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PREFACE

I GENERAL INTRODUCTION((repeated from the first volume,
Introduction to Mechanics and Heat)

The Mechanical Universe is a project that encompasses fifty-two half-hour television
programs, two textbooks in four volumes (including this one), teachers’ manuals,
specially edited videotapes for high school use, and much more. It seems safe to say
that nothing quite like it has been attempted in physics (or any other subject)
before. A few words about how all this came to be seem to be in order.
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PREFACE

Caltech’s dedication to the teaching of physics began fifty years ago with a
popular introductory textbook written by Robert Millikan, Earnest Watson and
Duane Roller. Of the three, Millikan, whose exploits are celebrated in Chapter 12 of
this book, was Caltech’s founder, president, first Nobel prizewinner, and all-around
patron saint. Earnest Watson was dean of the faculty, and both he and Duane
Roller were distinguished teachers.

Twenty years ago, the introductory physics courses at Caltech were taught by
Richard Feynman, who is not only a scientist of historic proportions, but also a
dramatic and highly entertaining lecturer. Feynman’s words were lovingly recorded,
transcribed, and published in a series of three volumes that have become genuine
and indispensable classics of the science literature.

The teaching of physics at Caltech, like the teaching of science courses every-
where, is constantly undergoing transition. Caltech’s latest effort to infuse new life
in freshman physics was instituted by Professor David Goodstein and eventually led
to the creation of The Mechanical Universe. Word reached the cloistered Pasadena
campus that a fundamental tool of scientific research, the cathode-ray tube, had
been adapted to new purposes, and in fact could be found in many private homes.
Could it be that a large public might be introduced to the joys of physics by the
flickering tube that sells us spray deodorants and light beer?

As the idea of using television to teach physics started to reach serious
proportions, a gift was announced by Walter Annenberg, publisher and former U.S.
Ambassador to Great Britain, to support the use of broadcast means for teaching at
the college level. Ultimately, nearly $6 million of Mr. Annenberg’s funds, adminis-
tered by the Corporation for Public Broadcasting, would be spent in support of The
Mechanical Universe. That, in brief, is the story of how The Mechanical Universe
came to be.

Il PREFACE FOR STUDENTS

Just as in the first volume, each chapter of this book corresponds to one program of
The Mechanical Universe television series. The book can also be used in the more
traditional way as a physics textbook, without the television series. As before, we
anticipate that you will read each chapter, view each program one or more times,
and take advantage of further guidance, instruction, practice, and other help
provided by institutions that offer this course for academic credit.

In the opening sequence of each television program, the viewer zooms into
space, past asteroids, moons and planets, and beyond distant Pluto, pausing at the
words The Mechanical Universe. For the second half of the series there also appear
the words ... and Beyond, to indicate that we are now passing beyond mechanics,
into other realms of physics.

And indeed we are. This second volume studies electricity and magnetism, their
relation to each other and to light, and shows how the problem of light led to the
special theory of relativity. Finally, we enter the world of modern physics, where
particles may behave like waves and vice versa, and where some of the great verities
of Newtonian physics appear less certain than they had.

In the course of all this, a few familiar mathematical tools from calculus are
called into action and some new ones are introduced. For example, integrals along
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paths and integrals over surfaces are particularly useful for describing electric and
magnetic fields. However, while it is important to understand the ideas expressed by
these operations, they are seldom used for computation, and then only in the
simplest cases.

That is not to say that our journey through this volume will be effortless. Our
job is to go from the conclusion of one revolution in science — the discovery of
Newtonian mechanics —to the beginning of another —the discovery of quantum
mechanics. The end of the journey takes us close to the limits of human thought. If
the journey is sometimes arduous, there is nevertheless quite a lot of remarkable
scenery along the way, and considerable intellectual reward for reaching the goal.

Most of the important ideas in this course are presented in the television series,
but many of them cannot be learned by simply watching television any more than
they can be learned by simply listening to a classroom lecture. Mastering physics
requires the active mental and physical effort of asking and answering questions,
and especially of working out problems. The examples and questions interspersed
through every chapter are intended to play an essential role in the process of
learning,

il PREFACE FOR INSTRUCTORS AND ADMINISTRATORS

We expect that the ways in which The Mechanical Universe television series and
textbooks are used will vary widely according to the circumstances and preferences
of the institutions that offer it as a college course. The television programs can be
viewed at home via broadcast or cable, presented in class, offered for viewing at the
student’s convenience at campus facilities, or even dispensed with altogether.
However, we hope that no institution will imagine that the course can be presented
without the services of live, flesh-and-blood college physics teachers. For most
students, physics cannot be learned from a book alone, and it cannot be learned
from a television screen either.

No laboratory component is offered as a part of The Mechanical Universe
project. The reason is not because we judge a physics laboratory course to be
unimportant or uninteresting, but rather that we judge its presentation by us to be
impractical. We expect each institution offering the course to decide how it wishes
to handle the laboratory component of learning physics.

This book is intended for use by students who have served their apprenticeship
with the first volume of The Mechanical Universe, Introduction to Mechanics and
Heat. We assume a level of mathematical sophistication attained by readers of that
volume - basic skills with derivatives, integrals, and vectors, and some familiarity
with differential equations. We do not assume that the student has read the unit on
Heat (Chapters 15-18), which many schools prefer to offer after relativity (Chapters
45-48). The present volume allows this flexibility in the order of topics.

Throughout The Mechanical Universe, and Beyond, history is used as a means to
humanize physics. It should go without saying that we don’t expect students to
memorize names and dates any more than we expect them to memorize detailed
formulas and constants. The Mechanical Universe may or may not contribute to the
vocational training of any given student. We hope it will contribute to the education
of all of them.
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CHAPTER

BEYOND THE

MECHANICAL
UNIVERSE

I do not know what | may appear to the worid, but to myself | seem to have
been only like a boy playing on the seashore, and diverting myself in now and
then finding a smoother pebble or a prettier shell than ordinary, whilst the
great ocean of truth lay all undiscovered before me.

Isaac Newton, from Brewster, Memoirs of Newton (1855)

31.1 SCIENCE AFTER NEWTON

The first volume of this series was largely devoted to the story of the first scientific
revolution, and its consequence, the rise of the mechanical universe. It began with a
Polish monk who wondered whether the universe might not look simpler from a
different point of view, and it culminated with Isaac Newton, who gave us a wealth
of scientific discoveries and a coherent view of the universe and how it ought to be
described.
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Not that Newton had discovered everything worth knowing — far from it. When
he described himself as a child picking an occasional pretty pebble from the beach
while a vast ocean of knowledge lay undiscovered before him, he meant precisely
that science was in its infancy. But Newton had given us a way of organizing the
unknown into questions that had answers. The world consists of matter and of
forces, which together produce motion. The motion could be analyzed using his
mechanics and his calculus. The questions that remained were, what are the forces
of nature, and what is matter made of? One could add more detailed questions, such
as, what is light, and what is life?

And so the world set out to provide Newtonian answers to all scientific
questions. To be sure, not all the world undertook that task. Then, as always, most
people were preoccupied with the more mundane aspects of simple survival, while
the more powerful among them concerned themselves with the larger issues, such as
making money, making war, spreading religion, and running slaves. But, throughout
the 200 years that followed Newton’s time, there were always a few who found the
opportunity to pursue the goal of reducing natural phenomena to orderly, rational,
Newtonian explanations.

They made a great deal of progress. Among the first issues taken up were the
phenomena of electricity and magnetism. Both had been known to exist since
antiquity, and had been observed and even made use of by various scholars. Their
effects were examined with increasing precision and the results were quantified.
Finally, the theory was described mathematically according to Newtonian precepts.
As we have already seen in Chapter 11, this process reached its climax around the
time of the American Civil War, when James Clerk Maxwell realized that the speed
of light could be found by combining the static forces between electric charges with
that between magnetic poles. Starting from this synthesis, he worked out an elegant
theory that combined electricity, magnetism, and light into a single phenomenon.
Maxwell’s theory is the ultimate objective of the next 12 chapters of this book.

In the meantime, other Newtonian scientists had turned their attention to the
properties of matter. Among these was a group of chemists who revived the ancient
idea of the atomic theory of matter. Throughout the nineteenth century, those
intrepid investigators broadened their knowledge of chemical elements and how
they combined, and sought to learn how their properties could be explained from
the nature of their constituent atoms. Another group of scientists perceived pro-
found implications in the rules governing the flow of heat, and brought forth an
astonishingly successful new axiomatic science called thermodynamics.

And then, at the dawn of the twentieth century, a strange thing happened.
Suddenly, the whole Newtonian system didn’t seem to work so well anymore. Of
course, it was just as good as ever at explaining the orbit of the moon or the
trajectory of a cannonball, but new phenomena appeared that were not so much
beyond Newtonian science as inconsistent with it, or even contradictory to it.

For example, the law of inertia, which is at the very basis of Newtonian
mechanics, makes perfect sense so long as any one speed is as good as any other,
there being no state of absolute rest from which to measure absolute speed. But
Maxwell had shown that there was an absolute speed — the speed of light. Was the
law of inertia consistent with a universe in which light could propagate through the



