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FOREWORD

oo

by Roger Penrose

I vividly recall reading Erwin Schrédinger’s slim volume Science and
Humanism some forty years ago, probably at atime while | was stilla
research student in Cambridge. It had a powerful influence on my
subsequent thinking. Nature and the Greeks, although based on
slightly earlier lectures, was not published until somewhat later, and
I have to confess that | did not come across it then. Having only now
read it for the first time, | find a remarkable work, of a similar force
and elegance.

The two volumes go well together. Their themes relate closely to
each other, being concerned with the nature of reality and with the
ways in which reality has been humanly perceived since antiquity.
Both books are beautifully written, and they have a particular value
in enabling us to share in some of the insights of one of the most
profound thinkers of this century. Not only was Schrédinger a great
physicist, having given us the equation that bears his name - an
equation which, according to the principles of quantum mechanics,
governs the behaviour of the very basic constituents of all matter -
but he thought deeply on questions of philosophy, human history
and on many other issues of social importance.

In each of these works Schrédinger starts by discussing pertinent
social issues concerning the role of science and of scientists in soci-
ety. He makes it clear that, whereas there is no doubt that science has
had a profound influence on the modern world, this influence is by
no means the real reason for doing science; nor is it clear that this
influence is itself always positive. However, his main purpose is not
justto discuss issues of this kind. He is primarily concerned with the
very nature of physical reality, of humanity’s place in relation to this
‘reality’ and with the historical question of how great thinkers of the
past have come to terms with these issues. Schrédinger clearly
believes that there is more to the study of ancient history than mere
factual curiosity and a concern with the origins of present-day thinking.
His fascinatingly insightful study of the views of the philosopher/
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scientists of antiquity, in Nature and the Greeks, makes clear that he
also believes there is something directly to be gained from the
Greeks' own insights, and what led them to their views, despite the
undoubtedly enormous advances that modern science has made
over what had been available to them at the time. Have we really made
any progress at all concerning the really deep question: ‘Whence
come | and whither go I'? Schrédinger evidently believes not, though
he appears to remain optimistic that genuine insights into such
issues may become available to us in the future.

Having himself been one of the prime movers in the revolutionary
changes that have taken place in our understanding of Nature at the
scale of its tiniest ingredients, he is well placed to understand the
importance of these changes in relation to what had been the views
of physicists and philosophers immediately before him. Moreover,
in my personal view, the more ‘objective’ philosophical standpoints
of Schrédinger and Einstein with respect to quantum mechanics,
are immeasurably superior to ‘subjective’ ones of Heisenberg and
Bohr. While it is often held that the remarkable successes of
quantum physics have led us to doubt the very existence of an
‘objective reality’ at the quantum level of molecules, atoms and their
constituent particles, the extraordinary precision of the quantum
formalism — which means, essentially, of the Schrédinger equation
— signals to us that there must indeed be a ‘reality’ at the quantum
level, albeit an unfamiliar one, in order that there can be a ‘some-
thing’ so accurately described by that very formalism.

Yet the formalism itself reveals a quantum-level reality that is strik-
ingly different from the one that we experience at ordinary macroscop-
ic scales. In a masterly way, Schrédinger paints for us a picture of that
reality. | vividly recall, from my reading of Science and Humanism of
forty years ago, Schrédinger’s description of an iron letter-weight in
the shape of a Great Dane that he had known as a small child, and that
he retrieved after many years, having had to leave it behind in Austria
when the Nazis came. What does it mean to say that it is the same dog
as he had had before? There is no meaning to be attached to the
‘sameness’ of any of its individual particles. Schrédinger points outa
remarkable irony. For over two thousand years, since the time of Leu-
cippus and Democritus, there had been the fundamental idea that
matter is composed of basic individual units, with empty space in
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between. Yet, this had been essentially a postulate, based on indirect
inferences of widely differing acceptability. Then just as the first direct
evidence of the atomistic nature of matter was beginning to come to
light (such as in the Wilson cloud chamber and other experimental
devices), quantum theory pulled the rug from beneath us. The parti-
cles that the theory revealed to us were not at all like the hard grains
that we had come to expect, but were spread out in incomprehensible
ways; worse still, they had no individuality whatever!

What is the present status of the particles that were known in
Schrédinger’s day? Electrons are still thought of as indivisible, but
they belong to a larger family of particles, collectively called /eptons.
Protons, on the other hand, are not indivisible, being regarded as
composed of still smaller units: the quarks. Modern particle physics
is described in terms of these new kinds of element (quarks,
leptons, gluons), which are the basic elements of what is referred to
as the ‘standard model’. In this model, the quarks and leptons
are taken as structureless point-like objects. Are these the true
atomic elements that physicists from the time of Leucippus and
Democritus had sought?

| doubt that many present-day physicists would hold firmly to such
a view. One prevalent line of thinking pins faith on the ideas
of string theory according to which the basic units would not be point-
like at all, but little loops referred to as ‘strings’. These, however,
would be far far tinier than the scales that are currently accessible to
modern experimental techniques. There are some recent experimen-
tal indications that quarks may exhibit structure at much larger scales
than those that would be required for string theory — in contradiction
with the point-like expectations of the standard model. One must be
cautious about drawing such conclusions, however, pending further
results which may confirm or contradict them. This notwithstanding,
itis fully to be expected that we are yet far from a final understanding of
these matters.

In both of these books, Schrédinger shows himself to be deeply
troubled, moreover, by the actual continuous nature of our pictures of
space and time. According to quantum theory, the state of a material
particle can undergo discontinuous jumps. In his attempts to reconcile
this odd behaviour with the desirable feature that an individual particle
ought really to retain some rudimentary sort of identity, Schrédinger is
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guided to the idea that it should be space itself, rather than the parti-
cles, which is discontinuous. | cannot help remarking, here, that this
‘oddness’ in the behaviour of quantum particles is now known to be
even weirder than was imagined in Schrodinger's day. Schrédinger
himself had pointed out, in 1935 (as a follow-up from some work by Ein-
stein, Podolsky and Rosen), the puzzling phenomenon of quantum
entanglement, according to which, in a system composed of more than
one particle, the individual particles are not actually individual, but
must be thought of as constituting an indivisible whole. In the mid-
1960s John Bell showed that this entanglement could actually be
directly measured, with consequences for our picture of reality that
have still, in my opinion, not been adequately resolved.

Schrodinger, with considerable insight, goes back to ancient Greek
times to try to examine the underlying reasons for our present firm
beliefs in space-time continuity. He considers the picture of continuity
that mathematicians, over the intervening centuries, have finally come
to, and he points out the puzzling, almost paradoxical nature of this
very picture. | had referred earlier to the powerful influence that
Schrédinger had had on my own thinking. The idea that space and
time are, at root, not what they ‘seem’ to be — perhaps themselves
being discrete rather than continuous —is indeed something that took
hold of me at that time, and the influence from Schrédinger’s writings
was great. | spent much time in trying to construct a theory in which
spatial notions arose from an entirely discrete combinatorial struc-
ture. Although these attempts had some success, the thrust of under-
lying mathematical conceptions has been, instead, to drive us in the
direction of that curiously elegant form of continuity that is provided
by complex numbers (numbers in which V=1 features). Complex num-
bers are fundamental to quantum theory (and V-1 occurs explicitly in
Schrédinger’s equation). They are fundamental to the ‘twistor theory’
that my own deliberations led me to, and they are fundamental also to
string theory. Moreover, they are fundamental to the deepest results
of number theory (such as in Wiles's recent proof of Fermat's last
theorem), which is the epitome of discrete mathematics. Perhaps, in
complex numbers will ultimately be found the resolution between
the discrete and continuous, in physics that Schrédinger found so
profoundly puzzling. Only time will tell.

Roger Penrose, March 1996
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CHAPTER I

THE MOTIVES FOR RETURNING
TO ANCIENT THOUGHT

When, early in 1948, I set out to deliver a course of
public lectures on the subject dealt with here, I still felt
the urgent need of prefacing them with ample explana-
tions and excuses. What I was expounding then and
there (to wit, at University College, Dublin) has come
to form a part of the little book before you. Some
comment from the standpoint of modern science was
added, and a brief exposition of what I deem to be the
peculiar fundamental features of the present-day
scientific world-picture. To prove that these features
are historically produced (as against logically neces-
sitated), by tracing them back to the earliest stage of
Western philosophic thought, was my real objective in
enlarging on the latter. Yet, as I said, I did feel a little
uneasy, particularly since those lectures arose from my
official duty as a professor of theoretical physics. There
was need to explain (though I was myself not so
thoroughly convinced of it) that in passing the time
with narratives about ancient Greek thinkers and with
comments on their views I was not just following a
recently acquired hobby of mine; that it did not mean,
from the professional point of view, a waste of time, which
ought to be relegated to the hours of leisure; that it
was justified by the hope of some gain in understanding
modern science and thus ¢nter alia also modern physics.
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A few months later, in May, when speaking on the
same topic at University College, London (Shearman
Lectures, 1948), I already felt much more self-assured.
While I had initially found myself supported mainly
by such eminent scholars of antiquity as Theodor
Gomperz, John Burnet, Cyril Bailey, Benjamin
Farrington—some of whose pregnant remarks will later
be quoted—I very soon became aware that it was pro-
bably neither haphazard nor personal predilection
which made me plunge into the history of thought some
twenty centuries deeper than other scientists had been
induced to sound, who responded to the example and
the exhortation of Ernst Mach. Far from following an
odd impulse of my own, I had been swept along un-
wittingly, as happens so often, by a trend of thought
rooted somehow in the intellectual situation of our
time. Indeed, within the short period of one or two
years several books had been published, whose authors
were not classical scholars but were primarily in-
terested in the scientific and philosophic thought of
today; yet they had devoted a very substantial part of
the scholarly labour embodied in their books to ex-
pounding and scrutinizing the earliest roots of modern
thought in ancient writings. There is the posthumous
Growth of Physical Science by the late Sir James Jeans,
eminent astronomer and physicist, widely known to
the public by his brilliant and successful populariza-
tions. There is the marvellous History of Western
Philosophy by Bertrand Russell, on whose manifold
merits I need not and cannot enlarge here; I only wish
to recall that Bertrand Russell entered his brilliant
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career as the philosopher of modern mathematics and
mathematical logic. About one third of each of these
volumes is concerned with antiquity. A handsome
volume of a similar scope, entitled The Birth of Science
(Die Geburt der Wissenschaft) was sent to me at nearly
the same time from Innsbruck by the author, Anton
von Morl, who is neither a scholar of antiquity, nor of
science, nor of philosophy; he had the misfortune at
the time when Hitler marched into Austria to be the
Chief of Police (Sicherheitsdirector) of Tirol, a crime for
which he had to suffer many years in a concentration
camp; he luckily survived the ordeal.

Now if I am right in calling this a general trend of
our time, the questions naturally arise: how did it
originate, what were its causes, and what does it really
mean? Such questions can hardly ever be answered
exhaustively even when the trend of thought that we
consider lies far enough back in history for us to have
gained a fair survey of the total human situation of the
time. In dealing with a quite recent development one
can at best hope to point out one or the other of the
contributory facts or features. In the present case
there are, I believe, two circumstances that may serve
as a partial explanation of the strongly retrospective
tendency among those concerned with the history of
ideas: ome refers to the intellectual and emotional
phase mankind in general has entered in our days, the
other is the inordinately critical situation in which
nearly all the fundamental sciences find themselves
ever more disconcertingly enveloped (as against their
highly flourishing offspring like engineering, practical
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—including nuclear—chemistry, medical and surgical
art and technique). Let me briefly explain these two
points, beginning with the first.

As Bertrand Russell has recently?! pointed out with
particular clarity, the growing antagonism between
religion and science did not arise from accidental cir-
cumstances, nor is it, generally speaking, caused by ill
will on either side. A considerable amount of mutual
distrust is, alas, natural and understandable. One of
the aims, if not perhaps the main task, of religious
movements has always been to round off the ever un-
accomplished understanding of the unsatisfactory and
bewildering situation in which man finds himself in the
world; to close the disconcerting ‘openness’ of the out-
look gained from experience alone, in order to raise his
confidence in life and strengthen his natural benevo-
lence and sympathy towards his fellow creatures—
innate properties, so I believe, but easily overpowered
by personal mishaps and the pangs of misery. Now, in
order to satisfy the ordinary, unlearned man, this
rounding-off of the fragmentary and incoherent world
picture has to furnish inter alia an explanation of all
those traits of the material world that are either really
not yet understood at the time or not in a way the
ordinary unlearned man can grasp. This need is seldom
overlooked for the simple reason that, as a rule, it is
shared by the person or persons who, by their eminent
characters, their sociable inclination, and their deeper
insight into human affairs, have the power to prevail
on the masses and to fill them with enthusiasm for their

1 Hist. West. Phil. p. 559.
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enlightened moral teaching. It so happens that such
persons, as regards their upbringing and learning and
apart from these extraordinary qualities, have usually
themselves been quite ordinary men. Their views about
the material universe would thus be as precarious,
actually much the same, as those of their listeners.
Anyhow, they would consider the spreading of the
latest news about it irrelevant for their purpose, even
if they knew them.

At first this mattered little or nothing. But in the
course of the centuries, particularly after the rebirth of
science in the seventeenth century, it came to matter
a lot. According as, on the one hand, the teachings of
religion were codified and petrified and, on the other
hand, science came to transform—not to say disfigure
—the life of the day beyond recognition and thereby
to intrude into the mind of everyman, the mutual dis-
trust between religion and science was bound to grow
up. It did not spring from those well-known irrelevant
details from which it ostensibly issued, such as whether
the earth is in motion or at rest, or whether or not man
is a late descendant of the animal kingdom ; such bones
of contention can be overcome, and to a large extent
have been overcome. The misgiving is much more
deeply rooted. By explaining more and more about
the material structure of the world, and about how our
environment and our bodily selves had, by natural
causes, reached the state in which we find them, more-
over by giving this knowledge away to everybody who
was interested, the scientific outlook, so it was feared,
stealthily wrested more and more from the hands of



