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§ 1.  INTRODUCTION,

The following essay is not intended to bé a contribu-
tion to propef_philosophy of science but .rather a piece of
history of science in a somewhat different key than‘what.
is usually seen. This key consists of a not‘too‘homogeneous
mixture of aspects belonging to the history,‘philosophy and
theory of science, all of them relating in some way or an-
other to Paul Dirac's theories in physics.

A critical historical occupation with Dirac's physics
needs no justification. Being one of the greatest Physicists
ever, it is indeed strange that so little interest has been
devoted to this scientist from the siderf history of scieh—
oe.'In'particular, he is about the only one'of the great ge-
neration of guantum pioneers whose work has never been exa-
mlned from a methologlcal and . philosophical p01nt of view.

This task will fill out the main content. of what follows.
’ To examine the entire scientific work of Dirac in a hi-
storlcal and phllosophlcal context would be a very exten51ve
task, and ‘a pretty difficult one too. To facilitate things,
I have chosen to concentrate on three areas of research ' which
have a central placing in Dirac's .conception of phyeics. These
areas are the relativistie_quantum'theory, the theory of mag-
netic ﬁonopoleS'and the theory of .cosmological constants. To-
gether, these»theories'characterize fairly well Dirac's ap~
proach to physics and its involved philosophy. I do not think
that a fuller inclusion of Dirac's theories, such as his im-
portant pre—l928 contributions to quantum mechanics, would
materially change the picture here given. “' '

- The methological and philosophical elements in Dirac's
physics will be examined largely in agreement with Einstein's
famous advice: "If you want to find out anything from the
theoretical physicists about the methods they use, I advice
you to stick closeiy to one-principle:_don't'listen to their
words, fix your attention to theit deeds" [67]. in doing so,
it turns out that there is hardly - one difinite method which
can be called Dirac's. But it is. bossible to extract some in-

variant methologicai and philosophical themes from Dirac's




scientific works, themes which more or less explicitly were

playe&wthfgﬁghéut his eﬁEireggciégiifigicaféer.AAmoﬁgrthéée
themes, the principle of plenitude and the principle of ma-
thematical Béauty are of particular interest and will be dis-
cussed in some details. In this connection, I shall take a
less historical; and more general, view on aspects which are
only ihdiréctly;linkéd to Dirac's thSECSL A special attention
is directed to the role of mathematical beauty and other
aesthetic factors in the process of obtaining scientific know-
ledge about nature, a question in which.Dirac's position is
shared by other prominent scientists. Philosophically, the
discussion of this question is the core of the present essay.
For the benefit of mathematically trained readers, I
have added three appendices where essential parts of the phy-
sical theories discussed in the text are outlined. The formu-
lae herein may clarify some of the points made in the text but

they are not necessary for an understanding of the main text.



§ 2. PauL ApRien Maurice Dirac’

_ Though not well known to the publlc, Dirac is undoubted-
lytone of the greatest scientists ever, to be ranked on par .
, 'With such giants as Newton, Maxwell, Einstein and Bohr.fAs '
‘most other pioneering scientists, Dirac created hislfunda?;,
mental theories at a young age. In 1933, aged 3l'years,‘he'
received the Nobel Prize in .physics. -

Paul Dlrac was born August 1902 in Brlstol England At
the age of sixteen he entered the Unlver51ty of Bristol stu-.
dying englneerlng sciences, and in 1921 he graduated in elecf"
‘trical engineering. In 1923 he went to Cambridge asra,research
student in 'applied mathematics', the then:British‘sYnonYm for
“theoretical physics, and there he .encountered his firstamee-
.tlng with front research in physics. HlS research superv1sor
‘was Ralph Fowler, an expert on quantum theory and statlstlcal
mechanlcs. It was only late in 1923 that Dirac, from Fowler s
' lectures, learned about quanta and Bohr's model for the atom.
Two years later, he had invented quantum mechanlcs. As a stu-
~dent .in Cambridge, Dlrac met with .such top sc1entists as. Lar-
mor, Rutherford, Milne, Fowler and Eddlngton.,Though Dirac
was probably influenced by the thinking of these, 'and other
Cantabrians, he had very 1itt1e»social contact with.them.,He
preferred'to_spend his‘free time with long, solitary Walks in
the nature around Cambridge. Dirac stayed at Camhridge during
his entire scientific career. Already in 1927 he became a, .
Fellow of St. John's College, and in 1932, only 29 years old,
he was appointed the Lucasian Professorship in mathematics, .
once held by Newton. o |

In an amazingly short time Dirac acquired a deep knowledge
and a technical mastery of the front dlsc1p11nes of current |
theoretical physics. Within a years stay in Cambrldge, he
had published his first scientific paper [23]; it dealt with
the relativity dynamics of a particle and was submitted for
publication through Eddington who took a keen concern in the
gifted student. The break-through for Dirac came in 1925 when
he successfully developed Heisenberg's fundamental ideas into

a proper quantum mechanics, an abstract algebraic theory
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sometimes known as g-number algebra. This was done indepen-

dently of the ‘work taken place 1n Gottingen (Heisenberg,
Jordan, Born) and, of course, also of Schrddinger's wave me-
chanics. In the following, we shall not be concerned with the
first phase of Dlrac's scientific life, i.e. the pioneering

contributions from 1925~27. For these, we refer to Mehra's

: excellent survey. ST -

. Dlrac s scientific career involves a varlety ‘of fields,

all in theoretical physics. The follow1ng list includes the

most important of Dirac's contributions:

" Basic quantum mechanics. Development of quantum mechanical

theory . (1925-26). Various applications of quantum mechanics
(1926-27) . Quantum radiation theory (1927). Interpretation
of guantum meehanics, transformation theory (1926-27). Quan-
tum statistics (1926,1929).

Relativity quantum mechanics. Relativistic quantum theory for

electrons (1928). Theory of electrons and positrons (1930-31).
Generalized wave equation (1936). Positive-energy wave equa-
tion (1971).

Theory of magnetic monopoles (1931, 1948).

Cosmology. Theory of cosmological constants (1937, 1973).
Other subjects. Classical theory of the electron (1938, 1948).

Quantum field theory. Hamiltonian dynamics. Gravitation the-

- ory. Theory of electrodynamics (1951).

Most of the great physicists contributing to the deve-
lopment of modern physics have had in common that their in-
tellectual lifes were rich and versatile. Planck, Einstein,
Bohr, Schrddinger, de Broglie and Pauli were all, in their
own ways, deeply interested in matters outside physics,
whether being philosophy, society, art, politics or litera-
tﬁre. Also, most of the pioneers were socially minded perso-
nalities. Some of them, like Sommerfeld, Bohr and de Broglie,
gave rise to schools inuscience. '

Dirac was an entirely different kind of personality. He

always was an introvert person, favouring isolation rather



than social or intellectual contacts. Of his childhood, Di-
rac's biographer, Jagdish Mehra, reports that, "The need for
social contacts was not much emphasized’in his home. Paul

was an introvert and, being often silent and alone, he de-
voted himself to the quiet contemplation -of nature ([122],
p.18). A loner, a prototype of the individual genious, Dirac
~has never cared about cooperation in phys1cs. Out of - Dirac s
entire stock of publlcatlons, covering some 130 tltles,vonly
five were written jolntly with other ‘authors. The hlghly ori-
ginal_tenor in Dirac's scientific works is also reflected in
his small use of references. In some contrast to what. is nor-'
mal for scientific publications, Dlrac cited only few authors,
‘as he really had no need to do so, the average number of cited

.ggworks in Dlrac s most 1mportant papers was ‘about. flve or six}

Durlng his age of growth Dirac did not meet w1th a par- f71'

tlcularly 1ntellectually stlmulatlng cllmate nor ‘did he
1-take part in social or philosophical debates of any kind In
“contrast to bourge01s education on the Contlnent, where lan-
‘guages, 11terature and class10al subjects were hlghly ranked,
Dirac's early education did not 1nclude these many- Slded as-
pects of learning but concentrated on physxcs, mathematics and
chemistry. In school Dirac never read Plato, and he has‘hard—
ly done so since then. o !

To a remarkable‘extent, Dirac concentrated hie talents
onefsidedly on physics. Schrodingeri who was a loner like Di-
rac but with a very different'background and with wide intel-
lectual interests, once wrote: "PHysics»consists not merely
of atomic research, science not merely of physics, and life
not merely of science.:"2 For Dirac, however, life was phyeics.
Dirac's contemporary, the German physicist Walther Elsasser,

has characterized his British colleague in the following way:

"He had succeded in throwing everything he had into one dominant
interest. He was a man, then, of towering magnitude in one field,
but with little interest and competence left for other human
activities. ... In other words, he was the prototype of -the

_superior mathematical mind; but while in others this had co-
existed with a multitude .of interests, in Dirac's case every-
thing went: into the performance of his great historical mission,
the establisment of the new science, ~quantum mechanlcs, to which
he probably contributed as much as any other man." ([70],p.51)



In the twenties and thlrtles, most 1nf1uent1al phy51-~

c1sts in England as well as on the Continent were involved ”””7
in discussing also religious views and their relationship to
the new physical world-picture. Most of the leading physi-
cists were affected by religion, although rarely by orthodox
christianity. Eddington , for instance, was deeply influenced
by his quaker background and often attempted to merge his—phi-
losophy of physics with his religious views. Dirac seemS?Eb
have been quite outside this religious trend, rather favburing
an atheist or maybe agnostic view. Heisenberg ([93];pp.91-93)
recalled discussions on religion during the Solvay Congress

in 1927 where Dirac definitely rejected any religious idea: Re-
ligion, Dirac said at this occasion, is a system of myths

with an ideological function, an opium for the people. Scien-
tifically viewed, it is based on irrétionality and false
postulates and hence without any appeal to the scientific man,
Dirac argqued. Wolfgang Pauli commented on Dirac's view with
usual sarcasm: "But yes, our friend Dirac has a religion, and
the basic postulates of this religion is: 'There is no God,
and Dirac is his prophet'".

Dirac's concern with art and literature was'always modest,
if not hostile. "How can you do physics and poetry at the same
time?" he once asked Oppenheimer, "the aim of science is to
make difficult things understandable in a simple way; the
aim of poetry is to state simple things in an incomprehensible
way. The two are incompatible."3 Wwith the exception of cosmo-
logy, Dirac-has never attempted to change his interests towards
other sciences, or to apply his physical insight to e.g. bio-
logy, such as became a fashion at many a quantum pioneer.

Dirac's attitude to poetry, religion and non-scientific
matters in general, may call in mind earlier periods of ratio-
nalism when hostile attitudes to poetry were held by e.g.
Newton, Locke and Hume. In many ways, indeed, Dirac's general
outlook seems strikingly similar to the outlook which domina-
ted the Neﬁtonian Age of Reason. Dirac might have felt him-
self more at home with the spirit of this age than with his
own.

Also regards philosophy, Dirac's explicit concern was




virtually nil., While in Bristol, Dirac felt at a time that
philosophy might perhaps be important and he tried to do

some reading in philosophy. He followed C. D. Brbad's,iectu—
res on the phiiosophical aspects of relativity'[lO] and read’
" Mill's Logic [128] and a few other books. However, Dirac's
meeting with the philosophy was short and unsuccessfull "I

. felt then that all the things that philosophers said were
féther indefinite, and came to the conclusion eventually that
I did notAthink philosophy couid contribute anything to the
advance of physics"([SB],p.lll). This aétitude seems to have.
remained at Dirac throughout his entire .scientific life.

In England the twenties and thirties were years with a
- widespread interest in natural philosophy and in the philoso—
_phicai implications of the new physics. A stream of books and
articles were published on aspects of modern physics in an e-
pistbmological context, the most important due to Russell,
Joad, Whitehead; Eddington and Broad. Dirac's reasoning in
physics may have some affinity with current philosophical
themes in England in these decennia. But it is doubtful whe--
ther Dirac was influenced to any extent by these philosophers,
with the possible exceptlon of Arthur Eddington.

Ever since his days as a student in Bristol, Dirac was
faéc1nated by Eddington's approach to physical sc1énce, based
on a beculiar mixture of grand syntheses, epistomological
pfinciples,and’advanced mathematical tedhniques. In particu-
lar, Eddington was the British fountainhead in relativity, a
field which always had a special appeal to Dirac. At an early
age, Dirac was caught up in the general excitement over rela-
tivity which swept over Europe in the post-war yeara. While
at Bristol, he read much on relativity theory, in particular

Eddington's Space, Time and Gravitation which made a great im-

pression on the young student. Ever 51nce[ Dirac has been firm-
ly commited to relativity which he always regarded as the i-
deal of a phy51cal theory. Dirac has only published little on
relativity thaory but a large part of his work is, directly

or inditectly, connected with Einstein's theory. His devotion

to relativity was, as we shall see, important to his general
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views concerning the aims and methods of physical science.
The professional relationship between Eddington andeDi—Aﬁggi

rac was one of mutual impact. Eddington was much impressed

by his young colleague's approach to quantum mechanics. The
relativistic electron theory of 1928 made a partlcularly '

strong 1mpact on Eddington who at many occasions attempted to
generallze Dlrac s theory and to connect it with cosmology

This ambitious programme culminated in 1936 with what probab—

ly was Eddington's opus magnum, the monumental but ill-fated

Theory of Electrons and Protons. Also from an earlier date Edding-

ton had thouéht Dirac's physics to be congruent with his own
philosophical'views in which the physical universe was pictu-
red as a dematerialized world of shadows dressed up in mathe-

matical symbols. In his 1928 classic, The Nature of the Phy-

sical World, based on lectures delivered in January to March

1927, Eddington praised Dirac's g-number algebra for its con-
sequent symbolism and emancipation from visualizable models:
"If we are to discern controlling laws of Nature not dictated by

the mind it would seem necessary to escape as far as possible from

the cut-and-dried framework into which the mind is so ready to for-

ce everything that it experiences. I think that in principle Dirac's
method asserts this kind of emancipation."([64],p-210)

Eddington's concern with quantum mechanics was, however,
unorthodox and his ideas on the subject were in gross disso-
nance with what most quantum physicists, including Dirac, re-
garded as proper quantum mechanics ([172],p.83ff;[124],p.112£ff).
At one occasion Dirac felt obliged to protest publicly against
Eddingtons's critique of current standards in quantum mecha-
nics. Referring to Eddington's objection aéinst the customary
use of Lorentz transformations in quantum mechanics, Dirac
mildly corrected his senior colleague: "The issue is a little
confused because Eddington's system of mechanics is in many
important respects completely different from quantum mechanics,
and although Eddington's objection is to an alleged illogical
practice in quantum mechanics he occasionally makes use of
concepts which have no place there" ([39],p.193).

As one of the founders of quantum mechanics and a lea-

ding contributor to its physical interpretation, one might




expect that Dirac was also engaged in the debate over the phi-
losophical 1mp11cat10ns of quantum mechanics, such as were-
most other pioneers. But Dirac has never contributed to quan-
tum philosophy,'so—called. Dirac's stand in the debate over
objectivity in physice and kindred questions, eagerly discus-
sed in the.thirties, was one of superior indiffefence. Some
physicists, like Jordan [106], rejected the problem of an ob-
jectively existing world as being.meaningless, in the positi-
vistic sense. Dirac was not a positivist, he_just didn't care
about.ontological problems. Concerning the quantum mechanical
measurement process and the eXiStence of an objective nature,
-Born portfayed~in 1936 what he called Dirac's l'art pour l'art
attltude:

"some theoretical éhysicists, among them Dirac, give a.short and
simple answer to this question. They say: the existence of a mathe-
matically consistent theory is all we want. It represents everything

. that can be said about:the empirical world; we can predict with its
help unobserved phenomena, and that is all we wish. What you mean
by an objective world we don't know and don't care."([7],p.12)

Such a standpoint ie, as Born remarked, scientifically
unobjectionable but it is restricted to a small circle of
experts. While this was a touchstone to Born and others who
wanted to make science intelligible to every thinking man,
the'aristocratic:Dirac didn't share such worryings;_Science
for the people has never been on Dirac's programme.

In the post-1927 division of scientists and philosophers
in the Copenhagen school (Bohr, Heisenberg a.o.) and the 'de-
terministic' school (Einstein, Schrddinger a.o.), Dirac rather
beloﬁged to the former, though not caring much about the de-
bate. He has always believed that the Copenhagen interpreta-
tion is acceptable as the best one in the state of present
knowledge; but also that our present foundation of quantum me-
chanics is not_the‘last word and probably will‘have to be re-
placed by'some fundamentally new theory in the future.

This brief sketch shows that whatever 'philoéophy' may
be connected with Dirac's physics, it can hardly be attribu-
ted to earlier.philosophical influences, intellectual long-

ings. or cultural contacts. Among the great physicists, Dirac
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was probably the least philosophically minded ever. This
does not mean, of course, that Dirac's physics is devoid of
philosophical elements or that 'philosophy' did not enter
his scientific reasoning. It certainly did, as well as we
shall see. But it means that Dirac's philosophy of science
must be examined in a different way than e.g. the philosophy
of science of Bohr, Schrddinger or Weyl. To a unique extent,
the methodological and philosophical content of Dirac's phy-
sics is unconnected to external factors. It is caused in
the physics itself; or rather in Dirac's unsophisticated and
unphilosophicalreflectidns over his physical theories. Cer-
tainly no scientist can avoid somehow to be influenced by
forces outside his scientific milieu. Even the greatest sci-
entists are,'as Schrodinger emphasized, members of a social
and cultural environment:
"The scientist cannot shuffle off his mundane coil when he enters
his laboratory or ascends the rostrum in his lecture hall. In the
morning his leading interest in class or in the laboratory may be
his research; but what was he doing the afternoon and evening before?
He attends public meetings just as others do or he reads about them
in the press. He cannot and does not wish to escape discussion of the
mass of ideas that are constantly thronging in the foreground of pub-
lic interest, especially in our day. Some scientists are lovers of
music, some read novels and poetry, some frequent theaters. Some.
will be interested in painting and sculpture .... In short, we are
all members of our cultural environment."([154],p.98)
Schrodinger's observation of the influence of the cultural en-
“vironment on scientists' thinking is, no doubt, correct. Al-
though it is not restricted to the fine arts but also covers
economical, political and ideological influences, not consi-
dered by Schrddinger. In Dirac's case, however, this influ-
ence was weak. This implies, futhermore, that it seems rather
hopeless to apply a socio-cultural scheme of explanation, such
as suggested by Forman [79] and Feuer [74] in different ver-
sions, to Dirac's case. Feuer has tried to do so (see §7)
but, as one would expect, with little luck. That externalism,
in whatever form it may take, seems unable to cope with Dirac's
physics, is not, I hardly need to say, an argument against ex-
ternalistic historiography as such.
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PAUL DIRAC IN GEORGE GAMOW's LINE AND VERSE"‘..

(From Gamow's Faust parody, written to Niels B'ohr".s In-
stitute for Theoretical Physics in 1932. See [82])

(DER MONO-POL fritt auf, .smgl)

' : Es waren zwei Mono-Pole." :
Die hatten cinander so lieb.
Sie konnten zusammen nicht kommen, .
Denii Dirac war allzu tief,

o DIRAC: e
~l ' . That donkey-electrons should wander

Quite aimless through space, is a, slander, -

That only with articles
On hole-like particles _
Could be said to have found a defender.
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§ 3.~ A DIGRESSION ON AESTHETICAL PRINCPPLEsulN THE- HISTORY
"0F IDEAs.

In-the course of history, intellectual work of any sort
has been intimately linked to various considerations of what
may bg g@lled, with a not too fortunate name, aesthetical
—princi?ies. This is manifest in the history of art and lite-
rature but also in the history of science such considera-
tions have played a central, though not always no-

. ticed, role. The interaction between aesthetic and scienti-

fic concepts is, futhermore, not merely a'feéture of past
science. Although usually disguised, it is present also in
- modern science, as exemplified in Dirac's physics.

The role of aesthetical or trans-lpgicél principles in
modern science has recently been studied berewis Feuer [75].
He regards the use of what he terms 'teleological principles'
as a kind of objectivization of some underlying emotional
aim: "A particular kind of world is sought which will answer
to the scientist's emotional longings. A teleological prin-
ciple, in its most general sense, is one which affirms that
some: ethlcal, extra-logical purpose is fulfilled in the struc—
ture of the laws of nature.‘Such a principle, moreover, ser-
ves then as a heuristic agent for discovering those laws of
nature. It is not an after-the-fact theological commentary
but an active participant in the work of exploration" (ibid.,
p.378). The sources for fundamental scientific inquiry héve
then to be traced back to the individual scientist's psycho-
logy, to his emotional longings. These longings are expressed
in a teleological principle which is"isomorphic' with the
scientist's ethical, social or religious world-view, his
emotional a priori. Feuer is, I think, quite right in his
appraisal of such principles as being essential to the func-
tioning of science on its fundamental level. But apart from
the dubitable association of teleological principles with e-
motional aims - and this is the whole core of Feuer's thesis -
"teleological' seems to me an unfortunate name. In some cases,

principles of this kind work indeed actively as heuristic
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agents, and may then bé described as teleologiéal. In other
cases, however, the same principles are reaily "after-the-
fact theological'commentaries", i.e. rationalizations a Eosté?
riori and not a priori research programmes. This holds in par—'
ticular for the principle of beauty in sciehce,,sucﬁ as we
shall see.in-the latter sections of the present study.

In the following, I shal use the, term aestheticgl‘prin-
ciples in a somewhat less comprehensive way than Feuer's te-
leological principles. Still the class of aesthetical'prin-'
ciples is extremely varified. It covers such items as pleni-
tude, beauty, simplicity, continuity, harmony, symmetry and
invériance. A fuller treatment of the role of thése’princip-

" les in the history of science is out of the scope of_thé pre-
sent work. For our purpose a brief inptbduction bf,selegtedv
aspects, to appear in Dirac, will suffice. A furthér‘disqus-:

sion will be taken up in §9 and §10.

First some comments on the principlé of plenitude, lar~
gely based on Lovejoy's treatise‘iil?], Cooked'down‘to its‘
essence, the principle of plenitude states that 'every,onto? f
logical niche must be filled', Or,'less Obscurely,ithét what
is conceived to be possible.is also somehow to be endowed B
with physical reality. During the course of time ﬁhis theme
- has been exposed in many different versions, With aifferént
purposes and with different effects. Appearing first in Plato,
the principle of plenitude has played a central role in the
formation oflideas'in theology, ethics, philosophy and scien-
ce. Partiéularly in the 18th century it was adopted and de-
velbped by Spinoza and.Leibniz as well as by many authors of
a less imposing stature. To these philosophers it was tight-
ly linked to questions of thedlogy, especially to the question
of God'é omnipotence. Spinoza's version of the prinéiple of
plenitude was that "whatever we conceive to be in the po-
wer of God necessarily e€xists". (ibid.,p.152)..To Leibniz the
prinbiple’wés_closely related to the principle of continui-
ty, that 'nature makes no leaps,' and that, therefore, the
order of natural'quantitiés forms -a single chain in which the

various elements exhaust the space of potential being. This



___belief in fullness and continuity sometimes led to 'predic-

““tions' and entire research programmes in the sciences, par-

ticularly in anthropology and biology. Leibniz thus ar-
gued that intermidiate links between animals and plants,
zoophytes, have to exist in nature. '

"So great is_the force of the principle of continuity, to my thin-
king, that not only should I not be surprised to hear that such be-
ings had been ‘discovered ---- but, in fact, I am convinced that
there must be such creatures, and that natural history will perhaps
some day become acquainted with them.” (ibid.,p.145)

From Leibniz' oécupation with the principle of pleni-

tude, Feuer has proposed to call it 'Leibniz' principle’'.

This, however, is not a quite fortunate choice since Leib-

" niz was notoriously vague on the point and did not take the

principle as an absolute. He held, for instance, that there
are species which are possible but nevertheless do not exist.
A more precise definition of the principle of plenitude
was given by a later 18th century author, the French philoso~
pher J. B. Robinet, who put it in these words: "From the
fact that a thiné can exist I infer readily enough that it
does exist" (ibid.,p.272). Now, if the principle of pleni-
tude shall be a useful scientific instrument, the problem
is, of course, to define what is meant by the ambiguous
phrase 'a thing can exist'. Surely, this potential existence
should not be identified with imagined existence. Centauré
are imaginable in fantasy, byt their existence is not in
the physical universe. The trouble with a useful formula-
tion of the principle of plenitude was accentuated with the
romantic wave, where even errors, disharmony and irregula-
rity were included in the necessary richness of the world.
Exposing the romantic version of the principle of plenitude,
Schiller wrote:
"Every offspring of the brain, everything that wit can fashion, has
an unchallenged right to citizenship in this larger understanding
of the creation. --- That great Householder of his world ... could
not permit even error to remain unutilized in his great design,

could not allow this wide region of thought to lie empty and joy-
less in the mind of man ..." (ibid.,p.299)

Of the more scientific applications of the principle
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of plenitude, the periodic system furnishes an early example.
Mendeleev and others predicted successfully that new ele-
ments would exist from the sole argument that this would
be in harmony with the required periodicity of the elements.
And later Rydberg, less successfully, predicted other ele-
ments to fill out the 'ontological niches' which he thought
prescfibed by the'periodic law. In theoretical physicists'
use of the principle of plenitude,-the ambiguous phrase 'can
exist'Ain‘Robihet's.fOrmulationris, it turhs out, rather i~
dentified with ‘COnsistehcey with the fundamental laws- of
nature.' In Dirac, this principle found a virtuosoQ

Better, perﬁaps, we may express the functioning Qf'the-
principle of plenitude in modern physics by saying that en-
tities are asumed to be realized in nature as far as they
are described mathematicélly coﬁsiétent and are not ruled
out by a so—célle@ principle of_imgotencé. These principles

are geheral'statements, asserting the impossibilify of achie-
ving something ([1691,p.58ff). They are exémplified in the
"second law of thermodynamics, the uncertainty principle in
guantum mechanics and in the impossibility of'recognizing
absolute velocity in the theory of relativity. It is a wide-
spread belief that ultimately the basic laws of physics may
all be epreésed‘as similar postulates‘bf impotence, Such
postulates are not forced upon by logical necessity; univer-
ses in which anylpostulate of impotence is violated are in-
telligible, and in fact readily so. In ﬁhis respect, they.
have an empifical basis. But they are not, on the other hand,
" simply genéfalizatibnSIOf experimental facts. They are the

assertion of a conviction, guided by experience indeed but

raised to an a priori status, that all possible attempts to
do a certain thing are bound to fail. In this respect, postu-
lates of impotencé share the characteristics of other aesthe-
tical principles in science. ' -

‘ Beauty is another of those aesthetical, a priori prin-
cipleé which so thoroughly have penetrated all aspects of
the hisfory of cféative thinking. In a scientific context
the quest for beéuty was a predominant theme in e.g. Bruno
and Kepler. The latter,'fop instance, ‘at one occasion argued
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m—for the hellocentrxcgsystem by this purely~aesthet1c con™
fession: "I certalnly know that I owe it this duty, that
as I have attested it as true in my deepest soul, and as
I contemplate its beauty with incredible and ravishing de-
light ..." ([110],p.116). In modern time the quest for beau-
ty in sc1ence has been hlghllghted partlcularly by P01n—
caré and his school. of philosophy. "The scientist” .P01n— iV
caré said, "does not study nature because it is useful to
do so. He studies it because he takes pleasure. in it; and
he- takes pleasure in it because it is beautiful. ... It is
because simplicity énd vastness are both beautiful that we
seek by preference simple facts and‘Vast facts ..." ([141],
p.22). Closely following Poincaré, Hadamard considered in- -
vention in mathematical sciences, including theoretical
~physics (in which case non—conventiohalists would prefer to
speak about 'discovery' instead of 'invention'), as essen-
tially a choice among various combinations of thought. This
choice is, and should be governed by affective elements,
particularly by the scientists' sense of mathematical beau-
ty. This feeling - call it beauty or not - is, in fact, the
only guide for basic scientific investigation on whicq the
theoretical researcher can possibly rely. Hadamard states:
"The guide we must confide in is that sense of scientific
beauty, that special esthetic sensibility ..." ([86],p.127).
'Beauty' may seem to be a somewhat misleading term in
a scientific context, since the word is usualle associated
with the experience of appearances in nature, in art and
the like. Poincaré takes pains to explain that beauty in
'écience is quite different from the sensational beauty con-
nected with artistic experiences. Science, Poincaré empha-
sizes, is intellectual work, dealing with "that more inti-
mate beauty which comes from the harmonious order of its

parts, and which a pure intelligence can grasp" ([141],p.20).
Following Poincaré&, the principle of scientific beauty

has got its modern philosophical advocate in Michael Pola-
nyi, to whom the sense of beauty in science is essential in

the context of discovery, as a heuristic means, as well as
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in the context of justification. "A great scientific theo-

{ ry", Polanyi says;‘"has an -inarticulate component acclai-
ming its beauty,fand this is essehtial'to the belief that
the theory is true. No animal can appreciate the intellec-
tual beauties of science" ([142],p.133). And, "We recogni-
ze intellectual beauty as a guide to discovery and as a
mark of truth" (ibid.,p.300). ' '

Even if the basic scientist, according to Poincaré.
and others, is preoccupied with aesthetic qualities ra- -
ther than with utility and empirical truth, these are not
foreign to the programme of beauty in science. On the con-

'trary;'the point is that‘exactIY’those theories which sa-
tisfy our sense of beauty are likely to be true and useful
- (although here utility is to be taken in a strict intel-
lectual sense and has nothing to do with social or industri-
“al utility). This identification of truth with beauty, cen-
tral to the whole idea of beauty in'SCience, was many years
earlier expressed poetically by Keats: - '
"Beauty is truth
truth beauty - that is all
Ye know on earth
‘and all Ye need to know.F, -
One and a half centuties later, Dirac restated Keats' con-
fession in another context: "A theory with mathematical beau-
ty is more likely to be correct than an uglonne,that fits
'some experimental data” ([49],pl29). To judge truth by cri-
teria of beauty may then, in somefquarters, be considered
the task of science. The converse thesis, that the truth
embodied in 1ntellectual work is relevant to its aesthetic
merit, plays a role in the philosophy of art [127] but need
not concern us- here.
' Closely connected to the principles of beauty and ple-

nitude are the principle of simplicity and what may be con-

sidered as its mature relative, the principle of least ac-

tion. Indeed, simplicity is most often taken to be an im-
portant ingredient of scientific beauty. The principle of«
plenitude and the principles of simplicity and least action

have‘ccmmon historical roots and to a large extent they ha-
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ve developed parallelly. Both were central tenets in Leib-

niz' philosophy where they were,. furthermore, tied up with .
moral and theological issues. This alliancé gradually weak-'
ened, but it never diéappeared - Two hundred years after
Leibniz, Planck undertook to argue for the existence of Cod
from the principle of least action ([ll9],p 165).

Although belonging to the same class of aesthetical
“and teleological suppositions, minimum principles do notx
share the ambiguity and arbitrariness of the principles of
beauty and plenitude. Since the days of Maupertuis and Fer-
mat, the principle of least action has been developed into |
scientifically exact formulations, which have proven immen-
sely effective iﬂ the advancement of science.

At some periods, certain aesthetical principles have been
conceived not merely as useful heuristical guides in scien-
cé, but as universal Canons to dominate the entire knowled-
ge of nature. Among the great physicists, Helmholtz and
Planck both held that all of physics has to be subordina—
ted principles of simplicity and least action, considered
to be ends, not only means of scientific inquiry. To Helm~
holtz the principle of least action was "the universal law
pertaining to all processes in nature" ([119],p.163). And
Planck, in 1915, saw the modern revolution in physics as
providing support for his belief in the universality of
minimum principles:

"The most brilliant achievement of the principle qf least action

is shown by the fact that Einstein's theory of special relativity,

which has robbed so many theorems of their univexrsality has not
disproved -it, but has shown that it occupies the highest position
among physical laws. --- The principle of least action ... appears

to govern all reversible processes in Nature." ([83], 140)

There are, of course, quite a number of other aesthe-
tic principles of importance in science. Prihciples of sym-
metry and invariance, playing such a profound role in mo-
dern physics [170], are thus belonging to the same class as
the principles mentioned above. Like simplicity, they are
often considered to be constituents of beauty in science.
And like the principle of least action, they have developed




from qualitative, ambiguous principles to become quantita-

tive and highly effective instruments of physics. Lastly,
aesthetics in science is sometimes conceived more broadly,
.covering, for instance, 1ndiv1dual sc1ent1sts views of ad
hoc'ness, their 1deas of Visualization and imagery, their
modes of thinking and choice between opposing themata of
any kind [95],[126].

In discuSSing aesthetical princ1ples in sc1ence, one '
should take care to "distinguish between objective aesthe-
tics; and 'subjective aesthetics’. MIn the first case it is
held ‘for 1nstance, that Nature posesses an immanent ten-
dency ‘to Simp11c1ty or beauty; and the pragmatic success of
these principles simply to be due to the fact that the laws
- of Nature - or God's mind - are simple or beautiful. The
second case is independent of any objective structure of

‘the universe; it demands that in interpreting nature the

scientist should prefer simple'explanations to complex,
beautiful equations to ugly, invariant laws to non-inva-
riant etc. Of -course, these two meanings are often mingled
together, since the mathematical description of nature is
often conceived to be a, more or less accnrate, reflexion

- of how the nature is really constftuted .This unification
may be clearly seen in Newton's famous 'first rule of rea-
soning in philosophy : "We are to admit no more causes of
natural things than such as are both~true and sufficient to

explain their'appearence; for, Newton says, "Nature does
nothing in vain and more is in vain when less will serve;
for Nature is pleased with simplicity, and affects not the
pomp of superfluous causes" ([134],p.398). .

In other philosophical conceptions, however; the uni-.
fication is unwarranted. This holds foremost in phenomena-
listic and conventionalistic philosophies of science, where
physical knowledge consists solely in an economic systema-
tisation of relations between phenomena, whose connection
to an objective nature is declared meaningless to discuss.
Mach's prinCiple of thought economy 1is indeed a principle

of simplicity, considered to be a prerequisite for any
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_scientific knowledge, but it is totally disconnected from

any ideas of simplicity inherent in nature. It has a psy-- - -

chological meaning, not an ontological. This point, con-

trasting Newton's, has been expressed by many scientists.

Max Born, for instance, commented in 1939 on the possible

unitary theory of the future in the following way:

" .. wir dirfen vermuten, dass, wenn wir sie finden, sie die Form
eines Extremalprinzips haben wird, nicht weil die Natur selber
einen besonderen Willen hat oder Zweck verfolgt oder besonders
dkonomisch ist, sondern weil der Mechanismus unseres Denkens
keinen anderen weg kennt, um der komplizierten Struktur der Na-
turgesetze kurzen, prazisen Ausdruck zu verleihen." ([9],83)
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§ 4. ReLaTiviTY THEORY OF ELECTRONS AND POSITRONS.,

‘Dirac's faﬁe-in physics rests, above ali, on his

work with the negative and positive electron, completed
. while he was still in his twenties. It was for this work
that Dirac received the Nobel Prize in 1933. ' ,

I have subjected Dirac’'s relat1v1st1c gquantum theory ‘
of electrons to a historical 1nvestlgatlon elsewhere [113]
and shall therefore sufflce to outline it in brief. The
problem in focus, was how to describe mathematically[the
quantum mechanical behaviour of an electron so as to be.
in accordance with the principle of relativity. Originally,
‘quantum mechanic¢s was presented in a non-relativistic way
and COnseqnently many physicists attempted to formulate
relativistic 'generalizations of the new.physics.-These at-
tempts took two directions, either by adding relativity\as
a correction’to the non—relativistic theorybor by straight-
forwardly extending the methods\of quantum mechanics into
the relativistic domain. In the first casé, this led to a
theory which accounted well for spln and relat1v1ty phe—
nomena in a first approximation, which was sufficient to
match the experlmental accuracy; but the theory was not
fully relat1v1st1c, i.e. not Lorentz invariant. The second
case led to the so-called Klein-Gordon equation, which
was tailored to be Lorentz invariant but.failed to.explain
spectroscopic phenomena involving-spin. .
A Confronted with the problem of reconciling quantum me-
chanics and relativity, Dirac approached the matter in a
highly original and remarkable way, rejecting both of the
mentioned alternatives. Dirac's solution to the problem
was offered in the beginning of 1928 [25]. It was in many
ways typical for Dirac's particular way of thinking'about
physical- problems What prompted Dirac to. repudiate the
Klein-Gordon approach as well as the semi- empirical approach
followed by Darwin, Paull and others, was his conviction
that "the interpretation of the relativistic quantum theory

[should be] just as general as that of the non-relativity
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theory" (ibid.,p.612).

This emphasis on generality was always a significant. - .

feature in Dirac's methodology. Almost forty years later, he
descriked the aim of theoretical physics as follows:

"Our object is to get a single comprehensive theory that will de-

scribe the whole of physics ... We need a single consistent compre-

hensive theory. Any special theory that one sets up for-dealing-
-with a particular problem should be consistent with this general
theory." ([47]),pp.1-2) . : ‘ ’ . )

The emphasis on generality and comprehensiveness did
- not imply, however, that Dirac was méthodologically devoted
to strict deductivism or that he favoured grand syntheses
to piecemeal improvements. "One should not try to accom-
plish too much in one stage," Dirac has said, "One should
separate the difficulties in physics one from another as
far as possible, and then dispose of them one by one" ([48],
p.24). ’

In 1928, the principle of generality implied that the
quantum theory, sought for, had to conform to the general
requirements of relativistic and quantum mechanical trans-
formation theory. This again means that the wave equation
has to be Lorentz invariant as well as of the first order
in the time derivative (see also Appendix I). These princip-
les - principles of faith in the foundation of fundamental
physical theory - were a couple of years later formulated
in this way:

"The important things in the world appear as the invariants (or

more generally the nearly invariants, or quantities with simple
transformation properties) of these transformations ... The growth
of the use of transformation theory, as applied first to relati-
vity and later to the quantum theory, is the essence of the new
method in theoretical physics.” ([29],p.v)

Although written two years after Dirac's success with
the relativistic wave equation, it expresses well Dirac's
‘motives also in the creation of this theory.

Guided by his belief in these principles, Dirac managed
to construe a quantum mechanical theory which in a very sa-
tisfactory way accounted for all the relevant experimental

experiences of the time. Dirac's way to the theory was mar-
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kedly different frem the attempts of other physicists. First

of all, the approach and the motives were basically non-empi-

rical: the experimental anomalles played but a remote role for

Dirac who was primarily concerned with formulatlng a con-
sistent theory from methods of principles. Therefore the
“approach taken by Darwin and others had no appeal to Dirac.
This feature was recognized by Darwin who acknowledged that
"Dirac's great success in finding the accurate eqﬁations
shows the great Superiority of principles over the previous
empirical method“'([l9]Jp.664). It would be but a minor ex-
aggeratlon -0 claim that Dirac might‘have found his equation
even if he had no knowledge at all of the current develop-
menht taking place in emplrlcal physics. In this respect, as
in others, Dlrac S approach was close to Einstein's (see §9).
It may be difficult to characterize Dirac's 1928 approach
in conventional methodologlcal labels, but whatever it was
it was not an example of the inductive-empirical method.

" In his later years, Dirac has often stressed that in
the theoretical sciences, mathematics is to be the leading
part (see §8). In 1928, Dirac had not yet developed such-
as kind of philosophy.’Yet; traces of it may be found impli-

citly in his relativistic theory. In the course of arguments

leading to the Dirac equation, it thus turns out that the

wave function under consideration must, as a consequence

of mathematics, be one with four components, Y =(P1,0a,¥3,04).

Dirac accepted.this result although it was not at all sup-
ported by empirical evidences. To describe an electron,
only a two-component wave function is required, such as the
one introduced by Pauli in 1927 in order to account for the
two directions of the spin. In Dirac's theory, then, half
of the components were 'superfluous',‘without any physical
justification whatsoever. This should be a disqualifying
feature according to the standards of Ockham's Razor, u-
sually regarded to be a sound methodological principle also

in modern science. Still Dirac felt compelled to follow -

the logic of his mathematical reasoning, happily unconcer-

N

ned about Ockham's rule.




‘Contrary to what is usually associated with ‘the British
~spirit' in physical science, Dirac firmly rejected"Visualiz—
able models. If used heuristically models are, according to

- Dirac, likely tQ=lead to false results; and they are, further-
more, in principle opposed to the nature of physical reality.

"The main object of physical science is not the provision of

pictures, but is ‘the fofmulationrgf laws governing the phenomena
.... whether a picture exists or not is a matter of only secondary

importance .... There is an entirely new idea involved, to which

one must get accustomed and in terms of which one must proceed to

build up an exact mathematical theory, without having any detailed
classical picture." ([29],p.12)

In the preface to his classic textbook Principles of Quantum

Mechanics, Dirac stated in an apparently Eddington inspired
passage:
"Nature's fundamental laws do not govern the world as it appears
in our mental picture in any very direct way, but instead they
control a substratum of which we cannot form a mental picture
without introducing irxrelevancies." ([29],p.V)
The sharp distinction between the familiar "world as it
appears" and an underlying "substratum" was a typical theme
in Eddington as well as in other contemporary scientist-~
~philosophers. The Eddingtonian spirit in the 1930 preface
is even clearer in the continuing statements. Here Dirac
said that the current state of affairs in theoretical physics
"is very satisfactory from a philosophical point of view, as
implying an increasing recoghition of the part played by
the observer in himself introducing the regularities that
appear in his observation" (ibid). This declaration is con-
geniél to conventionalism in general and to Eddington's so-
called selective subjectivism in particular. According to
this idea, our observational knowledge is selected by our
sensory and intellectual equipment and is therefore partly
subjective; the phenomena of nature are forced to fit into
the observer's sensory and instrumental settings, are partly
manufactured instead of discovered (cf.[124] and [172]).
It is true, as pointed out by Mehra ([122],p.50), that

“'pictorial models' are predominant in Dirac's thinking,




often used in order to think about premature physical con- ?
cepts and to transform vague ideas into mathematical symbols.

However, the pictorial models used by Dirac have almost

nothing in common with the traditional models in phy51cs,

functioning essentially on classical lines. "One may," Dirac

stated, "extend the meaning of the word 'picture' to include

any way of looking at the fundamental laws which makes their

self—consistency,obviuos; With this extension, one may gradu-

ally acquire a picture of atomic phenomena by becoming fami-
liar with the laws of the quantum theory" ([29],p.12). This
is, of course, an entirely different conception of models
than the one adopted by the classical models makers of the
Victorian Age, such as Lord Kelvin, J.J.Thomson and J.Larmor.
In accordance with his anti—model standpo&nt} and in
contrast to most other physicists working in the field,
.Dirac consciously‘preferred to look npon the electron as
a point charge so that questions concerning any model for
its internal structure were ruled away. This standpoint is
a sort of application of a simplicity principle. Commenting
on the semi- class1cal spin models of the electron, picturing
it as a rotating ball, Dirac asked: "The question remains as
to why Nature should have chosen this particular model for
the electron instead of being satisfied with the point- ‘
charge" ([25],p.610). A similar kind of simplicity argument
was used by Dirac when he later engaged in the classical
theory of electrons. Dirac. again treated them as point
charges, arguing that "it seems more reasonabie to suppose
that the electron is too simple a thing for the question of
the laws governing its structure to arise” ({37),p.148).
The use of 'Nature' as a heuristic principle, also explicitly
applied by Dirac at other occasions (see §5), closely resem-
bles Einstein's use of 'God'. Einstein used to ask himself
e.g. whether God could have created the world in this or
that way. Dirac, the atheist, addressed the same kind of
gquestions to Nature. ‘

When Dirac created his new theory of electrons, it was
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‘welcomed as- a-revolutionary step forward. Very soon, however, - R
serious objections were raised against Dirac's theory. These
objections were above all concerned with the problem of ne-
gative energy states.5

Already in 1928, Dirac had clearly recognized this pro-
blem although at that time leaving it‘un}reated.AThe case
is,bfiefly séated: thersolutidhtaf the birac equétion (and,
in fact, of any relativistic theory) allow for negative
total energies (i.e. E< —mocz) in addition to the usual
positive energies. That is, if solved completely the Dirac
equation results in a class of solutions which formally may
be attributed to ‘'electrons' with a positive charge and a
negative enerqgy. These solutions, it turns out, are associa-
ted with the 'superfluous' components of the wawe functioh,
mentioned above (see appendix I). Dirac considered this
peculiar situation in the words: |

"One gets over the difficﬁlty on the classical theory by arbitra-

rily excluding those solutions that have a negative W [total

energyl. One cannot do this on the quantum theory, since in

general a perturbation will cause transitions from states with

W positive to states with W negative. Such a transition would

appear experimentally as the.electronsuddenly changing its charge

from -e to e, a phenomenon which has not been observed." ([25],

p.612)
Now, particles with negative energy are quite unintelligible
in physics,6 as they lead to absurd consequences; they will
for instance, have less energy the faster they move and will
"~ have to absorb energy in order to be brought to rest.7 In
1928, Dirac chose to ignore the negative energy states on
the ground that they would give rise to phenomena "which
have not been observed" ([25],p.612). Still he realized that
if the formal power of the theory should be preserved, the
negative energy solutions had somehow to be taken seriously.
Without an understanding of the negative energies, the
theory was doomed to remain "still only an approximation”
" (ibid). And Dirac's aim was an exact theory.

During the following years, the negative energies

caused much concern among the quantum physicists. In the
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beginning of 1929, Heisenberg wrote about "die Elektronen-
tragddie nach Dirac (+mc -» -mc)", and Pauli was equally
disturbed over the "schauerlichen Konsequenzen der beiden
Vorzeichen fiir die Elektronenmasse."8 Some physicists, and
,‘Schrodinger in particular, tried to reconstructhirac's
theory so as to get rid of the negative energy .solutions.
Dirac, however, thought it necessary somehow to reconc1le
the absurd- 1dea of negatlve energy electrons with the fact
that such monster partlcles were formally included ih the
theory's mathematicai scheme. He was inclined to think that
‘since the neéatiVe-energy solutions had a mathematical
existence, they also had to be, not necessarily physically
eXisting, but at least physically interpretable.9 This rea-
‘sonlng, viz. what is in formal accordance with the laws of
nature is also somehow to be endowed with phy51cal reality,
clearly is a version of the old principle of plenitude. Much
A, later, Dirac recalled about this early phase of the positron
~ theory: "I was reconciled to the fact, that the negative
energy states could not be excluded from the mathematical
theory, and so,I'thought, let us try to find a physical
explanation for them"” ({531,p.144) . This attempt to endow
the mathematical structure with a physical interpretation
soon led to "perhaps the biggest jump of all the big .jumps
in physics of our century", to quote Heisenberg ([94],p.271).
‘The fact that an electron with negative energy moves
in an external field as though it is positively charged,
makes it tempting to suggest that the negative energy solu-
tions are simply referring to ordinary protons. Dirac consi-
dered this possibility but only to.reject it as unjustified:
apart froﬁ the problem of difference in mass, a negative-
energy electron cannot possibly have a physical existence,
as this wou;d lead to paradoxical consequences (cf. above).
Dirac then flatly rejected the idea of a negative-energy
electron (whether being identical to the proton or not) on
empirical grounds: "No particles of this nature have ener

been observed," is Dirac's plain reasoning ([26],p.362).
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This is of course a perfectly sound argument, -but it—is not -— —

entirely consistent with Dirac's otherwise so rationalistic
a philosophy. This, as well as other evidence to be mentioned
in the present work, shows that Dirac's philosophy of mathe-
matical reasoning was not strictly followed by himself.
Although Dirac_always stressed the primacy of mathematical
reasoning and beauty at the expense of empirical physics,;
he was neither a full-blooded apriorist nor an anti-empiri-
cist in any strict sense. When it came to the point, Dirac
shared the basic conviction of all, or virtually all scien-
tists, that ultimately one cannot make science disregarding
experience.

So Dirac did never seriously regard electrons with
negative energy as physically existing entities. Althbugh
positrons are sometimes described as particles with negative
energy, this is mistaken and has noth;ng~to do with Dirac's

theory.lO

Dirac's rejection of negative-energy particles.
did not mean, however, that he also rejected the notion of
negative-energy 'things', somehow predicted by the mathema-
tical structure of his theory. Twelve years later, Dirac
put the matter in this way:

" "Negative energies-and probabilities should not be considered

as nonsense. They are well-defined concepts mathematically,

like a negative sum of money, since the equations which express

the important properties of energies and probabilities can

still be used when they are negative. Thus negative energies

and probabilities should be considered simply as things which

do not appear in experimental results" ([40],p.8).
In this formulation we may again recognize the principle of
plenitude, although in a weak version: Whether the mathema-
tics implies the material existence of ordinary entities or
merely the abstract existence of 'things' is, after all, two
very different situations.

As a way out of the dilemma, retaining the significance
of the negative energy states without introducing negative-
energy particles, Dirac suggested the strange picture of a

world of negative energy states - the 'Dirac sea' - occupied
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by an infinite,number of electrons governed by Pauli's
exclusion principle. This sea, if completely filled, has
no observable properties whatsoever, a feature emphasizing
‘the abstract nature ofxDirac's picture. The occasionally
unoccupied states in this world, the 'holes', are endowed
with positive energy and positive charge. Dirac suggested
at first that the holes in the sea of negative energy were
to be identified with protons. | ,

Dirac's startling idea of a negative-energy world
provided a new and strange picture of the vacuum, previously
thought of as nothing~but embtiness,»Now the vacuum was
conceived as an infinite, uniform distribution of ghost
particles, a Ppicture which brings to the mind the aether
models in vogue in the latter part of the 19th century ’
(cf.[12]). Many years later, Dirac proposed to rev1ve the
. aether concept (see §5). o

.In the beginning of the thirties, Dlrac s theory was
not generally accepted and hardly regarded to be a respect-
able physical theory.'In most quarters, Dirac's idea was
’rejected- partly.because of nistakes about the anti-elec-
"trons,. which were often taken to material particles- with
negative .energy, and therefore unacceptable.ll In his
authoritative 1933‘Handbuch survey of quantum mechanice,
written shortly before Anderson announced his dlscovery '
of the positive electron, Pauli was very critical to Dirac's
hole theory. The difficulty about the negative energy states
cannot,.Pauli wrote, "weder weggeleugnet noch in einfacher
Weise behoben". Dirac's and Oppenheimer's ideas of anti-
particles were rejected with the following argument:

"Das tatsdchliche Fehlen solcher Teilchen wird dann auf einen

speziellen Anfangszustand zuriickgefiihrt, bei dem eben nur die

eine Teilchensorte vorhanden ist. Dies erscheint schon deshalb
unbefriedigend, weil die Naturgesetze in dieser Theorie in bezug
auf Elektronen und Antielektronen exakt symmetrisch sind. Sodann
missten jedoch (um die Erhaltungssatze von'Energie und Impuls _
zu befriedigen mindestens zweli) Y-Strahl-Photonen sich von selbst
in ein Elektron und ein Antielektron umsetzen kénnen. Wir glauben

also nicht, dass dieser Ausweqg ernstlich in Betracht gezogen
werden kann" ([138],p. 246) 12
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.Anéfher,objécficn”raised“against‘the hole theoryﬂwas——+¥fwmm~—
tha£ Dirac's infinite sea of negative-energy electrons o
should produce'an infinite electrical charge density and
then an infinite field. This difficulty was pointed out
publicly by}Oppenheimer [136], and by Bohr in his corre-
spondence:with,Dirac. Dirac tried to circumvent the‘diff;f:
culty by interpreting the charge density in Maxwell's
equation as the departure from the 'normal state' where
each state of positive energy is unoccupied and each state
of negative energy ‘is occupied. This normal state, or per-
fect vacuum, was assumed to produce no field. Later, Dirac
considered the problem mathematically and set up a theory
for the production of the electromagnetic field due to the ~
negative-energy electron distribution [317]; this field he
sought to make phyéically comprehensible, i.e. finite, by
use of a complicated mathematical ‘'cut out' technique.

Dirac's optimism as regards the essential validity of
general gquantum mechanics, a theme often appearing in his
publications, as well as his morale of piecemeal generaliza-
tions, was expressed in an exchange of letters with Bohr,
about 1930. While Bohr was at that time deeply worried
about the soundness of quantum mechanics, which he consi-
dered to be in a state of severe crisis because of its
difficulties in the relativistic domain, Dirac was quite
confident that gquantum mechanics, if only appropriately
generalized, would account for any problem that might arisé.
To Bohr he wrote: "I cannot see any reason for thinking
that quantum mechanics has already reached the limits of
its development. I think it will undergo a number of small
changes ... and by these means most of the difficulties now
confronting the theory will be removed. If any of the con-
cepts now used .... are found to be incapable of having an
exact meaning, one will have to replace them by something
a little more general, rather than make some drastic

13

alteration in the whole theory." As we soon shall see,

Dirac was not able to maintain his optimism during the
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thirties.

| Dirac's relativistic theory of electrons, positive
and negative, has not aroused much interest from the side
of philosophers of science. Apart from Bacheiard, already
'menticned, one of the few exceptions was due to Henry
Margenau.who,‘already in 1935, sﬁbjected Dirac's theory to
a methodological analysis [174]. The constructs. of explana-
tion, appearing in Dirac's theory, are purely abstract,
that is, without any visualizable counterpart in nature.
This, "in itself, is not disqualifying to the value of the
theory, Margenau7points out. But the theory introduces
constructs (such as the 'sea' of negative-energy electrons)
to which, by definition, no counterpart even in the form
of data cofrespond. And hénce the theory sins against the
réquifement of simplicity, in the same way as did the mecha-
nical aether models or other hYpotheses involving hiddén.
mechanisms. Margenau applied his methodological criticism
calso to 'the then new neutrino hypothesis, copsidered to
sin against the principle of simplicity even more violently.
For the neutrlno hypothe51s involves not only the construct
of neutrlnos, supposed to be practically beond emplrlcal
. tests; it also admits "the existence of higly paradoxical
_.entities which could be called "anti- neutrlnos""(lbld p.88),
and is therefore double methodologically unsound.

With the advantage of hindsight it is instructive to
see how Margenau's early methodologicla analysis, explicitly
designed to be an "attempt at crystallizing what the physi-
cist is doing," and "not to be regarded as a program to
which physical activities must always conform" (ibid.,p.81),
nevertheless leads to the rejection of physical notions
alone from methodological considerations. What Margenau in
1935 called "monstrosities" and "highly paradoxical entities",
anti-neutrinos, are in fact familiar objects for todays
physicists. Also it is characteristic that Margenau, writing
after the discovery of the positron, judged Dirac's theory

as methodologically better than Fermi's. The first one was
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~ regarded to be "incomplete in itsﬂinterpretationﬂ—bu£ not -
"altogether misleading", such as was Fermi's heutrino
theory. One might wonder what Margenau's methodological
judgment would have been if made in 1931, before the ,
positron, or in 1957, after the neutrino was experimentally
confirmed. If there is a morale to draw from this story,

it would be one rather agreeing with Feyefabehd‘s agéinst—
method philosophy, I think. ‘ ‘

In Dirac's original identification of holes with pro-
tons, various motives played a-role. At first Dirac was
inclined to consider the holes as being positive electrons.
According to the mathematical structure of the theory, one
should expect a perfect symmetry so that the holes would
have the same mass as the electron. If Dirac had kept faith
in his 'principle of mathematical reasoning', he would at
once have suggested the idea of a positively charged elec-
tron. However, other factors conflicted with such a proposal.
Firstly, Dirac was enough of a physicist to prefer his
theory to be based, if possible, on known entities. In
1930, the proton was the only known positively charged
elementary particle. Secondly, the idea of identifying
protons with vacant negative-energy states was highly
attractive by sténdards of principle, as in this way all
the then known elementary particles could be reduced to
one fundamental particle.l4 To Dirac this 'principle of
unity' no doubt played an effective role. In September
1930 he emphasized the point:

"It has always been the dream of philosophers to have all

matter build up from one fundamental kind of particle, so

that it is not altogether satisfactory to have two in our

theory, the electron and the proton. There are, however,

reasons for believing that the electron end protpn are

really not independent, but are just two manifestations

of one elementary kind of particle" ([28],p.605).

If the proton was the hole, one would expect that a positive-
energy electron might occasionally make a guantum transi-

tion to f£fill the hole, under which circumstances the two
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particles would annihilate under emission of electromagnetic
radiation (p+ + e - 2y). This process hadlearlier been
considered, first by Eddington in 1917 who suggested it as
a source of stellar energy.15 Dirac commented on the hypo-
thetical process- "There appears to be no reason why such
processes should not actually occur somewhere in the world.
They would be consistent with all the general laws of Nature-

."([28].p.606). This statement is very typical for Dirac's
'philosophy of physics. In it, we meet again the principle
of plenltude. what is consistent with "the general laws of
Nature", probably is also realized in nature. ' _

It should be remarked that Dlrac,'ln 1931, also ventured

a prediction of antl protons, belng negatively charged pro-
tons. These partlcles were only dlscovered or rather manu-
- factured, in 1955, 24 years after thelr,prediction. In his
Nobel Lecture [31], Dirac went one step further; from the
~view of complete symmetry between positive and negative elec-
trical charge he speculated about anti-matter, entire stars’
being bulld up from p031trons and anti-protons. Such anti-
matter stars have later played a role in certain cosmolo-
gical models (the Alfvén-Klein model).

Shortly after Dirac's hole theory was proposed, efforts
were taken to examine it theoretlcally. Oppenhelmer was able
| to calculate the mean lifetime for ordinary matter on Dirac's
proton-electron theory to be of the order of 10 19 seconds,
“which 1s, as he said, "absurdly short" ([135],p.943). Slmllar

calculations were also made by Dirac, who considered the
transition probability for the process p + e - 2y [27].
ﬁislresult was inconclusive but rather indicated a much too
large value to agree with the known stability of the matter.
.Despite these evidences, Dirac tried to rescue his hypothe-
sis, and then the "dream of philosophers", by arguing that
the unknown interaction between the electron and the proton
would possibly account for the gross discrepancy. It was

only after Oppenheimer had brought more conclusive arguments

against Dirac's assumption, and after Weyl had shown that
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—the holes must“necessarily-have?thefsame mass as -ordinary -
 electrons [167], that Dirac was forced tovleave his unitary
view. The proton was now exchanged with the positive elec-
- tron, experimentally being an unknown particle. |
In his various recollections,'Dirac has'repeatedly
‘pointed out that _his d1s1nc11natlon to postulate posi-
tively charged electrons was rooted in lack of boldness
to rely on the mathematlcal results of his wave eguation
and disreqgard the restrictions put by current empirical
knowledge. Had he only been faithful to his mathematical
reasoning, and not been led astray by what was known experi-
mentally, then he should immediately have postulated the
existence of positrons. Indeed, this was what Weyl did,
- and Dirac attributes this success to Weyl exactly because
he was not a physically minded physicist: -

... Weyl was a mathematician. He was not a physicist at all.
He was just concerned with the mathematical consequences of
an jidea, working out what can be deduced from the various
symmetries. And this mathematical approach led directly

to the conclusion that the holes would have to have the

same mass as the electrons. Weyl .... did not make any
comments on the physical implications of his assertion.
Perhaps he did not really care what the physical implications
were. He was just concerned with achieving consistent mathe-
matics.”" ([51],p.55)

Curiously, it was in following another suggestion of Weyl,
from 1929,16 that Dirac first tried to construe the nega-
tive energy solutions as protons.

During the thirties, Dirac became increasingly worried
about the state of affairs in quantum theory, especially
in relation to the intriguing problems arising from the
infinite number of negative-energy electrons and from the
appearance of divergent integrals in guantum electrodynamics.
These problems made the theory aesthetically unattractive
to Dirac. They led, Dirac stated in the 1941 Bakerian Lec-
ture, "to such complicated mathematics that one cannot
solve even the simplest problems accurately, but must resort
to crude and unreliable appproximations. Such a theory is

a most inconvenient one to have to work with, and on general




philosophical grounds one feels that it must be wrong"

([40],p.9). The growing dissatisfaction made Dirac give up

" his usual optimistic attitude and conclude that a drastic

change in the fundamentals of guantum mechanics was neces-
sary. When Shankland in';936'announced results of photon
' scattering experiments which seemed to imply non-conserva-
tion of energy for individual atomic processes, Dirac used
this opportunity to a showdown with the "so-called quantum '
electrodynamics" {33] He argued that Shankland's measure-
ments neceSSLtated ‘that the current relativistic quantum
field theory, which involved conservation of energy and
momentum, had to be replaced by a new theory of the Bohr-
Kramers-Slater type. This short-lived but 1nfluent1al
theory, originaily'proposed in 1924 as a rather desperate
answer to the growing crisis in quantﬁm theory, gave only
a statistical‘conservation of energy, not conservation for
individual processes (cf. [101],pp.181-188). Willing to
sacrifice the troublesome relativistic theory, Dirac wanted
to retain the general,'non—relativistic theory and to take
it as the starting point for‘a‘hewuand better generaliza-
tion, based on non-conservation‘in relativistic processes:
"The present gquantum mechanids, wifh‘its conservation of
‘energy and momentum, forms a satisfactory theory only when
applied non-relativistically, to problems involving small
velocities; and loses most of its generality and beauty
when one_attempté to make it relativistic" ([33],p.298).

Dirac ended his short paper, "... we méy-give it'[quantum
:electrgdynamics] up without regrets -.in fact, on account
of its ‘extreme complexity, most physicists will be very
glad to see the end of it" (ibid.,p.299). In this judgment,
Dirac probably gave a correcﬁ|picthre of the situation.
Throughout the thirties, most physicists thought that quan-
tum field theory, though applicable to a number of problems,
did not really make sense and that some radical new ideas
had to be added (cf. [162]). '

It is hard to believe that Dirac accepted Shankland's .
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results simply as an experimental evidence with which the —
theory had to comply. Such.asréﬁéiricist attitude would be
in gross contrast to his general ideas about the relation-
shipibetweén theory and experiment in physics (see §9).
Rather, he used Shankland's experiment as an additional
argument in support of his theoretically based disbelief 7
in-quantum electrodynamics. For Dirac, the really important
thihg about Shankland's experiment was that it called atten-—
tion to the existing inadequacies in relativistic quantum
theory. . .
Dirac's doubt as to the "so-called quantum electrody-
namics" naturally also covered the theory of B-decay, based
upon energy-conserving relativistic quantum mechanics. As
well known, Pauli had in. 1930 tentatively suggested the
17 by Fermi later dubbed

'neutrinos', in B-processes in order to reconcile the expe-

existence of mass-less particles,

- rimental data with the principle of energy conservation as
well with conservation of spin and statistics. Pauli's out-
landish neutrino hypothesis was developed quantitatively
by Fermi in his 1934 theory of B-deéay, which soon proved
highly successful. In theories of the Bohr-Kramers-Slater
type, howevef, there is no need to postulate neutrinos, in
which Dirac did not believe and considered as introduced
ad hoc: "... a new unobservable particle, the neutrino,
has been Specially postulated by some investigators, in
an attempt to preserve conservation of energy by assuming
the unobservable particle to carry off the balance" (ibid.).
Dirac's unsympathetic attitude to the neutrino may
seem surprising in regard to his general philosophy of
physics. Indeed, Pauli's neutrino postulate may seem to
be based on a similar reasoning which made Dirac postulate
the anti-electron and the magnetic monopole. Clearly, Dirac
would not accept the neutrino simply on the ground that it
was a conceivable entity which rescued some generally
believed conservation principles. In Dirac's version of

the principle of plenitude, he wanted a mathematically
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consistent reasdn in order to postulate physical entities.
They should, so to speak, grow out of the equations'
mathematical structure. It can hardly, however, have

escaped Dirac's attention that in-fact there were also
purely‘theoretical grounds for considering mass-less _
neutral particles of spin'% in B-processes. Pauli had con-
structed a variant of Dirac's equation which described his
hypothetical particle and_shown that the neutrino was,’ in
~this sense; allowed by relativity and quantum theory. In
1932, Oppenheimer and.Carlson, examining Pauli's neutrino
hypothesis, remarked that it was put forward "on the. further
ground that such a particle could be descrlbed by a wave

" function which satisfies all the requirements of quantum
mechanics and relétivity"./]“8 From these theoretical evidences
to infer the exiétenée of a ﬁeutrino, would certainly be an
argument in complete agreément with Dirac's way of thinking.
So, for Dirac in 1936, two aesthetic principles, both of
significance in his general reasoning, gave opposite answefé
to a specific problem:-From the principle of plenitude, in
Dlrac s key, he should have welcomed the neutrlno, from the
pr1n01ple of mathematical beauty, applled to the uhappeallng
mathematical structure of the quantum field theory, he was
however led to discard it. oo

‘ In 1936 Dirac developed his 1928 relativistic wave
equation a step further so as to include also particles

of spin_larger than a half [32]. Typically, Dirac was not
pressed to do so by new experimental evidences. In the
beginning of 1936, only the electron (positive and negative),
the proton and the neutron were recognized as elementary
particles, each of themcarrying a spin of one half. To be
true, Yukawa had in 1934 suggested nuclear forces to be

due to a new field whose quantum was estimated to be about
200 electron masses. In 1935-36, Yukawa's prediction of the
meson was examined by Japanese physicists (Mituo and others)
who argued that the spin of the meson was one unit (the true

value is zero). In 1937, Yukawa's‘ article was erroneousl
p Y




~identified with the ‘mesotron', detected in the cosmic- — -

radiation. It is unlikely, hpweﬁer, that Dirac's extension
of his theory was influenced by the prediction of the meson.
In. 1936, very few people accepted Yukawa's new particle,
Ahimself admitting it to be based on "arguments .... of
merely speculative character" ([1731,p.57). Mituo's calcu-
lation of the_meéon’s spin was, ﬁbreover, not known in o
Europe [131]. . ‘ ,

So it is, in effect, almost certain that Dirac's 1936
theory was not motivated by fhis early phase of meson theory.
As far as Dirac was concerned, no evidence of particles with
spin larger than a half askedAfor theoretical treatment.
All the same, Dirac reformulated his original linear wave
equation in a more general way, and showed that it, was then
able to describe also particles with spin larger than a
half, whether with zero mass or not. Dirac justified what
might appear to be merely a mathematicai exercise, as
follows: "It is desirable to have the equations ready for
a possible future discovery af an elementary particle with
a spin greater than a half, or for approximate application
to composite particles" ([32] ,p.448). And 'in a characte-
ristic spirit it was added: "Further, the underlying theory
is of ;onsiderable mathematical interest."

Let it finally be mentioned that in his later days,
Dirac has reSumed'his early interest in relativistic wave
equations and has proposed_a'theory which allow only for
positive energy solutions [50]. The new wave equation 1is,
of course, relativistic invariant, and it bears a formal
similarity to the celebrated 1928 equation. The particles
it describes are not, however, electrons but some new enti-
ties, not known to exist in nature. Although modern elemen-
tary particle physics may be said to owe its origin to the
works of Dirac, he has always been remarkably silent about
problems in elementary particle and nuclear physics, the
two most fashionable and fast-growing branches of post-war

physics. Apparently this kind of physics had no appeal to
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Dirac, who preferred a more abstract and general line of
thinking. I know of only one occasion where Dirac has
indicated his.view about elementary particles. This was
following a talk By Heisenbe;g in which he expressed his
deep dislike of the Democritean philosophy underlying the:
physicists' search for the ultimate.constituents of matter,
including the 'prejudice' in favour of quarks. Dirac agreed
;w1th Helsenberg s p01nt of view about elementary particles
that a concept: really doesn'tex1st, but added that he was
inclined to consider the electron. as elementary. "It may

_be that I am prejudiced because that I have had success
f'w1th the electron and no success with other partlcles, -he
“a1d\([94],p 274)

‘ At an early state, Dirac considered the success of hlS
'relat1v15t1c electron theory as rooted in the more or less
Lexpllc1t phllosophy behind the taken approach. This view

";ﬂWas .xpressed in his preface to Principles of Quantum ‘
'1&Mechan1cs and, in greater detalls, in May 1931 1ntroducing
V?one of Dlrac s most important papers. This introduction, a
: mpst;}nterestlng document of a young worqug physicist's
‘philosophy of science, deserves to be quoted at length:

"The stéeady progress of physics requires for its theoretical
- formulation .a mathematics that gets continually more advanced.
“~ This is only natural and to be expected. What, however,; was not
.., :expected by the scientific workers of the last century was the
./ particular form that the line of advancement of the mathematics
would take, namely, it was expected that the mathematics would
get more and more complicated, but would rest on a permanent
“basis of axioms and definitions, while actually the modern
physical developments have required a mathematics that continu-
" ally shifts its foundations and gets more abstract. Non-eucli-
. dean geometry and non-commutative algebra, which were at one
time considered to be purely fictions of the mind and pastimes
for logical thinkers, have now been found to be very necessary
for the description of general facts of the physical world.
It seems likely that this process of increasing abstraction
" will continue in the future and that advance in physics is to
. be associated with a continual modification and generalisation
of the axioms at the base of the mathematics rather than with
a logical development of any one mathematical scheme on a fixed
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.. _foundation.

There are at present fundamental problems in theoretical
physics awaiting solution, e.g., the relativistic formulation
of quantum mechanics and the nature of atomic nuclei (to be
followed by more difficult ones such as the problem of life
[sic!]), the solution ofy which problems will presumably require
a more drastic revision of our fundamental concepts than any
that have gone before. Quite likely these changes will be so
great that it will be beyond the power of human 1ntelllgence
to get the necessary new ideas by direct attempts to formulate
the experimental data in mathematical terms. The theoretical
worker in the future will therefore have to proceed in a more
indirect way. The most powerful method of advance that can be
suggested at present is to employ all the ressources of pure
mathematics in attempts to perfect and generalise the mathe-
matical formalism that forms the existing basis of theoretical
physics, and after each success in this direction, to try to
interpret the new mathematical features in terms of physical
entities (by a process like Eddington's PrlnCLple of Identi-
fication)." ([30],pp.60-61).
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§ 5, THE THEORY OF MAGNETIC MONOPOLES,

In 1931 Dirac used his 'general scheme of" advance'
to put forward a quantum theory of magnetic charges [30].
This theory did not share the success of his electron
theory, in the sense ‘that it was not experimentally Veri—.
fied despite numerous attempts and even ohe claim. On the
whole, Dirac's theory of magnétic poles has,‘though widely
debated, always been considered to be a little specﬁlative
and not ehtirely convincing. This incidentally, was also
the general reactioh to the hole theory before the‘d15co—.
very of the positron. Dirac, howevcr, has remained faithful
to the ideas of his original theory. In 1948 he developed
the theory further [41], and also at later occasions Dirac
Has taken it up. But even if the fate of Dirac's magnetic
theory has been very.diffe;ent from the celebrated Nobel
prize winning electron theory, otherwise the two theories
- show a nice intrinsic harmony. In its structure and philo-
sophy, Diréc's theory of magnetic poles accords well with
his slightly earlier theory of anti-electrons.

In classical electromagnetic theory, such as formulatéd
by Maxwell ahd Lorentz, electricity and magnetism appear in
_-an integratedlbut not entirely 5ymmetric way . in particular
the units of electrical charge have no counterpart. in mag-
netic charges, for which there is no experimental evidence.
Maxwell originally discussed 'magnetic matter' but only,
he stresséd, in "a purely mathematical sense" ([120] ,art.380).
If magnetic matter or 'fluids' should account for the ob-
served‘phenomena, one had to introduce as an extra axicm
that such matter is confined within the molecules so that
macroscopic bodies containing an excess of one magnetic
fluid are avoided. Maxwell ended up with the standard view
of magnetic poles as being the ends of long thin magnets,
and dismissed proper hagnetic monopoles simply because there
was no éxperimeﬁtal evidence for them. Still, there is

nothing in the Maxwell-Lorentz theory that precludes that
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such entities might possibly exist. In fact, the motion of
electrical particles in fields generated by magnetic mono-
poles was discussed before Dirac was even thought of.
Poincaré [140] and J.J.Thomson [159] were among the physi-
cists who examined the ﬁotion of magnetic monopoles in a
ciassical context. Another author who dealt with the ques-
tion of isolated magnetic poles was, incidentally, Friedrich
Engels.19 It is only in the more modern formulations of
electrodynamics, where the electromagnetic potentials are
¢grucial and where the equations of motion are expressed in
Hamiltonian form, that there is no room for magnetic mono-
poles. Since a canonical formulation of the electromagnetic
field turned odt to be necessary for a quantum description
of the field and its interaction with particles, it was
thought that the existence of magnetic charges was incompa-
tible with quantum mechanics (see also-appendix I1).

Dirac objected to this conventional thinking and shoved
that magnetic monopoles can perfectly well exist consistent-
ly with quantum mechanics if it is only slightly generalized.
Just as the hole theory aimed to introduce a symmetry between
electrons and protons, the 1931 theory aimed to introduce a
symmetry between electricity and magnetism. But just as the
electron-proton symmetry is mot conplete, neither is the
symmetry between electricity and magnetism, Dirac explained.

From 1926 onwards, Dirac has taken the validity of
general gquantum mechanics as a basis for moét of his re-~
search in the gantum domain. The confidence in the basic
quantum mechanical formalism was decisive for Dirac's theo-
ries of 1928 and 1930, and also in 1931 he emphasized that

his new theory was firmly based in the fundamental theorems

of guantum mechanics.

“The present formalism of quantum mechanics, when developed
naturally without the imposition of arbitrary restrictions,
lcads inevitably to wave equations whose only physical inter-
pretation is the motion of an electron in the field of a

single pole. This new development requires no change whatever
in the formalism when expressed in terms of abstract symbols
denoting states and observables, but is merely a generalizatjion




45

of tne possibilities of these abstract symbols by wave
functions and matrices" ([30} ,p.71).

In accordance with his mathematical programme, his 'general
scheme of advance', Dirac did not start out witn experimen--
tal puzzles but with mathematlcal deductions to which a
phy81cal meaning was afterwards assigned. Dirac showed
that the unphysical phase factor in the wave function W-weiY
may be related to_singularities in the electromagnetic fieid,
pictﬁred as discrete Faraday lines of force (see appendix
'III).;These singularities were interpreted as electrical
-and magnetical point charges. Elaborating on these iaeas,
Dirac argued that quantum mechanics allows -formally for
magnetic monopoles.'And.further, if such entities are
postulated, then it follows necessarily ffoﬁ the logic of
quantum mechanics that their magnetic strenght is quantized

according to
L= neug with® - up = 5o - (a)

where n is an integralfnumber.

Apart from the desire to bring more-symmetry into
'physies, Dirac was no doubt motivated also by an ambition
to explain the atomicity of the electrical.charge. Not
merely accepting the existence of a smallest electrical
charge as a matter of experience, Dirac asked about  its
deeper reason. He seems to have hoped for a purely quantum
condltlon, expre551ng the magnetic pole in analogy with the
electric one achieved from the fine-structure constant

2

_ e _ 1 _ :
o = = = 337 or e = VoRc (b)

.. What Dirac deduced was, instead of, a reciprocal relation
between magnetic and electric charges, a result he found
"rather disappointing". But he also considered it to be a
strong argument in favour of the existence of magnetic

monopoles. Because such particles will, by virtue‘of (a),

require all electrical charges to be quantlzed in units

/2u .
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As Dirac stated:

" The quantization of electricity is one of the most fundamental

and striking features of atomic physics; and there seems to be -
no explanation for it apart from the theory of poles. This provides
some grounds for believing in the existence of these poles"

([41], p. 817).

Dirac thought erroneously that his theory was the first at-
tempt to explain the atomicity of electrical charge from
a fundamental theory.20 ‘
What Dirac showed was, that magnetic monopoles can
exist, according to quantum mechanics. But do they really
exist?
In accordance with his stated methodology of mathematical
reasoning, Dirac was inclined to think that since there is

no theoretical reason against the existence of magnetic mono-.

poles, then they would probably also exist in nature. "Under
these circumstances one would be surprised if Nature had made
no use of it," Dirac said ([30], p. 71), virtually echoing

21 This is a

- earlier statements from his theory of electrons.
rather precise statement of the principle of plenitude, also
operative in Dirac's positron theory. The principle of plenitude
works, however, somewhat differently in the two cases. While
in the latter, anti-electrons are not only formally allowed,
but are also demanded - as the theory would be incomplete
without them - in the first theory monopoles are predicted so-
lely by a negative argument: they are not precluded by the
theory. Quantum electrodynamics is neither more, nor less,
complete or consistent whether the monopoles are postulated
or not; but of course the theory attains a more symmetrical
form. In general one should take care to distinguish between
phenomena explicitly predicted ('demanded') by theory and
phenomena which are just not precluded by theory.

Due to its inexactitude, the principle of plenitude has,
in the course of history, been used as an argument for the
physical existence of almost everything, from zoophytes to .
monopoles. At times, indeed, reasoning based on the principle

of plenitude seems to amount to little more than asking




47

"why not?" In the eightteenth cehtufy, for example, the
principle was used to support the claimed obSeivations cf
mermaids and sea-men by a priori arguments. As the notlon

of mermalds was neither intrinsically contradictory nor
colliding with current biological laws, such creatures

were,‘in the light of the principle of plenitude, assumed

to exist in nature ([117], p. 271). In its esséﬁce,‘Dirac's
line of reasoning when conjectufing the existence of magnetic
'monopoles.did not differ from the eighteenﬁhvcentury‘arguments
-in favour of the existence of mefmaids. Although both mérmaids;“
and monopoles have been claimed observed from time to another, .
neither of them have found widespread acceptance‘among
scientists. '

The receptlon of Dirac's audacious theory was remarkable
because of its silence and lack of 1nterest In the period
1931-39, only five scientific papers dealt with magnetlc
monopoles,22 excluding Dirac's own contribution. ApparentlY‘
‘Jordan was the only one who took an active‘interest.iﬁ Dirac's
theory; of the five papers on monopoles,‘two were written .
by Jordan;and one by his assistént B.O. Grdnblom. The scant
.interést devoted_to Dirac's theory was, moreover, restricted
to a purely technical level. Igor Tamm solved the differential
equation governing the'motion of an electron around a monopole .
[158], and Jordan picved that the Dirac condition for monopole
strength may also be derived from quantum électrodynamics [1lo51.
In the thlrtles, nobody commented on Dirac's suggestlon about.
the phy51cal existence of monopoles, and neither was there any
experimental search for them.

On remarkable exception was Fellx Ehrenhaft, the Austrlan
physicist who unhappily devoted his scientific life to the
discovery of ‘subelectronic charges [96]. In a number of
experiments,'Ehrenhaft found charges ﬁhich were fractions
cf the elementary charge and insisted on the significance of
his results. Other physicists, however, flatly refused to
accept his claim of subelectfons. Despite his'important contri-
butions to physics (photophoresis and Brownian hotion), he was
soon regarded as nothiné but a crank. Around the mid-thirties, .
after Dirac had put forward his theory of magneéic monopoles,

Ehrenhaft claimed to have discovered monopoles and continually
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wrote to Dirac about it.23 He tried to obtain support from-

Dirac who, however, concluded that Ehrenhaft's experiments
could not be interpreted as evidence for his theory and he
was not able -to support the outcasted Ehrenhaft. In ﬁﬂéuzgig:iﬂi
ties and forties, Ehrenhaft was virtually banned from publi-‘
cation in theirecognized physics journals. In 1945, he was
allowed to report briefly on his experiments which he inter—j
preted in terms of particles with a single magnetic pole
[68]. In Iééngiracﬁreferred to this report, but did not -
accept it as evidence for the magnetic monopoles belonging
to his theory ([411, p. 817). |

The fact that magnetic monopoles have never been de-
tected seems not to bother Dirac overly. To Dirac the really
important thing is not whether such particles are experimen-
tally confirmed or not but that they have, at least, a theore-
tical existence (or, what is practicélly the same, that they
exist "somewhere in the universe"). Contingency, rather than
empirical existence, was Dirac's prime interest. Still, Dirac
was concerned with physics, not metaphysics, and in 1931
~he ended his article with a few remarks about the possible
detection of the magnetic poles, much like the way that he
had earlier commented on the possible experimental verifica-
tion of his "hole" theory. Dirac suggested that the lack of
observation of magnetic monopoles was rooted in the large
numerical value of My about 70 times the electrical unit
charge (see (a) and (b)). This requires enormous energies
to produce and separate pairs of mondpoles.

Reading Dirac's papers, one gets the impression that
he never cared too much about experimental confirmation. In
1975 he payed, indeed, a tribute to empirical philosophy:
"Whether they [magnetic monopoles] exist or not can only be
decided by experiment" ([56], p. 46). It was, in 1975 as in
1931, obvious to Dirac that physical existence can only be
truly decided by empirical means. Dirac shared, after all,
the unconscious empiricism of most physicists. Yet, he
seems to have been gquite satisfied with the internal
theoretical power of his magnetic theory, whether confirmed

or not. When P,B, Price and co-workers in 1975 reported that
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they had detected a sinéle event of a'magnetic monopole in

the atmosphere,24 oné would expect that Dirac would enthousia-
stically hail this discovery, long waited for. But he welcomed
it only rather indifferently. While Price's discovery was consi-
dered much sensational in the press and by most physicists,

and gave rise to heated discussions, Dirac sufficed to state
that there was probably a fifty—fifty chance that Price Was
right; and soon after he told Price that he did not believe

in his discovery.25 -
' This rather unusual reaction indicates a relative lack

of interest in empirical verification and a preoccupaﬁion with
thgftheory's intrinsic qualities. These characteristic fea-
tures in Dirac's psychology were also manifest in 1932 when
Anderson first detected the positive electron and thereby
confirmed Dirac's controversial theory of "holes". In an
interview from 1963, T.S. Kuhn asked whether this discovery
generated great immediate excitement and satisfaction.

Dirac answered: "I don't think it generated so much satisfac- '
tion és getting the equations to fit."2§ '

Some years after Diracis'second contribution to monopole
theory, he proposed to revive the aether, that old favourite
médium of British physicists. Though without technical con=
- nection tb monopoles; Dirac's idea of an aether shows a cer—
tain methodological similarity to his works on‘monopoles
which is the reason that I mention it here.

‘Dirac's unorthodox'attempt to reintroduce the aether in
physics was based in his continuous dislike of the state of
art in quantum field theory. As mentioned in the previous
section, this dislike was predominant also in the thirties,
then shared by a majority of physicists. After the war, how-
. ever, quantum field theory gained a momentous break—thrdugh
as Schwinger, Dyson, Feynman, Tomonaga and others managed A
to develop techniques for removing the infinities which had
haunted the earlier phases of the theory (see [162]). In
the late forties, quantum field theory was developed into a
highly successful theory, generally recognized to be the
relativistic quanﬁum theory. Dirac, however, remained
sceptical and was not convinced by the new theory. It lackéd,
he felt, the two qualities which characterize a really '

satisfactory theory, generality ‘and mathematicai beauty.




50

Dirac's judgement of gquantum field ;héo;y,_gnqg 1954, was

essentially the same as 15 years earlier. His main objection-
was that, "the present quantum field theory is complicated
and ugly. It has none of the simplicity and beauty which are
characteristic of- a good physical theory. These qualities
occur to a marked extent in relativiétic méchanics aloné;
or in qﬁanéumEmechanics alone, but disappear with our present
methods offcombining the two" ( [44], p. 145). In 1936,
Dirac proposed to retain beauty by giving up energy conser-
vation; now, 15 years later, he argued for a no less con-
troversial idea, the aether, in ofder to reach the same goal.
Since the late thirties, Dirac had attempted to formulate
a new classical theory of electrodynamics, amenable to a more
satisfactory quantization procedure. This programme started
in 1938 [37] and was further developed after the war [43].
It was well known that the problem of infinities in quantum
electrodynamics was essentially carried over from the classical
Lorentz theory, in which the self-energy of the point electron
is infinite. Therefore Dirac applied the strategy that the |
problem of infinities should first be solved in classical elec-
trodynamics and quantization only come afterwards, impressed
on the improved classical theory. Possibly, Dirac stated his
idea, "the troubles of the present quantum electrodynamics
should be ascribed primarily .... not to a fault in the general
principles of gquantization, but to our working from a wrong
classical theory" ([43], p. 291). "The theory .... is put
forward as a basis for a passage to a quantum theory of elec-
trons" (ibid., p. 296), the aim was declared. In Dirac's
reinterpretation of the Maxwell-Lorentz equations, the elec-
‘tric charges were not introduced as hew variables, but were
described by "superfluous" variables appearing in the theory
without charges. These variables, corresponding to the choice
of a gauge in the Maxwell-Lorentz theory, were, Dirac stated,

"t+o a certain extent, at our disposal, and .... they can be

made to serve in the description of electrons, instead of

remaining physically meaningless" (ibid., p. 293). Notice the
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close resemblance of this ergumeht, again a kind of plenitude
reasoning, with the earlier argument for the negative energies,
as. expressed in e.g;‘l942‘(se §3). Dirac thus tried to con-
struct a scheme of‘electrodynamics in which electric charges
appeared ohly as secondary entities..Or, to be more correct,
his theory involved only the ratio e/m, not e and m separetely.
The existence of ‘an electronic charge was thoﬁght not to be a

property of classioal electrons, but to be a quantum effect.

Despite much WOrk and ingenuity directed to this programme,

it did not succeed. That is, it never reached quantization and
most physicists did not ‘accept it. ,

A peculiar feature in Dirac's new electrodynaﬁlcs,-such
as it was developed in 1951, was that the electromagnetio po-

tentials were interpreted as_velocities.27-In vaouum, the

‘particular velocity was taken to be the velocity with which a
small charge would move,'if introduced. On this new conception,

'Dirac proposed to revive ‘the aether, thought to be ruled out

of physics by the theory of relativity in the beginning of '
the century [42]. Dirao argued that on his new electrodynamics
an aether could well be conceivedévand that without violating
the basic laws of relativity and quantum mechanics. The veloci-
ty of Dirac's aether was taken to be the afore-mentioned vacuum
velocity assoc1ated w1th the electromagnetlc potentlals -As
in the 1930 hole theory, Dlrac viewed the vacuum as being diffe-
rent from mere emptlness. The vacuum, he noticed with satisfac-
tion, "is no longer a trivial state, but needs elaborate mathe-
matics for its description" ([42], p..906). Also the demon-
stration that the aether is reconcilable with basic physical
laws and by that reason is likely to exist, runs parallel
to the 1931 argument for the monopole. Dirac ended his short
note ' in 1951 w1th the words: "It is natural to regard it
[the Dirac vacuum veloc1ty] as the velocity of some real
physical thing. Thus with the new theory of electrodynamlcs
we are rather forced to have an aether" (ibid., p. 907).

Dirac reallzed, of course, that the classical aether '
concept, involving a definite aether velocity and hence giving

preference to one direction in space-time, was incompatible

"with the principie of relativity. But what does the matter .

look like, Dirac asked in 1954, if viewed in the light of
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‘quantum mechanics? In this case one would -think-that the - - -
aether, imagined to be a very light form of métter, would be
strongly affected by the principle of indeterminacy. If so,

‘the velocity of the aether would not be ‘definite but subject

to- a quantum mechanical probability law, and therefore con-

.ceivable within the principlg of rglgtiVity.:Together with

the aether; Dirac now suggested to bring in absolute time,. si-
milarly adjusted to the requirements of quantum mechanics. 7
In this way, it was conjebtured, the unattractive complexities
of quantum field theory would be avoided and the inherent

simplicity of non-relativistic quantum mechanics restored

into the relativistic domain. How this should be carried through

was not explained as Dirac was not able to develop his ideas

- about a new aether and a new absolute time into a mathematical

theory. As to whether the aether really exists, Dirac partly
left the matter to the experimentalists: If aetherbased theories

- would turn out to be-empiricélly better than aetherless theories,

then the aether would "exist". Dirac concluded:

."I would like to emphasize that the foregoing discussion does not
prove the existence of an aether or of absolute time. It merely
shows that these concepts are not inconsistent with relativity,
when one applies them in a setting of quantum mechanics, and so
there is no immediate reason for rejecting them. Whether nature
has actually made use of them or not is another question" ([44], p.
146).

Despite of his cautious choice of words, it seems that Dirac
considered the aether as more than just a working hypothesis

of possible heuristic value. Being consistent with guantum
mechanics and relativity, the aether was conceived as "really
existing" in the same vague éense as was the magnetic monopole.
In the last analysis, however, this existence would be revealed
only through its contribution to a mathematically simpler and
more beautiful physical theory.

It may be remarked that Dirac's dissatisfaction with the
situation in quantum field theory, a branch which was pioneered
by himself in 1927 and to which he has contributed as much as
any other physicist, has never ceased. In 1964, in lectures gi-
ven at Yeshiva University, Dirac described the usual form of

quantum field theory as being "in rather a mess", as "a stopgab,
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. without any lasting future" ([47], pp. V and '2) .
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§ 6, MONOPOLES AND TACHYONS IN THE THEORY OF SCIENCE;

Let us now, for a moment, digress from the history of
Dirac's physics and inquire into some general aspects of the
meta-particles occuring in modern physics.

The arguments for the existence of the magnetic monopole
are clearly rooted in two aesthetic principles: A principle
of plenitude and a symmetry principle, the latter stating
that the electromagnetic equations ought to be symmetric in
electricity aﬁd magnetism. From these principles it follows
that a symmetric theory, including monopoles, is to be
preferred to an asymmetric theory without monopoles.

As earlier mentioned, classical electrodynamic theory is
formally consistent with magnetic monopoles. It can be shown,
however, that this peaceful coexistence breaks down for cer-
tain formulations of electromagnetic theory such as electro-
magnetism framed canonically, i.e. by means of Hamilton-
Jacobl formulation. Also it turns out that it is not pos-
sible to give an action principle for the classical electron-
monopole electromagnetic field unless an extra condition,
not derivable from the action principle, is assumed.28 As
was pointed out in §3, fundamental laws in physics are thought
always to be formulable by action principles. At least one
physicist objected to the 1975 claim of discovery because he
thought that particles, not obeying pure action principles,
would be intolerable. His argument is interesting because it
shows (1) that the aesthetic factor is clearly recognized,
and (2) how two aesthetic criteria, both derived from the
quest of beauty, may contradict each other in a specific ca-
se. Symmetry and plenitude versus action principle, which
should be ranked highest?

The mentioned physicist, David Rosenbaum, objected to
Price's claim of having discovered the Dirac monopole in the
following way:

"The arguments for magnetic monopoles are essentially aesthetic.
The fact that the electric-charge-magnetic-monopole system, if it
existed, would be the only classical system whose dynamical
equations could not be derived from an action principle destroys
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any aesthetic advantage for me, and thus any attractlveness to
the concepts." [ 150]

The fact that electrodynamics Qith magnetic monopoles is
difficult to express satisfactorily in terms of an action
principle implies, furthermore, that monopoles are impossib-
‘ le within the.framework of direct-action electrodynamics
[160]. Only in field theories of the Maxwell type are mono-
poles permitted. This has led some physicists to suggest
that empirical disproof of magnetic monopoles would imply

an abandonment of electromagnetic fields and 1nstead of
support ideas of action-at- a—dlstance. It is only if fields
are given the same ontologlcal status as particles, that

“-the apparent absence of monopoles in nature becomes a nyete—

| Among the multitude of‘particles, or meta—particles,
‘ occuring in modern physics, some show a striking analogy to
Dirac's mOnopoles} This is the case with the so- -called m
tachxons, that is hypothetical partlcles which move w1th a
speed faster than llght.

Tachyonlc particles have always been considered as
conflicting with the principle of relativity, based upon
the postulate of the veloc1ty of . llght as an upper limit. In
pre-relativity physics faster- than light partlcles were
discussed by Arnold Sommerfeld in 1904 [156], and in greater
details inll905.[157], and also by some other authors. '
Sommerfeld's investigations, which built on the classical -
electron theory, showed that particles accelerated beyond
the light'barrier would behave in a manifestly absurd way.
" Not only would they accelerate upon loss of energy, but if
: ascr;bed a mass as force divided ?ith acceleration, it .
would be negative. Because of these absurdities, it was hard
to believe that superluminal electrons existed in nature.
All the same, tachyons were not really precluded by classical
theory. Sommerfeld, for instance, ' did not consider the idea
of material bodies moving with a velocity faster than light

as an unphysical concept in itself. Cf. [147].
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- While faster-than-light particles cou;d;étglgggtmbe
sensibly discussed in pre-relativity physics, the the-
ory of relativity exiled such particles from physics

to the airy realms of metaphysics. In the sixties, how-
»eVer,,physiciéts reexamined the matter frbm the view-
point of special relativity and demonstrated that this
theoryﬁéééé not, after all, preclude suéé?fuminal par-
'ticlfe‘s,?taéhyons.29 Only they are bound to remain super-
luminal. Crossing the light barrier definitely violates
the principle of relativity. Also it is possible to de-
sé}ibe tachyons, if assumed to be spinless, by the for-
malism of relativistic quantum field theory. This was
shown by Feinberg [73] who also coined the term tachyon,
referring to the Greek word "tachys", meaning swift. So
tachyons do not involve logical inconsistencies, and may
be reconciled with the fundamentals of physical theory,

relativity and quantum mechanics.

From the fact that tachyons are not precluded by
theory, they were then assumed to exist in nature. This
argument, derived by the principlé of plenitude, was
fully récognized by the involved physicists. Bilaniuk
and Sudarshan, who first predicted/invented the tachyons,
wrote:

"There is an unwritten precept in modern physics, often
facetiously referred to as Gell-Mann's totalitarian principle,
which states that in physics "anything which is not prohibi-
ted is compulsory." Guided by this sort of argument we have
made a number of remarkable discoveries, from neutrinos to )
radio galaxieés.” ([5], p. 44).

The close agreement between monopoles and tachyons, as

. far as their meta-scientific status is concerned, is fur-
ther shown by the following statement, excerpted from a
1963 article on magnetic monopoles:

"One of the elementary rules of nature is that, in the absence
. of law prohibiting an event or phenomenon it is bound to occur
with some degree of probability. To put it simply and crudely:
Anything that can happen does happen. Hence physicists must
assume that the magnetic monopole exists unless they can
find a law barring its existence." ([78], p. 122)
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Here we have, in clear language, the modern principle ef'A
plenitude, much in the sense that it was applied by,Qifac.
The agreement with Robinet's 18th century formulation
(see” §3) is striking. ‘
The similarity with Dirac's 1931 work is distinct
'also in Bilaniuk and Sudarshan' S concludlng obligatory
trlbute to emplrlclsm, "Although we think that superlu-

minel particles do exist, the only unequivocal Way to

([51, p. 51). Ever since their prediction in the late

- sixties, tachyons have been sought for experimentally,

>but hitherto in vain. Curiously, tachyons were repor-
ted.detected in 1974 [18], one year before Price's monopole
claim. However, the claim turned out to be too hasty

and was soon withdrawn. )

The latest development in the ‘hunt fbr new par-
ticles, assumed to exist by virtue of the principle of
plenitude, includes elproposal tofcombine magnetic mono-

" poles with tachyons‘[l48J. It turns out, namely, that
while the special theory of relativity does not explicit?
1y predlct the existence of neither (subluminal) monopoles

nor tachyons, it expllcltly predlcts the existence of
tachyonic monopoles. That is, if the special theory of
relativity is rebuilt without assuming a priori that

any material} velocity is subluminal, then it can be
shown that the electromagnetic field equations are fully .
symmetfical, with faster—than—light electrical particles
appearin§ to behave as magnetic monopoles (see appendix
II). "Tachyonic brotons" and "tachyonic electrons" may
then be identified with isolated south and north poles,
respectively. Also these hybrid meta partlcles have

been loked for experimentally, but . with the same, nega-
tive result. , '

The case of the monopole, or the tachyon, shows,
furthermore, some 51m11ar1ty to another spectacular
case in modern hlgh—energy physics, viz. the discussion

concerning the existence of the so-called quarks. These
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entitiesmwere?pxedicted"by‘Gell—Mann and Zweig in 1964
to be sub-nucleonic constituents carrying fractional e
charges. The early appeal of the quark model was re-

lated . to itSjsimplicity, tracing all hadronic matter

down to three fundamental entities. Since then, the ,
number of quarks - now endowed with different "colours"
and "flé&éﬁf;":; has increased, leaving the model with

a less aesthetical appeal. Physicists differ in their con-
ception of what quarks are. Most physicists believe in
quarks as a valid model, but there is no agreement as

to whether they exist as physical objects or if they are
merely mathematical constructions without a material '
existence. The experimental hunt for quarks shares the
fate of the hunts for monopoles and tachyons. In 1969,

an Australian group of physicists [121] reported that a
few quark candidates had been observed among 6ococoo cloud
chamber tracks, but the discovery was immediately
questioned and was not generally accepted. Despite
numerous other experiments, there is today no expe-
rimental evidence for the physical existence of quarks
[1o4]. _

The similarity between quarks and monopoles is not,
perhaps, confined to this external level. It has been
suggested that quarks should in fact be identified with
pairs of magnetic monopoles [125]. By developing Dirac's
old theory, it is argued that such an identification
would explain the much discussed so-called "quark confine-
ment", i.e. the fact that free guarks have never been
observed but somehow seem to be confined within the
domain of strong fields. A part of the recent interest
in monopoles is not concerned with a development of
Dirac's original idea, but rather with a variant worked
out by Julian Schwinger. In this theory, so-called
dyons, hypothetical particles which carry both magnetic
and electric charge, are substituted for the Dirac po-
les. The charge quantization condition for dyons per-
mits fractional magnetic and electric charges, thus

leading to another unexpected contact with the quark
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’ Monopoles, tachyons and quarks have been inten-
s1vely sought for during the sixties and seventles, with
particle accelerators, in the cosmic radlatlon, ln stable
matter and even ;n lunar soil. Despite the many experi-

ments of an ever increasing sophistication and cost, and

‘a few false discoveries, there is still no observational

evidence for either monopoles, tachyons or free quarks
4 The kind of phy51cal theory, exemplified in. Dirac's
theory of the monopole, has a rather peculiar position

from the v1ewp01nt of theory of science: Dirac's monopoles

_can be verified, but never: falsified. Any number of failed

attempts to detect the Dirac pole will be 1nsuff1c1ent to
prove its non-existence.'Dirao has never ciaimed that
his monopoles are constituents of usual matter, or spec1—
fied under which conditions they should be observable. He
has only argued that they exist "somewhere in the world."
Further, to satlsfy Dlrac s main argument for the mono-
pole, that it 1mplles guantization of the .electric charge,
the ex1stence of only one monopole in our whole universe
is sufficient. Due partlcularly to lack of knowledge con-
cerning.the rest mass of the monopole and the kind of in-
teractions in which it participates, the theory is insuf-
ficiently complete, that a crucial experiment cannot be
conStrued.,Logically,'Dirac's monopole theory is a purely
s.c. existential statement, being of the same type as
the classic example "there are black ravens" .Such state-
ments cannot be falsified and, adopting a falsificationist
view, theories which essentially are existential etate—
ments should therefore not.be considered as decent science.
To Popper, strictly existential statements are non-empi-
rical or "metaphysical", that is non-scientific([144]}, p.
69). Popperians, therefore, should reject Dirac's famous
theory from methodological reasons alone. Unfortunately,
monopoles have never been examined by philosophers of
science.

The search for monopoles, tachyons amd.other elusive

particles, ultimately derived -from the principle of pleni-
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tude, may always be justified‘by their inevitable con-
tribution to knowledge, irrespective of the outcome
of the search. As argued by Bilaniuk and Sudarshan:

"Regardless of the outcome of the search for tachyons,
investigations in this field must invariably lead to a
deeper understanding of physics. If tachyons exist, they
ought to be found. If they do not exist, we ought to be
able to say why not." ([5], p. 51).

In the light of the non-falsifiability of some of the
modern theories of meta-particles, this argument seems

to be invalid. Since thefe is no useful criterion to
decide about fhe non-existence of e.g. monopoles, phy-
sicists may go on forever with their experiments with-
out the theorists feeling obliged to give reasons to

"why not". This situation seems, furthermore, to im-

ply some consequences for the policy of pure research.
Very considerable resources in manpower and finance have
been allocated to the search for.new particles, thought
perhaps to exist somewhere in the universe. If these
particles do not exist, or if they play hide-away with
the physicists behind some distant galaxy) this will

not prevent further experiments of a still more sophisti-
cated and expensive sort, leading to neither experimental
discovery or to increased "why not knowledge".

This ideology of pure science, including the hunt
for new particles, is partly based on the usual science-
for-the-sake-of-science attitude but also, as the pure
science activities grow still more expenéive and harder
to defend politically by purely internal arguments, on hin-
ted expectations of future applications. For this point
the monopole story is most instructive. Having found his
"monopole" track, Price did not fail to mention that
"you might drive ships across the seas by putting a few
monopoles in the ship and having the Earth's magnetic

field tug it across the ocean" [17]. And in the press re-
lease accompanying the announcement of the discovery,

it was even asserted that it could lead to such glorious
applications as "new medical therapies in the fight against

diseases such as cancer, and new sources of energy" (ibid).
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" In the afore—mentioned:theory of monopoles with negative

o .
mass (see note 6), it was hinted that such knowledge might
probably be useful to -the construction of super-fast in-

terstellar space rockets! .
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§ 7. Dirac’'s THEORY oF CosmoLoGICAL CONSTANTS,
o

In the mid-thirties, Dirac left for a time the main
stream of quantum physics. His reasons probably were in
the mathematical complexities of the current guantum
. £ield theory which, Dirac felt, obscured the basic phy-
sical ideas and made the whole field unattractive to him.
Going his own ways, Dirac devoted in this period the major
part of his intellectual resources to classical-relativistic
electrodynamics (cf. §5) and cosmology, both fields being
far away from the main stream physics of the period. His
engagement in speculative cosmology was, in particular,
a virtual roundabout. Until 1937, practically all of Di-
rac's work had conbentrated on microphysics and general
guantum theory. |

Dirac's cosmological theory undoubtedly was inspired
by current trends in the field, particularly those followed
by Eddington and Milne. Eddington had for years tried to
combine cosmology with quantum physics, the latter based
on Dirac's relativistic theory. The wave equation of the
electron was viewed as describing, not an isolated par-
ticle (which is a nonsensical notion in Eddington's phi-
losophy) but the structural relation of the electron to
the universe, being its comparison standard. On this
idea, relativity cosmology was bridged with quantum theory,
the study of galaxies merging with the study of electrons.
In Eddington's programme, the constants of nature and their
numerical values were of central significance. Taking e
(the elementary charge), m (electron's mass), M (proton's
mass), h (Planck's constant),c (velocity of light), G
(graviation constant) and A (the cosmical constant) to
be the fundamental constants of nature, he attached a
special significance to the dimensionless super-constants
which may be constructed from these constants. These su-

per-constants were in particular
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Eddinéton wanted to de@uce these ‘constants from purely
‘epistomological considerations and to connect them with
the large numbef par excellence, the.numbef of particles
(nucleons) in the'entire universe. Eddington found, for
inétance, the following relations:

e? _ V3N ' “hc Xﬁ‘

o = w o e =\

where N denotes the number of partlcles in the universe.

The large numbers, N and the super- -constants of the order:

of magnitude VN , were by Eddington con51dered to be true
constants, 1ndependent of the cosmic expan51on and the epoch,
and demanding a rational understanding. _

. The approach 1n1t1ated by Eddlngton in speculatlons
concerning the 51gn1f1cance of the cosmical constants, was
followed also by other scientists. In the thirties,_this
‘peculiar kind of science fluorished. As e representative
for the Eddington-inspired fashion we may'mention Arthur
Haas, who tried in a numbef of articles to deduce relation-.
[ship between micro- and macrophysical constants of nature,
_thodght to be of deep eignificance. He found, for example,

that , o
2 /

._e__t..l\g = 2 '_6.0
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and also ventured to derive the mass of the univeree from
basic -assumptions t85]. Dirac was not the only quantum
pioneer who felt the fascination of the Eddingtonian
approach; In.Germany, Jordan entered speculative cosmology
in the same year, 1937 (see note 33)..

Eddington' S programme culminated, as earlier mentioned,

in 1936 with- the publication of Relativity Theory of’ Elec-

trons and Protons. This book was preceded with one year by

E.A.Milne's major work‘Relativity, Gravitation and World

Structure, in which kindred problems were tékenrup'in an

equally non-orthodox way.30 Milne was an Oxford astro-
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physicist of high-standard and one of Dirac's former ——-—— -
colleagues at Cambridge; he had been Dirac's supervisor

for one term in 1925, when Fowler was on leave. Also Milne
was conCerned with the significance of the constants of-
nature, which he claimed were deducible from purely kine-
matical considerations, involving no appeal to empirical
quantitative physics. But in. contrast to Eddington, Milne's
theory did not accord with general relativity and it also
had no connection at all with quantum or atomic theory.
Milne's cosmologyAwas'based on two assumptions, which were
called the Cosmological Principle and the Dimensional Hypo-
thesis. The first one states that the universe is everywhere
uniform and isotropic about every point, so that the general
physical phenomena are observed independently of the obser-
ver's placing in our universe. The Dimensional Hypothesis

is a requirement that only dimenSionless constants shall
appear in cosmological theory. The main result, perhaps,

of Milne's deductive system, was that the 'constant' of

gravitation varies in proportion with the epoch:

G~ t

Despite their differences, Eddington's and Milne's
theories had in common their general approach to physics,
first of all the modest power attributed to experimental
reasoning as opposed to a priori arguments. Milne plainly
rejected physics based on empirical and inductive methods
as being irrational and inexact. Instead, he offered to
"derive the laws of dynamics rationally .... without recourse-
to experience" ([132],p.1000). Such tunes had been whistled
by Eddington for years. "The theory does not rest on ....
observable tests," Eddington declared, "It is even more
purely epistomological that macroscopic relativity theory.
.+.. it should be possible to judge whether the mathematical
treatment and solutions are correct, without turning up the
answer in the book of nature. My task is to show that our

theoretical resources are sufficient and our methods power-
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ful enough to caloulate the constants exactly - so that
the ooservational test will be the same kind of perfunc-
tory verification that we apply sometimes to theorems in
geometry" ([65],p.3). ' |
Dlrac s entry in speculative cosmology in 1937 was,
then, a natural part1c1patlon in an already established
tradition. The kind of problems Dirac took up were defined
by Eddington and Mllne. ‘And their deductive approaches'
have probably appealed to Dirac who, in his work on quantun
theory, favoured a related methodology. It was a distinct
feature in Dirac's physics that he was never satisfied with
accepting neither natural phenomena_nor numerical constants
as plein matters of fact, but he wanted to explain them from
a deeper theory. The numerical value of the constants of
nature had to be explained such as he had earlier strived
to ‘explain the quantization of the electric charge. This
feature was congenial to Eddington's thinking, but Dirac
thought that the explanation of the cosmological‘conetahts
~had to rest on different standards than those employed in
atomic tﬁeory Despite the resemblance, Dirac's cosmological

theory was very different from both Eddington's and Milne's.

[

Dirac's p01nt of departure was again the dlmens1onless
constants, and particularly the very large ones. Of these,
we may construct, among others, the following:

’
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In here, e,G,M,m and ¢ have their usual meaning. t, is the

age of our universe, measured in e.g. seconds. p denotes

the mean density of matter in the universe and H is Hubble's
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- constant, expressing the expansion of the universe by the
spectfal red-shift per unit distance. Dirac's cosmology
was, as were most cosmological models in the thirties,
based on a 'Big-Bang' assumption, such as worked out by
Lemaitre in 1931. The expressions given above may be
assigned a physical meaning, even if this is mot really
relevant to Dirac's arguments. Thus, y is the ratio of the
electfic to the gravitational force between an electron
and a proton; § expresses the radiusiof the universe
measured in terms of the classical rddius of the electron;
and p is the mass of the universe in terms of the proton's
mass, that is roughly the number of nucleons in the universe.
As to the numerical values, the constants 1o, d and u
were only very inaccurately known because of the rather
rough estimates of t,, p and H. In 1937 the best values for
these quantities were 2:10°%y, 5:107%'ge.cm™*(for luminuous
matter only) and H = 2¢107!'7’sec”™. The presently accepted
values are 18+10°%y, 2+1072%g.cm™® and 3-107!%sec™!. These
numerical changes are not, however, damaging to Dirac's
arguments, which are of a rather qualitative nature and not
much sensitive to changes in experimental results. In this
respect, Dirac's cosmological theory differed much from
Eddington's, in which exact numerical agreement was highly
favoured., For instance, Eddington deduced the number of

2256 or

particles in the universe to be exactly 2-136°
approximately 3,15+107°. By a curious, and of course purely
accidental coincidence, the Eddington-Dirac figure for the
total number of nucleons in the universe was essentially
the one calculated by Archimedes 2200 years earlier!31
The rough character of Dirac's reasoning may be illu-
strated by the constant 1, which denotes the age of the
universe measured in 'atomic units', i.e. units of time
fixed by the constants of atomic theory. From e, m, M, h
and ¢ several simple combinations with dimension of time
may be constructed, with a maximum separation of circa

10°:1. But which of these time units are chosen, does not
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really affect Dirac's numerological but non—quantltatlve
reasoning. Dirac chose 1 = e?/mc?®, which is the tlme.
'required for llght to traverse a cla551cal electron's dia-
meter. In this way he obtained T, = to/T = circa 1039,

For the mentioned dimensionless constants, Dlrac
observed that they are not scattered randomly as one might
expect at first glance, but they exhibit a certaln regula-
rity in dlstrlbutlon. the numbers are dlstrlbuted in three
clusters, in the nelghbourhood of 107, 1039 and 107%, respec-
‘tlvely This gross regularity cannot be purely coincidental,
Dirac claimed. "I now make the hypothe51s that the cluste-
ring of the dimensionless numbers is a fundamental natural
.'phenomena, which will hold for all time" ([132] P- 1002) In.
. his first, brief communication on the subject, Dirac called
attention. to the'relationshipvbetween u and T3, that is the
relation T8 e (1039)2 = 107%® @ p. This relationship was re-
garded, not as a curlous coincidence but as an argument
that the number of nuoleons in- the universe must increase

‘with the square of the epoch:
A N ~V12b

.That is, the hypothesis involves ghe assumption af a‘spon—
taneous creation of matter-energy. This assumption was, of
course, difficult to defend on scﬁentlflc grounds, as it
lacked any theoretical or experlmental support. Dirac,
understandably, was not happy about this feature of non-
conservation of matter, and shortly afterwards he decided
" to renounce it (see below). The pr1nc1ple.of_matter conser-
vation'is, however, irreconcilable with'the Large Number
Hypothe51s and in his post-war expositions of the theory,
Dirac returned to his orlglnal view. that matter must be
continuously created in the universe. It should be remarked
that the creation of matter, as required by the Large Number
Hypothesis, har nothing to do with the contlnuous creation
~ of matter as introduced by Hoyle and others in the Steady
State theory. ' ‘
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Dirac was particularly fascinated by  the—approximate — -
agreement between To'and Y , an agreement which he presumed
was: due to "some deep connection in Nature between cosmology
and atomic theory” ([36],p.201). By hypothesis y was put
egual to kt , k being of unit order of magnitude. This means
that y must vary proportionally with the time. Now the A
aSSume&atime:variatioﬁ,of Y may be due to:e==e(t),fG==G(t),r
M= M(t) or m=m(t), or some combination. Dirac rather 4
arbitrarily took G = G(t), probably because time variation

of the atomic constants would imply radical changes in the
fundamental atomic theory in which Dirac, the gquantum
physicist, kept so much confidence. So Dirac deduced that
the gravitational 'constant' must decrease with the epoch
according to '

-1

The numerological speculations concerning G and N may
resemble Eddington's, by whom, howeveéer, they were explained
from epistomological principles. Dirac rejected Eddington's
epistomologically based cosmology and removed the signifi-
cance of the constants of nature from the realm of episto-
mology to the realm of history. The above deductions were
considered as special examples of the

"general principle that all large numbers of the order 1039,

1078 ... turning up in general physical theory are, apart

from simple numerical coefficients, just equal to t, 2 ...

where t is the present epoch expressed in atomic units." ([34],

p.323)

In its most general form, Dirac formulated what he called
the fundamental or Large Number Principle as follows: "Any
two of the very large dimensionless numbers occuring in
Nature are connected by a simple mathematical relation, in
which the coefficients are of the order of magnitude unity"
([36],p.201). It should be remarked that Dirac did not, in
contrast to Eddington, offer an explanation of the small
dimensionsless constants such as the fine-structure constant.

In accordance with Eddington's spirit, Dirac expected




a close connection to exist between the laws of the cosmos

and the laws of the atom..Therefore he rejected Milne's : ' |
dimensional hypothesis, which 1mp11es that the atomic
constants shall not appear in cosmology, and replaced it

with the Large Number Principle such as stated above. But
Dirac accepted Milne's Cosmological. Principle as a fruitful

_ assumption. On this pr1nc1ple and on the Large Number Prin-
"ciple, Dirac con81dered Hubble's law. The distance between
recessing galaxies varies with the.epoch T in some way,

say R=f (1), which may become a dimensionless number if
expressed by an atomic unit of ‘lenght such as ez/_mc2

Hubble's constant may be expressed as H=£f'(1)/f(1) and was
~in 1937 given a value of circa 1,4+107%% . Since furthermore

_ p was estimated to be of the, same order for magnitude (if
again expressed in atomic units), Dirac concluded from the
Large Number Pr1nc1ple, applied to the rec1proca1 quantltles,_
that

£ (T)

p = keH = ke G

By further assuming matter conserjation we have that
p ~ £(1)"3%, so that '

£' (1)
f(t)

£(1)"° ~

or, by integration
. | .
f(t) =~ 1:'/3

which is the deduced law for the recession of: the galaxies.

The present age of the universe must be related to Hubble's

constant according to

- lLEf(@m o Lliya
To 3 ' (0) 3°H
Dirac admitted thatlthis deductionidid not agree well with
the experiment data and might even appear inconsistent
since T, becomes smaller than the age of the earth. But he

tried to circumvent this difficulty by pointing out that



the age of the earth is calculated from data of radio-
active decay.andfthat, according to Dirac's ideas, the
décay rate of atomic disintegration would also decrease
“with the epoch.32 ,
Dirac's picture of the univerSe‘disagrees with the
..models which involve a finite universe, either from Steady-
State assumptions or from the expaﬁsion assumption supplied
“with a contraction phase in the far future. In 1937,
Eddington and most others stuck to finitism, such as was
also implicitly assumed in Dirac's first note on the sub-
ject. But the assumption af a maximum size of the universe
involves a large number, which does not vary with the epoch,
and it thus contradicts the Large Number Hypothesis. Accor-
ding to Dirac's view, the univefse-goes on expanding, for-
ever.

Even if Dirac worked out some further consequences of
his theory, it was not founded on arguments of a more solid
nature than the here mentioned aesthetic and numerological
considerations. The heart of the theory was, and still is,
the hypothesis that G ~ 17!, and it was also this hypothesis
that was particularly subjected to experimental testing in
the following decades. Due to the enormoﬁs time span in-
volved - Dirac's theory yields a half life of G of about
10!9% years - this is a very difficult, but not a hopeless
task. Surveying the various theories for fundamental con-
stants and their experimental plausibility, Dyson concluded
in 1972: "It is quite possible that all will fail [the
coming experimental tests], and then it will be up to the
speculative cosmoldgists, and up to Dirac in particular,
to think of something new."([62],p.236)

Dirac's cosmological postulates, involving the time
variation of G, is irreconcilable with Einstein's general
theory of relativity which demands a true constant of gra-
vitation. This was evident also in 1937, but Dirac did not
then specify what the new field theory of gravitation, to
replace Einstein's,should look like. It was only in 1973
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"that Dirac further developed his cosmology and explored its
consequences for general relativity. In particular, Dirac

~attempted to connect his cosmological ideas with Weyl's
old theory of a geometrically framed unification of elec-
tromagnetism and gravitation; This theory, which was gene-
rally rejected soon after its appearance, was, Dirac re-
marked "unrivalled by its simplicity and beauty." ([541],p.

' 405). Dirac's extension of his cosmological theory was
still based on his. Large Number Hypothesis, in which Dirac
expressed no less confidence that he did 35 years earlier.
In 1973, Dirac justified his extended cosmoloéical theory
by arguing that it was "a\further §tep in the direction of
widening the group of transformations undérlying physical
laws", This echo from the 43 year old preface to the Prin-

ciples of Quantum Mechanics was, in 1973 as in 1930, the

Aultimate heuristical principle for Dirac, constituting the
highest form of mathematical beauty. ‘
"It appears as one of the fundamental principles of Nature
that the equations expressing basic laws should be invariant.

under the widest possible group of transformations." ([54],p.
418) ‘

@
Dirac's 1937 contribution to cosmdlogy caused more excite- Q!
ment in England than had his earlier, and scientifically
much more important theories. It even reached the pages

of The Times, which praised_Dirac{s theory, which "alters
fundamentally our ideas of the structure of the universe
and the nature of time"[21]. Many scientists and philo-
sophers, however, objected strongly to Dirac's theory
which was accused of perverting what was called the 'Gali-
,iean Method', i.e. the inductive method of building up theo-
ry to fit observations. Herbert Dingle, in particular,
launched a front-attack against‘the unbalanced apriorist
methodé of the "Modern Aristotelians", to whom he counted
Milne, Eddington and Dirac. Their approach, Dingle thun-

dered, was nothing but a "combination of paralysis of the

[




-~

%mi{l‘(

72

reason with intoxication of the fancy." "Instead of-the - e
induction of principles from phenomené we are given a
pseudo-science of invertebrate cosmythology, and invited
to commit suicide to avoid the need of dying"([21],p.786).
Dirac's lining up with 'obscure' thinkers as Milne and
Eddington clearly confused and annoyed Dingle: Dirac's"
theory was criticized "not as;a'source oftinfection,éut

as an example of the bacteria that can flourish in the
poisoned atmosphere; in a pure environment‘it would not
have come to birth,_and we should still have had the old,
incomparable Dirac" ([22],p.1012).

In the summer.of 1937, Dingle's attack started a
heated debate in Nature on the proper relationship between
physics and philosophy. If Dirac was no longer "the old,
incomparable Dirac", he was unaware of his sudden metamor-
phosis. In reply to Dingle, Dirac acknowledged that "the
successful development of science requires a proper balance
to be maintaimed between the method of building up from
observations and the method of deducing by pure reasoning
from speculative assumptions" ([132],p.1001). He thought
himself that he had kept this balance also in his cosmolo-

gical theory, the lack of reliable observational material

‘taken into regard. As usual, Dirac avoided to go into a

philosophical discussion.

In reconsidering the debate, it is curious to note
how both camps supported their arguments by reference to
positivistic theories of knowledge. Dingle, and also the
mathematician H. Jeffreys, accused Milne, Eddington and
Dirac for neglecting evidences of experience and construc-
ting decuctive systems without recource to experiments,
thereby sinning against positivistic philosophy as taught
by Mach and Pearson. Milne, for his part, justified his
approach also in terms of Machian philosophy. He saw his
cosmology as a result of "an extreme application of the
principle of the economy of thought,” indebted to "Ein-

stein's principle of introducing only elements which can
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in principle be observed ([129],p.997). indeed, if the
debate showed nothing else, it did show how comprehensive
a philosophical dectrine positivism is and how widely
different#epproaches it may be used to legitimate.

Whatever the result of the debate, it may safely be
said that Dingle's use of 'Aristotelianism' and 'Galilei- -
nism' as synonymous with apriorism and inductivism, respec-
tively, was not very fortunate. Asrduly pointed out by
G.J.Whitrow and G.D.Hicks, this Has nothing to do with the
‘actual history of science and philosophy. Neither Aristotle
nor'any genuine follower of Aristotle failed to recognize
the importance of observation in scientific investigation,
nor did they think' that general‘principles can ever be
established as deductlve systems of the human mind. On the
econtrary, genuine Aristotelianism is rather assoc1ated
with a common-sense empiricism and a pedestrlan form of
tinductive reasoning. And for Galilei, Kopernicus, Kepler
and other pioneers of modern science, they were, in fact,
much more '"Aristotelian' than was Aristotle.. The foundation-
~of modern physics,; such as created by Galilei, was ﬁueh
indebted te counter-inductive reasoning, and would then
also fall under Dingle's\criticism;

In regard to the undeniable speculative character of
Dirac's cosmolpgical theory and the very meagre expetimental
support for it, it may appear strange that it was welcomed
rather favourably at its emergence'and has continued to
attract scientists' serious interest; There may be two
reasone‘te this, I suggest} one based in the 1ntellectual
climate and one in the sociology of science.

First, Dirac's theory fitted nicely into the intellec-
‘tual climate which predominated in England in the thirties.
~The philosophical positions in vogue in the late twenties
and in the thirties had, for most of them, commen tenden-
cies of what may be described as objective idealism.
Whitehead, Jeans, Russel and Eddington were, each in their

own way, much occupied with the distiﬁction between the
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T world as it appears and the real world; which was consi- .
". dered as an entirely different character than the chaotic
plurality of matter. Jeans' view, that "present-day science
adds that .... much, and possibly all, that was not mental
‘has disappeared, and nothing new‘has come in that is not
mental” ([103],p.298), characterizes well‘thg spirit of the
time. Also it is noteworthyrﬁhat most of thé,influential )
British scientists' philosophies in the period—gave a 'de-
materialized' picture of the scientific enterprise, empha-
sizing the cultural and metaphysical aspects of the progress
of physics, while neglecting its more pedestrian and tra-
ditional aspects, including technology. In this connection,
it is tempting to ask if not this atmosphere in England
was due to factors outside the scientific milieu; and more
specifically, if not the situation may somehow be paralleled
to the situation in.Germany'a'decade earlier, such as it
has been analyzed by Forman {79]. According to Werskey [164],
a rather strong anti-science attitude was frequent‘in widé
intellectual circles, picturing scientists as parrow—minded
technicians, innately incapable of either éreating or
appreciating cultural, artistic or social values. The
British environment in the thirties was no doubt less
hostile to the mathematical sciences than was the environ-
ment of the Weimar Republic; The hostile attitude was less
penetrating and the criticism weaker articulated, but it
nevertheless constituted an important cultural trend. in
the 1930s, science was ranked low in British culture. With-
out thorough studies it is impossible to say whether British
scientists reacted to this relative hostility and isolation
in a manner which bears any significant resemblance to the
one described by Forman, i.e. adapted their science outlook
to the hostile environment. It would be an interesting task
for historians of science to investigate whether Forman's

scheme is applicable, mutatis mutandis, to British science

in the thirties. But irrespective of this, we may safely
state that the soil in which Dirac's cosmological ideas
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grew had been well fertilized during the preceding years.
It is remarkable, that after the war, when the intel-
lectual environment had changed rather drastically, Dirac's
theory received no longer much attention. This change in
interest was not rooted in any new data to weaken Dirac's
idea, but rather seems to rest in a general change of
scientific standards and values in the post—war-era,,whose
atmosphere was no longer favourable to the 'New Aristote- ‘
lians'. When Pascual Jordan33 in 1952 developed der Dirac-

sche Gedanke into a comprehensive and quantitative theory

[109], he could state: "Soweit ich sehe, bin ich der ein-
zige, der bereitAgewesenvist, das.voh seinem Urheber selbst.
sogleich teilWeiSe wieder aufgegebene”Diracsche Weltmodell
ernst zu nehmen und iiber .seine genauere Pridzisierung nach-
zudenken. " (Ibid. ;p.137) o |
Secondly, the-persistent interest (or rather, the re-
vived. interest) in Dirac's theory - contrary to e.g. Milne's,
which is- largely forgotten today - is not only rooted in
the increased teehnological possibilities for Verificatien}
but may also be ascribed to Dirac's outstanding position in
the physical community. It is a well-known sociological
fact that only highly merited scientists can afford to
propound very undrthddog_theories and still get them accep-
ted as respectable science. When Dirac's cosmological spe-
culations are today viewed as 'interesting', Fimdginativef
and 'bold', this is partly due to the immense scientific
reputation of their creator. If the very same theory had
been suggested by some unknown physicist, not to say a lay-
man, surely it would have been ridiculed or ignored and
probably never been accepted for publication in any of

the so-called recognized scientific periodicals.

If comparing the methods and principles of the cosmo-
logical theory with those appearing in Dirac's quentUm
theofies, they appear most unlike each other. Much of this
difference, however, is rooted in the different subjects,

naturally inviting different approaches. In their essence,
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~—birac's general ideas -about methods in physics are also

‘manifest in his cosmﬁlogical theory, although expressed

in a different way. birac was not reaily a methodological
convert, he just remained "the old, incomparable Dirac".

Of course cosmologyéis, more than any. other branch of
science, the classiégl field for apriorism and specula-
%ions of all sorts{Lrand these aspeCts,Qére much more
aistinct in DiraC'srcosmological théoryfthan they were in
his atomic theories. To illustrate the kind of reasoning
which may be used in speculative cosmology & la Dirac,

let me mention a more recent example. In 1961, the American
astronomer Robert Dicke introduced a new cosmological theory
which challenged Dirac's postulates. Commenting on Dicke's
theory, Dirac argued: "On this [i.e. Dicke's] assumption
habitable planets could exist only for a limited period

of time. With my assumption they could exist indefinitely
in the future and life need never end. There is no decisive
argument for deciding between these assumptions. I prefer
the one that allows the possibility of endless life."([220];
p.441)

To some extend, Dirac's cosmological theory shows a
parallel to his theory of magnetic monopoles. In both cases
he predicted, on purely theoretical grounds, phenomena to
exist in nature. And in both cases his predictions were
widely debated and subjected to experimental investigations
which have not, until now, been able to supply any conclu-
sive evidence pro or con. The general feeling among physi-
cists is probably that Dirac's theories are both of them
imaginative and maybe even fruitful, but nevertheless false.

Due to the kind of problem under investigation, the
cosmological theory included virtually no mathematics and
consequently Dirac's mathematical programme from 1930-31
was rather ineffective in this field. Dirac's cosmological
theory does not start out from laws of nature whose mathe-
matical consequences are deduced and sought interpreted

physically. A pure principle of plenitude in the sense
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earlier employed, is therefore not the basis of the theory.
‘BUtlof course it rests heavily on pfinciples and on a Ezi—
ori expéctations of an aeétheﬁicnkind, such és do all cosmo-
logical theories. Although Dirac's .reasoning does not involve
a 'Leibnizian principle', it does involve a 'Pythagorean
principle', viz. fhat numerical coincidences and regqulariti-
es in nature. are not merely coincidental but are manifesta-
tions of the. interconnectedness and order of the laws in
naturé. SuCh,numerological principles have a long and glo-
rious tradition in the hisfory<of sciehde; In his numerolo-
gical reasoning, Dirac lined up.with such thinkers as Pytha-
goras, Plato, Kepler, Mendeleev and Eddington.

In the- authentlc Pythagorean tradltlon the- numerologlcal
principle was connected to whole numbers. Also Dirac imagined,
in a truezPythagQrean way , that the mysteries of the universe
might ultimately be explained in térms of whole numbers. Two

years'after his:ehtry in cosmology, Dirac speculated:

"Might it not be that all present events correspond to proper-
ties of this large number[103’],and, more generally, that the
whole history of the universe correspénds to properties of the
whole sequence of natural numbers? ... There is thus .a possibility
that the ancient dream of philosophers to connect all Nature with -
the properties of whole numbers will some day be realized."
[38],p.129 ' :

To Dirac the Pythagorean principle was closely connected to
his general mathematical philosophy, as he imagined a mathema-
tical study of the whole numbers would probably lead to the
new physical insight, required for ‘'an understanding of the.
cosmical mysteriés. Dirac éxpounded.his modern version of Py-
thagorean thinking in this way: !
"One hint for this development seems pretty obvious, namely, the
study of whole numbers in modern mathematics is inextricably bound
up with the theory of functions of a complex variable, which theory
we have already seen has a good chance of forming the basis of the

physics of the future. The working out of this idea would lead to
a connection between atomic theory and cosmology." ([38],p.129)

Apart from the numerological, or Large Number prinéiplé, Di-
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rac's reasoning may be said to involve also a 'historical
principle'. The most characteristic feature in Dirac's the-

ofy was, as mentioned, that the constants of nature are not
really true constants but in general they vary with the aging
of our universe. This historicity of Dirac's theory is, howe-
ver, a consequence of his numerologlcal reasonlng and has hard-
ly ‘been a primary aim for Dlrac.

- This is said because Lew1s Feuer has made a point out of
the fact, that the period in which Dirac's theory emerged was;
he says, intellectually and socially.marked by beliefs in so-
cial change and collapse of socialist society; This, Feuer ar-
gues, was the "socio-teleological principle" underlying Dirac's
theory. The historical perspective, Feuer goes on, "carried
the imprint of the Marxist notions that were agitating the u-
niversities in the thirties" ([75],p.393).'However, Feuer ap-
plies his special version of socio-cultural externalism in a
too uncritical way, which unfortunately destroys his otherwi-
se interesting approaéh. It is true that classical Marxist
thinking (Engels, in particular) emphasized that the laws of
nature are historical phenomena, not eternal absolutes provi-
ded by God. And it is true that some British Marxists welcomed
Dirac's theory as being 'dialectical' in this sense.34 It may
even be (although I much doubt so, cp. Werskey) that the Bri-
tish scientific community anno 1937 was moved by feelings of
social change and therefore responded positively to Dirac's
ideas. But the possible mechanism for acceptance of a theory
by the scientific community is quite distinct from the (con-
scious or inconscious) motive which inspires the scientist to
propose the theory, a distinction Feuer fails td recognize.
Was -social change really a part of Dirac's "emotional-ethical-
aesthetic longings", which caused him, by some kind of thought
association, to propound his cosmological model? If so, Feuer
fails to provide any evidence at all for this suggestion. In
fact, such a psycho-externalist explanation seems altogether
unfounded in regard of Dirac's personality and social values.

If anything, introversion and non-involvement in social and
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political affairs were characteristics of Dirac. He has never
publicly expressed any interest at all in sociél matters, and
he was hardly receptive to the Marxist agltatlon of -those days.
At any rate, Werskey, in his authoritative work on soc1allst
tendencies in British academic science during the thirties,
finds no reaéon even to mention Dirac's namé [165]. Dirac's
1nterest in science seems to have been totally unconnected
with any 1nterest in society. Belng an ivory-tower sc1entlst,
" Dirac was so contrary to e.g. Bernel, Hogben or Haldane as
can be imagined. Furthermore, Diraeewas in many ways a typical
'Cambridge Man', sharing.the‘attitﬁdes which. Cantabrians were
expected to uphold. The values generated from within the Cam-
| bridge culture ‘included, acéording%to Werskey, that
"Political commitments were your ownjaffaif, as long as theyldid not
impede your full participation in the act1v1t1es of your chosen re=-
search community. (But politics were thought to be such an irrational
enterprise that any overt preoqcupat;on with them was bound to cast
some doubt on your 'soundness'). Whatever else might be said about

the life-style of Cambridge sc1entlsts, it was not one likely to in-
spire or 'sustain soc1allst convictions and practlses" ([l65],p 21)

'So we may, in effect,_safely discard Feuer's suggestion'about
a connection socialism;Dirac—cosmo}ng. ‘ -
‘ ‘ i

b,
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§8. PHysics AND MATHEMATICAL BeAuTy, 1.
Although there are distinct similarities between Eddiné—
ton's philosophy of physics and Dirac's approach, and parti-
culafly so in the latter's cosmologiéal theory, there are
also great differences. First of all, Dirac was always a wor-
king -physicist and he has never pretended to be;a'philosopher,
nor has he evef been particularly interested in philosophical
aspecﬁs of science. Eddington's deep'concern with epistomolb—
gical and ontological matters, his grandiose attempt to for-

mulate a systematic Weltanschauung based on physical theory,

was foreign to Dirac's mind. Dirac has never, so far as I know,
been explicitly concerned with the coﬁcept of substance, the
existence of the external world, the process of knowledge or
other classical problems of philosophy, all of which played a
central role in Eddington's thinking. While Eddington's theo-
ries departed from (or, were claimed to depart from) episto-
mological principles, Dirac has often stressed that this was
not his approach. On the contrary, Dirac saw it as a grati--
fying feature for his approach, that arbitrary epistomological
principles were replaced by sound mathematical>reasoning.
Mathematics, not philosophy, is the way forward, according to
Dirac.

The only occasion at which Dirac really diverged from his
favourite role as a pure theoretical physicist and engaged in
discussions of a more direct philosophical nature, was in 1939,
receiving the James Scott Prize. At this occasion, he delive-
red an address on "The Relation between Mathematics and Physics,"
[38] which contains the fullest éccount of Dirac's philosophy
of physics. In 1939, Dirac had completed all of his greatest
achievements in physics, and was still, only 37 years old, in
his creative age. The message of the James Scott address may
be considered as an outstanding physicist's reflections over

the collected results of his science so far.

Why, Dirac asks, meets thc mathematical-deductive method
with such remarkable success in phyéics? This method, i.e.

mathematically "to infer results about experiments that have
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not been performed,“vis obviously Dirac's own favourite me-
thod. The answer is, according to Dirac, that "this must be

ascribed to ‘'some mathematical quality in Nature, a quality

which the casual observer of Nature would not suspect,Abut
which nevertheless plays an,important'role in Nature's sche-
me" (ibid.,p.122). That nature is endowed with a 'mathematical
"quality' is a familiar theme in the history of ideas, where
such notions have been advocated by many Pythagorean minded
philosophers and SCientists since ‘antiquity. We notice that
Dirac apparently locates ‘the mathematical quality in nature,
that is, it is not merely .attributed. to the intellectual e-
quipment of the scientist as a subjective quality, such as
held by conventionalism. '

- Often the mathematical quality is identified with a prin-
ciple of 51mp11c1ty stating, for instance, that the laws of
nature should be of a simple form. To‘Dirac; however, the con-
nection between mathematics and phySical knowledge goes far |
deeper than thlS. Although the pr1nc1ple of simplicity is a
valuable instrument of research, modern,sc1ence has demonstra-
ted that it does’‘not apply to nat@ral phenomena in general.
Newton's law of gravitation, for éxample, complies much better
with the principle of simplicity than does the Einsteinian gra-
vitation theory, which is only expre551ble in a complicated
set of equations.35 Still Einstein's theory is a better, deeper
and more general theory, superior to Newton's, Mathematical
beauty, not simplicity, is what-characterizes the relativity

~theory and this is, according to Dirac{ the key concept in the

relationship between mathematics and physics. Therefore Dirac
gives the theoretical physicists the advice:
"The reéearch worker, in his efforts to express the. fundamental laws
of Nature in mathematical form, should strive mainly for mathematical
beauty. He should still take simplicity into consideration in a subor-
dinate way to beauty ... It often happens that the requirements of
51mplic1ty and beauty are the same, but where they clash the latter
must- take precedence." (ibid.,p.124) :
But what, one asks, ig“mathematical beauty? How does one recog-
nize one theory to be 'beautiful', another to be 'ugly'?

Dirac's answer is not very satisfying nor is it much informa-




tive: " [Mathematical beauty] is a quality which cannot be
defined, but which people who study mathematics usually have no
difficulty in appreciating" (ibid.,p.123). There can be no
doubt, however, that'Dirac associatesimathematical beauty with

generality and universality and also with what he calls "inte-

restlng _groups of transformations"” The Lorentz group, for
instance, is much more beautiful than tﬁéié;lllel group, be-
cause it is more general and includes. the ‘latter as a special
case. But also less universal theorles may possess great beauty.
"Also non-relativistic quantum mechanics is a beautiful theory
because it is complete".36 Dirac's conception of mathematical
beauty, on the other hand, does not necéssarily include exact-
itude or mathematical rigour. On the contrary, Dirac has re-
peatedly stressed that exact equations and  rigorous proofs
should not be the physicist's prime concern, and that even
approximations may contain a great deal of beauty. In this
respect, he differed:from some contemporary mathematicians
with interest in physics, such as Weyl, Wiener and von Neu-
mann, in whose conception of mathematical beauty, logic and
rigour were emphasized.

Although Dirac, in the late thirties, tended to conceive
the power of pure mathematics in an absolute, metaphysical
way, he was too much of a physicist to let this tendency domi-
nate his practical work. From his early experiences with en-
gineering science he had learned to value theories based on
approximations.

"a problem like arranging the windings in the rotor of a dynamo in-

volved some mathematics. It was a mathematics of whole numbers, but

there was quite a bit of beauty in it ... I think that if I had not
had this engineering training, I should not have had any success

with the kind of work I did later on, because it was really neces-

sary to get away from the point of view that one should deal only

with results which could be deduced logically from known exact

laws which one accepted, in which one had implicit faith."
([53],p.112)

This relaxed attitude to mathematical rigour was a general
feature in Dirac's physics. Nowhere, perhaps, is it illustra-

ted more lucidly than in Dirac's introduction of the so-called
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6-fuhction.in~l926; An earlier version of this 'function'

-had beeh introduced and applied by another famous enginee-
ring-trained physicist, Oliver Heaviside, in 1893. Heaviside
declared that "Mathematics is en experimental science, and de-
finitions do not come first, but later on" ([101},p.227). Di=-
rac may have agreed in this antipuristic attitude when he de-
finedihisvé—function by the unusual conditions that &§(x)=0 for
all x#*0 and [6(x)dx = 1. He_recognizedAthat'this does not de-
fine a proper function and that the procedure was far from sa-
tisfactory to mathematical purists. But, Dirac argued, "All
the same one can use 6(x) as though it were a'proper functidn
for-practically 511 the purposes of quantum mechanics without
getting incorrect results".([24],p 625) . In the preface to his
1930 textbook, he used the opportunity to stress that mathema-

t1cs is indeed a powerful tool but a tool it is,. not an end:

- "Mathematics is the tool specially suited for dealing with abstract
concepts of any kind, and there is no limit to its power in this
field. ... All the same, the mathematics is only a tool ..."
([29]1,p.vI) '

This antiﬁuristic;spirit, in general a profitable one to hold
for physicists, has remained central to Dirac. In 1965, writing

onAquantum electrodynamics, he stated the case once again:

"Even though we cannot aspire to complete rigor, we may set up a the-
ory with a reascnable practical standard of logic, rather like the

way engineers work. Engineers do not aim at complete rigor. In their
calculations they continually neglect quantities which they believe
can be neglected without invalidating their results, basing thlis be-
lief on previous experience, or maybe just feeling. The physicist
working with g-numbers will have to develop a similar feeling for what
can be neglected." ([46],p.687)

To Dirac, the golden way of advance in theoretical physics is
tightly connected with the development of pure mathematical
theory, a view he justified by reference to the development of
quantum theory, particularly the s&rprising emergence of non-
commutative multiplication. The.ruIes of mathematics are the
free inventions of the mathematicians, while the laws of physics
‘are those which Nature has chosen, Dirac maihtained. We have

previously (§4) mentioned that in some paseages, Dirac's con-



geptigg_pfw§c;ence'seems'congenial to conventionalist views.

This is evident from the preface to his 1930 textbook, and al-
so the emphasis on mathematical beauty is a pet-theme in Poin-
caré and other conventionalist authors. But it would be wrong
to labhel Dirac as a conventlonallst therefore. Considering the
fundamental laws of phy51es to be objectlvely supplied by Na-
ture, such as Dirac thought, is radically opposed to conventio-
nalist thinking, according to which the laws of nature are pu- |
rely man-made constructions.

Despite the different status of mathematical and physical
theory, the development of modern physics has shown, Dirac ar-
gued, that there is a most perfect marriage between the rules
which mathematicians find interesting on internal grounds, and
the rules chesen by Nature. This provides the physicist with a

"powerful new method ef-research", namely

*._,. to begin by choosing that branch of mathematics which one thinks .
will form the basis of the new theory. One should be influenced very
much in this choice by considerations of mathematical beauty ...
Having decided on the branch of mathematics, one should proceed to
develop it along suitable lines, at the same time looking for that

way in which it appears to lend itself naturally to physical in-
terpretation" ([38]),p.125)

That is, purely mathematical considerations should lead the
way and in particular one should pay attention to those bran-
ches of mathematics that have an "interesting group of trans-
formations". This advice is, of course, based in the successes
of relativity theory and quantum mechanics.

- Exactly which branch of mathematics that is worthy to pur-
suit according to these very generai criteria, is difficult to
say. To be 'interesting' seems to be no less undefinable and.
subjective than 'beauty'. But Dirac recommends a close study of
the theory of functions of a complex variable, a field which is
of "exceptional beauty" and therefore likely to result in in-
teresting physical insight. Dirac feels about projective geometry
in the same way, while he does not consider fields as set theory
or topology to be endowed with any particular beauty.

Dirac's emphasis on the power in physics of the theory of

functions of a complex variable, such as he repeatedly stated
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in connection with his cosmological theory and also at later
occasions, was probably influenced by his current work in
Quantum mechanics. A qdantum dynamical system is usually re-
presenﬁed by a function of real variables, whose domains are
the eigenvalues of certain observables. In 1937, Dirac sug-
gésted tb drop the condition of reality and to consider the va-
. riables as complex quantities, so that the representatives
of dynamical variables could be worked ouﬁ with the powerful
,mathematicél machinery belonging to the theory of complex

" functions. Considering the dynémiqal variables as COmpiex
quantities, implies, of course, that they can no longer be as-
sociated with physical observables in the usual sense. Dirac
admitted this loss of physicél understanding, but did not
‘regard the.increased mathematical abstractness as disadvanta-
~geous: " ... we haVe, however,'sdme beautiful mathematical
features'appearing instead, and we gain a considerable amoﬁnt _
of mathematical power for the working out of partichlar:examp-'
~les" ([35],p.48). The use of the;same mathematical theory in
~quantum physics és in cdsmology, Ehough applied in véry aif-

ferent ways, was most appealing to Dirac's mind.

Following his mathematical philosophy, Dirac argued against
any mechanistic scheme of physics. His objections to mechani- .
fcism were not rooted in thé quantum mechanical indeterminacy
of.dbservation, but rather in a desire. to keep the whole of
nature inside the reélm of mathematical treatment. "I find
this pqsi@ion [mechanicism] very unsatisfactory phiiosophi-

cally, as it goes against all ideas of the Unity of Nature"

" ([38],p.126). Dirac's argument was: Classical mechanics ope-
rates with two types of parameteré, a complete sysfem of
equations of motion and a complete set of initial conditions.
With these provided, the developmeht of any dynamicai system
is completely determined. However, while the equations of mo-
tion are amenable'to mathematicalltreatment, the initial coh—
ditions are -not. These are determinable only from observati-
on. Hence an asymmetry arises: the deséription of the univer-
se is separated in two spheres'ofvwhich mathematical theory

only applies to the one. To Dirac, this was an intolerable
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situation and contrary to the expectations of unity in na-

" ture. According to Dirac, all the initial conditions -the

elementary particles, their masses and numbers, the con-
stants of nature- must be aubjected to mathematical theory.
Dirac foresaw a mathematical physics of the future in which
"the whole of the descriptidn of the 'universe has its mathe-
matical counterpart" (ibid.,p.129). The phantom of classical
mechan1c1sm, Laplace s daimon, had to have recourse to the
initial conditions in order to predict the development ‘of the
universe. In Dirac's philosophical vision, Laplace's daimon
reappeared in an even more powerful version, being able t64>

deduce everything in the universe by pure mathematical rea-

soning:

", .. we must suppose that a person with a complete knowledge of
mathematics could deduce, not only astronomical data, but also

all the historical events that take place in the world, even the
most trivial ones. ... The scheme could not be subject to the prin-
ciple of simplicity since it would have to be extremely complica-
ted, but it may well be subject to the principle of mathematical
beauty." (ibid.,p.129)

This mathematical credo of Dirac's may call in mind the ideas
of James Jeans, rather than those of Eddington. Jeans shared
with Eddington his general idealistic and conventionalistic
tendencies, but his philosophical approach took a more ratio-
nalistic turn. In particular, Jeans' thinking was a virtual
worshipping of mathematics, thought to be the first and last
word in science as well as in the universe. "From the intrin-
sic evidence of his creation," Jeans wrote, "the Great Archi-
tect of the Universe now begins to appear as a pure mathemati-
cian" ([102)],p.134). And furthermore, the product designed by
the divine mathematician, viz. our universe, is itself a
mathematical thought. Since the world is in essence mathema-
tical, all phenomena can be described in ﬁathematical terms.
And if we are not able to do so, it is not because that there
is anything unamenable to mathematical treatment but because
our mathematical knowledge needs to be improved. "The final

truth about a phenomenon resides in the mathematical descrip-
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tion of it; so long as there is no imperfection in this our
knowledge of the phenomenon is complete" (ibid.,p.141). That
is, Jeans' mathematical philosophy included an epistomology

world exists in the mathematical férmulae by themselves. This
last, ontological aspect .was absent in Dirac's otherwise much

as well as an ontology. The ultimate reality of the 'physical’ "
Jeans-looking mathematical thinking.
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§9, PHysics AND MATHEMATICAL BEAuUTY., 11.

Dirac's ideas about mathematical beauty and the'directlﬁg
role of pure mathematics in theoretical physics, such as for-

mulated in 1939 and more preliminary in 1931, have been taken

up also at later occasions. Apparently the development of phy-

sics since-1939 has only confirmed Dirac in his then stated. .

philosophy. Among Dirac's many remark$s on the subject, the:

following are particularly characteristic and illuminating :

"1 feel that a theory, if it is correct, will be a beautiful the-
ory, because you want the principle of beauty when you are establish-
ing fundamental laws. Since one is working from a mathematical basis,
one is guided very largely by the requirement of mathematical beauty.
If the equations of physics are not mathematically beautiful. that de-
notes an imperfection, and it means that the theory is at fault and
needs improvement. There are occasions when mathematical beauty should
take priority over agreement with experiment. ... A beautiful theory
has universality and power to predict, to interpret, to set up examp-
les and to work with them. Once you have the fundamental laws, and
you want to apply them, you don't need the principle of beauty any
more ..." ([122],p.59)

" "It seems to be one of the fundamental features of nature that
fundamental physical laws are described in terms of a mathematical
theory of great beauty and power, needing quite a high standard of ma-
thematics for one to understand it. ... One could perhaps describe the
_situation by saying that God is a mathematician of a very high order,
and He used very advanced mathematics in constructing the Universe.
Qur feeble attempts at mathematics enable us to understand a bit of
the universe, and as we proceed to develop higher and higher mathema-
tics we can hope to understand the universe better. This view provides
us with another way in which we can hope to make advances in our the-
ories. Just by studying mathematics we can hope to make a quess at the
kind of mathematics that will come into the physics of the future.

... It may well be that the next advance in physics will come along
these lines: people first discovering the equations and then needing
a few years of development in order to find the physical ideas behind
the equations. My own belief is that this is a more likely line of
progress than trying to guess at physical pictures." ([45]1,p.53)

"One should keep the need for a sound mathematical basis domina-
ting one's search for a new theory. Any physical or philosophical
ideas that one has must be adjusted to fit the mathematics. Not the
other way around. Too many physicists are inclined to start from some
preconceived physical ideas and then to try to develop them and find
a mathematical scheme that incorporates them. Such a line of attack
is unlikely to lead to success. ... The reason I feel so strongly
about the views I expressed above is because of the success I have
had with them in the past. ... I learnt to distrust all physical con-
cepts as the basis for a theory. Instead one should put one's trust
in a mathematical scheme, even if the scheme does not appear at first
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sight to be connected with physics. One should concentrate on getting
an interesting mathematics." ([57],p.1)

The content of these, and other remarks from Dirac's later years,
agrees well with his philosophy of physics while being an active
researcher. Evidently, Dirac is radically opposed to most tradi-
tional philosophies of science and especially so in the role
attributed to mathematical theory versus phyéical feasbning and
experimental work. The latter are, éccordingito Dirac, of very’
. little importance, if not detrimental to the creation of advan-
ceful physics (so far as fundamental theory is concerned). That
the laws of nature should be discovered withoﬁt necessarily
'asking the natﬁre' .i e. without performlng experlments, and
that experimental disagreements should be ignored in cases of
theorles possessing a formal beauty; thlS is qulte heretical
~ from the point of view of traditional theory of science. The
'emphasis on pure theory, and the corresponding disregard of em-
pirical evidences is not, of course, Dirac's discovery. Conside-
ring God as a master-mathematician is thus a very old theme in
the history of ideae, going back to Plato 'and of central impor-
tance to such different thinkers as. Galilei, Kepler, Leibniz
and Kant. In the thirties, like views were put forward by such-

notabllltles as Weyl and Jeans.

t

Apaft from his bwn works, Dirac was particularly inspired and
impressed by the theory of relativity and Einstein's general ap-
proach to phy51cs. Elnsteln s theory of relativity is the supreme
paradlgm of a beautlful and therefore correct physical theory.

In the Einstein Centenary, Dirac praised the general theory of
relativity in these tunes: '

"Let us now face the question, that a discrepancy has appeared, well
‘confirmed and substantiated, between the theory and the observations.
How should one react to it? How would Einstein himself have reacted to
it? Should one then consider the theory to be basically wrong? I would
say that the answer to the last question is emphatically No. Anyone who
appreciates the fundamental harmony connecting the way nature runs and
general mathematical principles must feel that .a theory with the beauty
and elegance of Einstein's theory has to be substantially correct. ...
When Einstein was working on bullding up his theory of gravitation he
was not trying to account for some results of observations. Far from it.
His entire procedure was to search for a beautiful theory, a theory of
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‘a type that nature would choose. He was gulded only by the requlrement

- that his theory should have the beauty and elegance which one would
expect to be pr0V1ded by any fundamental descrlptlon of nature."
([581,p.17)

In his appraisal of trans-empiricism and mathematical intuition,
Dirac is far from alone. Many outstanding theoretical .physicists
-~have joined Dirac in considering Einstein's theory of gravitation
.as a theory whlch has to be true, because of its aesthetic and
.formal merlts, and one which was created practically without the
.1nvolvement of empirical reasoning. Among the gquantum pioneers,
Max Born was about.the only one who held a widely different
v1ew.37 - :

The Einsteinian way to physics and Einstein's general views
on the relationship between experimental evidence and mathema-
tical beauty, are undoubtedly in nice accordance with Dirac's
philosophy of physics. To no less an extent than Dirac, Einstein
repudiated positivistic and inductive-empirical ideals of sci-
ence.38 "There is no logical way to the discovery of these ele-
mentary laws. There is only the way of intuition," Einstein
stated in 1918. And in 1946: "A theory can be tested by experi-
ence, but there is no way from experience to the setting up of
a theory" (Quoted from [97],p.980). As a last example, in 1933
Einstein stated his current credo about experience versus mathe-
matical thinking in the following way, being highly congenial
to Dirac's view:

“Nature is the realization of the simplest conceivable mathematical i-

deas. I am convinced that we can discover, by means of purely mathemati-

cal constructions, those concepts and those lawful connections between
them which furnish the key to the understanding of natural phenomena.

Experience may suggest the appropriate mathematical concepts, but they

most certainly cannot be deduced from it. Experience remains, of course,

the sole criterion of physical utility of a mathematical construction.

But the creative principle resides in mathematics. In a certain sense,

therefore, I hold it true that pure thought can grasp reality, as the

ancients dreamed." ([67])
Also Dirac's suggestion that the theoretical physicist should
not be overly concerned with experimental facts (or 'facts') in
connection with a fundamental theory, and that beauty should do-

minate over experimental evidence, finds support in Einstein.



As is‘welllknown, Einstein.had such gvgriori confidence in
the formal power of his gravitation theory, that he didn't
care much about the famous solar eclipse 'cOnfirmatioh' of
1919: had the dbservations disagreed with the theory, Einstein
should nevérthéless have kept full confidence in the théory.39
It is léss»well known, maybe, that Einstein took a similar po-
sitidn‘fo'what in 1906 seemed to be a significaht experimentél

disprobf of his special theory of felativity'.40

what we shall call the Dirac—Eiﬁstein'rule is, of course,
st;ongly contrasting the more or leés Bacénian inspired metho-
dological rules which have dominated s¢ience. According‘to these
rules, we should avoid hypotheses to the greatest possible ex-

4 tent; in cases where a hypothesis clashes with an‘expefimental
fact, the fact should always. be preférred. Scientisté”and.philbf
sophers have generally endorséd'what has been calléd 9Boyie‘s‘ll
ruLe" ([1],p.128): we. should never rejeét well establishéd ob?.
servation reports in favour of a hypothesis. But what does
'well established':mean? Even within the reign 6f Boyle's rule
it would be unguestionable that in Some-caées observational evi-
dence should be ignored for the sake of a‘hypdthésis. On this |
willingness rests 4 substantial part of the success of modern,
‘i.e. Galilean and'post—Galilean, phyéics.'It is  well known that
e.g. Copernicus' and Kepler's celestial theories were far from ,
consistent with observational facts when they were created. That,'
however, did not bother these pioneers too much. They strongly

“felt their theories to be beautiful, and if they did not fit all
the fécts these astronomers were inclined to think that it was
only too bad for the facts. Indeed, to Galilei the prime éxamp—
le of the victéry of mathematical reasoning over the senses was
the Copernidan system: "I'cannot'sufficiéntly admire," Galilei
declared, "the eminence of those men's wits, that have received
and held it to be true ... as that they have been able to pre-
fer that which their reason dictated to then, to that which sen-
sible éxperiments represented most manifestly to the éontfary

... I cannot find any bounds for my'admiration, how that reason -

was able in Aristarchus and Copernicus, to commit such a rape




~on their senses, as in despite thereof to make hérself mistress

of their credulity." ([811])

The Dirac-Einstein doctfine is, however, much stronger than
the mere willingness to ignore certain immediate sense experien-—
ces for the sake of reasén. It demands that not even extremely
well corroborated experimental facts should be given priority o-
vefibeautiful thories. o 7 | -

7The doctrine that expérimental truth sometimés should be
sacrificed for mathematical and aesthetical considerations, was
also shared by Hermann Weyl in his physical research. "My work
always tried to unite the true with the beautiful," Weyl once
said, "But when I had to choose one or the other, I usually
chose the beautiful".41 Like Dirac and Finstein, Weyl was attrac-
ted by the Platonic idea of a mathematical quality inherent in
Nature's scheme, an idea which Weyl used in his attempt to re-
concile Christian metaphysics with modern science. "The mathe-
matical lawfulness of nature is the revelation of divine reason,"
Weyi ptoclaimed in 1932, "The world is not a chaos, but a cos-
mos harmonically ordered by«invidlable mathematical laws"
([168], p.11 and p.21).

Weyl's purely mathematical approach to physics was distinct
in most of his works on relativity and quantum mechanics. To
mention just one example, Weyl proposed in 1929\a two-component
relativistic wave equation for particles with zero mass and
spin one half (see appendix I), considered to be a natural ex-
-tension of Dirac's equatiqn for the electron [166]. In 1929,
no zero-mass particle was known (apart from the photon which has
zero spin and obeys the electromagnetic equations), and conse-
quently Weyl's equation appeared to be merely of mathematical
interest. Indeed, Pauli rejected Weyl's equation as being "auf
- die physikalische Wirklichkeit nicht anwendbar" ([138],p.226).
It was ohly much latéé that Weyl's equation, ignéred for almost
thirty years, was rehabilitated. In 1957, Lee and Yang, and
Feynmann and Gell-Mann showed that the neutrino does, in fact,
satisfy the Weyl equation. To regard the delayed success of

Weyl's equation as a support for the Dirac-Einstein doctrine of
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sacrificing experimental truth for mathematical beauty, such és_
does Chandrasekhar [16], is, however, unjustified. When Pauli
and other physiciéts rejected Weyl's theory, it was not on. the
ground that experlmentally there was no particle available to .
fill out the potential mathematical being. It was’ because
Weyl's equation is inconsistent with the principle of parity
invariance, i.e. changeé under space reflection.'so, Weyi's
‘equation was rejectedlexactly because it was:not, in most phy-

" cisists' view, a beautiful equation, as it violated the aesthe-—
' tically appealing principle of symmetry. This principle was
introduced in guantum mechanics by Wigner. in.1927 and quickly
beoame a sacred-prihciple in physics. Pauli, in particular, was
always guided by.a:strong aesthetic belief in symmétry‘and con-
‘servation propertiés of the laws of nature. It was this belief .
which made him‘discard Weyl's equation.'And.it-was the same be-
‘lief which caused him to distrust the evidences in favour of
parity nonconservation. As late as in 1957, after Lee and Yang
had introduced parity nonconservation in weak. interactions but
justdbefore Wu supplied the experimental proof, Pauli was con-
vincéd‘that'the experiments'would be in fa&our of stmetry;

""I do not believe that the Lord 1s a weak left- -hander," he
wrote.42 But Pauli was wrong. His absolute confidence in the
aesthetlc symmetry: pr1n01ple turned out, in this case, to have
blocked his sc1ent1flc 1mag1nat10n. Wlth the new knowledge about.
the non- unlversallty of parity invariance, the aesthetic stan-
dards ohanged- now Weyl's old equation was considered to be,
after all, a beautiful equation. '

Though not appearing in textbooks on methodology of science,

" the Dirac-Einstein rule is, in more or less strong .variants,
frequently practised by physicists working in fundémental'the-
ory. To mention only one éxample, Weinberg has reported on the
reaction of Gell-Mann, when confronted with the experimentalistsﬂ
claim to have disproved the theory of weak interactions. "I re-

member," Weinberg writes, "MUrray Gell-Mann rising and suggesting
to the meeting that since the experiments didn't agree with the

theory, the experiments were probably.wrong" ([l6lj,p.41)‘ In
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this case, it turned out, Gell-Mann did right in adopting the
Dirac-Einstein attitude. The experiments were wrong. ' B

Einstein's peculiar way of understanding fundamental phy-
sics, largely éhared'by Dirac, Weyl and others, has greatly atF_
tracted the interest of philosophers of science. Polanyi's view,
that "the discovery of objective truth in science consists in
the apprehension of a rationality which commands our respect
and arouses our contemplative admiration," ([142],p.5) is in
particular based on Einstein's theory of relativity. "Modern
physics has demonstrated the power of the human mind to dis-
cover and exhibit a rationality which governs nature, before
ever approaching the field of experience in which previously
discovered mathematical harmonies were to be revealed as empi-
rical facts," Polanyi states (ibid.,p.15). That fundamental
physical discoveries are largely'based on intuitive, aesthetic
and trans-empirical reasoning,‘such as claimed by Polanyi, and
that this view is in particular supported by Einstein's case,
has been strenuously objected to by philosophers of a more po-

43

sitivistic orientation. Also the claim has been firmly rejec-

ted by some socialist authors, who cannot find place for ele-
ments of beauty in their materialist conception of science.44

Thus Bernal, in his widely read classic Science in History,

takes pains to emphasize that relativity and quantum physics
are no less the results of a materialist ontology and an induc-
tive~empirical method than are other areas of physics.
"Einstein's theories," Bernal writes, "were ... derived ultima-
tely from experiments and gave rise to practical applications”
([4),p.744). _

In the debate over trans-empirical and subjective factors'
role in modern science, Dirac's discoveries and his philosophy
of -physics have not been subjected for consideration. This is
unfortunate, because they would probably supply interesting ma-
terial to the discussion. An examination of Dirac's approach to
physics, such as the one outlined here, seems to add support to
the view preferred by Polanyi.

Dirac claimed, as mentioned, that his doctrine of 'first
mathematics, then physics' was not only supported by the de-




velopment of relativity theory but also by the early develop-

ment of quantum mechanics. Indeed, the doctrine was largely
hshared by other quantum ploneers, espec1ally those who rejected
Anschaulichkeit as a useful criterion in phy51cal theory The

most outstandlng representatlve of this view, Werner Heisenberg,
wanted to base atomic physics on non-visualizable, mathematical
models and to derive the physicai insight from the mathematical
formalism. Heisenberngas always fascinated’by the'simplicity'
and beauty appearing in the mathematical scheme of quantum me-

chanics. In discussions with Einstein in*1926,'he'admitted to

be guided by an aesthetic criterion of truth, rooted>in the ma-
thematical'scheme's simplicity, harmony and closedness ([93],
p.75); But unlike some other believers in mathematical beauty,
Heisenberg was conv1nced that the mathematlcally revealed beau-.
"ty'beiongs to the objectlve nature itself, and is not merely
an'expresslon_for the scientists' intellectual equipment.

Dirac felt that his conception-of:the methods  and aims of
physics was in close agreement with "Heisenberg's view about
.physical theory - that all it does is to provide a consistent
means of calculatlng experimental results" ([40],p.18)._L1ke
‘Dlrac, ‘Heisenberg was methodologlcally 1ndebted to Einstein,
"whose construction-of the theory of relativity was seen as the
paradigm for radical'change in physical theory. In fabricating
4quantnm mechanice, Heisenberg thought that he carriedAEinstein's
research principles over in the atomic domain. From.Einstein he
learned that the mathematical structure of a physical theory leads -
to true knowledge of nature. In 1927,‘for‘example, Heisenberg
stressed the methodological analogy betweenfquantum mechanics
and the general theory of relativity Just as the new concepti-
ons of -space and time follow from the mathematics of the rela-
tivity theory,,a radical change in the mechanical concepts, Héi-
senberg -explained, "scheint aus den Grundgleichungen der Quanten-
mechanik unmittelbar zu folgen" ([91],?.173). Heisenberg was,
however, not entirely unambiguous as regards the proper relati-
onship between mathematics and physics, a fact that may be .
ascribed the opposite influences of.Einstein and Bohr. The lat-

ter's qualitative and_philosophical attitude to physics, so



Heisenberg. Bohr, Heisenberg has recalled, "feared that the-

formal mathematical structure would obscure the physical core
of the problem, and in aﬁy case,rhe was convinced that a com-
plete physical explanation should absolutély precede the ma-
thematical formulation" ([92],p.98). This'lessoﬁ, Sharply con-
frast?ng the Dirac—Einsiein thiniing, was also siqﬁificant in
Heisenberg's réther eciectic approach to physics, side by side
with his tendency to mathematical reasoning. ’
For Dirac, he ceftainly recognized the depth of Bohr's
thinking but his own temper-and approach to physics was radi-

cally different from Bohr's Nur die Fiille fithrt zur Klarheit

research programme. Dirac favoured simplicity and comprehensib-
le equations and was mentally unable to appreciate Bohr's

clarity-through-complexity philosophy.46
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§ 10, THE CLAIM FOR BEAUTY IN SCIENCE.

Mathematical beauty, we have seen, was ralsed by Dirac to
the status of a universal pr1nc1ple for research in theoreti-
cal physics. But wherein lies the source for beauty in science,
as conceived by Dirac and others? Which criteria should be a-
_dopted for mathematlcal and physical beauty? ,

In the analy51s of beauty; many ingredients have been propo-
sed to constitute this non-elemental concept ([99],pp.81—88).
~Most often, harmony, realization of expectation, unsuspected
relationships, completeness and simplicity are among these in-
gredients. "Unity in variety", was:Coleridge's ultrashort de-
finition of beauty, adopted by Bronowski to cover also beaﬁty
in science ([141,p.29). Chandrasekhar, the eminent astronomer,
has proposed that exceptionality\as aell as conformity'are both
basic. elements of scientific beauty. A theory is beautiful,
'says ChandraSekhar, if it is "exceptional to a degree'that ex-
cites Wondermeﬁt.and’surprise," and "scientific beauty is the
‘proper confcrmity of the parts to one another and to the who-
“le™ ([16],p.29). Most scientists, I guess, would agree in such
definitions. All the'same, they are very inexact and may be in-
terpreted very differently in specific cases..
| Scientific beauty is different from mere simplicity, as Dirac
pointed out. Also it should be distinguished from-eleéance,
though it may be difficult to make a clearcut distinction.Di-
rac, in fact, did not care to do SO (see the quotation, from
1954, below). Beautlful science often 1ncludes simplicity and
eiegance. Polanyl has distinguished between elegance and bea-
uty in the following way: "We attribute an indeterminate ran-
| ge of veridical implications to a discovery possessing. real
beauty, but not to an innovation posseesing mere elegance"
(1143],p.105) '

~ Returning to Dirac, his concept of mathematical beauty is
largely equated with the no less vague concept 'interesting
mathematics'. It implies, as mentiohed, that beautiful theo-

ries must be universal and comprehensive. In Dirac's actual
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use ogithefpringiplgfofHQatﬁgmatEEal Beauty it should, howe-
ver, rather be understood asifconsistéhcy‘;ithgkhéiéundgﬁeﬁ—ﬂ_
tal principles of relativity and quantﬁm mechanics' combined
with some unstated principle of plenitude. It was in this

form that Dirac tacitly applied mathematical beauty in 1928,
1930 .and 1931. The claim that, in the words of Keats, "what
the imagination seizes as beauty flust be true - whether it ex-

47 is'indee& a vafiant of the principle

isted before or not,
of plenitude: Not everything which can be rationally imagined
exists truiy in nature; but what is recognized ‘as beautiful,
does. Implicitly applying such a prinéiple, Dirac construed
his relativistic wave equation, prediéted the existence of an-

ti-electrons and argued for the existence of magnetic monopoles.

Whatever meaning is associated with Dirac's ana others use
of mathematical beauty, it remains a most airy and indetermi-
nate céncept. Being essentially an expression for psychologi-
cal emotion, beauty, in science as well as in art, can only be
grasped subjectively. Rational argumehts in order to justify
the quest for beauty, plenitude, simplicity etc. can hardly a-
void to be, in the end, circular inferences or tautologies.
Aesthetical principles are, by their very nature, outside the
realm of rationalism. The fact that mathematical beauty is on-
ly recognizable to mathematical experts mékes it, furthermore,
a highly elitarian one (in which respect it.differs from beau-
ty in art). The elitarian aspects of the quest for beauty in
science are particularly transparent in Poincaré&, who conside-
red the mathematical faculty, on which the apprehension of
beauty in science depends, to be an innate quality, limited to
a few gpeat minds. Beéutiful combinations of thought are, ac-
cording to Poincaré, "thosé that can charm that special sensi-
bility that all mathematicians know, but of which laymen are so
ignorant that they are often tempted to smile at it" ([141],p.
59). Poincaré's position has always been, and still is, popular
among mathematicians who like to consider the mathematical sci-
ences as arts, their primary justification being in the aesthe-
tical pleasure obtained. As a modern exponent of Poincaré's

view, let us quote Morris Kline: "The ultimate test of a work




of art is its contribution to aesthetic pleasure or beauty.
Fortunately or unfortunately, this"is a subjective test and
depends on the cultivation of a special taste. Hence the
‘question of whether mathematics possesses beauty can be an-
. swered only by those who have studied the spbject". ([112],
p.523) | | |
Though usually confined to theoretical.work of a basic na-

ture, scientific‘beauty may also be appreciated in purely ex-
perimental work. An outstanding example of the recognition of
beauty in measurements may be found in Robert Millikan's re-
search notebooks concerning his famous determination of the
.electronic chaige, circa 1912. During the progreéss of his mea-
surements, Millikan repeatedly expressed his pleasure with re-
marks such as "Beauty. Publish this surely, beautiful!" (see
[96]). In Millikan's case, and in experimental work in gene-.
.ral, beauty is associated with measurements which show agree-
ment withvthe expected results and‘which are accurate and un-
ambiguous. Beautiful experiments are e@uated,ﬁith good, suc?
cessful experiments. This is also why Michelson's celebrated
aether-wind experiment was considered as a beautiful and cru-
cial piece of expetimental work only after the theory of rela-
-tivity had been accepted. The obtained null-result was contra-
ry to all expectations, a mystifying and disappointing result.
Far from- con51der1ng it as a beautlful experiment, Michelson

called it a “fallure

In the advocacy of beauty in science it is sometimes over-
looked that beauty is a concept which changes with the time and
is subject to pressure from social and cultural changes. Fee-
lings of beauty, simplicity and symmetry are always relative
"to the state of current knowledge and values. Some sense of
beauty seems indeed to be a universal feature of human belngs
in all cultures and at all times; maybe it is a constituent
feature in the stfucture-of mind, an archetypical element in
Jung's sense, such.as argued by Huntley ({991,p.77). But this
notw1thstand1ng, ‘the content of the concept of beauty varies

w1dely in space and time. This 1is conv1nc1ngly demonstrated by
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“the history of art and ideas; and isfno'lessQreceéntzable in- .
the history. of science. Take such a concept as harmony, which
seems to be closely relatea to beauty. Although not all kinds
of beauty are endowed with harmony, most people would agree
that harmonious theories or works of art are beautiful. But
the alliance between harmony and beauty has not always been
felt natural. During:some pefiods, sﬁch as the early'romantic
age, disharmony, obscurity and even inconsistency were felt to
be associated with beauty. ‘

The classical.example of beauty and simplicity in physical
science, perhaps, is the ancient dogma of circular motion in -
astronomy. By aesthetical (but also religious and, at times,‘po-
litical) reasons this dogma was taken for granted from Plato to
Tycho. After Kepler it lost its magic and was no longer associ-
- ated with beauty in particular. This example may serve as a u-
seful reminder of how aesthetical principles, when elevated to
blanket canons, may inhibit conceptual innovations instead of
advancing them. Very often, it turns out, beauty in science is
in practise associated with 'consistency with current fundamen-
tal laws and standards', cénsidered to be a minimum condition
for beauty; that is, the elefent of conformity in Chandrasek-
har's definition takes predominance. Therefore, a dogmatic use
of the principle constitutes an element of conservatism and
may prevent radical theoretic changes. If, say, Lorentz invari-
ance is taken as an eternal absolute for beautiful physics,
this jeopardizes to preclude any future break with the current
relativistic paradigm. It is all too trivial to point out that
if Einstein had stuck to Galilei invariance as a necessary
part -of beauty in méchanics, he would not have created the the-
ory of relativity. In short, the principle of beauty must, as
other aesthetical principles, be controlled by the symptoms of
truth rather than be regarded as a factor of truth. Concerning
the methodological principle of simplicity, Mario Bunge has
said: "Ochkam's Razor -like all razors- must be handled with
care to prevent beheading science in the attempt to shave off
some of its pilosities. In science, as in the barbcer shop,

better alive and bearded than dead and cleanly shaven" ([151],
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~p. 149). This warning may also hold for the principle of bea-
uty. . : -

The vagueness and subject1v1ty of aesthetical pr1nc1ples
like beauty, seems to make them unfltted as methodologlcal in-
struments of research. One might, of course, dream about some
future science in which the principles of beauty and plenitude
are transformed into scientifically precise'formulatione, in a
way~simiiar to the traneformetion of the principles of simpli—
city and sufficient reason into the later principles-of least
action. But this can only be speculations.

I think that Julian Schwinger came cloee to . a reesonable

judgment of the role of beauty in science, wheh he declared:

"How beautiful it would be if the.logically sound concepts )
of magnetic charge and dyons should prove to be at the heart
of the subnuclear world!: ... ‘We have heard so much about

the importance of beauty in physical theory. No doubt a cor-
rect theory will be beautiful (a cynic will say that our con- .
cept of beauty would evolve to make it so), but a merely
beautiful theory has small chance of being correct, In short,
beauty, as a criterion for validity, is necessary but not suf-
ficient." ([l23],p 426)

For my part, I believe that there is a good deal of truth in

- what Schwinger calls the cynical view. And, reasonable as
Schwinger's point of view is, still it is curiouely‘impotent
é55long as one cannot state exactl§ what distinguishes a beau-

tiful theory from an ugly one.

In actual cases where scientisés have to ehooee between hy-
potheses, the use of aesthetical criteria often turns out to
be de facto identical to the use of more conventional standards,
such as the degree of empirical reiiability. It is largely with
hindsight, then, that e.g. the prihciple of beauty turns out to
be so fruitful. Maxwell's £heory, for instance, has for a centu-
ry been considered as a ﬁost beautiful theory; but when it e-
merged, the already existing theories -due to Ampére,'Weber and
Neumann- were censidered as much more beautiful than Maxwell's
'horrible system'. This, at any rate, was the feeling on the
Continent. It was only when it was realized that Maxwell's the—.

ory was a bettex. theory, in the empirical sense, that the.
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aesthetic status of the theory changedx48

ries in physics have always been considered as endowed with
less-beauty than the o0ld ones in periods of change. It appears,
-as pointed out by Kuhn ([114],p.154), that aesthetic factors
are rarely decisive or of great imporﬁance in periods of revo-

lutionary change. Usually it is only post factum -in thej}}ghﬁ

- of an.already established paradigm- that new theories' aesthetic
merits are recognized. That this is so, does not preclude, of
course, that aesthetical factors play a decisive role in indi-
vidual scientists' creation of ideas.

Consider the following statement, containing the essentials
of Dirac's philosophy of physics:

"With all the violent changes to which physical theory is subjected

in modern times, there is just one rock which weathers every storm,

to which one can always hold fast -the assumption that the fundamen-

tal laws of nature correspond to a beautiful mathematical theory.

This means a theory based on simple mathematical concepts that fit

together in an elegant way, so that one has pleasure in working with

it. So when a theocretical physicist has found such a theory, people

put great confidence in it. If a discrepancy should turn up between

the predictions of such a theory and an experimental result, one's

first reaction would be to suspect experimental error, and only after

exhaustive experimental checks would one accept the view that the

theory needs modification, which would mean that one must look for a
theory with a still more beautiful mathematical basis". ([ 44] ,p.143)

In here, the opérational difficulty of the principle of beauty
is clearly, though unconsciously, present: "When a theoretical
physicist" has found a theory which he finds beautiful, then
"people put great confidence in it", we are assured. But this
argument presupposes that the individual physicist's sense of
mathematical beauty, his particular psychological constitution,
is automatically shared by "people", i.e. the community of the-
oretical physicists. This assumption, however, is unwarranted.
There is no evidence, whether from psychology or history of
science,'that physicists or mathematicians should have in com-
mon definite conceptions about the nature of beauty in their
science..

When Dirac recommends theoretical physicists to start out

with considering beautiful and interesting mathematics, this

As ‘a rule, new theo— -~
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| will be ineffective as long as there is no general consensus

| about which equations and mathematical techniques that are.

" beautiful and interesting. And it is a plain matter of fact
that beauty is understood dlfferently by different sc1entlsts,
even when they belong to the same scientific sub- culture and
share scientific standards Thus, most physicists regard group
theory and topology as highly interesting and promlslng bran-
ches, while Dirac does not. Dirac, and most phy5101sts w1th

" him, considered the idea of Minkowskl spaces as partlcularly
beautifulé Einstein, however, also being a believer in'beauty
in scienoe, did not at all like Minkowski's ideas when they
first appeared [146]. Other examples of‘conflicting views of
the aesthetic quality associated with a theory, have been men-
tioned in the text: the theory of magnetic monopoles (§6) and
Weyl's neutrino equation (§9)  substantiate the point. Also we
saw in §3 how Dirac, in deciding the nature of his.'holes',
‘was induced by two aesthetic principles -the principle of uni-
ty and the principle of mathematical reasoning- which unfortu-
nately pointed'iﬂ different directions. And in 1936, when ac-
ceptlng Shankland .8 results largely because they supported his
aesthetically based distrust in quantum field theory (§4),
Dirac's sense of mathematical beauty betrayed him: Shankland s

results soon proved to be wrong.

ln‘effect, the principle of beauty and kindred aesthetical
principles appear to be inapplicable as general guides for
scientific research;JOne cannot build a policy of pure science
on aesthetic criteria. All the same, the principle of‘beauty
has, in the form of a Eriori expectations of what basic laws
should 1look like, served as an indispensable instrument in the
creation of many of our fundamental physical'theories. Probably -
~ the principle of beauty has also led to numerous wrong theo-

ries, not recorded by the historians of science.

{ ' -000-
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APPENDIX | ¢ RELATIVITY QUANTUM MECHANICS

Although the really interesting ‘things first happen when
the electron is placed in an electromagnetic field, for the sa-
ke of simplicity we shali consider only the case of a freely
moving particle.

In this case,:the Schrddinger equation becomes

_ ﬁ2: T

T '
- om Al])—l'ﬁ‘-a—E | (]-)

with the corresponding eigenvalue equation
2m : '
Ay + —E Yy =0 (2)
" h

~ These equations may be conceived as the quantum mechanical
‘translation of the classical energy expression E = p%Zm by
means of the operator prescriptions4 '

3
3xk

‘ s o |
Py and E - ih 3E | (3)

R

The direct relativistic extension of this procedure is to de-

part from the relativistic energy expression
:E2-= 5202 + mgc4' . (4)

which leads-to the Klein-Gordon eqﬁations

' ' 2 m c\2. . .
S o o)w=‘o ‘ - (5)
‘ c” 9t il : , o
and _ )
AV + '212 (B2 - m?cHy =0 (6)
4<c ° .
y (5) is Lorentz invariant but is difficult to reconcile with the

general interpretation of quantum mechanics which demands a
first-order equation in the time derivative. In the case of
a Coulomb field present (6) gives é wrong fine-structure for
the hydrogen spectrum. :

The alternatije procedure is to add corféction terms of the

order v4/c4 to the pgamiltonian in (2). This accounts for
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first-order relativistic effects, and also for spin effects,
but leaves the theory in a non-invariant form.

A theory which is consistent with (a) the principle of re-
lativity, and (b) the principles of general quantum mechanics,
requires to be based on an-equation which is (a) Lorentz in-
variant in X, and t, or in pk and E, and (b) of the first or-
der in the time derivative (the energy)f

This suggests, was Dirac's argument, to write (4) as

E  _ \/ 2 2 2 2
¥ = Vme)® +p] +py 4Py Y - m
where E and p, are still operators, given by (3). In order to

conform with requirement (b), the square root has to be linea-
rized: ’ : AN

2 2, 2 7 2 _
VFH + P, + p3 + (moc) = o,p, +a2p2 +0L3p3 +B(m°c) (8)

This is not possible if the o,B8 coefficients are usual numbers
but may be carried through if the coefficients are taken to be
4x4 matrices satisfying the relations
a.0, + a o, = 26,
1 1

k k
2 2 ‘ , (9)

i
o
-
Q

]
™

il
-

o.B + Bo.
i i

These so-called Dirac matrices may have the explicit form

a= (0 °) s=(‘° (10)
o 0 ‘ 6 1

i

-S>
where © =(01,02,03) are the Pauli spin matrices and 1 is the

2x2 unit matrix. (7) may now be written

(p, + a*p + Bm_c)y = 0 (11)

with P= ~ E/c. (l11) is Dirac's equation for an electron. Its
relativistic invariance is not evident in (11), but can be '
proved. Since the coefficients define 4x4 matrices, the wave

function must have four components:
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The simplest case of Dirac's equation is the one of an electron
at rest:

.‘(pov + Bm_c)¥ =

which, if using the B from (10), is immediately separable in the
four equations '

(p, + moc)l_pl (p, + m )y, =

=0, =0
(p - m c)w =0, (va— moc)w4 =0
7w1th solutlons - |
moc2 \ ' ' .
P ='exp(-fﬁ——-t) . fer | wl . w2,
- N Amocz N ' v
Py = exp(—fﬁ——-t) for w3 ’ w4

Of these solutions, the first two correspond to positive ener-
gy, the latter two to negative energy. '
For electrons in motion, similar results appear. There are four
linear independent solutions of the piane wave form
P = a (p)exp{ i(§-§ - Eet)} , #-1,2,3,4

U H h : |
The eigenvalue equations show that there are non-vanishing so-
lutions only for .

2 2 2

->
E=+cC moc + p

such as would be expected also from the classical expression (4).
For 4y = 1 and 2 the positive sign holds, while 4 = 3 and 4 are
associated with negatlve energ:es.,It can further be shown that
the wave system whlch represents the electron, is complete only
if the negative- eﬁergy solutions are included..

The energy spectrum consists of two allowed - contlnuous areas,

separated by the energy 2mocz. Annlhllatlon and pair creatlon in
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E=-m_C
o

N~ L

Dirac's picture are shown in the figure. For pair creation,
the situation is that a negative-energy (negatively charged)
electron in the 'sea' E<0 absorbs a photon of E>2m002 and is
transferred to a E>0 state. As a result, a hole is left in

the sea. The observable effects of this transition are

E =E - E and Q =0 -0Q

obs vacuum obs vacuum

where E and Q are the energy and the charge of the Dirac sea.

Then we have

E

(E -(-1E[))- E IE{

obs vacuumn vacuum
and

Q = (Q -(-lel))-Q lel

obs vacuum vacuum

thus, the appearance of a hole in the Dirac sea looks like the
creation of a positive-energy particle with a positive elemen-

tary charge, a positron.

Another representation, also satisfying the relations
(9), is J
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using this representation, and writing

. ¢1
U’ = ¢)2
where ¢land ¢2~are now two-component wave funqtions, (11) may

be written as two?equations, only coupled through the mass

term: -

' | (b + 0*P)é.- m cd. .= 0 -
p, + 0*P)¢,~ m_co, = 12y
| - 3P)p.-mch. .= 0 -
‘po o°p) 2 o .l‘

To describe a mass-less spin % particle, only a two-component
wave function is necessary, as (12) are now decoupled. For
m_=0 one gets ' ' '

1 | - . . N
6,=0

)
)

TY: "TY

-
g
>
0’0

(pa f
It was the latter of these equatioﬁs,_that is

. >

%%— GV

Q-

which was considered by Weyl in 1929. Weyl's equation is re-
lativistically invariant and its wave function satisfies a
continuity equatioh. It is not, howeyer, invariant under space

inversion, such as is the Dirac equation.



110

APPENDIX II: MONOPOLES IN ELECTRODYNAMICS

Maxwell's field equatiohs in vacuum (CGS units) are )

o
rf‘|t!:|+

VeE =0 , VxB =

aQlr

(1.a)

(1.b)

[ anad
e
ﬁ'lU‘Hr

vVeB =0, YxE = -=
That is, the system of equations are completely symmetric un-
der the interchanging of electricity and magnetism, viz.
> <> >
E ~» B and B » -FE

In the presence of charges the symmetry is no longer complete.'

The Maxwell equations are now

K
3
4

@l

215

V°E = 4wp , VX§ = J

+
aQl~-

(2.a)

°|

v.B

]
o
-

(2.b)

e

VxE = -1
c

In (2) there are no magnetic sources, hence the asymmetry.

If magnetic monopoles are assumed by hypothesis, (2.b) takes

the form
> > 4m-r 1 BE
. = = ey V=
VB : 4mp' , VxXE =) = 5E (3)

where p' is now the magnetic charge, 3' its corresponding
current density. Now symmetry is established.
It is a pleasant feature of the Maxwell equations (2) that they
may be reproduced by means of electric and magnetic potentials,
¢ and K, defined as

B = vxk and B = -1 22 - v (4)
This is not pdssible, however, in the presence of monopoles.

Since
Ve (VXR) = 0
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‘holds identically, (3) can never be reconciled with (4). I.e.
monopole electrodynamics cennot,be stated in terms of the e-
lectromagnetic potentials alone. ‘

| Hamiltonian and Lagrangian formulations of electrodynamics
depend crucially on the existence of the electromagnetic poten-
tials (4), not on the field quantltles themselves. For example,
the classical Lagranglan and Hamiltonian for a partlcle with

charge g in an electromagnetic field are glyen by .

L o= Ymv? + qveR - q¢
and ‘
H

7,2
55(5 - qA)” + q¢

Now the conventional way of transferrlng electrodynamlcs to

,Aquantum mechanlcs goes via a Hamlltonlan or Lagrangian forma-
lism. Since these formalisms are based on the electromagnetic

potentials, quantum electrodynamlcs cannot contain monopoles
as long as (4) 1s malntalned

| - If only electrified partlcles are allowed, but if in ad-

dition to the usual subluminal charges (p,j) also superluminal

charges (p ,3 ) are introduced, then the field equations take
the form: ‘ '
> ' 2 4T+ 1 9E
V'E = 4mp VXB = =1t 2 3t
* C 4max 1 aﬁ
VeB = -4mp , UxE = El* -1

"
N

That is, completely symmetric equations with the superluminal

electric charges appearing as the magnetic monopoles in (3).



APPENDIX 111 : MONOPOLES IN QUANTUM MECHANICS, DIRAC’S
REASONING.. - --

Consider the wave function for, say, en electron:y =w(xj,t).
¥ is only determined within multiplication of an arbitrary

Y

phase factor et ; for y and

v o= ety | (1)

give the same probability distribution:

L2 2

Iyl = 1¥ | (2)
In general the phase Y will be a function of position and ti-
me. We may take y to be a non-integrable function. In this ca-
se, y does not have a definite value at each point, but it has
a definite change in value from one point to a neighbouring
point. That is, it has definite derivatives

_—= K, or Vy = Z
For non-integrable phases, the change in phase around a closed
loop

A = ¢K.,dx.
Y %JXJ

will in general be different from zero.
By Stoke's theorem we get

pY = J<Vx2>nds
, ) S
where S is a surface whose boundary is the loop considered.

The wave equation, whether relativistic or non-relativistic,

involves the momentum operator pj = ﬁiﬁB/ij. From (1) we get
Lo0¥ iy .. 3 (a0
lfhé—)zj— = e { 11"1?—}(-; + 'ﬁKJ)\p = lﬁ'SX—J + 'ﬁKj)\y (3)

This means that ¥ and ¥ will not, despite (2), satisfy the sa-

me wave equation. If ¢ satisfies any wave equation involving
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pj, then VY Will satisfy the corresponding equation in which,

pj has been replaced by pj+ ﬁKj. This situation resembles what
" happens if we introduce an electromagnetic field. In this ca-
se, the_equatibn of motion\bgcomes the same as in the case of

" no field if only we make the substitution

- -i’ﬁ-—g— + g-A,
9X . 3

e D
p. = -ih c

X .
] j

where Aj is the vector potential and e is negative for the e~
lectron. Compared with (3), this means that the introduction
of the non-integrabie phase factor amounts to the .same effect

as introducing a magnetic field for which

We then have ‘ N
e > e |4 -
Ay = %S [(VXA)ndS = Fs JBndS ) . (4)
. o T .S . 8 L _
I.e., the magnetic flux going through the loop is connected

to the change'in the phase y when going round a loop.

Next consider the change
Y > Y + ne2r

This change leaves the wave function cbmpletely unaffected.
But it does affect the result (4) since Ay will be different
for different values of n, while the flux is completely defi-

nite. This demands a generalization of (4), namely

. . _ e .
Ay 4 ne2m = a2 IB.ndS (5)
where n is some definite, but unknown, integer.

Usually n is zero in (5) for very'Small loops: the'magnetic
flux will be close to zero and the change in the continuous
wave function's phase must also beévery small. Then we return
to (4). But this argument breaks down in the case of vanishing
. wave functions, or for regions in spaée where ¢ vanishes. In
the case of Y=0, for ihstance, Y is completely undetermined;

for ¥ close to zero, even small changes in ¥ may correépond to
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(5) while the flux is still close to zero. Since Y is a com-
plex function,y =w1+iw2, its vanishing will require two con-
ditions, one for wi and one for wz. In general the points at

which ¢ vanishes will therefore lie along a line, called a

nodal line. For small loops around a nodal line Ay will then
bé'eéééf'to 27n, with n undetermined but non-zero.

A large loop mai<be treated by dividiné'it up into small
loops lying in a surface whose boundary is the large loop. The
flux passing through the large loop will equal LAy for the
small loops plus a contribution of I2mn from each nodal line

cutting the surface. That is,

Ay = 27EIn +'§E’J Bnds
_ S
whefe the summation is over all the nodal lines, one term for
each line. For a cloéed surface Ay must vanish, because the
boundary perimeter shrinks to zero. Then

i

- e
2TIn = Fo J BndS

[
If one or some of the nodal lines have their end points inside
the closed surface, In will not wvanish and there will be a net

magnetic flux crossing the surface

JBds=2“ﬁCn | (6)
n e

S

This magnetic flux implies the existence of a source, a magnetic

monopole. Comparing with Gauss' law in electrostatics

J EndS = 47q
S
(CGS units) the strength of the monopole must be

fic

W = S5gn

(0]

The referred argument, essentially Dirac's 1931 argument,
rests on the use of the magnetic potential defined by

VxA=R. Since this is inconsistent with (6), electrodynamics
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‘requires some modification. The equation VxR=B may be suppo-
sed to fail at just one point on the surface, where it is cut
by the nodal line. This line of points, extending outward

from the pole, is the so-called Dirac string. Dirac proposed

to modify electrodynamics so that a term is added to VXK;
- this term will vanish everywhere except in regions where the

string passes.

-000-
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NOTES.

1.

No full biography of Dirac has as yet appeared. Mehra [122]
glves much valuable information on Dirac' s life and sci-
entific work until the beglnn;ng of the ‘thirties. Also.

Dirac's autobiographical sketches, especially [53], are

'vdaluable in this connection. Both of these works are con—v

- fined, however, to Dirac's early work 1n guantum theory

and do not go beyond 1933,

In a letter to Wllhelm Wien of 25 August 1926. Cited in
translatlon from [79],p 104.

Quoted from [122],p.52. This is only one of the numerous
anecdotes about Dirac, all of them - express1ng the pecullar
unsocial, 1ntrovert and one- 51dedly phys1cal-mathemat1cal
character of hlS personallty For a collectlon of Dirac
anecdotes, see [123], esp. pp.805-819.

"Ode to a Grecian Urn", written 1819. These four innocent

"lines, finishing'Keats' poem, have caused a dlver51ty of

1nterpretatlons among literary CrlthS who have dlsagreed
as to ‘the meaning and significance of Keats' "Beauty is
truth, truth beauty" phrase. See[118].

For thlS problem, Dirac's way to the solution and the sub-

. sequent dlscovery of the p051tron, Russell Hanson has pro-

vided a very interesting account. See (88], ch.IX.

This is the general view, at any rate. It has not, however,

prevented some physicists to speculate about the phy51cal

‘reallty of negative- energy particles. They appear, for in-

stance, in connection with tachyon theory (cf. §6) and
were discussed'by_Sommerfeld in 1905. More recently, at

least one author has ~suggested thatlmagnetic monopoles are

. in fact negative- mass, and then negative- enerqgy partlcles

Not in Dirac' S 1mag1nary sense, but particles endowed with
a real physical existence in nature. See [171].
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 ferring to the strange behaviour that the harder they are

118

For fhis reason, ' Gamow dubbed theﬁ 'donkey-electrons', re-

pushed, the slower they will go! If the paradoxical be-
haviour is not, in itself, sufficient to exile negative-
energy particles from physics (cf. that tachyons are sup-
posed to behave in.a similar way), it may further be

shown that charged negative-energy particles lead to di-

- fect inconsistency. Cf. Dirac's argument in 1930: "Al--

though a negative-energy electron moves’ in an external
field as though it has a positive charge, yet, as one can
easily see from a consideration of conservation of momen-
tum, the field it produces must correspondito its having a
negative charge, e.g., the negative-energy electron will
repel an ordinary positive-energy electron:although it is
itself attracted by the positive-energy electron" ([271,
p.362). '

In letters from Heisenberg to Jordan, 22 January 1929, and
from Pauli to Klein, 18 February 1929. Quoted from [1491],
p.82.

'Physically existing' is here to be understood in the un-
sophisticated sense adopted by every practising scientist,
viz. that such entities must be capable of detection by our
usual instruments, that is, exchange energy with the ordi-
nary particles which compose our measuring devices. For
scientists' purpose, entities with which we cannot commu-
nicate by experimental interaction -such as the electrons
with negative energy in Dirac's theory- do not exist. Phi-
losophically speaking, this is not, of course, a very sa-
tisfactory answer to the difficult problem about physical
existence. Also, the standards among physicists for accep-
ting entities as physical particles have changed rather
radically during the latter fifty years, becoming less se-

vere and accepting still more indirect evidences. See
[61].
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11.

12.

13.

14.

Gaston'Bachelard, in particular, has drawn philosophical
implications from Dirac's hole theory, claimed to support
his ideas of a "philoéophy of no" and being an example

of "dialectical sur-rationalism"; see [3],p.59ff. In
Bachelard's version, Dirac's theory is "idealistic" and
"de-realized from its very start". Bachelard makes what I
feel is an unwarranted point_but of what is said to be
the negative massesAand ﬁegative energies appearing in
Dirac's theory. The negative mass, Bachelard States, is

a "dialectical" version of the positive mass, an entity
which was inconceivable in pre-quantum physics and.Qne
which was only raised to legitimacy with the discovery of
the positron. Apart.from the objections that may be rai-
sed.against Bachelard's poetical mystification‘of Dirac's
theory, it is not true that négative mass was inconcei-
vable in earlier_"matérialist" physics. Negative mass was,

in fact, considered at one stage of '‘the phlogiston the-

‘ory, and it also appeéréd in connection with the discus-

'sions of superluminal electrons around the turn of the

century.

For some reactions to the hole theory, see [88].

The text has "y-Strahl-Protonen", which obviously is a

misprint.

See[11],p.316. The letter dates from 9 December, 1929.

In his memoirs, Dirac has repeatedly stated.that in 1930
"everyone felt pretty sure that the electrons and the pro-

tons were the only elementary particles in Nature" ([53],

rp.l45).'To be sure, Dirac admits, there was in 1930 the

idea of the neutron but “people did not really have much
faith in the existence of neutrons. It seemed to every-
one self-evident that as there were two kinds of elec-
tricity, there should be just two kinds of particles to

carry them" (ibid.). In this case, as in others, Dirac's
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memoirs do not correspond exactly to the actual state of
WaffaifgjiIt is nbtvquite true, tien,,thétﬂéhYSicisté in
1930 stuck tenaciously to the two-particle view. Apart

from the well-known photon, the hypothetical neutron was

in'many quarters, and not least in Cambridge, considered

to be a real elementary particle, only waiting for its

experimental discovery. Rutherford; for sure, believed
firmly that neutrons weré not me?ely particles of the;
fantasy. See [72]. That the claim of a general belief in
the two-particle view anno 1930 is untenable, is also
supported by the retrospective comments by Oppenheimer,
Bohr and Mott, quoted in [88],p.223.

For the history of particle creation and annihilation, see
[13].

"Es ist naheliegend, zu erwarten, dass von den beiden
Komponentenpaaren der Diracschen Grdsse das eine dem
Elektron, das andere dem Proton zugehdrt" ([166],p.332).
Dirac acknowledged this suggestion of Weyl in 1930.

This is not quite true, for in Pauli's first announce-
ment of his idea, appearing in an open letter of 4 De-
cember 1930, he thought about the neutrino as a light
constituent of the nucleus, a neutral electron, and not
as a massless particle} a spin ¥ photon. See [149], p.
87. Pauli soon recognized that the neutrino could not
‘reside within the nucleus but he continued to think a-

bout it as endowed with a mass, althoudh very small.

[137]) ,p.763. Oppenheimer and Carlson termed the latter
neutrino, Pauli's neutron, the 'magnetic neutron' so as
to distinguish it from the neutron which was bt that time
associated with the penetrating beryllium radiation.

This particle, our neutron, had been announced by Chad-
wick about six months earlier to be a constituent of

the nucleus, with a mass very close to the proton's.
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In the summer of. 1932, there was still confusion about
the two 'neutrons?; Oppenheimer and Carlson thus thought
that Pauli's magnetic neutron might well have a mass
like the onefindicated in Chadwick's experiment. As to
Pauli's wave equation for the magnetic neutron -the '
neutrino- it was firstlgiven at a'seminar in Ann Arbor,
USA, in the summer of 1931, but was not oublished} Ac¥'
cording to Oppenheimer and Carlson, it was identical to
the Dirac equation as long as no'field was present; in
the presenceeof an electromagnetic field it was obtained
by adding a term including the magnetic moment of the
neutrino. PaulifsAunpublished equation was a four-com-

ponent equation, preserving left-right symmetry.

The content of Engels' reflections on the dlalectics of

nature, and the position of monopoles herein, dates

from about 1878 but was only published in 1925. Engels
. {

claimed that the dialectical laws preclude the existence

of magnetic monopoles. See [56], pp.61-62.

Only five years earlier, Oskar Klein had suggested an

explanation of the quantization of electricity in terms

of five-dimensional relativity quantum . theory. See {1117,

And before that time, there were: several attempts to de-

duce the electrical charge from Einstein s and Weyl's

grav1tation theories.

When Pauli and Weisskopf in 1934 quantized the Klein-
Gordon equation; and showed that'it describes hypothe-
tical'particles'obeying Bose~-Einstein statistics, they
joculary paraphfased Dirac iniasking why "Die Natur ...
keinen Gebrauch'gemacht hat" of negatively charged bo-
sons of spin zero ([139],p.713). Only much later it be-
came known that nature does, in fact, 'make use' of the-

se particles, as the Pauli-Weisskopf theory applies to
\
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" This number is based on an examination of the abstracts

appearing in the Physikalische Berichte. The papers are
from 1931(2), 1935(2) and 1938(1).

See [52]. The Ehrenhaft-Dirac correspondence is not in-
cluded in the AHQP material. The only full description
of Ehrenhaft's work on magnetic charges appeared in a
non-physics journal, the Philosqphy of Science([68'1).

In this paper one may find further references to his
work on the subject. It is remarkable that Ehrenhaft
did not mention Dirac's theory but presented his claim
for magnetic poles in a purely empirical way. For a -
sympathetic portrait of Ehrenhaft in his later days,
see Feyerabend ([76],p.109) who attended Ehrenhaft's
lectures in 1947. We learn from Feyerabend that Ehren-
haft rejected not only the elementary electron and the
Maxwell equation V{§=0, but also relativity and quantum
mechanics. No wonder that Dirac did not like to get as-
sociated with the unorthodox Viennese physicist! Ehren-
haft died in 1952, and thus did not live to experience
the renewed interest in monopoles and fractionally
charged particles (quarks).

See [145]. Price interpreted the event, an ionizing track
in a plastic emulsion, as being due to a monopole with a
strength corresponding to 137e, velocity at about c/2,
and mass greater than 200 proton masses. A summary of
earlier experimental attempts to detect the Dirac pole
may be found in [2]. .

According to [56],p.49 and to New Scientist, 21 August
1975, p.412.

Transcript of interview deposited at the Niels Bohr In-
stitute, Copenhagen. Cf. [115].

This interpretation rested on the basic assumption that
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~ven by a pure action principle.
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the electromagnetic four-potential Au satisfies the
condition'AuA“=k2, k being a universal constant which
by hypothesis was taken to be m/e. Observing that
k-lAu=(e/m)Au has the dimension of a four-velocity, Di-

rac argued that it would be the 'aether velocity'.

“-See [151]. Dirac, in his 1948 paper, formulated monopole

electrodynamics in an action principle but had to impose
the constraint that nodal lines can never pass through

charged particles. Dirac's theory -was not, therefore, gi-

This conclusion was not accepted by all physicists. Mendel

Sachs, an authority on relativity theory, thus disagreed

- with Bilanuik'and Sudarshan as to whether tachyons were

allowed by relativity: "... if such particles should be
found, I should have to conclude ... that the theory of
relativity would have been refuted" ([152],p.48).

For a clear survey of the main points in Milne's theory,
see his "Gravitation Without General Relativity", pp.
409-436 in [1531]. |

1

In his work "The Sand Reckoner", written about 220 BC,

Archimedes computed the maximum number of grains of
sand the universe could contain, to circa 1063. Each
of Archimedes' grains of sand may be estimated to contain

) l .
17 nucleons, hence the magic number_lOSO! See [89].

The unsatisfactory numerical relationship between the age
of the universe and the Hubble constant, as in Dirac's

theory, caused discredit to Big-Bang theories at the end

"of the thirties. The'inconsistencies are not real, how-

ever, and need not to be rescued by Dirac's artificial
theory of.time-dependent radioactive decay laws. It dis-

appears with the later accepted values of Hubble's con-

¥
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35.
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stant, which are smaller by a factor ten to what was

~ thought in 1937. - T o ' ' —_—

-

Jordan's occupation with cosmological theory 4 la Dirac
started before the war [107]. Under the impact of Edding-
ton's and Dirac's theories, he engaged in the very same

type'of:numerolbgical reasoning.. In accordance with his

positivistic conception of science, Jordan, however, em-

phasized that there was nothing speculative about such
attempts. The various relationships between the constants
of nature were, Jordan stressed, "hypothesenfreie blosse
Umrechnungen der Erfahrungstatsachen" (ibid.,p.515). Far
from being speculative cosmology, Jordan termed his de-
velopment of Dirac's and Eddington's systems for empiri-
cal cosmology [108].

Haldane praised the works of Milne and Dirac for having
"introduced the historical process into exact physics".
See [87],p.76.

To be sure, Einstein's field equations may be written in
neat forms, such as Gvu= 0 or Gvu= Agvu, appearing to be
even simpler formulae than Newton's law. The simplicity
is, however, a trick played by compact notation. Behind
the innocent-looking tensor quantities, conceptual and
technical complications areldisguised. Cf. also that all
the laws of physics can be contained in one grand 'simple"'
law, U=0, such as shown by Feynman, not without irony.

See [77]),p. 25:10. In these cases, as in axiomatization

attempts in general, the obtained simplicity is illusory.

In a talk on "Relativity and Quantum Mechanics", given in
Austin, Texas, in 1970. Quoted from [122],p.59.

See [8]. Born argued forcefully against Eddingtonian ideas
of pure theoretical reasoning and for the value of expe-
riments and the inductive method even in the most abstract

theories. Einstein's general theory of relativity was by
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Born considered to be "a gigantic synthesis of a long.
chain of~empirical results, not a épontaneous wave:brain"
(p.14). And. for quantum meohaﬁics, "it was ... an essen-
tially inductive line of reasoning which led to the most
abstract theory known in physics" (p.20). But neither Born
was élways immune .to the intellectual magic ofinnsteih's
theory. In 1920, he saluted it for its "grandeur, the
boldness, and the directness of the thought", which made

the world-picture "more beautiful and grander" [6].

That is, in his work with general relativity and later on.
For the much discussed question of whether the young

Einstein followed a positivistic method or not, see [133]

‘and [84]._See also the‘contrioutions in [153].

When Einstein received the news ofvthe measurements of the
eclipse'éxpedition he said, "But I knew that the theory is
qorrect;" And on the question, what if the measurements

had disagreed with the thebry; Einstein countered, "Then I

‘would have been sorry for the dear Lord - the theory is

correct." See [98],p.236. Einstein's reaction to an ear-
lier eclipse'measurement in 1914, which indicated a di-
screpanoy between theory,énd’observation, was similar. He
refused to accept the experimental results as a disproof A
of the theory. It is ironical, then, that Einstein's the-
ory and the 1919 experiment served as a decisive inspira-
tion for the;young Karl Poppei in the creation of his
methodology of science. Certainly, Einstein does not fit
ihto falsificationism. On the‘other hand, Einstein's re-

actions to the experimental tests of relativity are some-

‘what perplexing to the historians of science. For in re-

ply to Eddington's letter, announcing the successful re-

sults of the eclipse observations, Einstein stressed the

- importance of another test, viz. the gravitational dis-

placement of sclar absorption lines towards the red.
Concérning this test, Einstein told Eddington that, "If

it were pro&ed that this effect does not exist in nature,

i
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then the whole theory would-have to be abandoned" (let-

~ ter from Einstein to Eddington, 15 December 1919. Quoted

in translation from [60],p.41). Thié attitude of course

fits perfectly well to Popper's views.

In 1906 Kaufmann performed careful experiments on the

mass of moving electrons and announced his experimental

““results to be a categorical disproof:of Einstein's theo-

ry. See .[98]1,p.235.
In a conversation with Freeman Dyson, see [16],p.27.

in a letter to V.Weisskopf, 17 January 1957. Quoted from
[80],p.215.

~

For a useful review of the dispute, see [65].

This is not to say that socialists, or authors from the
communist bloc, have been immune to the quest for beauty
invtheoretical science (and why should they?f. For a
Russian appraisal of the beauty associated with Einstein's
theory, see [155]. Cf. also that Landau and Lifschitz, in
their very technical nine;volume course in theoretical
physics, 6nly-expressed any display of emotion at one pla-
ce. That was in connection with "The theory of graVitati—
onal fields ... established by Einstein (and finally for-
mulated by him in 1916) and represents probably the most
beautiful of all existing theories. It is remarkable that
it was developed by Einstein in a purely deductive manner
and only later was substantiated by astronomical obser-
vations." ([116],p.227)

For Heisenberg's methodology and philosophy of science, see
further [90] and [100].

"T admired Bohr very much. He seemed to be the deepest

thinker I ever met" ([53],p.134). "While I was very much




47.

48.

_ impressed by what Bohr said, his arguments were mainly of
‘a qualltatlve nature ... What I wanted was statements which

could be expressed in terms of- equatlons, and Bohr's work -

very seldom prov1ded such statements.' (ibid.,p.116)

Keats in a letter to B. Bailey, 22 November 1817. Quotea
from the Norton Anthology of Engllsh L1terature, vol.?2,
New York 1968 p.569. ' '

e

,This example is due to Léon Rosenfeld in [69],p.38.

2
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