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PREFACE

The topics addressed, in these Collected Works, vary over quite an extensive range, the
boundaries between their areas being sometimes quite blurred. It would have been
hard to classify all these articles and arrange them according to individual topics.
Moreover, my own mode of working has been, on the whole, to keep most of my
different scientific or mathematical interests running concurrently. Accordingly, it
has seemed appropriate not to attempt to group the papers together into separate
tidy categories. To do so would have provided a somewhat misleading picture of my
overall mode of thinking. Instead, the ordering of articles that has been adopted is
essentially chronological, at least with regard to the date of publication. The result-
ing somewhat higgledy-piggledy appearance that we find in the sometimes abrupt
juxtaposition of different topics is, perhaps, fairly illustrative of my actual mode of
working.

There are two main kinds of drive that underlie these works. On the one hand,
some of the articles have arisen mainly from purely mathematical considerations,
which can be ultimately aesthetic or just matters of simple curiosity. On the other
hand, motivations for many others of the articles came primarily from a strong
desire to discover more about the underlying principles governing the workings of
the physical world. Yet, one of the deep mysteries about what has been discovered
about these principles is the great breadth of intrinsically appealing mathematics
that is found to underlie the actual operation of the physics of the universe, so these
two drives are found to relate closely to one another. The reader may perhaps note
the distinct geometrical flavour of much of my own mathematics, evidencing the
strong appeal that geometry exerts on me, an appeal that is not infrequently inter-
twined with desire for algebraic elegance. Indeed, I have found it remarkable how
much of the workings of our universe appear to depend upon sophisticated and
powerful geometry and algebra.

My own very geometrical perspectives, as opposed to purely computational ones,
are perhaps made more obvious in the later volumes of this series than in the early
ones, but this appearance is deceptive. Very early in my career as a Cambridge
graduate student, I had developed a graphical notation which enabled me to carry
out many kinds of calculation in an entirely diagrammatic way. For a long time I
was rather secretive of this procedure, and in my earlier writings would take care
to remove all trace of these visual origins. I do not doubt that my predilections for
such geometric or algebraically elegant forms of understanding have influenced
the specific choices of direction in which my endeavours towards furthering our
understandings of the physics of the world have taken.
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The focus of these directions has become more clarified as time has moved on,
and has narrowed down to such a degree that there has emerged a somewhat dis-
turbing repetitiveness in many of the later articles. A good number of these provide
rather non-technical accounts. An example of such repetitiveness occurs with my
descriptions of gravitational collapse to a black hole. There is, however, a gradu-
ally developing outlook on this issue, leading to an emphasis on the fundamental
contrast in character between the space-time singularities that inevitably appear
within black holes and the space-time singularity that constitutes the big bang, this
contrast being central to the existence of a second law of thermodynamics in our
universe. The same kind of repetitiveness applies to my frequently repeated claim of
a need for a fundamental change in the basic laws of quantum theory, where only
towards the end do my suggestions become particularly specific. Likewise, many
mildly differing accounts are provided outlining the formalism and the basic ideas
that underlie twistor theory. The later ones lead up to various viewpoints on the
‘googly’ problem, which has constituted the main obstruction to the finding of a
full understanding of general relativity in twistor terms. Despite such repetition, it
is my hope that there is a sufficient variety of emphasis and of historical develop-
ment in such articles for it to have been worth while to include them all here.

Several colleagues have collaborated with me in writing the works presented here,
and [ can mention but only a few. Foremost, I have collaborated long and particularly
fruitfully with Ezra T. Newman, especially with regard to the asymptotics of general
relativity, and also with Wolfgang Rindler in the development of the formalism of
2-spinor calculus. Other collaborators who have played important roles in helping
to develop the mathematics of discrete physics and twistor theory have been
Erwin Kronheimer, Michael Eastwood, Ronny Wells, and Denny Hill. Among my
collaborators, providing very significant inputs, who were former students in my
research group, are Andrew Hodges, Paul Tod, Lane Hughston, George Sparling,
Richard Ward, Nick Woodhouse, and Lionel Mason, but there were many others.
Although not playing roles as actual collaborators, fundamental influences in my
research have come from Dennis Sciama and Michael Atiyah.

Roger Penrose
April 2010
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Early years and influences

I was born in Colchester, Essex, UK on 8 August 1931. My father, Lionel Sharples
Penrose, FRS, was a highly talented and intelligent man, with many interests. He,
himself, had come from a Quaker family, his own father (James Doyle Penrose)
having been a professional artist and his mother (Josephine Peckover) was from a
well-to-do Quaker banking family. Lionel’s primary professional interest was in the
causes of hereditary mental disease. He was Galton Professor of Human Genetics
at University College London from 1945 and, following retirement, Director of the
Kennedy-Galton Institue, St Albans. He had a very considerable artistic talent and a
keen interest in music, especially Mozart, but also Bach and other classical compos-
ers, dabbling a little in composition himself, particularly when there was a puzzle
aspect in what was involved (where he once wrote a piece that could be played
equally well upside down as right-way up). He liked making puzzles of various kinds
in wood, and spent much of his later life designing wooden models illustrating
self-reproduction. He was recognized as a fine composer of chess problems. He had
a definite fondness for mathematics and was an innovative statistician. He loved
explaining matters of science and mathematics. On one occasion, when I told him
that my mathematics teacher at school had informed us that he would be explain-
ing calculus the next day, Lionel immediately took me aside so as to be sure to be
the first to teach me about the beauties of calculus. This made a great impression
on me. Yet he was an extremely difficult person to communicate with on personal
matters.

My mother, born Margaret Leathes, was a charming and caring woman with a
very subtle mind. She had been Head Girl at Bedales school, and became medically
qualified, but found she was not able to practice after her marriage. After Lionel
died, in 1972, she married Max Newman FRS, a fascinating man, who had been
Professor of Mathematics in Manchester and, as we later learned, a key figure at
Bletchley Park during the war. Margaret’s father, John Beresford Leathes, FRS, had
been a distinguished professor of physiology, and her mother, a concert pianist,
born Sara Mara Natanson from a Jewish family in Latvia, had disowned her fam-
ily (then in St Petersberg), becoming completely secretive about her origins, and
even about her maiden name. Margaret enjoyed geometry at school, but did not
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communicate much on this topic with me. My older brother Oliver was very
precocious, and I learnt a lot of physics and mathematics from him as [ was growing
up. He later became a distinguished mathematical physicist (statistical mechanics)
and FRS. My younger brother Jonathan excelled at games, particularly chess, and
later became British Chess Champion a record 10 times, and then a top correspon-
dence chess player. My much younger sister Shirley Victoria, now Shirley Hodgson,
became a highly regarded Professor of Cancer Genetics.

This atmosphere of science, mathematics, art, and music, and of puzzles and
games, had been an important part of my upbringing. During the war years, the fam-
ily lived in London, Ontario, Canada, where Lionel became Director of Psychiatric
Research at the Ontario Hospital. We returned to England in 1945, where I attended
University College School, London. As an undergraduate, I studied Mathematics
at University College London, from 1951 to 1954; then I went to St John’s College
Cambridge to do research in algebraic geometry, initially under William Hodge and
subsequently John Todd. In my same year, under Hodge, was Micheal Atiyah, who
was an inspirational, though somewhat intimidating colleague. Frank Adams and
Christopher Zeemen (see Chapter 13) were contemporaries who also influenced me,
and I became good friends with Hans Liebeck and Douglas Munn (see Chapter 3),
who were close research-student colleagues at St John'’s.

Yet, the colleague who had the greatest influence on the development of my
research during this period, and for many years later, was the cosmologist Dennis
Sciama. Even before studying at Cambridge, I had a chance meeting with him dur-
ing a visit to my brother Oliver in Cambridge in which I raised a question that had
worried me in relation to the inspiring series of BBC radio talks given by Fred Hoyle
in 1951 (The nature of the universe. A series of broadcast lectures). On the strength
of this encounter (at which I used a space-time diagram with tilted light cones to
make my point), Dennis had evidently formed the opinion that it would be worth
while to interest me more in physics, even trying, later, to persuade me to switch
my topic of research to cosmology. I was then too committed to my many pure-
mathematical activities, but I learnt a great deal of physics from Dennis, and of the
excitements involved in striving to uncover secrets of the universe. Another influ-
ential colleague was Felix Pirani, from whom I learnt much about developments in
general relativity.

Pivotal were the superb lecture courses of Bondi, on general relativity, and Dirac,
on quantum mechanics. On the pure-mathematical side, I recall particularly an
elegant information-packed algebra course by Philip Hall. Lectures by Steen on
mathematical logic turned out to influence me strongly towards my later viewpoint
concerning the relation between computation and conscious understanding (e.g.
Chapters 169, 184, 186).
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1952 BSc Mathematics (Spec) (1st Cl), University College, London
1957 PhD (Cantab), St John'’s College, Cambridge
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INTRODUCTION

In this volume, many of the ideas introduced in Volume 1 are developed further
in various ways. Twistor theory, which in Volume 1 was presented as, basically,
giving us just a geometrical framework for the representation of flat 4-dimensional
space-time (Chapter 29), now becomes more concerned with genuine issues of
physics. It gives us a way of generating (arbitrary analytic) massless fields in terms of
free holomorphic twistor functions (Chapters 37 and 39); basic scattering processes
involving massless fields are considered (Chapters 37 and 52); and we have the
beginnings of twistor diagram theory (the twistor version of Feynman diagrams)
and curved-space twistor theory (Chapters 52 and 69). Certain properties of black
holes are uncovered (Chapters 43 and 54); cosmic censorship proposed (Chapters
40 and 60); and it is shown that, in principle, rotational energy of a black hole
can be extracted (Chapters 40 and 47). The singularity theorems are also extended
(Chapter 42). General procedures are given for identifying singular points or points
at infinity for a space-time manifold (Chapter 50); the role of a spacelike conformal
infinity is pointed out in relation to the value of the cosmological constant and
to cosmological horizons (Chapter 33). The algebraic notion of ‘abstract indices’ is
presented (Chapter 36), whereby the convenient ‘physicist’s’ tensor notation can be
reinterpreted in a pure-mathematically respectable and completely coordinate-free
way, and this is related to a parallel diagrammatic notation (Chapter 46).

A thoroughly different kind of development is the identification of a set of six
geometrical shapes that can tile the entire Euclidean plane only non-periodically,
where the tiling necessarily contains arbitrarily large regions of exact 5-fold
symmetry (Chapter 64).
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