Feynman's Preface

These are the lectures in physics that | gave last year and the year before to the
freshman and sophomore classes at Caltech. The lectures are, of course, not
verbatim—they have been edited, sometimes extensively and sometimes less so.
The lectures form only part of the complete course. The whole group of 180
students gathered in a big lecture room twice a week to hear these lectures and
then they broke up into small groups of 15 to 20 students in recitation sections
under the guidance of a teaching assistant. In addition, there was a laboratory
session once a week.

The specia problem we tried to get at with these lectures was to maintain the
interest of the very enthusiastic and rather smart students coming out of the high
schools and into Caltech. They have heard a lot about how interesting and excit-
ing physics is—the theory of relativity, quantum mechanics, and other modern
ideas. By the end of two years of our previous course, many would be very dis-
couraged because there were really very few grand, new, modern ideas presented
to them. They were made to study inclined planes, electrostatics, and so forth,
and after two years it was quite stultifying. The problem was whether or not we
could make a course which would save the more advanced and excited student by
maintaining his enthusiasm.

The lectures here are not in any way meant to be a survey course, but are very
serious. | thought to address them to the most intelligent in the class and to make
sure, if possible, that even the most intelligent student was unable to completely
encompass everything that was in the lectures—by putting in suggestions of appli-
cations of the ideas and concepts in various directions outside the main line of
attack. For this reason, though, | tried very hard to make al the statements as
accurate as possible, to point out in every case where the equations and ideas fitted
into the body of physics, and how—when they learned more—things would be
modified. | aso felt that for such students it is important to indicate what it is
that they should—if they are sufficiently clever—be able to understand by deduc-
tion from what has been said before, and what is being put in as something new.
When new ideas came in, | would try either to deduce them if they were deducible,
or to explain that it was a new idea which hadn't any basis in terms of things they
had aready learned and which was not supposed to be provable—but was just
added in.

At the start of these lectures, | assumed that the students knew something when
they came out of high school—such things as geometrical optics, simple chemistry
ideas, and so on. | also didn't see that there was any reason to make the lectures

3



in a definite order, in the sense that | would not be allowed to mention something
until | was ready to discussit in detail. There was a great deal of mention of things
to come, without complete discussions. These more complete discussions would
come later when the preparation became more advanced. Examples are the dis-
cussions of inductance, and of energy levels, which are at first brought in in a
very qualitative way and are later developed more completely.

At the same time that | was aiming at the more active student, | also wanted
to take care of the fellow for whom the extra fireworks and side applications are
merely disquieting and who cannot be expected to learn most of the material in
the lecture at all. For such students | wanted there to be at least a central core or
backbone of material which he could get. Even if he didn't understand everything
in alecture, | hoped he wouldn't get nervous. | didn't expect him to understand
everything, but only the central and most direct features. It takes, of course, a
certain intelligence on his part to see which are the central theorems and central
ideas, and which are the more advanced side issues and applications which he may
understand only in later years.

In giving these lectures there was one serious difficulty: in the way the course
was given, there wasn't any feedback from the students to the lecturer to indicate
how well the lectures were going over. This is indeed a very serious difficulty,
and | don't know how good the lectures really are. The whole thing was essentially
an experiment.  And if | did it again | wouldn't do it the same way—I hope |
don’t have to do it again! | think, though, that things worked out—so far as the
physics is concerned—aquite satisfactorily in the first year.

In the second year | was not so satisfied. In thefirst part of the course, dealing
with electricity and magnetism, | couldn't think of any really unique or different
way of doing it—of any way that would be particularly more exciting than the
usual way of presenting it. So | don't think | did very much in the lectures on
electricity and magnetism. At the end of the second year | had originally intended
to go on, after the electricity and magnetism, by giving some more lectures on the
properties of materials, but mainly to take up things like fundamental modes,
solutions of the diffusion equation, vibrating systems, orthogona functions,...
developing the first stages of what are usually called "the mathematical methods of
physics” In retrospect, | think that if | were doing it again | would go back to
that original idea. But since it was not planned that | would be giving these lec-
tures again, it was suggested that it might be a good ideato try to give an introduc-
tion to the quantum mechanics—what you will find in Volume III.

It is perfectly clear that students who will major in physics can wait until their
third year for quantum mechanics. On the other hand, the argument was made
that many of the students in our course study physics as a background for their
primary interest in other fields. And the usual way of dealing with quantum
mechanics makes that subject almost unavailable for the great majority of students
because they have to take so long to learn it. Yet, initsrea applications—espe-
cialy in its more complex applications, such asin electrical engineering and chem-
istry—the full machinery of the differential eguation approach is not actually
used. So | tried to describe the principles of quantum mechanics in a way which
wouldn't require that one first know the mathematics of partial differential equa-
tions. Even for a physicist | think that is an interesting thing to try to do—to
present quantum mechanics in this reverse fashion—for several reasons which
may be apparent in the lectures themselves. However, | think that the experiment
in the quantum mechanics part was not completely successful—in large part
because | really did not have enough time at the end (I should, for instance, have
had three or four more lectures in order to deal more completely with such matters
as energy bands and the spatial dependence of amplitudes). Also, | had never
presented the subject this way before, so the lack of feedback was particularly
serious. | now believe the quantum mechanics should be given at a later time.
Maybe I'll have a chance to do it again someday. Then I'll do it right.

The reason there are no lectures on how to solve problems is because there were
recitation sections. Although | did put in three lectures in the first year on how to
solve problems, they are not included here. Also there was a lecture on inertial
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guidance which certainly belongs after the lecture on rotating systems, but which
was, unfortunately, omitted. The fifth and sixth lectures are actually due to
Matthew Sands, as | was out of town.

The question, of course, is how well this experiment has succeeded. My own
point of view—which, however, does not seem to be shared by most of the people
who worked with the students—is pessimistic. | don't think | did very well by the
students. When | look at the way the magjority of the students handled the problems
on the examinations, | think that the system is a failure. Of course, my friends
point out to me that there were one or two dozen students who—very surprisingly
—understood almost everything in al of the lectures, and who were quite active
in working with the material and worrying about the many points in an excited
and interested way. These people have now, | believe, a first-rate background in
physics—and they are, after al, the ones | was trying to get at. But then, "The
power of instruction is seldom of much efficacy except in those happy dispositions
where it is aimost superfluous.” (Gibbon)

Still, 1 didn't want to leave any student completely behind, as perhaps | did.
| think one way we could help the students more would be by putting more hard
work into developing a set of problems which would elucidate some of the ideas
in the lectures. Problems give a good opportunity to fill out the material of the
lectures and make more realistic, more complete, and more sdttled in the mind
the ideas that have been exposed.

| think, however, that there isn't any solution to this problem of education
other than to realize that the best teaching can be done only when there is a direct
individual relationship between a student and a good teacher—a situation in which
the student discusses the ideas, thinks about the things, and talks about the things.
It'simpossible to learn very much by simply sitting in a lecture, or even by simply
doing problems that are assigned. But in our modern times we have so many
students to teach that we have to try to find some substitute for the ideal. Perhaps
my lectures can make some contribution. Perhaps in some small place where
there are individual teachers and students, they may get some inspiration or some
ideas from the lectures. Perhaps they will have fun thinking them through—or
going on to develop some of the ideas further.

RICHARD P. FEYNMAN
June, 1963



Foreword

This book is based upon a course of lectures in introductory physics given by
Prof. R. P. Feynman at the California Institute of Technology during the academic
year 1961-62; it covers the first year of the two-year introductory course taken by
al Cdtech freshmen and sophomores, and was followed in 1962-63 by a similar
series covering the second year. The lectures congtitute a major part of a funda-
mental revision of the introductory course, carried out over a four-year period.

The need for a basic revision arose both from the rapid development of physics
in recent decades and from the fact that entering freshmen have shown a steady
increase in mathematical ability as a result of improvements in high school mathe-
matics course content. We hoped to take advantage of this improved mathematical
background, and aso to introduce enough modern subject matter to make the
course challenging, interesting, and more representative of present-day physics.

In order to generate a variety of ideas on what material to include and how to
present it, a substantial number of the physics faculty were encouraged to offer
their ideas in the form of topical outlines for arevised course. Severa of these
were presented and were thoroughly and critically discussed. It was agreed almost
at once that a basic revision of the course could not be accomplished either by
merely adopting a different textbook, or even by writing one ab initio, but that
the new course should be centered about a set of lectures, to be presented at the
rate of two or three per week; the appropriate text material would then be produced
as a secondary operation as the course developed, and suitable laboratory experi-
ments would also be arranged to fit the lecture material. Accordingly, a rough
outline of the course was established, but this was recognized as being incomplete,
tentative, and subject to considerable modification by whoever was to bear the
responsibility for actualy preparing the lectures.

Concerning the mechanism by which the course would finally be brought to
life, several plans were considered. These plans were mostly rather similar, involv-
ing a cooperative effort by N staff members who would share the total burden
symmetrically and equally: each man would take responsibility for 1/N of the
material, deliver the lectures, and write text material for his part. However, the
unavailability of sufficient staff, and the difficulty of maintaining a uniform point
of view because of differences in personality and philosophy of individual partici-
pants, made such plans seem unworkable.

The realization that we actually possessed the means to create not just a new
and different physics course, but possibly a unique one, came as a happy inspira-
tion to Professor Sands. He suggested that Professor R. P. Feynman prepare and
deliver the lectures, and that these be tape-recorded. When transcribed and edited,
they would then become the textbook for the new course. This is essentidly the
plan that was adopted.

It was expected that the necessary editing would be minor, mainly consisting of
supplying figures, and checking punctuation and grammar; it was to be done by
one or two graduate students on a part-time basis. Unfortunately, this expectation
was short-lived. It was, in fact, a major editorial operation to transform the ver-
batim transcript into readable form, even without the reorganization or revision
of The subject matter that was sometimes required. Furthermore, it was not a
job for atechnica editor or for a graduate student, but one that required the close
attention of a professional physicist for from ten to twenty hours per lecture!



The difficulty of the editorial task, together with the need to place the material
in the hands of the students as soon as possible, set a strict limit upon the amount
of "polishing" of the material that could be accomplished, and thus we were
forced to aim toward a preliminary but technically correct product that could be
used immediately, rather than one that might be considered final or finished.
Because of an urgent need for more copies for our students, and a heartening inter-
est on the part of instructors and students at several other institutions, we decided
to publish the materid in its preliminary form rather than wait for afurther major
revision which might never occur. We have no illusions as to the completeness,
smoothness, or logical organization of the material; in fact, we plan several minor
modifications in the course in the immediate future, and we hope that it will not
become static in form or content.

In addition to the lectures, which constitute a centrally important part of the
course, it was necessary aso to provide suitable exercises to develop the students
experience and ability, and suitable experiments to provide first-hand contact
with the lecture materia in the laboratory. Neither of these aspects is in as ad-
vanced a state as the lecture material, but considerable progress has been made.
Some exercises were made up as the lectures progressed, and these were expanded
and amplified for use in the following year. However, because we are not yet
satisfied that the exercises provide sufficient variety and depth of application of
the lecture material to make the student fully aware of the tremendous power
being placed at his disposal, the exercises are published separately in aless perma-
nent form in order to encourage frequent revision.

A number of new experiments for the new course have been devised by Professor
H. V. Neher. Among these are several which utilize the extremely low friction
exhibited by a gas bearing: a novel linear air trough, with which quantitative
measurements of one-dimensional motion, impacts, and harmonic motion can be
made, and an air-supported, air-driven Maxwell top, with which accelerated rota-
tional motion and gyroscopic precession and nutation can be studied. The develop-
ment of new laboratory experiments is expected to continue for a considerable
period of time.

The revision program was under the direction of Professors R. B. Leighton,
H. V. Neher, and M. Sands. Officially participating inthe program were Professors
R. P. Feynman, G. Neugebauer, R. M. Sutton, H. P. Stabler,* F. Strong, and
R. Vogt, from the division of Physics, Mathematics and Astronomy, and Professors
T. Caughey, M. Plesset, and C. H. Wilts from the division of Engineering Science.
The vauable assistance of al those contributing to the revision program is grate-
fully acknowledged. We are particularly indebted to the Ford Foundation, without
whose financial assistance this program could not have been carried out.

ROBERT B. LEIGHTON
July, 1963

* 1961-62, while on leave from Williams College, Williamstown, Mass.
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Atoms in Motion

1-1 Introduction

This two-year course in physics is presented from the point of view that you,
the reader, are going to be a physicist. This is not necessarily the case of course,
but that is what every professor in every subject assumes! If you are going to
be a physicist, you will have a lot to study: two hundred years of the most rapidly
developing field of knowledge that there is. So much knowledge, in fact, that
you might think that you cannot learn al of it in four years, and truly you cannot;
you will have to go to graduate school too!

Surprisingly enough, in spite of the tremendous amount of work that has been
done for al this time it is possible to condense the enormous mass of results to
a large extent—that is, to find laws which summarize dl our knowledge. Even
%0, the laws are s0 hard to grasp that it is unfair to you to start exploring this
tremendous subject without some kind of map or outline of the relationship of
one part of the subject of science to another. Following these preliminary remarks,
the first three chapters will therefore outline the relation of physics to the rest
of the sciences, the relations of the sciences to each other, and the meaning of
science, to help us develop a "fed" for the subject.

You might ask why we cannot teach physics by just giving the basic laws on
page one and then showing how they work in al possible circumstances, as we do
in Euclidean geometry, where we state the axioms and then make al sorts of de-
ductions. (So, not satisfied to learn physics in four years, you want to learn it in
four minutes?) We cannot do it in this way for two reasons. First, we do not yet
know all the basic laws:. there is an expanding frontier of ignorance. Second, the
correct statement of the laws of physics involves some very unfamiliar ideas
which require advanced mathematics for their description. Therefore, one needs
a considerable amount of preparatory training even to learn what the words
mean. No, it is not possible to do it that way. We can only do it piece by piece.

Each piece, or part, of the whole of natureis aways merely an approximation
to the complete truth, or the complete truth so far as we know it. In fact, every-
thing we know is only some kind of approximation, becausewe know that we do
not know all the laws asyet. Therefore, things must be learned only to be unlearned
again or, more likely, to be corrected.

The principle of science, the definition, almost, is the following: The test of
all knowledge is experiment. Experiment is the sole judge of scientific "truth.”
But what is the source of knowledge? Where do the laws that are to be tested
come from? Experiment, itself, helps to produce these laws, in the sense that it
gives us hints. But also needed is imagination to create from these hints the great
generalizations—to guess at the wonderful, simple, but very strange patterns be-
neath them al, and then to experiment to check again whether we have made the
right guess. This imagining process is 0 difficult that there is a division of labor
in physics. there are theoretical physicists who imagine, deduce, and guess at hew
laws, but do not experiment; and then there are experimental physicists who ex-
periment, imagine, deduce, and guess.

We said that the laws of nature are approximate: that wefirst find the "wrong"
ones, and then we find the "right” ones. Now, how can an experiment be "wrong" ?
Firgt, in a trivial way: if something is wrong with the apparatus that you did not
notice. But these things are easily fixed, and checked back and forth. So without
snatching at such minor things, how can the results of an experiment be wrong?
Only by being inaccurate. For example, the mass of an object never seems to
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change; a spinning top has the same weight as a till one. So a "law" was in-
vented: mass is constant, independent of speed. That "law” is now found to be
incorrect. Massisfound to increase with velocity, but appreciable increases reguire
velocities near that of light. A true law is: if an object moves with a speed of
less than one hundred miles a second the mass is constant to within one part in
a million. In some such approximate form this is a correct law. So in practice
one might think that the new law makes no significant difference. Well, yes and
no. For ordinary speeds we can certainly forget it and use the smple constant-
mass law as a good approximation. But for high speeds we are wrong, and the
higher the speed, the more wrong we are.

Finally, and most interesting, philosophically we are completely wrong with
the approximate law. Our entire picture of the world has to be altered even though
the mass changes only by a little bit. This is a very peculiar thing about the
philosophy, or the ideas, behind the laws. Even a very small effect sometimes
requires profound change