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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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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
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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

T~Derecnion 6F Moion
FrOM STRAI GHT LINE

\Ac-rum.. MoTIoN
Sun

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

19



The Character of Physical Law

simple idea that all the changes in velocity are directed
exactly towards the sun, even in the elliptical case, and in
the next lecture I shall be able to show you how it works, in
detail.

From this law Newton confirmed the idea that the force
is towards the sun, and from knowing how the periods of
the different planets vary with the distance away from the
sun, it is possible to determine how that force must weaken
at different distances. He was able to determine that the
force must vary inversely as the square of the distance.

So far Newton has not said anything, because he has only
stated two things which Kepler said in a different language.
One is exactly equivalent to the statement that the force is
towards the sun, and the other is exactly equivalent to the
statement that the force is inversely as the square of the
distance.

But people had seen in telescopes Jupiter’s satellites going
around Jupiter, and it looked like a little solar system, as if
the satellites were attracted to Jupiter. The moon is attracted
to the earth and goes round the earth and is attracted in the
same way. It looks as though everything is attracted to every-
thing else, and so the next statement was to generalize this
and to say that every object attracts every object. If so, the
earth must be pulling on the moon, just as the sun pulls on
the planet. But it is known that the earthis pulling on things -
because you are all sitting tightly on your seats in spite of
your desire to float into the air. The pull for objects on the
earth was well known in the phenomena of gravitation, and
it was Newton’s idea that maybe the gravitation that held
the moon in orbit was the same gravitation that pulled the
object towards the earth.

It is easy to figure out how far the moon falls in one
second, because you know the size of the orbit, you know
the moon takes a month to go around the earth, and if you
figure out how far it goes in one second you can figure out
how far the circle of the moon’s orbit has fallen below the
straight line that it would have been in if it did not go the
way it does go. This distance is one twentieth of an inch.
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The Law of Gravitation, an example of Physical Law

The moon is sixty times as far away from the earth’s centre
as we are; we are 4,000 miles away from the centre, and the
moon is 240,000 miles away from the centre, so if the law of
inverse square is right, an object at the earth’s surface
should fall in one second by 55 inch x 3,600 (the square of
60) because the force in getting out there to the moon, has
been weakened by 60 x 60 by the inverse square law.
=5 inch x 3,600 is about 16 feet, and it was known already
from Galileo’s measurements that things fall in one second
on the earth’s surface by 16 feet. So this meant that Newton
was on the right track, there was no going back now, be-
cause a new fact which was completely independent pre-
viously, the period of the moon’s orbit and its distance
from the earth, was connected to another fact, how long it
takes something to fall in one second at the earth’s surface.
This was a dramatic test that everything is all right.
Further, Newton had a lot of other predictions. He was
able to calculate what the shape of the orbit should be if
the law were the inverse square, and he found, indeed, that
it was an ellipse — so he
got three for two as it O
were. In addition, a num-
ber of new phenomena  water pulled pavtiy
had obviousexplanations., Wy fom Zaktu by mcom
One was the tides. The
tides were due to the pull

of the moon on the earth
and its waters. This had o
sometimes been thought

of before, with the diffi- eann puied pareiy
culty that if it was the pull w3y from waters by mam
of the moon on the

waters, making the water
higher on the side where °
the moon was, then there

would only be one tide a Juuat stkuation
day under the moon (fig.
4), but actually we know Figure 4
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The Character of Physical Law

there are tides roughly every twelve hours, and that is two
tides a day. There was also another school of thought that
came to a different conclusion. Their theory was that it was
the earth pulled by the moon away from the water. Newton
was actually the first one to realize what was going on; that
the force of the moon on the earth and on the water is the
same at the same distance, and that the water at y is
closer to the moon and the water at x is farther from the
moon than the rigid earth. The water is pulled more towards
the moon at y, and at x is less towards the moon than
the earth, so there is a combination of those two pictures
that makes a double tide. Actually the earth does the same
trick as the moon, it goes around in a circle. The force of
the moon on the earth is balanced, but by what ? By the fact
that just as the moon goes in a circle to balance the earth’s
force, the earth is also going in a circle. The centre of the
circle is somewhere inside the earth. It is also going in a
circle to balance the moon. The two of them go around a
common centre so the forces are balanced for the earth, but
the water at x is pulled less, and at y more by the moon and
it bulges out at both sides. At any rate tides were then ex-
plained, and the fact that there were two a day. A lot of
other things became clear: how the earth is round because
everything gets pulled in, and how it is not round because
it is spinning and the outside gets thrown out a little bit,
and it balances; how the sun and moon are round, and so
on.

As science developed and measurements were made more
accurate, the tests of Newton’s Law became more stringent,
and the first careful tests involved the moons of Jupiter.
By accurate observations of the way they went around over
long periods of time one could check that everything was
according to Newton, and it turned out to be not the case.
The moons of Jupiter appeared to get sometimes eight
minutes ahead of time and sometimes eight minutes behind
time, where the time is the calculated value according to
Newton’s Laws. It was noticed that they were ahead of
schedule when Jupiter was close to the earth and behind
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The Law of Gravitation, an example of Physical Law

schedule when it was far away, a rather odd circumstance.
Mr Roemer,* having confidence in the Law of Gravita-
tion, came to the interesting conclusion that it takes light
some time to travel from the moons of Jupiter to the earth,
and what we are looking at when we see the moons is not
how they are now but how they were the time ago it took
the light to get here. When Jupiter is near us it takes less
time for the light to come, and when Jupiter is farther from
us it takes longer time, so Roemer had to correct the obser-
vations for the differences in time and by the fact that they
were this much early or that much late. In this way he was
able to determine the velocity of light. This was the first
demonstration that light was not an instantaneously propa-
gating material.

I bring this particular matter to your attention because it
illustrates that when a law is right it can be used to find
another one. If we have confidence in a law, then if some-
thing appears to be wrong it can suggest to us another
phenomenon. If we had not known the Law of Gravitation
we would have taken much longer to find the speed of light,
because we would not have known what to expect of
Jupiter’s satellites. This process has developed into an
avalanche of discoveries, each new discovery permits the
tools for much more discovery, and this is the beginning of
the avalanche which has gone on now for 400 years in a
continuous process, and we are still avalanching along at
high speed.

Another problem came up - the planets should not really
go in ellipses, because according to Newton’s Laws they are
not only attracted by the sun but also they pull on each
other a little — only a little, but that little is something, and
will alter the motion a little bit. Jupiter, Saturn and Uranus
were big planets that were known, and calculations were
made about how slightly different from the perfect ellipses
of Kepler the planets ought to be going by the pull of each
on the others. And at the end of the calculations and obser-
vations it was noticed that Jupiter and Saturn went according
*QOlaus Roemer, 1644-1710, Danish astronomer.
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The Character of Physical Law

to the calculations, but that Uranus was doing something
funny. Another opportunity for Newton’s Laws to be
found wanting; but take courage! Two men, Adams and
Leverrier,* who made these calculations independently and
at almost exactly the same time, proposed that the motions
of Uranus were due to an unseen planet, and they wrote
letters to their respective observatories telling them — ‘Turn
your telescope and look there and you will find a planet’.
‘How absurd,” said one of the observatories, ‘some guy
sitting with pieces of paper and pencils can tell us where to
look to find some new planet.” The other observatory was
more . .. well, the administration was different, and they
found Neptune!

More recently, in the beginning of the twentieth century,
it became apparent that the motion of the planet Mercury
was not exactly right. This caused a lot of trouble and was
not explained until it was shown by Einstein that Newton’s
Laws were slightly off and that they had to be modified.

The question is, how far does this law extend? Does it
extend outside the solar system? And so I show on Plate 1
evidence that the Law of Gravitation is on a wider scale
than just the solar system. Here is a series of three pictures
of a so-called double star. There is a third star fortunately in
the picture so that you can see they are really turning around
and that nobody simply turned the frames of the pictures
around, which is easy to do on astronomical pictures. The
stars are actually going around, and you can see the orbit
that they make on figure 5. It is evident that they are attrac-
ting each other and that they are going around in an ellipse
according to the way expected. These are a succession of
positions at various times going around clockwise. You will
be happy except when you notice, if you have not noticed
already, that the centre is not a focus of the ellipse but is
quite a bit off. So something is the matter with the law ? No,
God has not presented us with this orbit face-on; it is tilted

*John Couch Adams, 1819-92, mathematical astronomer. Urbain
Leverrier, 1811-77, French astronomer.
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21 July, 1908

September, 1915

10 July, 1920

Plate 1. Three photographs taken at different times of the same
double star system.



Plate 2. A globular star cluster

Plate 3. A spiral galaxy



Plate 4. A cluster of galaxies

Plate 5. A gaseous nebula
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Plate 6. Evidence of the creation of new stars




The Law of Gravitation, an example of Physical Law
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at a funny angle. If you take an ellipse and mark its focus
and hold the paper at an odd angle and look at it in pro-
jection, you will find that the focus does not have to be at
the focus of the projected image. It is because the orbit is
tilted in space that it looks that way.

How about a bigger distance? This force is between two
stars; does it go any farther than distances which are not
more than two or three times the solar system’s diameter?
Here is something in plate 2 that is 100,000 times as big
as the solar system in diameter; this is a tremendous number
of stars. This large white spot is not a solid white spot; it
appears like that because of the failure of the instruments to
resolve it, but there are very very tiny spots just like other
stars, well separated from each other, not hitting one
another, each one falling through and back and forth in this
great globular cluster. It is one of the most beautiful things
in the sky; it is as beautiful as sea waves and sunsets. The
distribution of this material is perfectly clear. The thing
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that holds this galaxy together is the gravitational attraction
of the stars for each other. The distribution of the material
and the sense of distance permits one to find out roughly
what the law of force is between the stars . . . and, of course,
it comes out that it is roughly the inverse square. Accuracy
in these calculations and measurements is not anywhere
near as careful as in the solar system.

Onward, gravity extends still farther. That cluster was just
a little pin-point inside the big galaxy in plate 3, which
shows a typical galaxy, and it is clear that again this thing
is held together by some force, and the only candidate that
is reasonable is gravitation. When we get to this size we have
no way of checking the inverse square law, but there seems
to be no doubt that in these great agglomerations of stars
— these galaxies are 50,000 to 100,000 light years across,
while the distance from the earth to the sun is only eight
light minutes — gravity is extending even over these distances.
In plate 4 is evidence that it extends even farther. This is
what is called a cluster of galaxies; they are all in one lump
and analogous to the cluster of stars, but this time what is
clustered are those big babies shown in plate 3.

This is as far as about one tenth, maybe a hundredth, of
the size of the Universe, as far as we have any direct evidence
that gravitational forces extend. So the earth’s gravitation
has no edge, although you may read in the papers that
something gets outside the field of gravitation. It becomes
weaker and weaker inversely as the square of the distance,
divided by four each time you get twice as far away, until it
is lost in the confusion of the strong fields of other stars.
Together with the stars in its neighbourhood it pulls the
other stars to form the galaxy, and all together they pull on
other galaxies and make a pattern, a cluster, of galaxies.
So the earth’s gravitational field never ends, but peters out
very slowly in a precise and careful law, probably to the
edges of the Universe.

The Law of Gravitation is different from many of the
others. Clearly it is very important in the economy, in the
machinery, of the Universe; there are many places where
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gravity has its practical applications as far as the Universe
is concerned. But atypically the knowledge of the Laws of
Gravitation has relatively few practical applications com-
pared with the other laws of physics. This is one case where
I have picked an atypical example. It is impossible, by the
way, by picking one of anything to pick one that is not
atypical in some sense. That is the wonder of the world. The
only applications of the knowledge of the law that I can
think of are in geophysical prospecting, in predicting the
tides, and nowadays, more modernly, in working out the
motions of the satellites and planet probes that we send up,
and so on; and finally, also modernly, to calculate the pre-
dictions of the planets’ positions, which have great utility
for astrologists who publish their predictions in horoscopes
in the magazines. It is a strange world we live in — that all
the new advances in understanding are used only to con-
tinue the nonsense which has existed for 2,000 years.

I must mention the important places where gravitation
does have some real effect in the behaviour of the Universe,
and one of the interesting ones is in the formation of new
stars. Plate 5 is a gaseous nebula inside our own galaxy;
it is not a lot of stars; it is gas. The black specks are
places where the gas has been compressed or attracted to
itself. Perhaps it starts by some kind of shock waves, but
the remainder of the phenomenon is that gravitation pulls
the gas closer and closer together so that big mobs of gas
and dust collect and form balls; and as they fall still farther,
the heat generated by falling lights them up, and they be-
come stars. And we have in plate 6 some evidence of the
creation of new stars.

So this is how stars are born, when the gas collects to-
gether too much by gravitation. Sometimes when they
explode the stars belch out dirt and gases, and the dirt and
gases collect back again and make new stars — it sounds like
perpetual motion.

I have already shown that gravitation extends to great
distances, but Newton said that everything attracted every-
thing else. Is it really true that two things attract each other?
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Can we make a direct test and not just wait to see whether
the planets attract each other? A direct test was made by
Cavendish* on equipment which you see indicated in figure
6. The idea was to hang by a very very fine quartz fibre a
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Figure 6

rod with two balls, and then put two large lead balls in
the positions indicated next to it on the side. Because of the
attraction of the balls there would be a slight twist to the
fibre, and the gravitational force between ordinary things
is very very tiny indeed. It was possible to measure the
force between the two balls. Cavendish called his experiment
‘weighing the earth’. With pedantic and careful teaching
today we would not let our students say that; we would
have to say ‘measuring the mass of the earth’. By a direct
experiment Cavendish was able to measure the force, the
two masses and the distance, and thus determine the gravi-
tational constant, G. You say, ‘Yes, but we have the same
situation here. We know what the pull is and we know what
the mass of the object pulled is, and we know how far away
we are, but we do not know either the mass of the earth or

*Henry Cavendish, 1731-1810, English physicist and chemist.
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the constant, only the combination’. By measuring the con-
stant, and knowing the facts about the pull of the earth, the
mass of the earth could be determined.

Indirectly this experiment was the first determination of
how heavy or massive is the ball on which we stand. It is an
amazing achievement to find that out, and I think that is
why Cavendish named his experiment ‘weighing the earth’,
instead of ‘determining the constant in the gravitational
equation’. He, incidentally, was weighing the sun and every-
thing else at the same time, because the pull of the sun is
known in the same manner.

One other test of the law of gravity is very interesting, and
that is the question whether the pull is exactly proportional
to the mass. If the pull is exactly proportional to the mass,
and the reaction to force, the motions induced by forces,
changes in velocity, are inversely proportional to the mass.
That means that two objects of different mass will change
their velocity in the same manner in a gravitational field; or
two different things in a vacuum, no matter what their mass,
will fall the same way to the earth. That is Galileo’s old
experiment from the leaning tower of Pisa. It means, for
example, that in a man-made satellite, an object inside will
go round the earth in the same kind of orbit as one on the
outside, and thus apparently float in the middle. The fact
that the force is exactly proportional to the mass, and that
the reactions are inversely proportional to the mass, has
this very interesting consequence.

How accurate is it ? It was measured in an experiment by
a man named E6tvos* in 1909 and very much more recently
and more accurately by Dicke,t and is known to one part
in 10,000,000,000. The forces are exactly proportional to
the mass. How is it possible to measure with that accuracy?
Suppose you wanted to measure whether it is true for the
pull of the sun. You know the sun is pulling us all, it pulls
the earth too, but suppose you wanted to know whether the

*Baron Roland von Eotvos, 1848-1919, Hungarian physicist.
+Robert Henry Dicke, American physicist.
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pull is exactly proportional to the inertia. The experiment
was first done with sandalwood; lead and copper have been
used, and now it is done with polyethylene. The earth is
going around the sun, so the things are thrown out by
inertia and they are thrown out to the extent that the two
objects have inertia. But they are attracted to the sun to the
extent that they have mass, in the attraction law. So if they
are attracted to the sun in a different proportion from that
thrown out by inertia, one will be pulled towards the sun,
and the other away from it, and so, hanging them on oppo-
site ends of a rod on another Cavendish quartz fibre, the
thing will twist towards the sun. It does not twist at this
accuracy, so we know that the sun’s attraction to the two
objects is exactly proportional to the centrifugal effect,
which is inertia; therefore, the force of attraction on an
object is exactly proportional to its coefficient of inertia;
in other words, its mass.

One thing is particularly interesting. The inverse square
law appears again — in the electrical laws, for instance.
Electricity also exerts forces inversely as the square of the
distance, this time between charges, and one thinks perhaps
that the inverse square of the distance has some deep sig-
nificance. No one has ever succeeded in making electricity
and gravity different aspects of the same thing. Today our
theories of physics, the laws of physics, are a multitude of
different parts and pieces that do not fit together very well.
We do not have one structure from which all is deduced; we
have several pieces that do not quite fit exactly yet. That is
the reason why in these lectures instead of having the ability
to tell you what the law of physics is, I have to talk about the
things that are common to the various laws; we do not
understand the connection between them. But what is very
strange is that there are certain things which are the same
in both. Now let us look again at the law of electricity.

The force goes inversely as the square of the distance, but
the thing that is remarkable is the tremendous difference in
the strength of the electrical and gravitational forces. People
who want to make electricity and gravitation out of the
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same thing will find that electricity is so much more powerful
than gravity, it is hard to believe they could both have the
same origin. How can I say one thing is more powerful than
another ? It depends upon how much charge you have, and
how much mass you have. You cannot talk about how
strong gravity is by saying: ‘I take a lump of such a size’,
because you chose the size. If we try to get something that
Nature produces — her own pure number that has nothing
to do with inches or years or anything to do with our own
dimensions — we can do it this way. If we take a fundamental
particle such as an electron — any different one will give a
different number, but to give an idea say electrons — two
electrons are two fundamental particles, and they repel each
other inversely as the square of the distance due to elec-
tricity, and they attract each other inversely as the square
of the distance due to gravitation.

Question: What is the ratio of the gravitational force to
the electrical force ? That is illustrated in figure 7. The ratio
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of the gravitational attraction to electrical repulsion is
given by a number with 42 digits tailing off. Now therein
lies a very deep mystery. Where could such a tremendous
number come from? If you ever had a theory from which
both of these things are to come, how could they come in
such disproportion? What equation has a solution which
has for two kinds of forces an attraction and repulsion with
that fantastic ratio?

People have looked for such a large ratio in other places.
They hope, for example, that there is another large number,
and if you want a large number why not take the diameter
of the Universe to the diameter of a proton — amazingly
enough it also is a number with 42 digits. And so an interes-
ting proposal is made that this ratio is the same as the ratio
of the size of the Universe to the diameter of a proton. But
the Universe is expanding with time and that means that the
gravitational constant is changing with time, and although
that is a possibility there is no evidence to indicate that it is
a fact. There are several partial indications that the gravi-
tational constant has not changed in that way. So this
tremendous number remains a mystery.

To finish about the theory of gravitation, I must say two
more things. One is that Einstein had to modify the Laws of
Gravitation in accordance with his principles of relativity.
The first of the principles was that ‘x’ cannot occur in-
stantaneously, while Newton’s theory said that the force
was instantaneous. He had to modify Newton’s laws. They
have very small effects, these modifications. One of them
is that all masses fall, light has energy and energy is equiva-
lent to mass. So light falls and it means that light going near
the sun is deflected; it is. Also the force of gravitation
is slightly modified in Einstein’s theory, so that the law has
changed very very slightly, and it is just the right amount to
account for the slight discrepancy that was found in the
movement of Mercury.

Finally, in connection with the laws of physics on a small
scale, we have found that the behaviour of matter on a
small scale obeys laws very different from things on a large
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scale. So the question is, how does gravity look on a small
scale ? That is called the Quantum Theory of Gravity. There
is no Quantum Theory of Gravity today. People have not
succeeded completely in making a theory which is consistent
with the uncertainty principles and the quantum mechanical
principles.

You will say to me, ‘Yes, you told us what happens, but
what is gravity ? Where does it come from? What is it? Do
you mean to tell me that a planet looks at the sun, sees how
far it is, calculates the inverse square of the distance and
then decides to move in accordance with that law ?’ In other
words, although I have stated the mathematical law, I have
given no clue about the mechanism. I will discuss the pos-
sibility of doing this in the next lecture, ‘The relation of
mathematics to physics’.

In this lecture I would like to emphasize, just at the end,
some characteristics that gravity has in common with the
other laws that we mentioned as we passed along. First, it
is mathematical in its expression; the others are that way
too. Second, it is not exact; Einstein had to modify it, and
we know it is not quite right yet, because we have still to
put the quantum theory in. That is the same with all our
other laws — they are not exact. There is always an edge
of mystery, always a place where we have some fiddling
around to do yet. This may or may not be a property of
Nature, but it certainly is common to all the laws as we
know them today. It may be only a lack of knowledge.

But the most impressive fact is that gravity is simple. It is
simple to state the principles completely and not have left
any vagueness for anybody to change the ideas of the law.
It is simple, and therefore it is beautiful. It is simple in its
pattern. I do not mean it is simple in its action — the motions
of the various planets and the perturbations of one on the
other can be quite complicated to work out, and to follow
how all those stars in a globular cluster move is quite beyond
our ability. It is complicated in its actions, but the basic
pattern or the system beneath the whole thing is simple.
This is common to all our laws; they all turn out to be
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simple things, although complex in their actual actions.

Finally comes the universality of the gravitational law,
and the fact that it extends over such enoimous distances
that Newton, in his mind, worrying about the solar system,
was able to predict what would happen in an experiment of
Cavendish, where Cavendish’s little model of the solar
system, two balls attracting, has to be expanded ten million
million times to become the solar system. Then ten million
million times larger again we find galaxies attracting each
other by exactly the same law. Nature uses only the longest
threads to weave her patterns, so each small piece of her
fabric reveals the organization of the entire tapestry.
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The Relation of Mathematics to Physics

In thinking out the applications of mathematics and physics,
it is perfectly natural that the mathematics will be useful
when large numbers are involved in complex situations. In
biology, for example, the action of a virus on a bacterium is
unmathematical. If you watch it under a microscope, a jig-
gling little virus finds some spot on the odd shaped bacterium
- they are all different shapes — and maybe it pushes its
DNA in and maybe it does not. Yet if we do the experiment
with millions and millions of bacteria and viruses, then we
can learn a great deal about the viruses by taking averages.
We can use mathematics in the averaging, to see whether
the viruses develop in the bacteria, what new strains and
what percentage; and so we can study the genetics, the
mutations and so forth.

To take another more trivial example, imagine an enor-
mous board, a chequerboard to play chequers or draughts.
The actual operation of any one step is not mathema-
tical — or it is very simple in its mathematics. But you
could imagine that on an enormous board, with lots
and lots of pieces, some analysis of the best moves, or
the good moves or bad moves, might be made by a deep
kind of reasoning which would involve somebody having
gone off first and thought about it in great depth. That then
becomes mathematics, involving abstract reasoning. An-
other example is switching in computers. If you have one
switch, which is either on or off, there is nothing very mathe-
matical about that, although mathematicians like to start
there with their mathematics. But with all the intercon-
nections and wires, to figure out what a very large system
will do requires mathematics.
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I would like to say immediately that mathematics has a
tremendous application in physics in the discussion of the
detailed phenomena in complicated situations, granting the
fundamental rules of the game. That is something which I
would spend most of my time discussing if I were talking
only about the relation of mathematics and physics. But
since this is part of a series of lectures on the character of
physical law I do not have time to discuss what happens in
complicated situations, but will go immediately to another
question, which is the character of the fundamental laws.

If we go back to our chequer game, the fundamental laws
are the rules by which the chequers move. Mathematics may
be applied in the complex situation to figure out what in
given circumstances is a good move to make. But very little
mathematics is needed for the simple fundamental character
of the basic laws. They can be simply stated in English for
chequers.

The strange thing about physics is that for the funda-
mental laws we still need mathematics. I will give two
examples, one in which we really do not, and one in which
we do. First, there is a law in physics called Faraday’s law,
which says that in electrolysis the amount of material which
is deposited is proportional to the current and to the time
that the current is acting. That means that the amount of
material deposited is proportional to the charge which
goes through the system. It sounds very mathematical, but
what is actually happening is that the electrons going through
the wire each carry one charge. To take a particular example,
maybe to deposit one atom requires one electron to come,
so the number of atoms that are deposited is necessarily
equal to the number of electrons that flow, and thus propor-
tional to the charge that goes through the wire. So that
mathematically-appearing law has as its basis nothing very
deep, requiring no real knowledge of mathematics. That one
electron is needed for each atom in order for it to deposit
itself is mathematics, I suppose, but it is not the kind of
mathematics that I am talking about here.

On the other hand, take Newton’s law for gravitation,
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which has the aspects I discussed last time. I gave you the
equation:

just to impress you with the speed with which mathematical
symbols can convey information. I said that the force was
proportional to the product of the masses of two objects,
and inversely as the square of the distance between them,
and also that bodies react to forces by changing their speeds,
or changing their motions, in the direction of the force by
amounts proportional to the force and inversely propor-
tional to their masses. Those are words all right, and I did
not necessarily have to write the equation. Nevertheless it
is kind of mathematical, and we wonder how this can be a
fundamental law. What does the planet do? Does it look
at the sun, see how far away it is, and decide to calculate on
its internal adding machine the inverse of the square of the
distance, which tells it how much to move ? This is certainly
no explanation of the machinery of gravitation! You might
want to look further, and various people have tried to look
further. Newton was originally asked about his theory -
‘But it doesn’t mean anything — it doesn’t tell us anything’.
He said, ‘It tells you how it moves. That should be enough.
I have told you how it moves, not why.” But people often
are unsatisfied without a mechanism, and I would like to
describe one theory which has been invented, among others,
of the type you might want. This theory suggests that this
effect is the result of large numbers of actions, which would
explain why it is mathematical.

Suppose that in the world everywhere there are a lot of
particles, flying through us at very high speed. They come
equally in all directions — just shooting by — and once in
a while they hit us in a bombardment. We, and the sun,
are practically transparent for them, practically but not

37



The Character of Physical Law

completely, and some of them hit. Look, then, at what
would happen (fig. 8).
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Figure 8

S is the sun, and E the earth. If the sun were not there, par-
ticles would be bombarding the earth from all sides, giving
little impulses by the rattle, bang, bang of the few that hit.
This will not shake the earth in any particular direction, be-
cause there are as many coming from one side as from the
other, from top as from bottom. However, when the sun is
there the particles which are coming from that direction are
partly absorbed by the sun, because some of them hit the
sun and do not go through. Therefore the number coming
from the sun’s direction towards the earth is less than the
number coming from the other sides, because they meet an
obstacle, the sun. It is easy to see that the farther the sun
is away, of all the possible directions in which particles can
come, a smaller proportion of the particles are being taken
out. The sun will appear smaller — in fact inversely as the
square of the distance. Therefore there will be an impulse on
the earth towards the sun that varies inversely as the square
of the distance. And this will be a result of large numbers of
very simple operations, just hits, one after the other, from
all directions. Therefore the strangeness of the mathematical
relation will be very much reduced, because the fundamental
operation is much simpler than calculating the inverse of
the square of the distance. This design, with the particles
bouncing, does the calculation.
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The only trouble with this scheme is that it does not
work, for other reasons. Every theory that you make up has
to be analysed against all possible consequences, to see if it
predicts anything else. And this does predict something else.
If the earth is moving, more particles will hit it from in
front than from behind. (If you are running in the rain, more
rain hits you in the front of the face than in the back of the
head, because you are running into the rain.) So, if the
earth is moving it is running into the particles coming to-
wards it and away from the ones that are chasing it from
behind. So more particles will hit it from the front than
from the back, and there will be a force opposing any
motion. This force would slow the earth up in its orbit, and
it certainly would not have lasted the three or four billion
years (at least) that it has been going around the sun. So
that is the end of that theory. ‘Well,” you say, ‘it was a
good one, and I got rid of the mathematics for a while.
Maybe I could invent a better one.” Maybe you can, because
nobody knows the ultimate. But up to today, from the time
of Newton, no one has invented another theoretical descrip-
tion of the mathematical machinery behind this law which
does not either say the same thing over again, or make the
mathematics harder, or predict some wrong phenomena. So
there is no model of the theory of gravitation today, other
than the mathematical form.

If this were the only law of this character it would be
interesting and rather annoying. But what turns out to be
true is that the more we investigate, the more laws we find,
and the deeper we penetrate nature, the more this disease
persists. Every one of our laws is a purely mathematical
statement in rather complex and abstruse mathematics.
Newton’s statement of the law of gravitation is relatively
simple mathematics. It gets more and more abstruse and
more and more difficult as we go on. Why? I have not the
slightest idea. It is only my purpose here to tell you about
this fact. The burden of the lecture is just to emphasize he
fact that it is impossible to explain honestly the beauties of
the laws of nature in a way that people can feel, without
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their having some deep understanding of mathematics. I am
sorry, but this seems to be the case.

You might say, ‘All right, then if there is no explanation
the of law, at least tell me what the law is. Why not tell me
in words instead of in symbols? Mathematics is just a
language, and I want to be able to translate the language’.
In fact I can, with patience, and I think I partly did. I could
go a little further and explain in more detail that the equa-
tion means that if the distance is twice as far the force is one
fourth as much, and so on. I could convert all the symbols
into words. In other words I could be kind to the laymen as
they all sit hopefully waiting for me to explain something.
Different people get different reputations for their skill at
explaining to the layman in layman’s language these difficult
and abstruse subjects. The layman then searches for book
after book in the hope that he will avoid the complexities
which ultimately set in, even with the best expositor of this
type. He finds as he reads a generally increasing confusion,
one complicated statement after another, one difficult-to-
understand thing after another, all apparently disconnec-
ted from one another. It becomes obscure, and he hopes that
maybe in some other book there is some explanation. . ..
The author almost made it — maybe another fellow will
make it right.

But I do not think it is possible, because mathematics is
not just another language. Mathematics is a language plus
reasoning; it is like a language plus logic. Mathematics is a
tool for reasoning. It is in fact a big collection of the results
of some person’s careful thought and reasoning. By mathe-
matics it is possible to connect one statement to another. For
instance, I can say that the force is directed towards the sun.
I can also tell you, as I did, that the planet moves so that if
I draw a line from the sun to the planet, and draw another
line at some definite period, like three weeks, later, then the
area that is swung out by the planet is exactly the same as
it will be in the next three weeks, and the next three weeks,
and so on as it goes around the sun. I can explain both of
those statements carcfully, but I cannot explain why they
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