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Introduction

1.1

Capsule history of quantum mechanics

Starting in the seventeenth century, and continuing to the present day,
physicists developed a body of ideas that describe much about the world
around us: the motion of a cannonball, the orbit of a planet, the working
of an engine, the crack of a baseball bat. This body of ideas is called
classical mechanics.
In 1905, Albert Einstein realized that these ideas didn’t apply to objects
moving at high speeds (that is, at speeds near the speed of light) and
he developed an alternative body of ideas called relativistic mechanics.
Classical mechanics is wrong in principle, but it is a good approximation
to relativistic mechanics when applied to objects moving at low speeds.
At about the same time, several experiments led physicists to realize
that the classical ideas also didn’t apply to very small objects, such as
atoms. Over the period 1900–1927 a number of physicists (Planck, Bohr,
Einstein, Heisenberg, de Broglie, Schrödinger, and others) developed an
alternative quantum mechanics. Classical mechanics is wrong in principle,
but it is a good approximation to quantum mechanics when applied to
large objects.
1.2

What is the nature of quantum mechanics?

I’m not going to spend any time on the history of quantum mechanics,
which is convoluted and fascinating. Instead, I will focus on the ideas
developed at the end. What sort of ideas required twenty-eight years of
development from this stellar group of scientists?
Einstein’s theory of relativity is often (and correctly) described as strange
and counterintuitive. Yet, according to a widely used graduate level text,
1
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[the theory of relativity] is a modification of the structure of
mechanics which must not be confused with the far more violent
recasting required by quantum theory.

Murray Gell-Mann, probably the most prominent living practitioner of
the field, said of quantum mechanics that
Nobody feels perfectly comfortable with it.
And the inimitable Richard Feynman, who developed many of the ideas
that will be expounded in this book, remarked that
I can safely say that nobody understands quantum mechanics.
One strange aspect of quantum mechanics concerns predictability. Classical mechanics is deterministic — that is, if you know exactly the situation
as it is now, then you can predict exactly what it will be at any moment
in the future. Chance plays no role in classical mechanics. Of course, it
might happen that the prediction is very difficult to perform, or it might
happen that it is very difficult to find exactly the current situation, so such
a prediction might not be a practical possibility. (This is the case when
you flip a coin.) But in principle any such barriers can be surmounted
by sufficient work and care. Relativistic mechanics is also deterministic.
In contrast, quantum mechanics is probabilistic — that is, even in the
presence of exact knowledge of the current situation, it is impossible to
predict its future exactly, regardless of how much work and care one
invests in such a prediction.
Even stranger, however, is quantum mechanical interference. I cannot
describe this phenomenon in a single paragraph — that is a major job of
this entire book — but I can give an example. Suppose a box is divided
in half by a barrier with a hole drilled through it, and suppose an atom
moves from point P in one half of the box to point Q in the other half.
Now suppose a second hole is drilled through the barrier and then the
experiment is repeated. The second hole increases the number of possible
ways to move from P to Q, so it is natural to guess that its presence will
increase the probability of making this move. But in fact — and in accord
with the predictions of quantum mechanics — a second hole drilled at
certain locations will decrease that probability.

The fact that quantum mechanics is strange does not mean that quantum
mechanics is unsuccessful. On the contrary, quantum mechanics is the most
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successful theory that humanity has ever developed; the brightest jewel in
our intellectual crown. Quantum mechanics underlies our understanding
of atoms, molecules, solids, and nuclei. It is vital for explaining aspects
of stellar evolution, chemical reactions, and the interaction of light with
matter. It underlies the operation of lasers, transistors, magnets, and superconductors. I could cite reams of evidence backing up these assertions,
but I will content myself by describing a single measurement. One electron
will be stripped away from a helium atom that is exposed to ultraviolet
light below a certain wavelength. This threshold wavelength can be determined experimentally to very high accuracy: it is 50.425 929 9 ± 0.000 000 4
nanometers. The threshold wavelength can also be calculated from quantum mechanics: this prediction is 50.425 931 0 ± 0.000 002 0 nanometers.
The agreement between observation and quantum mechanics is extraordinary. If you were to predict the distance from New York to Los Angeles
with this accuracy, your prediction would be correct to within the width of
your hand. In contrast, classical mechanics predicts that any wavelength
of light will strip away an electron, that is, that there will be no threshold
at all.
1.3

How small is small?

I said above that the results predicted by quantum mechanics differed
from the results predicted by classical mechanics only when these ideas
were applied to “very small objects, such as atoms”. How small is an
atom? Cells are small: a typical adult contains about 60 trillion cells. But
atoms are far smaller: a typical cell contains about 120 trillion atoms.
An atom is twice as small, relative to a cell, as a cell is small, relative
to a person. In this book, when I say “small” I mean “very small”.
You’ve never handled objects this small; I’ve never handled objects this
small; none of your friends has ever handled objects this small. They
are completely outside the domain of our common experience. As you
read this book, you will find that quantum mechanics is contrary to
common sense. There is nothing wrong with this. Common sense applies
to commonly encountered situations, and we do not commonly encounter
the atomic world.
1.4

The role of mathematics in quantum mechanics

One frequently hears statements to the effect that the ideas of quantum
mechanics are highly mathematical and can only be understood through
the use of complex mathematics (partial differential equations, Fourier
transforms, eigenfunction expansions, etc.).
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One can popularize the quantum theory [only] at the price
of gross oversimplification and distortion, ending up with an
uneasy compromise between what the facts dictate and what it
is possible to convey in ordinary language.
It is certainly true that the professional physicist needs a vast mathematical apparatus in order to solve efficiently the problems of quantum
mechanics. (For example, the calculation of the helium stripping threshold wavelength described above was a mathematical tour de force.) But
this is not, I believe,∗ because quantum mechanics itself is fundamentally
difficult or mathematical. I believe instead that the root rules of quantum
mechanics are in fact quite simple. (They are unfamiliar and unexpected,
but nevertheless simple.) When these rules are applied to particular situations, they are used over and over again and therefore the applications
are complicated. An analogy helps explain this distinction. The rules of
chess are very simple: they can be written on a single page of paper. But
when these rules are applied to particular situations they are used over
and over again and result in a complicated game: the applications of the
chess rules fill a library.
Indeed, can any fundamental theory be highly mathematical? Electrons
know how to obey quantum mechanics, and electrons can neither add nor
subtract, much less solve partial differential equations! If something as
simple-minded as an electron can understand quantum mechanics, then
certainly something as wonderfully complex as the reader of this book
can understand it too.

∗

Not everyone agrees with me.

