

fine structure constant, the ratio hc/2nez (e charge of

the electron) which is empirically near to 137. We

have a quantum theory of the nucleus, which has

yielded many important results; but it looks just as

provisional as Bohr's quantum theory before the dis-

covery of wave mechanics. Much more serious is the

disease of the 'infinities'. They are of two kinds, repre-

sented by two simple cases: The electrostatic energy

of a charged sphere of radius r is, apart from a numerical

factor, e2/r; it becomes infinite for vanishing radius.

Hence a point charge has an infinite energy (or mass,

35

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r@

u
cs

b
.e

d
u
 (

U
n
iv

e
rs

it
y
 o

f 
C

a
lif

o
rn

ia
, 
S

a
n
ta

 B
a
rb

a
ra

) 
o
n
 2

0
1

2
-0

4
-1

1
 2

3
:5

1
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
6

5
6

6
1

5
6

6
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



according to Einstein's law). Further, the energy of a

quantised oscillator is not hvn (as Planck originally

assumed), where n is an integer, but hv (n + \}\ hence

there exists (for n = o) a zero-point energy $hv, and

each system which can be considered (by Fourier's

theorem) as the superposition of an infinite number of

harmonic oscillators (e.g. a cavity filled with radiation)

has therefore an infinite zero-point energy. Similar

infinities appear in many considerations concerning the

interaction of particles and radiation, and a great

amount of ingenuity has been expended on getting rid

of them. Dirac, Pryce and others have modified the

definitions of energy and momentum in mechanics and

electrodynamics in order to eliminate the infinite self-

energy. I myself have concluded that this infinity

shows a fundamental deficiency of Maxwell's equations

and have replaced them by a generalised set, and

although these equations are non-linear and apparently

untractable, they have some chance of being nearer the

truth as they appear in a new theory of Schroedinger,

which is a synthesis of gravitation, electrodynamics and

meson theory. The other type of infinities produced by

the infinite number of frequencies has also been tackled

with more or less success (by Dirac, Heitler and Peng,

and others).

Eddington has been worried by all these difficulties

just as much as all of us, and he has made interesting

attempts to overcome them. His leading idea is that

an essential difficulty in a theory can always be traced

to an epistemological error, to a wrong or too narrow

concept. With that I agree. But when he tries to cor-

rect these errors by constructions on what he considers
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as epistemological evidence I am reluctant to follow.

I am doubtful about the visibility in front of his nose.

For instance, he obtains numerical values for two of

the dimensionless numbers mentioned above, namely

Ac/277*2, and the ratio proton mass to electron mass.

They are expressed in terms of the properties of an

abstract 'phase space'. The mathematical theory of

this space of ^-numbers is very beautiful and presented

in a way which suggests the most natural construction

of the mind. But the fact cannot be denied that nobody

had ever considered the ^-numbers before Dirac's

theory of the spin was developed, which itself is the

end of a long series of abstractions forced on us by

experiment. And if the ^-numbers should have existed

in mathematics, as several similar non-commutative

'algebras' have, nobody would have divined that they

could be used in physics nor what meaning they might

have, before the existence and the properties of the

spin had been extracted from observations. Eddington

connects the dimensionless physical constants with the

number n of the dimensions of his JE-spaces, and his

theory leads to the function / (n) = Â£n2 (n2 +1) which,

for consecutive even numbers n = 2, 4, 6, ..., assumes

the values 10, 136, 666 ....*

* Apocalyptic numbers, indeed. It has been proposed that

certain well-known lines of St John's revelation ought to be

written in this way:

And I saw a beast coming up out of the sea having/(a) horns...

and his number is/(6)....

But whether the figure x in

...and there was given to him authority to continue x

months...

is to be interpreted as i .f($) â€” 3-/(i) or as J [/(4) â€”/(a)] can be

disputed.
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Now at the time when Eddington began his work the

experimental value of he/2 m* was near to 136=/(4).

Later experiments indicated a larger value, and to-day

it is very near to 137. Accordingly Eddington adapted

his theory by adding a unit.

The mass ratio was also obtained in terms of these

integers, namely as the ratio of the two roots of the quad-

ratic equation

1o#a- 136*+ 1 =o,

which is 1847-9, near to the experimental value 1836-5

(and has been further corrected).

I cannot criticise the derivation of these expressions

as I have not succeeded in understanding them. Any-

how a few coincidences of this kind, which are not true

predictions, but expressions of experimentally known

quantities, seem to me only a weak evidence for a great

theory. And there are hardly any other predictions.

Neither the neutron nor the meson has been forecast.

And if the number of particles in the universe is calcu-

lated there is little hope of checking it experimentallyâ€”

although I admit that it may be a very useful concept.

I am far from attacking Eddington's theories or from

doubting his results. If they should turn out to be right

I shall rejoice. But I shall not attribute this (possible)

success to Eddington's philosophy, as a doctrine which

could be followed by others, but to his personal genius

and intuition.

Let us now finally have a look at the theory of Milne,

which I mentioned at the beginning. He also claims

to have derived universal laws of nature by pure

epistemological principles. One of these is the 'opera-

tional method' of definition. This name has been given
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by the American physicist Bridgman to a procedure

quite common amongst scientists. It consists in the

demand that a physical quantity must not be defined

by verbal reduction to other familiar conceptions, but

by prescribing the operations necessary to produce and

to measure it. This is a sound rule, a reaction against

verbalism and word fetishism. It is very useful in

classical physics where one has to do with quantities

accessible to direct measurements, as in thermodynamics

(Bridgman himself is an expert in this field) or in

electrodynamics. For instance, it is reasonable to intro-

duce temperature by describing the thermometric

operations, or to define the electric field by referring

to the forces on small charged test bodies. But the

operational definition is rather out of place if you wish

to extend the idea of the field to atomic nuclei and

electrons and it comes to grief in quantum theory.

Wave mechanics has a catalogue of'observables'. But

that does not mean that the corresponding quantities

are represented by variables whose values could be

measured; they are represented by differential or in-

tegral operators whose eigenvalues can be measured.

I cannot see what experimental 'operation' could be

devised in order to define a mathematical operator.

Moreover I have already mentioned that there are con-

cepts used in wave mechanics which are not observ-

ables, for instance, Schroedinger's wave function; there

are in principle no means to observe it, hence no

' operational' definition. However, this may not matter

for Milne, as he is mainly interested in astronomy. Let

us see how he uses the operational principle.

All empirical knowledge about the stars is based on
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the light coming from the sky and its interpretation

with the help of terrestrial instruments, telescopes,

spectroscopes, clocks. Milne restricts his fundamental

consideration to the use of clocks alone. He refuses

to admit distance in intrastellar space as an observable

and proposes to reduce this conception to statements

about the arrival of time signals. For this purpose he

supposes the existence of observers on other celestial

bodies who have clocks and time signals available like

ourselves. The elementary operation for investigating

space consists in this: we send out a light signal at a

given time ^ on our clock; this reaches an observer on

another star and is reflected or returned back to us,

where it arrives at the time tz of our clock, carrying

with it information about the time r of arrival of

the signal read on the clocks of the distant star. From

these data tl, tz, T (frequently repeated) Milne pro-

poses to derive the foundations of geometry, kinematics

and even dynamics of the Universe.

Mime's clocks and light signals are of course an

imitation of the well-known method used by Einstein

in order to show that the idea of absolute simultaneity

is absurd, and to derive the Lorentz transformation.

But there is a fundamental difference: Einstein's light

signal travels only between two stations on one and

the same celestial body, not from one star to the other.

His model is only an abstraction from and simplifica-

tion of an actual observation, expressed by the negative

result of Michelson's and Morley's experiment. Besides,

the Lorentz transformations were not found in this

way (they would then be called Einstein transforma-

tions), but were already known, derived (by Lorentz)
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from a study of Maxwell's equations and used for the

interpretation of Michelson's experiment. As usual

in physics, Einstein's epistemological derivation came

after the formal discovery, as an eye-opener for those

who stuck to the idea of an absolute time.

Milne's operations on the other hand are no idealisa-

tions of real experiments. They seem to me weird in-

ventions: Terrestrial light reflected from a fixed star,

whoever has seen such a thing? Or is it likely that in

the whole future history of mankind anybody will see

it? And observers with clocks on other stars, clocks

illuminated by the light coming from us so that we can

read them on their returnâ€”or observers giving us

politely the time on their clocks whenever our light

signal arrives. I am at a loss to recognise in such

phantasies the realistic idea of operational definition.

But that is not all. Milne has other assumptions and

epistemological principles. His observers are not on

any arbitrary star, but on the spiral nebulae or galaxies

which according to modern stellar astronomy are island

universes, innumerable and fairly equally distributed

through space. Each of them consists of millions and

millions of stars, just as our own galaxy. But Milne

considers them as single particles, points with a mass

attached to them. Then he uses a principle of uni-

formity, namely that an observer will find the same

laws of nature and the same general aspect of the uni-

verse (with the help of his clocks and time signals

described above) on whichever galaxy he is situated.

This is called an epistemological principle. But one

empirical 'fact' is also used, namely, in Milne's formula-

tion, the existence of an absolute zero of time, an epoch
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of creation. Behind this strange assumption is a set of

astronomical observations, indeed, namely the red shift

of the spectral lines of the spiral nebulae. It has been

found that this red shift increases with increasing dis-

tance of the nebulae, and if it is interpreted as a Doppler

effect, it indicates that the whole system of galaxies is

expanding in all directions. Much speculation has been

provoked by this strange fact, and it has been shown

(by Lemaitre, Robertson and others) that Einstein's

general theory of relativity allows solutions of the field

equation which represent such an expanding universe.

But as only the instantaneous distribution of velocities

is observable there remains a wide field of hypothesis

about the past and future of the world, whether the

Universe is vibrating as a whole, or expanding from

an initial state of tremendous concentration. Milne

chooses the latter alternative and states it as a fact:

The world was created 2 x 1o9 years ago as an accumu-

lation of masses in a small space.

Milne's explanation of the expansion process which

has taken place since this epoch consists in the simple

remark that the masses crowded together in the begin-

ning of time had different velocities and were therefore

in every moment arranged in such a way that the

higher the velocity of a star the more remote it would

be. This is indeed the result of the observations of the

red shift of spectral lines when interpreted as Doppler

effect. Schroedinger once remarked to me that the

situation reminds him of a man looking at a horse

race in progress and wondering why the horses in front

are apparently the fastest, when suddenly he is deeply

impressed by the obvious 'kinematical' interpretation.
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The same seems to have happened to Milne in such a

degree that he has devoted an incredible amount of

ingenuity to reconciling this assumption with the prin-

ciple of relativity and to deriving from it, together with

his postulate of uniformity, the laws of Nature, including

gravitation and electro-magnetism.

An ordinary physicist can hardly follow this high

flight of ideas. Interstellar space is not empty, and

matter reacts with light (by dispersion, absorption and

re-emission). Light signals travelling over the tre-

mendous distances between galaxies might be essen-

tially affected by such interaction. It seems not sound

to exclude this possibility from the beginning by

founding the whole of geometry and kinematics on

light signals, quite apart from the other objections made

above. In fact if one admits Milne's method of sur-

veying space with light signals and clocks only between

relatively near neighbour systems (where interstellar

matter could be neglected) one obtains, as Robertson

has shown, an Einstein universe of the type already

mentioned (Lemaitre, Robertson). It must further be

considered that the interaction of light waves with inter-

stellar matter may contribute to, or even produce, the

red shift.

Finally, the age of Milne's universe seems to be rather

short compared with that of our planet. According to

reliable radioactive methods the rocks of the earth's

crust have been formed at least 1'5x 1o9 years ago,

i.e. three-quarters of the duration of the whole universe.

But I am no expert in these cosmological questions,

and I do not intend to stress some weak points of the

theory. That would be unjust, for the audacity of the
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idea of deducing the structure of the world from a few

principles, and the skill in overcoming formidable

difficulties, can but be admired. I do not wish to dis-

courage anybody who feels in himself the vocation to

embark on so adventurous a journey.

But I believe that there is no philosophical highroad

in science, with epistemological signposts. No, we are

in a jungle and find our way by trial and error, building

our road behind us as we proceed. We do not find sign-

posts at crossroads, but our own scouts erect them, to

help the rest. Eddington's and Milne's ideas may be

such signposts. The difficulty is that they point in oppo-

site directions: Two theories both claiming to be built

on a priori principles, but widely different and contra-

dictory.

My lecture will have attained its purpose if you find

in this contradiction nothing to be wondered at; it is

exactly what the empirical scientist would expect. My

advice to those who wish to learn the art of scientific

prophecy is not to rely on abstract reason, but to

decipher the secret language of Nature from Nature's

documents, the facts of experience.
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DOVER BOOKS ON SCIENCE

Abbott, Edwin A. FLATLANO. Introduction by Banesh Hoff-

man. 128pp. 5% x 8.

Paperbound $1.00

Abro, A. d. THE EVOLUTION OF SCIENTIFIC THOUGHT:

FROM NEWTON TO EINSTEIN. Second revited and enlarged

edition. 21 diagrams. 15 portraits. xx + 481pp. 5% x 8.

Clothbound $3.95

Abro, A. d. THE RISE OF THE NEW PHYSICS. Second revised

edition. Two volume set. 994pp. 5% x 8. 38 portraits.

Per volume, Paperbound $1.95

Adams, F. D. THE BIRTH AND DEVELOPMENT OF THE

GEOLOGICAL SCIENCES. 79 illustrations. 15 full page plates.

v + 506pp. 5% x 8.

Paperbound $2.00

Agricola, Georgius. DE RE METALLICA. Translated by Herbert

Hoover and Lou Henry Hoover. 3 indexes. 289 illus. xxxi ~f

638pp. 63/4 x 10%. Clorhbound $10.00

Archimedes. WORKS (including The Method of Archimedes').

Edited by T. L. Heath. 506pp. 5% x 8.

Paperbound $2.00

Batenun, H. THE MATHEMATICAL ANALYSIS OF ELECTRICAL

AND OPTICAL WAVEMOTION ON THE BASIS OF MAXWELL'S

EQUATIONS. 168pp. 5% x 8. Paperbound $1.60
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Bateman, H. PARTIAL DIFFERENTIAL EQUATIONS OF MATHE-

MATICAL PHYSICS. Index. 29 ill. xxii + 522pp. 6x9.

Clothbound $4.95

Besicovitch, A. S. ALMOST PERIODIC FUNCTIONS. viil +

180pp. 5% x 8. Clothbound $3.50

Piperbound $1.75

Beyer, R. T. FOUNDATIONS OF NUCLEAR PHYSICS. Facsimilies

of 13 basic research papers in the original languages. 122-

page bibliography. 56 ill. 4 tables x + 272pp. 6'/s x 9'/4.

Paperbound $1.75

Birkhoff, Garrett. HYDRODYNAMICS; A STUDY IN LOGIC,

FACT AND SIMILITUDE. Reprint of the 1950 edition. xiv +

186pp. 5% x 8. Clothbound $3.50

Paperbound $1.75

Bonola, Roberto. NON.EUCLIDEAN GEOMETRY. Authorized

English translation with additional appendices by H. S.

Carslaw and an introduction by Federigo Enriques. This

new edition contains an appendix of the G. B. Halsted

translations of Lobachevski's "The Theory of Parallels" and

Bolyai's "The Science of Absolute Space." 431pp. 5% x 8.

Clothbound $3.95

Paperbound $1.95

Boole, George. LAWS OF THOUGHT. 448pp. 5% x 8.

Paperbound $1.95

Born, Max. THE RESTLESS UNIVERSE. Second revised edition.

120 drawings and figures. 12 plates. 3 tables. 315pp.

6'/8 x 9V4. Clothbound $3.95

Bowen, N. L THE EVOLUTION OF IGNEOUS ROCKS. Preface.

Indices. x + 334pp. 5% x 8.

Paperbound $1.75
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Bragg, William. CONCERNING THE NATURE OF THINGS.

57 figures. 32 plates. 264pp. 5% x 8. Paperbound $1.25

Bridgman; P. W. THE NATURE OF PHYSICAL THEORY. Index.

xl + 138pp. 5% x 8. Clothbound $2M

Paperbound $1.25

Brillouin, Uon. WAVE PROPAGATION IN PERIODIC STRUC-

TURES. Seconu revised edition. Index. xii + 259pp.

5% x 8. Paperbound $1.85

Broglie. Louis de. AAATTER AND LIGHT, THE NEW PHYSICS.

Trans. by W. H. Johnston. Index. iv + 300pp. 4% x 7%.

Paperbound $1.60

Burntide, William. THEORY OF GROUPS OF FINITE ORDER.

Second edition. Index. xxiv + 512pp. 5% x 8.

Clothbound $3.95

Paperbound $2.00

Campbell, Norman. WHAT IS SCIENCE? Index. 186pp.

5% x 8. Paperbound $1.25

Cantor, Georg. CONTRIBUTIONS TO THE FOUNDING OF

THE THEORY OF TRANSFINITE NUMBERS. Translated from

German and with introduction and notes by Philip E. B.

Jourdain. Bibliog. Index. Ix + 211pp. 5% x 8.

Clothbound $2.75

Paperbound $1.25

Carslaw, H. S. INTRODUCTION TO THE THEORY OF FOUR-

IER'S SERIES AND INTEGRALS. Third revised edition. Index.

39 ill. xiii + 368pp. 5*a x 8. Clothbouid $4.50

Paperbound $1.95
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Cassirer, Emst. SUBSTANCE AND FUNCTION AND EINSTEIN'S

THEORY OF RELATIVITY. Two books bound at one. Bibliog.

Index. 465pp. 5% x 8.

Paperbound $1.95

Clifford, William Kingdom THE COMMON SENSE OF THE

EXACT SCIENCES. Edited, with preface, by Karl Pearson.

Newly edited, with introduction, by James R. Newman.

Preface by Bertrand Russell. Bibliography. Ixvi + 249pp.

5% x 8. Clothbound $3.00

Paperbound $1.60

Davis, William Morris. GEOGRAPHICAL ESSAYS. Edited by

D. W. Johnson. Index. 784pp. 5% x 8. Clothbound $5.50

Debye, Peter. POLAR MOLECULES. Index 33 ill. iv + 172pp.

5% x 8 Clothbound $3.50

Paperbound $1.50

Deimel, Richard F. MECHANICS OF THE GYROSCOPE: Dy-

namics of Rotation. 75 diagrams. 208pp. 5% x 8.

Paperbound $1.60

De Morgan, Augustus. A BUDGET OF PARADOXES. Un-

abridged republication of the second edition, edited by

D. E. Smith. New introduction by Prof. Ernest Nagel,

Columbia University. Two volumes bound as one. Vol. I:

viii .!. 407pp. Vol. II 387pp. 5% x 8.

Clothbound $4.95

Descartes, Rene. THE GEOMETRY. The complete French text

in facsimile plus the complete translation by D. E. Smith

and M. L. Latham vii .f 246pp. 5% x 8.

Paperbound $1.50

Dreyer, J. L. E. A HISTORY OF ASTRONOMY FROM THALES

TO KEPLER. (Formerly titled 'History of Planetary Systems

from Thales to Kepler.') 448pp. 5% x 8.

Paperbound $1.98

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r@

u
cs

b
.e

d
u
 (

U
n
iv

e
rs

it
y
 o

f 
C

a
lif

o
rn

ia
, 
S

a
n
ta

 B
a
rb

a
ra

) 
o
n
 2

0
1

2
-0

4
-1

1
 2

3
:5

1
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
6

5
6

6
1

5
6

6
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



Einstein, lorentz, Minlcowtki, and Weyl. THE PRINCIPLE

OF RELATIVITY. An English translation of eleven of the

most important original papers on Ihe general and special

theories of relativity. Notes by Sommerfeld. Trans. by

Perrett and Jeffrey. viii -Â»- 216pp. 5% x 8.

Clothbound $3.50

Paperbound $1.60

Emmons, Howard W. GAS DYNAMICS TABLES FOR AIR.

3 ill. 10 graphs. 4 tables. 46pp. 6'/e x 9!/4.

Paperbound $1.75

Euclid. THE ELEMENTS. Heath edition. Vol. I: 448pp. Vol. II:

448pp. Vol. Ml: 560pp. 5% x-8.

Per volume, Clothbound $4.00

Per volume, Paperbound $1.95

Findlay, Alexander. THE PHASE RULE AND ITS APPLICA-

TIONS. New, revised, enlarged edition brought up to date

by Campbell and Smith. Index. 235 diagrams. xii + 500pp.

5% x 8.

Paperbound $2.00

Fourier, Joseph. THE ANALYTICAL THEORY OF HEAT. Trans-

lated, with notes, by Alexander Freeman, M.A. xxiii -[

466pp. 5% x 8. Paperbound $1.95

Frenkel, J. KINETIC THEORY OF LIQUIDS. Preface. Index.

xi I 488pp. 5% x 8. Clothbound $3.95

Paperbound $1.95

Fry, William J., Taylor, John M., and Henvis, Bertha W.

DESIGN OF CRYSTAL VIBRATING SYSTEMS. Second revised

edition. 126 graphs. viii + 182pp. 6'/e x 9V4

ClotM - >nd $3.50
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Galilei, Galileo. DIALOGUES CONCERNING TWO NEW

SCIENCES. Trans. by Henry Crew and Alfonso Â«De Salvio.

Intro. by Antonio Favaro. Bibliog. Index. 126 diagrams.

xxi -I- 300pp. 5% x 8. Clothbound $3.50

Paperbound $1.60

Gutenberg, Beno. INTERNAL CONSTITUTION OF THE EARTH.

Second revised edition. Bibliog. 1098 references. 43 dia-

grams, photograph!, and graphs. 88 tables. 439pp. 6Va x 9Vi.

Clothbound $5.50

Hadamard, Jacques. LECTURES ON CAUCHY'S PROBLEM IN

LINEAR PARTIAL DIFFERENTIAL EQUATIONS. Index. v +

316pp. 5% x 8. Paperbound $1.75

HÂ»y, 0. E. VECTOR AND TENSOR ANALYSIS. 208pp. 53/s x 8.

Paperbound $1.75

Heath, Royal Vale. MATHEMAGIC. Magic puzzles and games

with numbers. A classic of magic containing about 100

games and problems. 128pp. 5% x 8.

Paperbound $1.00

HeavUide, Oliver. ELECTROMAGNETIC THEORY. Biographical

introduction by Ernst Weber. Unabridged one-volume edition

of the three-volume work. Bibliog. xxx + 386pp. 8 x 12'A.

Clothbound $7.50

HeiÂ«enbera, Werner. THE PHYSICAL PRINCIPLES OF THE

QUANTUM THEORY. Trans. by Eckart and Hoyt. Index. viii

184pp. 5% x 8. Paperbound $1.25

Hopf, I. INTRODUCTION TO THE DIFFERENTIAL EQUATIONS

OF PHYSICS. -Trans. by Walter Nef. Index. 48 ill. vi -)-

154pp. 4V4 x 6%. Clothbound $2.50

Paperbound $1.25
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Helmholti, Hermann I. F. SENSATIONS Of TONE. Un-

abridged reissue of the last English edition, with a new

introduction by Henry Margenau. Index. 608pp. 6Va x 9'/4.

Clothbound $4.95

Herti, Heinrich. PRINCIPLES OF MECHANICS. New intro-

duction by Robert S. Cohen, Wesleyan University. 5% x 8.

(tentative) Clothbound $3.50

(tentative) Paperbound $1.75

Herzberg, Gerhard. ATOMIC SPECTRA AND ATOMIC STRUC-

TURE. Trans. by J. W. T. Spinks. Second revised edition.

Index. 80 ill. 21 tables. xv + 257pp. 5'/4 x 8'A.

Paperboond $1.95

Huntington, Edward V. THE CONTINUUM; and other Types

of Serial Order. Introduction. Index. 82pp.

Clothbound $2.75

Paparbound $1.00

Ince, E. L. ORDINARY DIFFERENTIAL EQUATIONS. Fourth

revised edition. Index. 18 ill. viii + 558pp. 5V2 x 9.

Clothbound $4.95

Jahnke, Eugene and Emde, Fritz. TABLES OF FUNCTIONS

WITH FORMULAE AND CURVES. (Funktionentafeln). Fourth

revised edition. Text in German and English. Index. 212 ill.

xv + 382pp. 5'/2 x 8'/2. Clothbound $3.95

Paperbound $1.95

Jeans, James. THE DYNAMICAL THEORY OF GASES. Re-

publication of the Fourth revised edition. 444pp. 6Vfe x 9Vi.

Clothbound $3.95

Paperbound $2.00

Jestop, H. T. and Harris F. C. PHOTOELASTICITY: PRINCI-

PLES AND METHODS. Index. 164 diagrams. vii + 184pp.

O'/B x 9>/4. Clothbound $3.75
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Johnson, Martin. ART AND SCIENTIFIC THOUGHT; historical

studies towards a modern revision of their antagonism.

Foreword by Walter de la Mare. 16 illustrations. Bibliography.

Index. 200pp. 5V* x 8'/2. Paperbound $1.35

Kamke, E. THEORY OF SETS. Trans. by F. Bagemihl from

second German edition. Bibliog. Index. vii 4- 152pp. 5% x 8.

Clothbound $2.75

Paperbound $1.35

K.llogg. Oliver Dimon. FOUNDATIONS OF POTENTIAL

THEORY. Index. ix + 384pp. 5% x 8. Paperbound $1.98

Khinchin, A. I. MATHEMATICAL FOUNDATIONS OF STATIS-

TICAL MECHANICS. Trans. by G. Gamow. Index viii +

179pp. 5% x 8. Clothbound $2.95

Paperbound $1.35

Klein, Felix. ELEMENTARY MATHEMATICS FROM AN AD-

VANCED STANDPOINT. Vol. I: Arithmetic, Algebra, Analysis.

Translated from the third German edition by E. R.

Hedrick and C. A. Noble. Index. 125 ill. xiv + 274pp.

5% x 8. Paperbound $1.60

Klein, Felix. ELEMENTARY MATHEMATICS FROM AN AD-

VANCED STANDPOINT. Vol. II: Geometry translated from

the third German edition by E. A. Hedrick and C. A.

Noble. Index. 141 ill. ix + 214pp. 5% x 8.

Paperbound $1.60

Knopp, Konrad. INFINITE SEQUENCES AND SERIES. Trans-

lated by Frederick Bagemihl. x + 176pp. 5% x 8.

Clothbound $3.50

Paperbound $1.75

Knopp, Konrad. ELEMENTS OF THE THEORY OF FUNCTIONS.

Trans. by Frederick Bagemihl. Bibliog. Index. 160pp. 5% x 8.

Paperbound $1.35
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Knopp, Konrad. THEORY OF FUNCTIONS, Part 1. Trans.

from the fifth German edition by Frederick Bagemihl. Bibliog.

Index. 4 ill. xii + 146pp. 5% x 8. Paperbound $1.35

Knopp, Konrad. THEORY OF FUNCTIONS, Part II. Trans. by

Frederick Bagemihl. Bibliog. 7 ill. x* - 150pp. 5% x 8.

Paperbound $1.33

Knopp, Konrad. PROBLEM BOOK IN THE THEORY OF FUNC-

TIONS. Vol. I: Problems in the Elementary Theory of

Functions. Trans. by Lipman Bers. viii -1- 126pp. 5% x 8.

Paperbound $1.35

Knopp, Konrad. PROBLEM BOOK IN THE THEORY OF FUNC-

TIONS. Vol. II: Problems in the Advanced Theory of Func-

tions. Trans. by Frederick Bagemihl. 144pp. 5% x 8.

Paperbound $1.35

Kober, H. DICTIONARY OF CONFORMAL REPRESENTATIONS.

447 diagrams. xvi -f 208pp. 6Vs x 9Vi.

Clothbound $3.95

Kraitchik, Maurice. MATHEMATICAL RECREATIONS. Second

revised edition. 180 ill. Over 40 tables. 328pp. 5% x 8.

Paperbound $1.65

Lamb, Horace. HYDRODYNAMICS. Sixth revised edition. 83

ill. xviii -i- 738pp. 6x9. Paperbound $2,95

langer, Sutanne K. AN INTRODUCTION TO SYMBOLIC

LOGIC. Second revised edition corrected and expanded.

368pp. 5% x 8. Paperbound $1.70
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Laplace, Pierre Simon. A PHILOSOPHICAL ESSAY ON PROB-

ABILITIES. Irans. by Truscott and Emory. Intro. by E T.

Bell. viii + 196pp. 5% x 8'i. Clothbound $2.75

Paperbound $1.25

Levy, H. and Baggott, E. A. NUMERICAL SOLUTIONS OF

DIFFERENTIAL EQUATIONS. 18 diagrams. 20 tables. viii +

23800. 5% x 8. Paperbound $1.75

Lewis, Clarence Irving, and Langford, Cooper Harold. SYM-

BOLIC LOGIC. Index. 8 diagrams. vii -f 504pp. 5% x 8.

Clothbound $4.50

Lirriewood, J. E. ELEMENTS OF THE THEORY OF REAL

FUNCTIONS. Third edition. x + 71pp. 5% x 8.

Clothbound $2.85

Paperbound $1.35

Lorentz, H. A. THE THEORY OF ELECTRONS AND ITS APPLI-

CATIONS TO THE PHENOMENA OF LIGHT AND RADIANT

HEAT. Unabridged, unaltered reissue of the second edition.

Index. 9 figures. Appendix. 352pp. 53/a x 8.

Paperbound $1.80

Lotka, Alfred J. ELEMENTS OF PHYSICAL BIOLOGY. With

a new introduction by Dr. Lowell Reed. Bibliog. Index.

xxx ' 460pp. 5% x 8. Clothbound $3.95

Paperbound $1.95

Love, A. E. H. A TREATISE ON THE MATHEMATICAL THEORY

OF ELASTICITY. Fourth revised edition. Index. 76 ill.

xxi -f 643pp. 6x9. Paperbound $2.95
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Lovitt, William Vernon. LINEAR INTEGRAL EQUATIONS.

Index. 27 diagrams. xii .f 253pp. 5% x 8.

Clothbound $3.50

Paperbound $1.Â«0

MaÂ«h. Ernst. PRINCIPLES OF PHYSICAL OPTICS. Unabridged

reissue of trie English translation of the last German

edition. 10 plates. 280 diagrams. x Â» 324pp. 5% x 8.

Paperbound $1.75

MacRobert, T. M. SPHERICAL HARMONICS. An Elementary

Treatise on Harmonic Functions with Applications. Second

revised edition.. Index. 20 diagrams. vi + 372pp. SVl x iVl.

Clothbound $4.50

Mann, H. B. ANALYSIS AND DESIGN OF EXPERIMENTS.

Analysis of Variance and Analysis of Variance Designs.

index. 3 tables. vi f 195pp. 5 x 7%.

Paperhound $1.45

Mason, Max and Weaver, Warren. THE ELECTROMAGNETIC

FIELD. Index. 61 diagrams. xiii .J. 396pp. 5% x 8.

Clothbound $3.95

Paperbovnd $1.98

Maxwell, James Ctork. ELECTRICITY AND MAGNETISM. An

unabridged republication of the third edition. Two volumes

bound as one. Vol. I: xxxii + 506pp. Vol. II: xxiv 500pp.

5% x 8. Clothbound $4.95

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r@

u
cs

b
.e

d
u
 (

U
n
iv

e
rs

it
y
 o

f 
C

a
lif

o
rn

ia
, 
S

a
n
ta

 B
a
rb

a
ra

) 
o
n
 2

0
1

2
-0

4
-1

1
 2

3
:5

1
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
6

5
6

6
1

5
6

6
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le



MaxweM, JÂ»mÂ«i CUrk. MATTES AND MOTION. Notes by j

Sir Joteph Urmor. Index. 17 diagrams. 178pp. 5% x 8W I

Clotfcboimd $2.75

$125 i

MiUehl.n. N. W. THEORY OF VIBRATIONS. Index. 99

diagrams. vi -1- 154pp. 5 x 7H. Paperbound $1.35

NUinur, Oscar f. HYDROLOGY. Physics of the Earth Series.

Bibliog. Index. 165 ill. 23 tables. xi < 712pp. 6'/a x 9'A.

Clothbound $4.95

Mellor, J. W. HIGHER MATHEMATICS FOR STUDENTS OF

CHEMISTRY AND PHYSICS. Fourth revised edition. New

introduction by Prof. Donald G. Miller, University of Louis-

ville. Index. 189 figures. 18 tables. xxix + 641pp. 5'/2

x 8Ve Clothbound $3.95

Paperbound $2.00

Mlnnaert, M. THE NATURE OF LIGHT AND COLOUR IN THE

OPEN AIR. Trans. by H. M. Kremer-Priest and K. E. Brian

Jay. Index. 202 ill. including 42 photographs. xvi + 362pp.

5% x 8. Clothbound $3.95

Paperbound $1.95

Mott-Smith, Geoffrey. MATHEMATICAL PUZZLES FOR BEGIN-

NERS AND ENTHUSIASTS. Second revised edition. 256pp.

5% x 8.

Clothbound $2.50

Paperboimd $1.00
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