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Foreword

The seven chapters which make up this book were lectures
presented as the Messenger Lectures at Cornell University
in the United States. They were delivered to an audience of
students who wished to know in general terms more about
‘The Character of Physical Law’. The lectures were not
given from a prepared manuscript, but were delivered
extempore from a few notes.

The Messenger Lectures have taken place annually at
Cornell since 1924, when Hiram J. Messenger, a graduate
and professor of Mathematics, gave a sum of money to en-
courage eminent personalities from anywhere in the world
to visit Cornell and talk to the students. In establishing the
fund for the lectures Messenger specified that it is ‘to provide
a course or courses of lectures on the evolution of civilization
for the special purpose of raising the moral standard of our
political, business and social life’.

In November Professor Richard P. Feynman, the distin-
guished physicist and educator, was invited to give the 1964
lectures. He was formerly a professor at Cornell and is now
Professor of Theoretical Physics at California Institute of
Technology. He has recently been made a Foreign Member
of the Royal Society, and is noted not only for his contribu-
tion to present day understanding of the laws of physics,
but also for his ability to bring his subject alive to the
non-physicist.

The chapters in this book are reports of talks which were
presented to a packed audience from a large stage which
allowed Professor Feynman uninhibited expression of speech
and movement. He has international prominence as a
lecturer, and is known for his exciting platform manner.
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Foreword

This book is intended to serve as a guide or memory aid
for television viewers who may see the lectures and wish to
have a permanent reminder to refer to. Although it is not
in any way to be regarded as a textbook, the student of
physics in search of a clearer understanding of the laws
will be enlightened by many of the arguments.

Richard Feynman is already known to BBC-1 as one of
the physicists in Philip Daly’s production ‘Men at the Heart
of Matter’ and for his splendid contribution to ‘Strangeness
minus three’, one of the most fascinating programmes on
recent scientific discovery in 1964.

The BBC Science and Features Department became in-
terested when it was known that Professor Feynman was to
give the Messenger Lectures. The series is being presented
in BBC-2, as part of the Further Education Scheme,
and continues in the style of the lectures already given by
such distinguished men as Bondi on Relativity, Kendrew on
Molecular Biology, Morrison on Quantum Mechanics and
Porter on Thermodynamics.

What you are about to read is a transcription of the lec-
tures. They have been checked for scientific accuracy by
Professor Feynman. My assistant Fiona Holmes and I have
assembled the spoken words so that they are now set down
in print. We hope that this book will be acceptable to you.
To have worked with Richard Feynman has been a re-
warding experience, and we trust that viewers and readers
will gain much from this project.

Alan Sleath, Producer BBC Outside Broadcasts
Science and Features Department, June 1965

The BBC is grateful to the Cornell University News Bureau for
permission to reproduce Plate 2, and to the California Institute
of Technology for permission to reproduce other photographs
and drawings used in Lecture 1.

Students who wish to make a more detailed study of Professor
Feynman’s work will be interested to know that the books referred
to by the Provost in his introduction are published by California
Institute of Technology and are entitled The Feynman Lectures
in Physics.
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The Provost of Cornell University
DALE R. CORSON
introduces the Messenger Lecturer for 1964

Ladies and gentlemen, it is my privilege to introduce the
Messenger Lecturer, Professor Richard P. Feynman of
California Institute of Technology.

Professor Feynman is a distinguished theoretical physicist,
and has done much to bring order out of the confusion
which has marked much of the spectacular development in
physics during the postwar period. Among his honours and
awards I will mention only the Albert Einstein Award in
1954. This is an award which is made every third year, and
which includes a gold medal and a substantial sum of
money.

Professor Feynman did his undergraduate work at M.I.T.
and his graduate work at Princeton. He worked on the Man-
hattan Project at Princeton and later at Los Alamos. He was
appointed an Assistant Professor at Cornell in 1944, al-
though he did not assume residence until the end of the
War. I thought it might be interesting to see what was said
about him when he was appointed at Cornell, so I searched
the Minutes of our Board of Trustees...and there is
absolutely no record of his appointment. There are, how-
ever, some twenty references to leaves of absence, salary
increases, and promotions. One reference interested me
especially. On July 31st 1945 the Chairman of the Physics
Department wrote to the Dean of the Arts College stating
that ‘Dr Feynman is an outstanding teacher and investi-
gator, the equal of whom develops infrequently’. The Chair-
man suggested that an annual salary of three thousand
dollars was a bit too low for a distinguished faculty member,
and recommended that Professor Feynman’s salary be in-
creased nine hundred dollars. The Dean, in an act of
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Introduction by the Provost of Cornell University

unusual generosity, and with complete disregard for the
solvency of the University, crossed out the nine hundred
dollars and made it an even thousand. You can see that
we thought highly of Professor Feynman even then!
Feynman took up residence here at the end of 1945, and
spent five highly productive years on our Faculty. He left
Cornell in 1950 and went to Cal. Tech., where he has been
ever since.

Before I let him talk, I want to tell you a little more about
him. Three or four years ago he started teaching a begin-
ning physics course at Cal. Tech., and the result has added
a new dimension to his fame - his lectures are now pub-
lished in two volumes and they represent a refreshing
approach to the subject.

In the preface of the published lectures there is a picture
of Feynman performing happily on the bongo drums. My
Cal. Tech. friends tell me he sometimes drops in on the Los
Angeles night spots and takes over the work of the drummer;
but Professor Feynman tells me that is not so. Another of
his specialities is safe cracking. One legend says that he
once opened a locked safe in a secret establishment, re-
moved a secret document, and left a note saying ‘Guess
who ?’ I could tell you about the time he learned Spanish
before he went to give a series of lectures in Brazil, but I
won’t,

This gives you enough background, I think, so let me
say that I am delighted to welcome Professor Feynman
back to Cornell. His general topic is ‘The Character of
Physical Law’, and his topic for tonight is ‘The Law of
Gravitation, an Example of Physical Law’.
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1

The Law of Gravitation, an example of
Physical Law

It is odd, but on the infrequent occasions when I have been
called upon in a formal place to play the bongo drums, the
introducer never seems to find it necessary to mention that
I also do theoretical physics. I believe that is probably be-
cause we respect the arts more than the sciences. The artists
of the Renaissance said that man’s main concern should be
for man, and yet there are other things of interest in the
world. Even the artists appreciate sunsets, and the ocean
waves, and the march of the stars across the heavens. There
is then some reason to talk of other things sometimes. As
we look into these things we get an aesthetic pleasure from
them directly on observation. There is also a rhythm and a
pattern between the phenomena of nature which is not
apparent to the eye, but only to the eye of analysis; and it
is these rhythms and patterns which we call Physical Laws.
What I want to discuss in this series of lectures is the general
characteristic of these Physical Laws; that is another level,
if you will, of higher generality over the laws themselves.
Really what 1 am considering is nature as seen as a result of
detailed analysis, but mainly I wish to speak about only the
most overall general qualities of nature.

Now such a topic has a tendency to become too philo-
sophical because it becomes so general, and a person talks
in such generalities, that everybody can understand him. It
is then considered to be some deep philosophy. I would like
to be rather more special, and I would like to be understood
in an honest way rather than in a vague way. So in this
first lecture I am going to try to give, instead of only the

13



The Character of Physical Law

generalities, an example of physical law, so that you have at
least one example of the things about which I am speaking
generally. In this way I can use this example again and again
to give an instance, or to make a reality out of something
which will otherwise be too abstract. I have chosen for my
special example of physical law the theory of gravitation, the
phenomena of gravity. Why I chose gravity I do not know.
Actually it was one of the first great laws to be discovered
and it has an interesting history. You may say, ‘Yes, but
then it is old hat, I would like to hear something about a
more modern science’. More recent perhaps, but not more
modern. Modern science is exactly in the same tradition as
the discoveries of the Law of Gravitation. It is only more
recent discoveries that we would be talking about. I do not
feel at all bad about telling you about the Law of Gravita-
tion because in describing its history and methods, the
character of its discovery, its quality, I am being completely
modern.

This law has been called ‘the greatest generalization
achieved by the human mind’, and you can guess already
from my introduction that I am interested not so much in
the human mind as in the marvel of a nature which can
obey such an elegant and simple law as this law of gravi-
tation. Therefore our main concentration will not be on how
clever we are to have found it all out, but on how clever
nature is to pay attention to it.

The Law of Gravitation is that two bodies exert a force
upon each other which varies inversely as the square of the
distance between them, and varies directly as the product of
their masses. Mathematically we can write that great law
down in the formula:

= mm’
FeG -

some kind of a constant multiplied by the product of the
two masses, divided by the square of the distance. Now
if I add the remark that a body reacts to a force by
accelerating, or by changing its velocity every second to an
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The Law of Gravitation, an example of Physical Law

extent inversely as its mass, or that it changes its velocity
more if the mass is lower, inversely as the mass, then I have
said everything about the Law of Gravitation that needs to
be said. Everything else is a mathematical consequence of
those two things. Now I know that you are not all mathe-
maticians, and you cannot immediately see all of the con-
sequences of these two remarks, so what I would like to do
here is to tell you briefly of the story of the discovery, what
some of the consequences are, what effect this discovery had
on the history of science, what kind of mysteries such a law
entails, something about the refinements made by Einstein,
and possibly the relation to the other laws of physics.

The history of the thing, briefly, is this. The ancients first
observed the way the planets seemed to move in the sky and
concluded that they all, along with the earth, went around
the sun. This discovery was later made independently by
Copernicus, after people had forgotten that it had already
been made. Now the next question that came up for study
was: exactly how do they go around the sun, that is, with
exactly what kind of motion? Do they go with the sun as
the centre of a circle, or do they go in some other kind of
curve? How fast do they move? And so on. This discovery
took longer to make. The times after Copernicus were times
in which there were great debates about whether the planets
in fact went around the sun along with the earth, or whether
the earth was at the centre of the universe and so on. Then
a man named Tycho Brahe* evolved a way of answering the
question. He thought that it might perhaps be a good idea
to look very very carefully and to record exactly where the
planets appear in the sky, and then the alternative theories
might be distinguished from one another. This is the key of
modern science and it was the beginning of the true under-
standing of Nature — this idea to look at the thing, to record
the details, and to hope that in the information thus ob-
tained might lie a clue to one or another theoretical inter-
pretation. So Tycho, a rich man who owned an island near

*Tycho Brahe, 1546-1601, Danish astronomer.
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The Character of Physical Law

Copenhagen, outfitted his island with great brass circles and
special observing positions, and recorded night after night
the position of the planets. It is only through such hard work
that we can find out anything.

When all these data were collected they came into the
hands of Kepler,* who then tried to analyse what kind of
motion the planets made around the sun. And he did this by
a method of trial and error. At one stage he thought he had
it; he figured out that they went round the sun in circles
with the sun off centre. Then Kepler noticed that one
planet, I think it was Mars, was eight minutes of arc off, and
he decided this was too big for Tycho Brahe to have made
an error, and that this was not the right answer. So because
of the precision of the experiments he was able to proceed
to another trial and ultimately found out three things.

First, he found that the planets went in ellipses around the
sun with the sun as a focus. An ellipse is a curve all artists
know about because it is a foreshortened circle. Children
also know because someone told them that if you put a
ring on a piece of cord, anchored at each end, and then put
a pencil in the ring, it will draw an ellipse (fig. 1).

vo—.

Figure 1

The two points A and B are the foci. The orbit of a planet
around the sun is an ellipse with the sun at one focus. The

*Johann Kepler, 1571-1630, German astronomer and mathematician,
assistant to Brahc.
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The Law of Gravitation, an example of Physical Law

next question is: In going around the ellipse, how does the
planet go? Does it go faster when it is near the sun? Does it
go slower when it is farther from the sun? Kepler found the
answer to this too (fig. 2).
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Figure 2

He found that, if you put down the position of a planet at
two times, separated by some definite period, let us say three
weeks — then in another place on its orbit two positions of
the planet again separated by three weeks, and draw lines
(technically called radius vectors) from the sun to the planet,
then the area that is enclosed in the orbit of the planet and
the two lines that are separated by the planet’s position
three weeks apart is the same, in any part of the orbit. So
that the planet has to go faster when it is closer to the sun,
and slower when it is farther away, in order to show pre-
cisely the same area.

Some several years later Kepler found a third rule, which
was not concerned only with the motion of a single planet
around the sun but related various planets to each other.
It said that the time the planet took to go all around the sun
was related to the size of the orbit, and that the times varied
as the square root of the cube of the size of the orbit and for
this the size of the orbit is the diameter across the biggest
distance on the ellipse. Kepler then had these three laws
which are summarized by saying that the orbit forms an
ellipse, and that equal areas are swept in equal times and
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The Character of Physical Law

that the time to go round varies as a three half power of the
size, that is, the square root of the cube of the size. These
three laws of Kepler give a complete description of the
motion of the planets around the sun.

The next question was — what makes planets go around
the sun? At the time of Kepler some people answered this
problem by saying that there were angels behind them beat-
ing their wings and pushing the planets around an orbit.
As you will see, the answer is not very far from the truth.
The only difference is that the angels sit in a different direc-
tion and their wings push inwards.

In the meantime, Galileo was investigating the laws of
motion of ordinary objects at hand on the earth. In study-
ing these laws, and doing a number of experiments to see
how balls run down inclined planes, and how pendulums
swing, and so on, Galileo discovered a great principle
called the principle of inertia, which is this: that if an object
has nothing acting on it and is going along at a certain
velocity in a straight line it will go at the same velocity in
exactly the same straight line for ever. Unbelievable as that
may sound to anybody who has tried to make a ball roll for
ever, if this idealization were correct, and there were no in-
fluences acting, such as the friction of the floor and so on,
the ball would go at a uniform speed for ever.

The next point was made by Newton, who discussed the
question: ‘When it does not go in a straight line then what?’
And he answered it this way: that a force is needed to change
the velocity in any manner. For instance, if you are pushing
a ball in the direction that it moves it will speed up. If you
find that it changes direction, then the force must have been
sideways. The force can be measured by the product of two
effects. How much does the velocity change in a small in-
terval of time? That’s called the acceleration, and when it is
multiplied by the coefficient called the mass of an object, or
its inertia coefficient, then that together is the force. One
can measure this. For instance, if one has a stone on the end
of a string and swings it in a circle over the head, one finds
one has to pull, the reason is that although the speed is not
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The Law of Gravitation, an example of Physical Law

changing as it goes round in a circle, it is changing its direc-
tion; there must be a perpetually in-pulling force, and this is
proportional to the mass. So that if we were to take two
different objects, and swing first one and then the other at
the same speed around the head, and measure the force in
the second one, then that second force is bigger than the
other force in proportion as the masses are different. This is
a way of measuring the masses by what force is necessary to
change the speed. Newton saw from this that, to take a
simple example, if a planet is going in a circle around the
sun, no force is needed to make it go sideways, tangentially,
if there were no force at all then it would just keep coasting
along. But actually the planet does not keep coasting along,
it finds itself later not way out where it would go if there
were no force at all, but farther down towards the sun.

Motion with m fovee
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Figure 3

(fig. 3.) In other words, its velocity, its motion, has been
deflected towards the sun. So that what the angels have
to do is to beat their wings in towards the sun all the time.
But the motion to keep the planet going in a straight line
has no known reason. The reason why things coast for ever
has never been found out. The law of inertia has no known
origin. Although the angels do not exist the continuation of
the motion does, but in order to obtain the falling operation
we do need a force. It became apparent that the origin of
the force was towards the sun. As a matter of fact Newton
was able to demonstrate that the statement that equal areas
are swept in equal times was a direct consequence of the
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