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To my mother, Maxine Frank Singer,
who always encouraged me to follow my own instincts:

I think I may be ready to learn some chemistry now.
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Preface

It just means so much more to so much more people when you’re rappin’ and
you know what for.
— Eminem, “Business” [Mat]

This is a textbook for a senior-level undergraduate course for math, physics
and chemistry majors. This one course can play two different but comple-
mentary roles: it can serve as a capstone course for students finishing their
education, and it can serve as motivating story for future study of mathe-
matics.

Some textbooks are like a vigorous regular physical training program, pre-
paring people for a wide range of challenges by honing their basic skills thor-
oughly. Some are like a series of day hikes. This book is more like an ex-
tended trek to a particularly beautiful goal. We’ll take the easiest route to the
top, and we’ll stop to appreciate local flora as well as distant peaks worthy of
the vigorous training one would need to scale them.

Advice to the Student

This book was written with many different readers in mind. Some will be
mathematics students interested to see a beautiful and powerful application of
a “pure” mathematical subject. Some will be students of physics and chem-
istry curious about the mathematics behind some tools they use, such as
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spherical harmonics. Because the readership is so varied, no single reader
should be put off by occasional digressions aimed at certain other readers.
For instance, in Chapter 2, we include some examples from quantum me-
chanics; students unfamiliar with quantum mechanics should feel free to skip
these paragraphs. Similarly, readers who do not intend to continue their math-
ematical studies should feel free to skip the brief discussions of more ad-
vanced mathematical concepts. We have tried to label these digressions and
their intended audiences clearly. In particular, readers should feel free to skip
the footnotes. Some exercises require knowledge of another subject (such as
topology). These exercises are clearly marked. See, e.g., Exercise 4.28. Itali-
cized terms are defined close by; terms “in quotation marks” are not.

The prerequisite for this course is solid understanding of calculus and fa-
miliarity with either linear algebra or advanced quantum mechanics. We dis-
cuss prerequisites in more detail in Section 1.5.

Finally, the author wishes to offer some broader advice to students: snap
out of the one course, one book mode. Talk to people in other fields. Read re-
lated material in other sources. The more you can synthesize different points
of view, the more powerfully creative you will be.

Adyvice to the Instructor

Although this book can be used for a homogeneous audience, the author
hopes that it will encourage mixed classrooms: mathematics students work-
ing with students in the physical sciences. The author has found that students
in such classrooms respond well to assignments that allow them to share their
particular expertise with the class. One model that has worked well in the au-
thor’s experience is to replace timed tests with a final project (paper and class
presentation) on a related topic of the student’s choice. We have listed some
paper topic suggestions in Appendix C.

The minimum plan for a semester course should be to teach Chapters 1
through 7. Chapters 8, 9, 10 and 11 (each of which depends on Chapters 1
through 7) are independent from one another and can be used to fill out the
semester. Note, however, that Section 11.4 depends on the idea that the state
space for the spin of the electron is C?. This idea (and much more) can be
found in Chapter 10.

The representation theory of finite groups is not presented anywhere in this
text, setting this book apart from most undergraduate books on representa-
tion theory. The author urges instructors to resist the temptation to present
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the theory of finite group representations before starting the text. While some
students find the finite group material helpful, others find it distracting or
even downright off-putting. Students interested in the finite group theory can
be encouraged to study it and its beautiful physical applications (to the spec-
troscopy of molecules, for example) as a related topic or final project.

This is a rigorous text, except for certain parts of Chapter 3 and Chapter 4.
We state Fubini’s theorem and the Stone—Weierstrass theorem without proof.
We do not define the Lebesgue integral or manifolds rigorously, choosing
instead to write in such a way that readers familiar with the theory will find
only true statements while readers unfamiliar will find intuitive, suggestive,
accessible language. Finally, in the proof of Proposition 10.6, we appeal to
techniques of topology that are beyond the scope of the text.

Group Theory vs. Representation Theory

The phrase “group theory” says different things to different people. To a
physicist, “group theory” means what a mathematician would call “repre-
sentation theory.” For example, the physicists’ “group theory” includes what
mathematicians would call the “representation theory of algebras”; never
mind that algebras are not “groups” in the technical mathematical sense. On
the other hand, mathematicians use the phrase “group theory” to refer to the
study of groups and groups alone. The mathematicians’ “group theory” en-
compasses the properties and classifications of groups and subgroups, and
does not often include the study of representations of Lie algebras or clas-
sifications of representations of groups. In mathematics departments, repre-
sentations of groups and other objects are the subject of books, courses and
lectures in “representation theory.”

Acknowledgments

Many people contributed enormously to the writing of this book. Experienced
editor Ann Kostant, with her regular encouragement over many years, turned
me from a would-be writer into a writer. Mathematician Allen Knutson set me
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1
Setting the Stage

After having been force fed in liceo the truths revealed by Fascist Doctrine, all
revealed, unproven truths either bored me stiff or aroused my suspicion. Did
chemistry theorems exist? No: therefore you had to go further, not be satisfied
with the quia, go back to the origins, to mathematics and physics. The origins
of chemistry were ignoble, or at least equivocal: the dens of the alchemists,
their abominable hodgepodge of ideas and language, their confessed interest
in gold, their Levantine swindles typical of charlatans or magicians; instead, at
the origin of physics lay the strenuous clarity of the West— Archimedes and
Euclid. I would become a physicist, ruat coelum: perhaps without a degree,
since Hitler and Mussolini forbade it.

— Primo Levi, The Periodic Table [Le, pp. 52-3]

1.1 Introduction

Reading this book, you will learn about one of the great successes of 20th-
century mathematics —its predictive power in quantum physics. In the pro-
cess, you will see three core mathematical subjects (linear algebra, analysis
and abstract algebra) combined to great effect. In particular, you will see how
to make predictions about the dimensions of the basic states of a quantum
system from the only two ingredients: the symmetry and the linear model of
quantum mechanics. This method, known as representation theory to math-
ematicians and group theory to physicists and chemists, has a wide range
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of applications: atomic structure, crystallography, classification of manifolds
with symmetry, etc.

We will find it enlightening to concentrate on one particular example of
a quantum system with symmetry: the single electron in a hydrogen atom.
Understanding the structure of the hydrogen atom is immensely important
because the analysis generalizes easily to the structure of other atoms and
determines the periodic table of the elements. We will develop just enough
mathematical tools (in Chapters 2 through 6) to make predictions in Chap-
ter 7 based solely on the physical spherical symmetry of the hydrogen atom.
These predictions are equally valid for any quantum system with spherical
symmetry. In Chapter 8 we introduce more specific information about hydro-
gen (specifically, the functional form of the Coulomb potential) and extend
our toolset slightly to introduce some extra, hidden symmetries of the hydro-
gen atom; by combining these extra symmetries with the spherical symmetry,
we can make much stronger predictions about the hydrogen atom (and hence
the periodic table).

It is high time that this story escaped from the ivory tower in which it was
born. When Pauli, Fock and Wigner did their groundbreaking work, calculus
was not taken routinely by college students, let alone high schoolers. At that
time, vectors and vector spaces were relatively new, and the study of groups
and representations was truly esoteric, understood by very few. Now, how-
ever, many undergraduates study representation theory. At the beginning of
the 21st century, many people are ready to understand the accomplishments
of 20th-century scientists and mathematicians. This book is a good place to
start.

1.2 Fundamental Assumptions of Quantum Mechanics

One major point of this book is to make deep predictions using only symme-
try and very few assumptions about quantum mechanics. In this section we
make explicit the assumptions we use and give some information about the
experiments that justify these assumptions.

To appreciate this section and, more broadly, to appreciate the importance
of this book’s topic as a justification for mathematics, one should understand
the role of theory in the physical sciences. While in mathematics the intrin-
sic beauty of a theory is sufficient justification for its study, the value of a
theory in the physical sciences is limited to the value of the experimental pre-
dictions it makes. For example, the theory of the double-helical structure of
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DNA (first proposed by Crick, Franklin and Watson in the 1950’s [Ju, Part I])
suggested, and continues to suggest, experimental predictions in molecular
biology. We hope, in the course of the book, to convince the reader that the
mathematics we discuss (e.g., analysis, representation theory) is of scientific
importance beyond its importance within mathematics proper. In order to suc-
ceed, we must use mathematics to pull testable experimental predictions from
the physically-inspired assumptions of this section.

The first assumption of quantum mechanics is that each state of a mobile
particle in Euclidean three-space R*® can be described by a complex-valued
function ¢ of three real variables (called a wave function) satisfying

/ lp(x, y, 2 dxdydz = 1. (1.1)
R3

To make use of this description, we must relate the function ¢ to possible
experiments.

Our second quantum-mechanical assumption is that we can use the wave
function ¢ to calculate the relative probabilities of all possible outcomes of
any given measurement. For example, we could do an experiment to deter-
mine whether a given particle lies in the cube with unit-length sides parallel
to the coordinate axes and centered at the origin (Figure 1.1); the correspond-
ing theory says that

12 plj2 pl)2
p :=/ / / lp(x,y,2)I* dxdydz
“12d-1p

is the probability that the particle will be found in the box, while 1 — p is
the probability that the particle will not be found in the box. More generally,
the function |¢|? is the probability distribution for the position of the particle.

(=1/2,-1/2, 1/2) (~1/2, 1/2,1/2)

(172, -1/2, 1/2)

(=172, -1/2, -1/2)

1/2,-1/2,-1/2)

(172, 1/2,-1/2)

Figure 1.1. A cube with unit-length sides centered at the origin.
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This means that the probability that the particle is located in a set S C R? is
given by

2
/ | (px. Py, p)| dp.dp,dp,. (1.2)
S

(Readers familiar with Fourier transforms may be interested to know that the
probability distribution of the momentum of the particle in state ¢ is given by
|qAS|2, where qAS denotes the Fourier transform of ¢.)

Of course, if we do the experiment only once, the particle will be either in
or out of the box and p will be pretty much meaningless (unless p = 1 or p =
0). Quantum mechanics does not typically allow us to predict the outcome of
any one experiment. The only way to find the probability p experimentally
is to do the experiment many times. If we do the experiment N times and
find the particle in the box i times, then the experimental value of p is i /N.
Quantum mechanics provides predictions of this experimental value of p.

We usually cannot do the experiment N times on the same particle; how-
ever, we can find often a way to perform a series of identical experiments on
a series of particles. We must ensure that each particle in the series starts in
the particular state corresponding to the wave function ¢. Physicists typically
do this by making a machine that emits particles in large quantities, all in the
same state. This is called a beam of particles.

Notice that the assumption that we can use the wave function ¢ to predict
probabilities of various outcomes is much weaker than the corresponding as-
sumption of classical mechanics. Classical mechanics is deterministic, i.e.,
we assume that if we know the state (position and momentum) of a classi-
cal particle such as the moon at a time ¢, then we can evaluate any dynamic
variable (such as energy) at that same time 7. Energy can be calculated from
position and momentum.! Quantum mechanics is different, and many people
find the difference disturbing. It is quite possible to know the precise quan-
tum state of a particle without being certain of its position, momentum or
energy. Not only might it be impossible to predict future behavior of a par-
ticle with certainty, it might be impossible to be certain of the outcome of
a measurement done right now. Many people object to the implications of
quantum mechanics, saying, “God does not play dice.” These words are in
a letter from Albert Einstein to Max Born [BBE']; the reader may find them

1Figuring out the position, momentum or energy at a different time ¢’ from the state of
the particle at time ¢ is a different, harder question. Its resolution in various cases is a central
motivating problem for much of classical mechanics.
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in context in the epigraph to Chapter 11. But, as Einstein mentions in the
very same letter, theological concerns cannot change the fact that in experi-
ment after experiment, the assumptions of quantum mechanics yield accurate
predictions about aggregate behavior.

A third assumption of quantum mechanics has to do with observables, such
as position, momentum or energy. An observable is a numerical quantity that
can be measured by an experiment. For instance, one can measure the mo-
mentum of an electron by observing the results of a collision, or the energy
by observing the wavelength of an emitted photon. We will state this third as-
sumption below, but first we must introduce some terminology. A base state
for an observable is a state of the particle for which the measurement corre-
sponding to the observable is certain. For example, if one measures the energy
of an electron “in the lowest s-shell of the hydrogen atom,” one will certainly
find —13.6 electron-volts.? Even though many things about this electron are
uncertain (its position and momentum, for example), its energy is certain, and
hence the lowest s-shell is a base state for energy. There are many base states
for the energy observable. On the other hand, not every wave function is a
base state for the energy. For example, a wave function that is zero outside a
unit cube and equal to one on the unit cube (describing a particle that must be
in the unit cube but is equally likely to be anywhere inside the cube) is not a
base state for the energy.

The third fundamental assumption of quantum mechanics states that any
wave function can be expressed as a superposition of base states of any ob-
servable. Consider, for example, the energy observable. Any function ¢ of
three real variables satisfying Equation 1.1 can be decomposed as a weighted
sum.? of wave functions describing states with energy values that are certain.
In other words, suppose ¢; and ¢, are base states for the energy of a certain
system, and consider a state in which the particle has probability 3/4 of being
found in state ¢; and probability 1/4 of being found in state ¢,; such a state

2 An electron-volt (abbreviated “eV”) is a unit of energy equal to 1.6 x 10~19 joules. It is
the amount of energy required to move one electron through a one-volt potential difference.

3For this statement to be precisely true, we must let integrals count as sums. We must also
be willing to use base states that do not satisfy Equation 1.1 For example, in studying the
behavior of a slightly bound electron in a lattice of atoms (such as a semiconductor) one in-
troduces base states such as ef Kx¥+kyy+kz2) ([FLS, 1I-13-4]). To study these ideas rigorously
from a mathematical perspective, one studies “continuous spectrum” and “spectral measures,”
as in [RS, Section VII.2].
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has the form \/_ "
3 e
T¢1 + 7¢2,

where 6 is a real number. More generally, one sees expressions such as) "¢, ¢,
or Y (¥ |6u) [¢n)-

In its full generality, our third fundamental quantum-mechanical assump-
tion says that the same kind of decomposition is possible with base states of
the position observable, the momentum observable or indeed any observable.
In other words, every observable has a complete set of base states. Typically
the information about the base states and the value of the observable on each
base state is collected into a mathematical object called a self-adjoint linear
operator. The base states are the eigenvectors and the corresponding values
of the observable are the eigenvalues. For more information about this point
of view, see [RS, Section VIII.2].

Our next assumption is that we can use the superposition of base states to
predict the probabilities of experimental outcomes. For example, consider the
energy observable. Suppose we have a finite linear combination

¢ = Z CkPrs
k=1

where ¢ satisfies Equation 1.1, each ¢ is a complex number, each ¢, satisfies
Equation 1.1 and there are distinct real numbers A1, ..., A, such that for each
k the wave function ¢y is a base state for the energy observable corresponding
to the value X;. In other words, measuring the energy of a particle in the state
corresponding to the wave function k is certain to yield the value A;. Here is
our quantum mechanical assumption: if we measure the energy of a particle
in the state described by the wave function ¢, we will find one of the values
A1, - .., Ay; what is more, the probability of measuring the energy to be A, is
lcx|?. In full generality, the assumption applies to any observable (not just the
energy observable in our example) and to more general linear combinations,
such as infinite linear combinations and integrals. But the essential idea is the
same: the squares of the absolute values of the coefficients of a superposition
of base states give the probabilities of measurements corresponding to the
base states.

There is a practical shortcut for calculating probabilities from base states.
For example, suppose that the observable A has exactly one base state ¥
corresponding to a certain real number A. Suppose we would like to predict
the probability p that a particle in a certain state ¢ will yield the result A
when we measure A. Rather than expand the state ¢ into base states for the
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observable A, we can simply calculate the coefficient of the base state ¥ and
take the square of the absolute value. The formula is

2

p= /R% U (x,y, 200, y,2)dxdydz| . (1.3)

Finally, we will assume the Pauli exclusion principle. The simplest form
of the exclusion principle is that no two electrons can occupy the same quan-
tum state. This is a watered-down version, designed for people who may not
understand linear algebra. A stronger statement of the Pauli exclusion princi-
ple is: no more than n particles can occupy an n-dimensional subspace of the
quantum mechanical state space. In other words, if ¢1, . .., ¢, are wave func-
tions of n particles, then the set {¢1, ..., ¢,} must be a linearly independent
set. We will review these linear algebraic concepts in Chapter 2.

Let us summarize the quantum mechanical assumptions.

1. Each state of a particle moving in R? is described by a complex-valued
function ¢ of three real variables satisfying

/R3 lp(x, v, 2)* dxdydz = 1.

2. The aggregate outcomes of one position measurement repeated on
many particles in the state corresponding to a wave function ¢ can be
predicted from ¢.

3. Fix any observable. Then any wave function ¢ satisfying Equation 1.1
can be written as a superposition of base states of that observable.

4. Fix any observable and any wave function ¢. The probabilities govern-
ing repeated measurements of the observable on particles in the state
corresponding to ¢ can be calculated from the coefficients in the ex-
pression of ¢ as a superposition of base states for the given observable.
To calculate these probabilities it suffices to calculate quantities of the

form
2

/ W*(x,)’,Z)(ls(X,y,Z)dXdde
R3

5. Pauli exclusion principle: no two electrons can occupy the same state
simultaneously.
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We remark that all these assumptions are stated for the dynamics of the
particle. To model other aspects of the particle (such as spin), complex-valued
functions on R? will not suffice. In Chapter 11 we incorporate other aspects
into the model. So, while the fundamental assumptions above are not the
only assumptions used in analyses of quantum systems, they suffice for the
analysis up through Chapter 9.

1.3 The Hydrogen Atom

Hydrogen (H) is the simplest and lightest atom in the periodic table. We
drink it every day: it is an essential component of water; in fact, “hydro-gen”
means “water-generating.” It has played a crucial role in many developments
of modern physics. In this book we will model the hydrogen atom by a single
quantum particle (the electron) moving in a spherically symmetric force field
(created by the proton in the nucleus). There are certainly more sophisticated
models available — for example, it is more precise to model the hydrogen
atom as the mutual interaction of two particles, a proton and an electron* —
but our model is simple and quite accurate.

To demonstrate the accuracy of our mathematical model, we must con-
sider the experimental evidence. Scientifically speaking, it is a bit of a cheat
to make “predictions” about a phenomenon whose experimental behavior is
already understood; pedagogically, however, it is beyond reproach. When ex-
cited (for example, by heat), hydrogen gas will emit light. (This is true of
other gases as well: the distinctive colors of neon signs and sodium street-
lights depend on the same basic phenomenon.) Some important early exper-
iments on the structure of the hydrogen atom consisted of exciting hydrogen
gas and splitting the emitted light with a prism before collecting it on a photo-
graphic plate. The prism sends differently colored light in different directions,
so that each color corresponds to a particular position on the plate. Most posi-
tions on the plate collected no light, but a few positions on the plate collected
a lot of light— these are the black stripes in Figure 1.2. The data collected
indicated that only a few specific colors were emitted by the gas. These col-
ors make up the spectrum of hydrogen. The study of quantum systems by
experiments that measure light or, more generally, electromagnetic radiation
is called spectroscopy.

4See for example [FLS, III-12].
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Figure 1.2. An image produced by exciting hydrogen gas and separating the outgoing light
with a prism, reprinted from [Her, Fig. 1, p. 5]. Specifically, this is the emission spectrum of
the hydrogen atom in the visible and near ultraviolet region. The label Ho marks the position
of the limit of the series of wavelengths.

The strongest, most easily discerned set of lines were called the principal
spectrum. After the principal spectrum, there are two series of lines, the sharp
spectrum and the diffuse spectrum. In addition, there was a fourth series of
lines, the Bergmann or fundamental spectrum.

In the spectroscopy literature, a color is usually labeled by the correspond-
ing wavelength of light (in angstroms A) or by the reciprocal of the wave-
length (in cm™!), called the wave number. One angstrom equals 10~'° me-
ters, while one centimeter equals 10~2 meters, so to convert from wavelength
to wave number one must multiply by a factor of 108:

108

wave length in A

wave number in cm™—! =

As a concrete example, consider the strongest spectral line of hydrogen, cor-
responding to a wavelength of about 1200A. The corresponding wave number
: 10

1200
The wave number is natural because it is proportional to the energy of a pho-
ton of the given frequency. More specifically, we have

=8.3x 10* (incm™).

energy = hc (wave number),

where h = 6.6 x 107%7 erg-seconds is Planck’s constant, and ¢ = 3.0 x
10'° cm/sec is the speed of light. Thus the strongest spectral line of hydrogen
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corresponds to the energy difference
(6.6 x 107%) x (3.0 x 10'%) x (8.3 x 10*) = 1.6 x 107" (in ergs).

There is a formula that describes all the wave numbers obtained for spectral
lines of hydrogen: every such wave number is of the form

Ry <i2 — %) , (1.4)
Jj k

where j and k are natural numbers with j < k and Ry is a constant. Con-
versely, as far as experiments can tell, there is a spectral line at most wave
numbers of the given form. Formula 1.4 was first established from experi-
mental data, not from any theoretical calculation. The value of Ry has been
determined experimentally with great precision; the known value is approxi-
mately

Ry =1.1x10°cm™".

For example, when j = 1 and k = 2 the formula predicts a spectral line of
wave number

(1.1 x 10°cm™") (0.75) = 8.3 x 10* (incm™),

that is, the strongest spectral line of hydrogen. Furthermore, taking j = 1 in
Equation 1.4 and letting k vary, we obtain all the wave numbers correspond-
ing to the principal spectrum; taking j = 2 yields the sharp spectrum; taking
Jj = 3 yields the diffuse spectrum; and taking j = 4 yields the fundamental
spectrum. Niels Bohr proposed that the electron hydrogen atom had a dis-
crete set of possible orbits and possible energies, and that each spectral line
corresponded to the energy difference between two states (see [Her, p. 13]).
The energy values can be taken to be

hCRH

BCESY (1.3)

as n varies over the nonnegative integers. The number 7 is called the principal
quantum number.

Other experiments showed the finer structure of the hydrogen spectrum.
Some of these experiments were spectroscopic; some measured the angle of
deflection of atoms as they pass through a magnetic field; some experiments
were done on alkali atoms (i.e., the atoms in the first column of the periodic
table, whose behavior is similar to hydrogen’s) and the results extrapolated
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back to hydrogen. These experiments are described in detail in the books
of Herzberg [Her] and Hochstrasser [Ho]. Experiments involving a magnetic
field used Stern—Gerlach machines, described in the Feynman Lectures [FLS,
III-5] and pictured in Figure 10.3.

To describe the results of these experiments, it is useful to introduce the az-
imuthal quantum number £. States corresponding to the “sharp” spectral lines
on the photographic plates (often labeled s) have £ = 0; those corresponding
to “principal” lines (labeled p) have £ = 1; those corresponding to “diffuse”
lines (labeled d) have £ = 2 and those corresponding to “fundamental” lines
(labeled f) have £ = 3. The experiments showed that each spectral line of
hydrogen with at least one state of azimuthal quantum number £ contains
2(2¢ + 1) different states with azimuthal quantum number £. Because these
spectral lines split in the presence of a magnetic field, the new split lines were
labeled by the magnetic quantum number m. The magnetic quantum number
could take any of the 2¢ 41 values —¢, 1 — ¢, ..., £ —1, €. Similarly, the spin
quantum number s takes either of the values +1/2.

Up to and including Chapter 7, we make very few assumptions; in particu-
lar, we do not need to know the functional form of the force on the electron.
We assume only that this force is spherically symmetric. Yet, armed with
some powerful undergraduate-level mathematics (plus Fubini’s Theorem and
the Stone—Weierstrass Theorem), we can make meaningful predictions from
the meager assumptions of the basic model of quantum mechanics and spher-
ical symmetry.

We will see in Chapter 7 that our model predicts the existence of states
indexed by the quantum numbers ¢ and m but fails to predict the factor of
two introduced by the spin quantum number s. The beauty of this prediction
is that it is close to the experimental data— off only by a measly factor of
two! —even though the assumptions are quite meager. We discuss spin in
Chapter 10. Readers who have seen these predictions come out of the anal-
ysis of the Schrodinger equation should note that the predictions of Chap-
ter 7 use neither the concept of energy nor the theory of observables. In other
words, we will make these powerful predictions from symmetry considera-
tions alone.

When we include in our model an explicit formula for the energy of the
system, we can make stronger predictions. The energy observable for the hy-
drogen atom is completely described by the Schrodinger operator,

h? e’
H:= —H(a§+a§+a§)—

V2242
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where m is the mass of the electron, % is Planck’s constant divided by 27 and
e is the charge of the electron.’ One may write the defining equation more

succinctly as
H:= —h—zvz — e—2.
2m r
The differential operator H describes the energy observable in the sense that
the eigenfunctions of this differential operator, i.e., wave functions ¢ satis-
fying Hpr = E¢g, with E € R, are the base states of the energy observable
(see Assumption 3 of Section 1.2) and the probability of getting the result E’

from an energy measurement of an electron in the state ¢ is
1, it E=E
0, if E#FE

(see Assumption 4 of Section 1.2).

The function —e?//x2 + y2 + z2 is called the Coulomb potential. It has
the same functional form as the gravitational potential energy function in the
classical two-body problem of the motion of a planet around the sun. For
this reason the hydrogen atom is called the quantum version of the classical
celestial mechanics problem. In the classical case, energy is a function on
the state space, while in the quantum case energy is an operator. Hence the
Coulomb potential term is an operator: it operates on ¢ by multiplication.
Just as the classical problem has extra symmetries associated to the Runge—
Lenz vector (whose direction determines the direction of the major axis of the
orbit and whose length determines the eccentricity), the quantum two-body
system has extra symmetries corresponding to “Runge-Lenz operators.” We
introduce these operators in Section 8.6.

This model makes definite predictions about energy observations. For ex-
ample, from the experimentally observed spectrum of hydrogen one can cal-
culate the energy levels up to the addition of an arbitrary constant. One can
choose this constant so that the ionization energy of the hydrogen electron is
0, i.e., so that any electron with energy £ > 0 has enough energy to escape
the attracting force of the hydrogen nucleus. With this choice of constant,
one can deduce from the experimental data that the only possible observable
energy values for an electron bound in a hydrogen atom are

—me*

5 Numerically m = 9.1 x 10728 in grams, i = 1.1 x 1027 in units of erg-seconds and
e = 1.6 x 10~!% in units of coulombs [To, pp. 277, 463].
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n (principal) ¢ (azimuthal) total number of states

0 0 2
1 0,1 8
2 0,1,2 18
n 0,....n 2(n + 1)?

Figure 1.3. Table of the number of states for a given energy, i.e., for a given value of the
principal quantum number 7.

where n is a nonnegative integer called the principal quantum number. More-
over, there is an experimentally verifiable relationship between the principal
quantum number n and the possible azimuthal quantum numbers ¢ of the
states at the nth energy level.

The total number of different states with principal quantum number 7 is
obtained from the sum

Zz(ze +1) =20+ 1)>
=0
since the number of states of azimuthal quantum number ¢ and principal
quantum number 7 is
22¢+1), if€ <n;
0, if ¢ > n.

In Section 8.6 we will see that symmetry considerations alone, without any
appeals to special functions or series solutions, will allow us to predict these
results from the model, up to a factor of two.

1.4 The Periodic Table

The periodic table of the elements is a list of all known types of atoms, ar-
ranged in a way to highlight similarities and differences in chemical prop-
erties of the atoms. See Figure 1.4. One can view the periodic table as a
mnemonic for the known experimental properties of the various elements.
For example, the elements of the last column, helium, neon, argon, krypton,
xenon, radon and ununoctium, are called noble gases because they are partic-
ularly unreactive. On the other end, spectral data for the alkali atoms lithium,
sodium and potassium, all elements of the first column, strongly resemble the
data for hydrogen. There are other ways to arrange the table — see Figure 1.5.
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Figure 1.4. The most common form of the periodic table of the elements.
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Figure 1.5. Three uncommon versions of the periodic table [Tw, pp. 8-9]. For more variations,
see [Hei].
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Why should the spectral data for the alkali atoms resemble the spectral
data for hydrogen? Our model of the hydrogen atom, along with the Pauli
exclusion principle (Section 1.2) and some other assumptions, provides an
answer. For example, consider lithium, the third element in the periodic table.
Its nucleus has a positive charge of three and it tends to attract three electrons.
The Schrodinger operator for the behavior of a single electron in the presence
of a lithium nucleus is

where Z is a constant factor incorporating the effect of the charge of the
nucleus. By the same argument as for hydrogen, the only possible observable
energy values for an electron bound to a lithium nucleus are

2met
L —7Z°"me

Eb =~ — |
2h%(n + 1)2

where 7 is a nonnegative integer. Furthermore, there are two states with en-
ergy E} and six states with ET. If we assume that the three electrons in a
lithium atom do not affect one another, then the lowest—energy state of a
lithium atom will have one electron in each of the two E states and one in
an EL state. Recall that the Pauli exclusion principle says that no two elec-
trons can occupy the same state simultaneously. The two E} electrons are
called inner electrons and we say that they occupy the innermost shell of
the lithium atom. Analogously, the EF electron is called an outer electron.
Because the outer electron is more likely to change its energy state than the
inner ones, spectral lines obtained by exciting lithium gas will correspond to
one electron changing states, and so will resemble the hydrogen spectrum.
The model would make even better predictions if one incorporated the neg-
ative charge of the inner electrons, which cancels some of the charge of the
nucleus, into the constant Z.

The same argument can be made for each alkali atom: because there is only
one outer electron, one can model an alkali atom as a hydrogen-like atom
with one electron and a “nucleus” made up of the true nucleus and the inner
electrons. As above, this argument hinges on the fact that the inner electrons
tend to be in the lowest possible states, while the Pauli exclusion principle
forbids any two electrons from occupying the same state. And indeed, spectral
data for alkali atoms resembles spectral data for hydrogen. Moreover, the
chemical properties of the alkali atom is similar. For example, each combines
easily with chlorine to form a salt such as potassium chloride, lithium chloride
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or sodium chloride (better known as table salt). These chemical combinations
are natural because there is only a single electron in the outer shell of each
alkali atom.

More generally, one can model a many-electron atom (such as carbon with
six electrons) simply and fairly accurately by assuming that the forces of the
inner electrons on the outer electrons can be approximated by a repellent force
at the origin, and that the outer electrons exert no force on one another. The
repellent force is often called the shielding force, since the inner electrons
shield the outer electrons from the full force of attraction of the nucleus. The
chemical properties of an element will depend heavily on the number of elec-
trons in (or missing from) the outer shell. In fact, each row of the periodic
table corresponds to a particular energy level, i.e., to a particular outer shell.
Because our model (including Chapter 8) predicts the numbers of electron
states in each shell, it predicts the lengths of the rows of the periodic table.
From Section 8.6 we can read off the predictions of our model: the rows of
the periodic table cannot have any length other than the double of a square;
i.e., the rows must be of length 2, 8, 18, etc., i.e., each row must have length
2(n + 1)? for some nonnegative integer n. We invite the reader to count the
number of elements in each row of the periodic table. For example, notice that
there are two rows with 2 x (3 4 1)> = 32 elements. As before, the theory of
spin (see Chapter 10) contributes an important factor of two.

The prediction of the structure of the periodic table from symmetries is
one of the great successes of representation theory. It is more than just an
application of mathematical techniques to calculations that arise in physics
(such as the use of complex analysis to calculate contour integrals). It is an
example of the foundational importance of mathematics in physics.

1.5 Preliminary Mathematics

In this section we list the mathematical background material assumed by the
text.

Readers should have linear algebra at their fingertips, either metaphorically
or literally. We will use linear algebraic concepts freely. For example, we will
need to use determinants and traces of matrices, as well as diagonal matrices.
Some readers may wish to keep a linear algebra reference handy as they work
through this book. Any college-level linear algebra text will do. The author
particularly likes the elementary text by Shifrin and Adams [SA] and the more
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advanced (and very interesting) text by Lax [La]. Readers should also know
calculus well.

Otherwise the exposition in this book is self-contained. However, we will
mention many related topics, and we strongly urge the reader to make con-
nections with what she already knows about or is curious about. In particular,
a reader who knows some quantum mechanics, abstract algebra, analysis or
topology might want to keep the relevant books available for reference. We
encourage instructors to put related books on reserve. The books referred to
most in these pages are Rudin’s undergraduate analysis text [Ru76], Artin’s
abstract algebra text [Ar] and the Feynman Lectures on Physics [FLS].

Another book well worth exploring is Lie Groups and Physics [St], by
Sternberg. There are so many wonderful ideas and stories about mathemat-
ics and physics in this book that it can be a bit bewildering at first, but the
persevering reader will be well rewarded. In particular, Sternberg discusses
the structure of the hydrogen atom and the periodic table; almost every idea
in the book you are reading now is contained (in more abbreviated form) in
Sternberg’s book.

We use common (but not universal) mathematical notation and terminology
for functions. When we define a function, we indicate its domain (the objects
it can accept as arguments), the target space (the kind of objects it puts out as
values) and a rule for calculating the value from the argument. For example, if
we wish to introduce a function f that takes a complex number to its absolute
value squared, we write

f:C—>R

7 |z|2.

Note that z is a dummy variable: the definition would have the same meaning
if we replaced it by x, m, & or any other letter. The general form is:

function: domain — target space

dummy function evaluated
variable at dummy variable.

One common function is the identity function. On any space S we define the
identity function /: § — S by

I(s) :=s

foreachs € S.
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Next we introduce some useful terminology. A function f is injective if
it is one-to-one, i.e., if f(x) = f(y) implies that x = y. The image of a
function f: § — T is its range, i.e., the set

{t € T: f(s) =t for some s in the domain of f}.

Note that the target space need not equal the image. For example, the image
space of the squaring function defined above is R=%, which is a proper subset
of the range R=°. A function f is surjective (onto its target space T) if the
image is equal to the target space. The preimage (under f) of a subset U of
the target space T, denoted f~![U], is the set of all s in the domain of f such
that f(s) € U; in other words,

f U :={s € S: f(s) e U}.

Similarly, the image (under f ) of a subset U of the domain is the set f[U] :=
{f(u): u e U}.

We will often define functions in terms of other functions. For example,
The composition of two functions f and g is the function

fog: f~!'[domain of g] — target space of f
x = f(g(x)).

Another common way of defining a new function is by restriction. Suppose f
is a function with domain S. Suppose S is a subset of S. Then the restriction
flgs of f to S is the function with domain S defined by

fl &)= f(x)

forany x € S. Note that if S is a proper subset of S (i.e., if S # S), then fls
is not the same as f:if x € S but x ¢ S then f(x) is well defined but fls(x)
is meaningless. For an example, see Figure 1.6. If a function f: § — T is
injective and surjective, then one can define the inverse function f~': T — S
by

7=,

where s is the unique element of S such that f(s) = . Note that g = f~!if
and only if f o g is the identity function on 7 and go f is the identity function
on S.

Homogeneous polynomials play an important role in our story.
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-2 -1 1 2 -1 1 2

Figure 1.6. The graph of the squaring function defined on all of R, and the graph of its restric-
tion to RZ0.

Definition 1.1 A function f is homogeneous of degree n on a Euclidean
space R (or, more simply, homogeneous) if. for every r € R and every
x € R? we have f(rx) = r" f(x).

For example, the polynomial xy + z? is homogeneous of degree 2, since
(r0)(ry) + (r2)* = r*(xy + 2%).

On the other hand, the polynomial x? + 1 is of mixed degree, that is, not
homogeneous of any degree. See Exercise 1.9.

We use a perhaps unfamiliar but elegant notation for partial derivatives. In
many standard textbooks the partial derivative of a function f with respect to
a variable y is denoted

af
dy’
We prefer (and encourage the reader to use) the more modern notation

oy f.

Not only is this notation more succinct, but it also suggests the sophisticated
(and correct!) point of view that 9, is itself a mathematical object worthy of
study(’. In fact, 9, is a linear operator; for more details on this topic, see [Si,

%Even more elegant, but almost never used, is the notation dp to indicate differentiation
with respect to the second slot, obviating the need to assign a name (such as y) to the variable
in the second slot.
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Section 2.2]. Many such partial differential operators will play a significant
role in Chapter 8.

One partial differential operator plays an important role in the first several
chapters: the Laplacian,

2._ 92 2 2
V2= 92+ 92 + 92,

defined on twice-differentiable functions of three variables x, y and z. For
example, because

92~ T = (4x? — 2)e VY
(and similarly for y and z), we have
v2e—x2—y2—12 — (4)C2 4 4y2 + 4Z2 _ 6)e—x2—}'2—zz.

The equation V2 f = 0 is called Laplace’s equation, and a function f satis-
fying V2 f = 0 is called a harmonic function.

We denote the set of complex numbers by C. Readers should be familiar
with complex numbers and how to add and multiply them, as described in
many standard calculus texts. We use i to denote the square root of —1 and
an asterisk to denote complex conjugation: if x and y are real numbers, then
(x +iy)" := x — iy. Later in the text, we will use the asterisk to denote
the conjugate transpose of a matrix with complex entries. This is perfectly
consistent if one thinks of a complex number x + iy as a one-by-one complex
matrix ( X +iy ) See also Exercise 1.6. The absolute value of a complex
number, also known as the modulus, is denoted

|x +iy| := \/m
We also define the real part
RNx +iy) :=x
and the imaginary part
S(x +iy) = y.

It is often convenient to write a complex number in the polar form re'®, where
6 is areal number and r is a nonnegative real number. For a beautiful, idiosyn-
cratic exposition exploiting the full power of a geometric interpretation of the
complex numbers, see Needham [N].
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Not quite so standard, but not difficult, is the idea of complex-valued func-
tions of real variables and derivatives of such functions. If we have a complex-
valued function f of three real variables, x, y and z, we can define its partial
derivatives by the same formulas used to define partial derivatives of real-
valued functions. More generally, any algebraic calculations that are possible
with real-valued functions are also possible with complex-valued functions.
For the readers’ convenience, we state a few properties formally.’

Proposition 1.1 Suppose f: R" — C is a complex-valued function. Define
its real part fr: R" — R and its imaginary part f;: R" — R as the real-
valued functions satisfying fr +if; = f. Then f is differentiable if and only
if both fr and f are differentiable. Furthermore, any derivative of f is equal
to the sum of the corresponding derivative of fr plus the complex number i
times the corresponding derivative of fj.

For example, if f is a function of x, y and z, then
8xayf = axayfR + iaxa)ffl-

The familiar rules for combining derivatives with sums, products and quo-
tients apply to complex-valued functions.

Proposition 1.2 If f and g are differentiable, complex-valued functions of

one real variable, then (f + g) = f + ¢, (fg) = f(g) + (f")g and,

wherever g is nonzero, (é) = ;—‘3’. (The superscript’ denotes the derivative.)

One can also define integration easily.

Definition 1.2 Suppose f = fr + if; is a complex-valued function and S
is a set on which an integral f ¢ Is defined for real-valued functions. Then we

define
[ 1= [ i [ 5

This integral satisfies all the algebraic rules of integration. Also, integration
respects conjugation.

Proposition 1.3 Suppose S is a set on which an integral |, ¢ is defined and f
is a complex-valued, integrable function on S. Then

()= for

7Proofs can be found in Chapters 5 and 6 of Rudin’s undergraduate text [Ru76].
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(/Sf)*=(/sz+i/sf’>*=/SfR—i/Sf'Z/S(f*)‘

In Chapter 8 matrix exponentiation will play a crucial role. If n is a non-
negative integer and M is an n X n matrix, we define

Proof.

O

expM = Z EM .
k=0 "

For example,

0 = O -1 0 O
expl —= 0 0 | = 0 -1 0
0 0 O 0 0 1

See Exercise 1.8. We will need several properties of matrix exponentiation.

Proposition 1.4 Suppose M| and M, are n x n matrices with complex en-
tries. Suppose T is an invertible n x n matrix with complex entries. Then:

1. thesumy 2, %M K converges to an n x n matrix with complex entries;
2. exp M, is an invertible matrix, with inverse exp(—M);

3. exp(TM\ T~ = T(expM\)T~!;

4. if My and M, commute, i.e., if M\ M, = M, M, then

exp M exp M, = exp(M| + M>);

5. 0, exp(tM,) = Myexp(tM,) = exp(t M)M,.

The proof of this proposition follows fairly easily from the definition of ma-
trix exponentiation and standard techniques of vector calculus. See any linear
algebra textbook, such as [La, Chapter 9].

We will use spherical coordinates on the two-sphere

x
5% = y |2 +y* 42 =1
b4



24 1. Setting the Stage

(x2)

v =

Figure 1.7. Spherical coordinates on S 2,

Following the physicists’ convention, we use ¢ for longitude and 6 for colati-
tude, i.e., the angle of formed by a point, the center of the sphere and the north
pole. We can express Cartesian coordinates in terms of spherical coordinates
on the two-sphere S as follows:

X sin 6 cos ¢
y | =| sinfsing
Z cos 6

See Figure 1.7. To integrate a function f (9, ¢) on the two-sphere S2, recall
the formula for surface integration:

2 T
/ f:/ / f(0, ¢)sinbdode.
§2 0 0

Note that sin @ dfd¢ is the natural surface area coming from the Euclidean
geometry of the space R? in which the two-sphere S sits.

In our discussion of spherical harmonics we will use an expression of
the three-dimensional Laplacian in spherical coordinates. For this we need
spherical coordinates not just on S but on all of three-space. The third co-
ordinate is r, the distance of a point from the origin. We have, for arbitrary
(x,v,2)7T € R3,

X 7 sin 6 cos ¢
y | =1 rsinfsing
z rcosf

The derivation of the formula for the Laplacian in spherical coordinates is a
healthy exercise in proper application of the chain rule for functions of several
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variables (Exercise 1.12). The answer is

Vot lg Ly 0 Ly
T T2 T L ing T p2ginke ¢

We will also use spherical coordinates on the three-sphere

§3 .= cu A xt 4y =1

ISR TN

One way to visualize the three-sphere S* is to think of a movie, with u playing
the role of time. For times before —1 or after 1 there is nothing on the three-
dimensional “screen”; at time u = —1 exactly there is one point visible at
the spatial point (0, 0, 0)”; more generally, for u € [—1, 1] there is a two-
sphere of radius 4/1 — u? visible on the three-dimensional screen. (One can
also interpret the fourth dimension as color. See Exercise 1.10.) We can write

cos
sin i sin @ cos ¢
sin ¥ sin @ sin ¢
sin ¥ cos 8

N < = =

In the movie analogy we can think of 6 and ¢ as the colatitude and the lon-
gitude on the visible two-sphere. The new variable i varies from O to 7,
and the radius of the visible sphere is sin . The natural volume element
on the three-sphere S coming from the four-dimensional “volume” in R* is
sin® ¥ sin @ dyd@d¢. In other words, to integrate a function f(y, 6, ¢) over
the three-sphere S we calculate

2 g T
/f:/ f/ (9,0, ¥)sin® ¢ sin@ dyrdode.
§3 0 0 0

We invite the reader to check this formula in Exercise 1.11.

We will find it convenient to use the algebra Q of quaternions. This is a
real four-dimensional vector space. We pick a basis and name it {1, i, j, k};
then we define a multiplication on the vector space by the rules

foranyq e Q,1q = ql =q
ij=—ji =k
jk=-Kkj=i
ki = —ik =,
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along with the usual distributive law for multiplication. More explicitly, we
have, for any real numbers u, x, y, z,

(u + xi + yj + zk) (i + Xi + yj + k)
= (uit — xX — yy — z2)
+ (WX + xu + yZ — zy)i
+ (uy + yu + zx — x2)j
+ (uz +zu +xy — yx)k.

(1.6)

There is a conjugation defined on the quaternions:
(u + xi+ yj+zK)* :=u — (xi + yj + zKk).
A unit quaternion is a quaternion u + xi + yj + zk such that
Wty =1

Other concepts we will use freely include: partial derivatives, trigonometric
identities, the natural numbers N := {1, 2, 3, ...}, basic properties of integra-
tion and proof by induction. Interested readers will find a nice introduction to
proof by induction in [Sp, Chapter 2].

The reader may notice that we choose to distinguish between an equals
sign that defines a term (“:=", with the colon facing the term being defined)
and an equals sign that states the equality of two terms that are already well
defined (“=").

An understanding of Fourier theory is not required for this text. However,
Fourier series are an essential part of any mathematician’s or physicist’s ed-
ucation, and we encourage readers to remedy any ignorance. The Feynman
Lectures has an introduction that musicians will particularly enjoy [FLS, I-
50]; more mathematical introductions can be found in Davis [Da, Chapter 3],
Rudin [Ru76, Chapter 8] and Dym and McKean [DyM, Chapter 1] (in order
of increasing sophistication). Fourier transforms are ubiquitous in physics;
their mathematical theory is analogous to, but more subtle than, the theory of
Fourier series. See Rudin’s more advanced book [Ru74, Chapter 9] or Dym
and McKean [DyM, Chapter 2]. We use f to denote the Fourier transform
of f. Because many readers will have encountered Fourier series and trans-
forms, we will use them in some examples and remarks. Less experienced
readers should feel free to skim or skip these digressions.
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1.6 Spherical Harmonics

Physicists are familiar with many special functions that arise over and over
again in solutions to various problems. The analysis of problems with spher-
ical symmetry in R? often appeal to the spherical harmonic functions, often
called simply spherical harmonics. Spherical harmonics are the restrictions
of homogeneous harmonic polynomials of three variables to the sphere S°.
In this section we will give a typical physics-style introduction to spherical
harmonics. Here we state, but do not prove, their relationship to homoge-
neous harmonic polynomials; a formal statement and proof are given Propo-
sition A.2 of Appendix A.

Physics texts often introduce spherical harmonics by applying the tech-
nique of separation of variables to a differential equation with spherical sym-
metry. This technique, which we will apply to Laplace’s equation, is a method
physicists use to find solutions to many differential equations. The technique
is often successful, so physicists tend to keep it in the top drawer of their tool-
box. In fact, for many equations, separation of variables is guaranteed to find
all nice solutions, as we prove in Proposition A.3.

Faced with a partial differential equation (i.e., an equation involving deriva-
tives with respect to more than one independent variable), one can often con-
struct some solutions by looking for solutions that are the product of functions
of one variable. We will apply this technique, called separation of variables,
to find harmonic functions of three variables. Recall from Section 1.5 that a
function is harmonic if and only if it satisfies Laplace’s equation, which we
write in spherical coordinates (see Exercise 1.12):

o= (02420 + 424 51 )y, an
AT T T2 T e T s2gin2e 2) '
where i is an unknown function of (r, 8, ¢). To apply the technique of sep-
aration of variables to this equation, suppose that there is a solution of the
form

Y(r,0,9) = R(r)®©0)®(¢), (1.8)

where R, ® and & are differentiable functions of one variable. On the face of
it, this is quite a bold supposition: in general such a solution might not exist.
But when such solutions do exist, our supposition will help us find them. Such
a supposition is called an ansatz.® For example, the equation V2 = 0 gives

8From the German word Ansatz, which means something close to “hypothesis” or “setup”
but does not have an exact English equivalent.
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enough information about the functions R, ® and W that we will be able to
find them. To this end we multiply Equation 1.7 by 72/ (why? because it
ends up working), plug in Equation 1.8 and calculate:

1

72

2

r , 2 ) cos @ 1
O0=—190 +-0+—=09; +
v r

- ) ;
“ " r2sing r2sin’ 0

a;) R(1O©6)P(¢)

B <r2R”(r) N 2rR’(r)> N <@”(9) cos6 ©'(0) 1 <I>”(q>)>
U R R(r) @) sinf ©@)  sin?6 P(p) )

The crucial observation is that the first parenthesis in the last expression de-
pends only on r, while the second parenthesis depends only on 6 and ¢. Be-
cause the sum of the two parentheses is 0, each one must be constant in r, 6
and ¢. Let us repeat the argument in a slightly different form. Rearranging
the equation above we find

(_rzR”(r) B 2rR/(r)) _ (@”(9) . cost ©'(0) n 1 d>”(¢))
R(r) R(r)y )] \©@®)  sing ©©H) sin*o () )

The right-hand side is constant in r, so the left-hand side must also be con-
stant in r. Contrariwise, both sides are constant in 6 and ¢. In other words, the
variables are separated into different terms, a happy accident that we can ex-
ploit. We started with one differential equation involving three variables, and
ended up with two separate equations, one involving one variable, and one in-
volving two variables. Thus we have reduced the problem (finding solutions
to the original equation) to two simpler problems. Of course, this simplifica-
tion works only if our supposition (that there are solutions of the given form)
turns out to be true.

Let us first find some solutions to the equation for R. We will make an-
other ansatz, i.e., another supposition: we will look for solutions of the form
R(r) = r' for some nonnegative integer £. In other words, we will look
for homogeneous solutions to Laplace’s equation. Then R'(r) = £r*~! and
R"(r) = £(£ — 1)r*=2. Such an £ must satisfy

r2e —DHrt=2  2rert!

constant = — 7 = —L(+1),
r r

which is true for any nonnegative integer .
Next, we must find corresponding solutions for ® and ®. According to

Equation 1.9, if R(r) = r*, then we must have

e"(0) N cos6 O'(0) n 1 d>”(¢))

@)  sind O@B)  sin*o () )’

—L(l+1) = ( (1.10)



1.6. Spherical Harmonics 29

Functions ® ()P (¢) such that ® and ® solve this equation are called spher-
ical harmonic functions of degree £. We can find solutions by separating vari-
ables again. Multiplying both sides by sin? 6 and rearranging we have
1 " /
Y@ _ (€ + 1)sin® 6 + Msinzé’ - o)
®(9) O(0) O(0)

Because the left-hand side is constant in 6 and the right-hand side is constant
in ¢, both must be constant.

Next we find solutions for ®. It is known from the theory of ordinary differ-
ential equations that the only solutions of ®”/® = constant are of the form
®(¢p) = €™?. In our situation, ¢ is an angular variable, so ® must satisfy
D(p +2m) = P(¢) for all ¢ € R. So a legitimate solution requires m € Z,
and in this case we have

Y@ _

P (¢)

Finally we must solve the equation

// 9 @/ 9
(¢ + 1)sin® 6 + ®((0)) 20 + @((0)) sin@ cos @ = m?

siné cos 6.

for ®. While the solutions we found before (r¢ and ¢/™?) are probably familiar
to most readers, the functions that solve this equation are more obscure. A
change of variables will let us rewrite this equation. Define P: [—1,1] — R
by P(cosf) = ©(0), where 0 € [0,n]. Then ® (@) = —P’(cosH)sinb
and ©”(0) = P"(cosf)sin’6 — P’'(cos @) cosh, and so we can rewrite the
differential equation as

P’ (cos0) P’(cos ) 5

E(Z-I—l)sm 9+WSIH Q—W(chSQSiHZQ):m .

Setting 7 := cos @ and recalling that sin® + cos? = 1 we find

2 0P » PO,
L+ DA =)+ (=1 P(t)+2r(r 1)P(t)_m.

(1.11)

Equation 1.11 is known as the Legendre equation and it has solutions for
integers m with m? < ¢2, as the reader may check in Appendix A. The solu-
tions Py, to the Legendre equation are called Legendre functions. Putting it
all together we have a harmonic function

R(r)OO)D(¢) = r Py, (cos)e™? (1.12)
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for some nonnegative integer £, some integer m and a function P ,, satisfying
the Legendre equation (Equation 1.11).

The angular part Y, ,, := Py, (cos 0)e™? of the solution (1.12) is a spher-
ical harmonic function. It turns out that there is a nonzero P, , whenever ¢
is a nonnegative integer and m is an integer with [m| < £. In Appendix A
we will prove this and other facts about spherical harmonic functions. The
number £ is called the degree of the spherical harmonic. From Equation 1.10
we see that each spherical harmonic of degree ¢ satisfies the equation

2% LYy — ey (1.13)
* " sing "’ sin@ bm = ’ )

There is one spherical harmonic functions of degree £ = 0:

1
Yo,000,¢) = ﬁ;

three of degree ¢ = 1:

V3
Y1100, ¢) = — sinfe'?
1,1 ¢ 2 ,—27_[
3
Y100, ¢) := 2\/\/; cosf
3 .
Y10, ¢) = V3 sinfe~'?;

22

and five of degree £ = 2:

15 .
Y220, ) =,/ Tom sin® 9e?®
15 | i
Y210, ¢) :=— 3 sin 6 cos fe
5 2
Y200, ¢) := EG cos“0 —1)
15 . —i¢
Y,_100,¢) = ™ sinf cosfe
/15 .
Yz,_z(e, ¢) = E sin2 9672”]5.
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Figure 1.8. The top left sphere shows the positive (shaded) and negative (unshaded) regions
for the real-valued function Y; . The top right sphere shows the pure real (solid) and pure
imaginary (dashed) meridian for the function Y7 5. The bottom picture shows the zero points
(double-dashed) as well as the pure real (solid) and pure imaginary (dashed) meridians of Y7 .
There are colored versions of these pictures available on the internet. See, for instance, [Re].

Since spherical harmonics are functions from the sphere to the complex
numbers, it is not immediately obvious how to visualize them. One method
is to draw the domain, marking the sphere with information about the value
of the function at various points. See Figure 1.8. Another way to visualize
spherical harmonics is to draw polar graphs of the Legendre functions. See
Figure 1.9. Note that for any ¢, m we have |Y[’m| = |Pg,m‘. So the Legen-
dre function carries all the information about the magnitude of the spherical
harmonic.

(O

s

Figure 1.9. Polar graphs of, left to right, |P2 » P2’1’ and ‘PZ’O{. Rotate each graph around
the vertical axis to obtain the spherical graph of the absolute value of the spherical harmonics.
Three-dimensional versions of these pictures, with color added to indicate the phase e"M® are
available on the internet. See for instance [Sw].
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The construction of spherical harmonics can be extended to other dimen-
sions. For example, V. Fock uses four-dimensional spherical harmonics in his
article on the SO (4) symmetry of the hydrogen atom — see Chapter 9. Spher-
ical harmonic functions of various dimensions are used in many spherically
symmetric problems in physics.

It turns out that the spherical harmonic functions correspond exactly to the
restrictions of homogeneous harmonic polynomials in three variables. This
is not too surprising given that we found the spherical harmonics by taking
the angular part (» = 1) of solutions to the equation V> = 0 (the defining
property of harmonic functions) with the supposition that the radial part has
the form ‘. A proof of the exact correspondence is in Appendix A. For the
moment, we will simply verify that the spherical harmonics above are indeed
restrictions of harmonic polynomials. Recall that on the unit sphere we have
(x,y,z) = (sinfcos¢,sinfsin¢, cosd). For £ = 0 we have a constant
function, which is a polynomial of degree 0. For £ = 1 it is easy to compute
from the definitions that

3
Y100, ¢) = — ;
1,10, ¢) 2\/E(xiﬂy)
3
Y1006, ) = %z
3
Y1 .100,9) = V3 (x —iy).

2427

For £ = 2 we must make use of some trigonometric identities to see that

6
Y2200, ¢) = %(xz —y% +2ixy)

6
Y21(0, ) = %(xz +iy2)
1
Y2000, ¢) = 2* — §<x2 -9

V6 .
Y, 1(0,0) = _T(XZ —iyz)
V6
4
The right-hand side of each equation is a homogeneous polynomial of de-
gree two in x, y and z. Each is harmonic, as the reader may check by direct

Y226, ¢) = ——(x* — 2ixy — y7).
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calculation. For example,

(97 4 07 +97) ?(xz —2ixy —y%) = ?(2+0 —2)=0.

Relating the spherical harmonic functions introduced here to the homoge-
neous harmonic polynomials is not logically necessary in this book. Morally,
however, the calculation is well worth doing, in the name of better commu-
nication between mathematics and physics. Because this calculation is a bit
tricky, we have postponed it to Appendix A.

1.7 Equivalence Classes

We will encounter equivalence relations and equivalence classes several
times in our story. Equivalence is ubiquitous in mathematics. Because math-
ematicians insist on defining every object rigorously, and rigor often requires
technical details, we need a mechanism to suppress any details that are ir-
relevant to our main point. The reader may have encountered this technique
before in studying vectors and indefinite integration. In many courses, vec-
tors are introduced as directed line segments, or arrows from one point to
another point. See, for example, Marsden, Tromba and Weinstein [MTW].
This geometric image is very useful for developing intuition about vectors.
For instance, one can interpret vector addition as a picture of a parallelogram
made up of these arrows. See Figure 1.10.

In indefinite integration (also knows as antidifferentiation), there is extra
information in the constant of integration. It is, strictly speaking, incorrect
to say that “the antiderivative of x is %xz” because %xz is only one of many
antiderivatives, including %xz + 1.7 x 10°. But the statement is correct in
spirit: the difference between %xz and any antiderivative of x is irrelevant
for most purposes. Equivalence classes are the mathematician’s way to make

precise the notion of irrelevant ambiguity.

Definition 1.3 A relation ~ on a set S is called an equivalence relation if and
only if ~ is reflexive (foralla € S, a ~ a), symmetric (foralla,b € S,a ~ b
if and only if b ~ a) and transitive (a ~ b and b ~ c implies a ~ c). Given a
set S, an equivalence relation ~ and an element a € S, the equivalence class
of a is the set

[al: ={beS:b~a}

and the set of all equivalence classes of elements of S is denoted S/~.
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V+w

Figure 1.10. Addition of vectors.

Figure 1.11. These two arrows represent the same vector.

The expression S/~ is often pronounced “S modulo equivalence” or “S mod
equivalence.” If possible and convenient, we refer to the equivalence by name:
for example, vectors are “directed line segments modulo translation” and an-
tiderivatives are “functions modulo constants”. We leave the details of ap-
plying Definition 1.3 to vectors and antiderivatives to the interested reader in
Exercises 1.19 and 1.20.

However, arrows with the same length and direction represent the same
vector, regardless of the placement of the arrows. See Figure 1.11.

As an example, consider the set S of functions from R — R. Define an
equivalence relation on S by f ~ g if and only if f and g agree on all but a fi-
nite number of points in their domain. More formally, the condition for equiv-
alence is that the set {x € R: f(x) # g(x)} should be finite.? It is not hard to
check that ~ is indeed an equivalence relation: since {x € R: f(x) # f(x)}

9Physicists should note that here, as in much of the rest of the mathematical literature,
“finite” means “not infinite,” and thus O is a finite number. Physicists often use “finite” to
mean “nonzero.” In this book, when we want to specify that a certain number is not zero and
not negative, we will write that it is strictly positive.
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is empty, the relation is reflexive; since the set {x € R: f(x) # g(x)} equals
the set {x € R: g(x) # f(x)} the relation is symmetric; and since

{xeR: f(x) #h(x)} C{x eR: f(x) # g(x)}U{x € R: g(x) # h(x)}

and the union of two finite sets is finite, the relation is transitive. Each element
of S/~ is an equivalence class of functions.

Equivalence classes become interesting and powerful when we consider
which operations (such as evaluation, addition, or integration) survive the
equivalence. Continuing with our example, consider the equivalence class
[sin] € S/~. Each element f of [sin] is a function from R to R. But while
it makes sense to evaluate each f at 0, the value obtained will depend on the
choice of f € c. For instance, if we define f: R — R by

sinx x #0

ro={ M3 120

then both f and sin belong to the equivalence class [sin] but f(0) = —17 #
0 = sin(0). In other words, there is no natural way to evaluate [sin] at O.
So we say that evaluation does not survive the equivalence. On the other
hand, we can make sense of addition in S/~. The sum of two equivalence
classes will be an equivalence class. To justify addition in S/~ we must show
that the equivalence class of the sum of two functions depends only on the
equivalence classes from which the two functions are chosen. More explicitly,
consider two equivalence classes b and ¢ in §/~. Consider arbitrary f3, g, €
b and f,, g. in c. If we can show that (f, + f.) ~ (g, + g.), then we can
legitimately define b + ¢ := [ f;, + f.]. To this end, note that

{x e R: fp(x) + fe(x) # gp(x) + gc(x)}
ClxeR: fp(x) # g} U{x € R: fe(x) # g(0)},

and since f, ~ g, and f,. ~ g. the union is finite. So we can add equivalence
classes. In other words, addition survives the equivalence. We leave it to the
reader to show that we can multiply and integrate equivalence classes, and
that addition and multiplication satisfy the usual algebraic rules. See Exer-
cises 1.21 and 1.22.

A note on terminology: operations that survive the equivalence are some-
times called well defined on equivalence classes. A function on the origi-
nal set S taking the same value on every element of an equivalence class is
called an invariant of the equivalence relation. We will see an example of
an invariant of an equivalence class in our introduction to tensor products in
Section 2.6.
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1.8 Exercises

Exercise 1.1 Check that the expression

hC‘RH
(n+ 1)?

has units of energy.

Exercise 1.2 (Induction) Show that for any n in the natural numbers

n—1
> o@e+1)=n’
=0

Notice that the preceding exercise relates the dimensions (2£+1) of the orbital
types of the hydrogen atom to the lengths (2n2) of the rows of the periodic
table.

Exercise 1.3 (Induction) Show that for any nonnegative integer n and for
any complex number ) such that .. # 1 we have

i)\ﬂc—n _ )LnJrl _ A‘fnfl
- _ -1
= A—A

Exercise 1.4 (Used in Proposition 4.8)  For each nonnegative integer n,
consider the function f,: [—1, 1] — R defined by

£ =N ((x +ivi- x2)") ,

Show that for each n, the function f, is a polynomial of degree n. Also show
that for any n we have

f0) =% ((x _iy1- xZ)") .

Exercise 1.5 (Geometry of multiplication in C) The complex plane can be
considered as a two-dimensional real vector space, with basis {1,i}. Show
that multiplication by any complex number c is a linear transformation. Find
the matrix for multiplication by i in the given basis. Find the matrix for mul-
tiplication by €', where 0 is a real number. Find the matrix for multiplication
by a + ib, where a and b are real numbers.
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Exercise 1.6 Consider the function f from the complex plane C to the set of
two-by-two real matrices defined by

flx +iy) ::(_xy )yc)

Show that this function respects the asterisk notation, i.e., that for any z € C
we have f(z*) = f(2)*. Does this function respect complex addition and
multiplication? lLe., is it true that f(z1+z2) = f(z1)+ f(z2) and f(z122) =
f(z1) f(z2) for any z1, 2o € C? Find the determinant of f(z).

Exercise 1.7 Consider the function f: R — C defined by
f () :=cost +isint.

Show that f'(t) = if(t). (We remark that this makes Euler’s formula ¢! =
cost + i sint plausible.)

Exercise 1.8 In this exercise you will calculate expt M, where t is any real
number and

0
M = -7
0

o o {
S O O

in two different ways.

1. Diagonalize the matrix M, i.e., find a diagonal matrix D and an invert-
ible matrix N such that M = N DN~'. Show that

tM=NGD)N~".

Calculate exp(t D). Finally, use Proposition 1.4 to derive exp(t M) from
exp(t D).

2. Recall from calculus the Taylor series expansions for sint and cost
around t = 0. Now calculate M" for each nonnegative integer n. Using
the definition of exp as an infinite sum, find an expression for exptM
in terms of sint and cost.

Finally, find exp M.

Exercise 1.9 Find a homogeneous function of degree 1/2 on R?. Find a ho-
mogeneous function on R? that is not continuous. Show that if a degree n
polynomial is homogeneous of degree m, then n = m. Is every homogeneous
function a polynomial?
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Exercise 1.10 Consider R* = {(u, x, v, 0  tu,x,y,z¢€ R}. Interpreting u
as a color variable, with u = —1 corresponding to red and u = 1 corre-
sponding to purple, with the interval [—1, 1] corresponding to the spectrum
of the rainbow'®, what is the three-sphere S*? What is the hypercube?

Exercise 1.11 In this exercise you will derive the volume element for the
three-sphere S° in R*. Define a function

F: [0, 7] x [0, 7] x [0, 2n] — R*
cos Y

Ig sin i sin @ cos ¢
& sin ¥ sin @ sin ¢

sin yr cos 0

Calculate the partial derivatives 9y F, 99 F and 04 F'. Each of these is a vector
in R*. Find the volume of the parallelepiped they span. Then show that the
volume element on the three-sphere is sin> y sin 0dyd0d .

Exercise 1.12 (Used in Section 1.6 and Proposition A.3)  Show that in
spherical coordinates we have

V2—82+28+182+ cos 6 1 )
T T2 T Gng T p2ginZg ¢

(Hint: this is an exercise in careful, correct application of the chain rule for
functions of several variables.)

Exercise 1.13 Show that the total surface area of the two-sphere S* is 4.
Show that the total surface volume (i.e., the three-dimensional volume, not
the four-dimensional volume) of the three-sphere S* is 21>,

Exercise 1.14 Show that the multiplication of quaternions is associative, i.e.,
that for any q1, g2, q3 € Q we have

(@192)93 = q1(q293)-

10This interpretation leads to a cute proof that any loop in R* can be unknotted. Suppose
someone hands you a loop in R*, evena very knotted-up one. Interpreting the fourth dimension
as color, you have a string in three dimensions whose color varies continuously. It is legitimate
to pass one part of the string through another, as long as the two pieces are different colors. But
you can change the color of any segment continuously, so you can undo the three-dimensional
knot by passing any troublesome strands through each other!
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Exercise 1.15 (Used in Section 4.1) Show that the product of two unit qua-
ternions is a unit quaternion. (Hint: Brute calculation will suffice, but the
geometry of R* may provide more insight: think of the right-hand quaternion
in the multiplication as a unit vector in R*, think of the left-hand quaternion
as a linear transformation of R*.)

Exercise 1.16 Find a list'' of the algebraic axioms for R. For each axiom, ei-
ther prove the corresponding statement for the quaternions Q or find a coun-
terexample in Q.

Exercise 1.17 Suppose A, A, ... are distinct eigenvalues of an energy op-
erator. Suppose that ¢y, ¢,, . .. are the associated eigenvectors. Consider the
state corresponding to the wave function

c1@1 + c3¢3,

where ¢i and c3 are complex numbers satisfying |c1|* + |c3|* = 1. Now imag-
ine measuring the energy of such a state. Is it possible to obtain the value
Ap?

Exercise 1.18 Draw the zero points (on the sphere) of the real and imaginary
parts of the spherical harmonics of degrees 0, 1 and 2.

Exercise 1.19 Define an arrow in R? to be an ordered pair (p;, p>), where
p1 and py are each a triple of real numbers. (Think of p, as the initial
point and p, as the endpoint.) Define a relation on the set of arrows by
(p1, p2) ~ (q1,q2) if and only if p» — p1 = q2 — q1. Show that this is an
equivalence relation. Now think of each arrow as a point in R®. Does the
usual addition in R® survive the equivalence relation? If so, is the result-
ing addition on equivalence classes of arrows the same as the addition of
3-vectors you learned in linear algebra? What about scalar multiplication in
R®? Find an injective and surjective linear function from R®/~ to R3. (Hint:
it will help to introduce some notation for “(ry, ry, r3, ¥4, s, rg) € RO lies in
the equivalence class corresponding to (s, s, s3) € R3.”)

Exercise 1.20 Fix an interval [a, b] in R. Consider the set S of differentiable
functions on [a, b]. Define a relation ~ on S by

f ~ g ifandonlyif f' =g’

0One is in Rudin [Ru76, Def. 1.12]).
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Show that ~ satisfies the criteria of Definition 1.3. Show that f ~ g if and
only if f — g is a constant function. Show that addition, scalar multiplication
and differentiation are well defined on equivalence classes. Show that evalu-
ation is not well defined: given a point c € [a, b], find two functions in S that
are equivalent but take different values at c. On the other hand, differences
of evaluations are well defined: show that f(b) — f(a) is well defined on
equivalence classes.

Exercise 1.21 Show that multiplication of equivalence classes of functions
(as defined in Section 1.7) is well defined. Show that addition and multiplica-
tion of equivalence classes of functions satisfy some but not all the standard
field axioms (such as the distributive law, existence of 0, etc.). The list of field
axioms is available in many texts, including [Ru76, Definition 1.12]. Which
axioms hold, and which fail?

Exercise 1.22 Consider an equivalence class ¢ of functions as defined in Sec-
tion 1.7. Show that if any one element of c¢ is Riemann integrable on an in-
terval [a, b] C R, then every element of c is Riemann integrable on [a, b].
Show that the value of the definite integral does not depend on the choice of
function in the equivalence class. Hence the real number fab c is well defined.

Exercise 1.23 (Used in Section 10.1) Ler C[—1, 1] denote the set of contin-
uous, complex-valued functions on the interval [—1, 1]. Let 0 denote the zero
function on [—1, 1]. Define a relation ~ on C[—1, 1]\ {0} by
f ~ g ifand only if 3c € C such that f = cg.
Show that ~ is an equivalence relation.
Does addition of functions survive the equivalence? Does scalar multipli-
cation (by complex numbers) survive the equivalence? Does multiplication of
two functions survive the equivalence?

Exercise 1.24 Find another example of a meaningful equivalence relation
from your own experience. Define the relation rigorously and prove that it is
an equivalence relation. Which relevant operations survive for equivalence
classes?

Exercise 1.25 (Useful in Chapter 4.2) Suppose R is a 3 x 3 matrix with real
entries. Show that the following three conditions are equivalent:

1. RTR=1;
2. (Rx)-(Ry) =x-yforallx,yinR3;
3. |IRx|| = |Ix|| for all x € R>.
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Linear Algebra over the
Complex Numbers

Charles Wallace accepted the explanation serenely. Even Calvin did not seem

perturbed. “Oh, dear,” Meg sighed. “I guess I am a moron. I just don’t get it.”

“That is because you think of space only in three dimensions,” Mrs. What-

sit told her. “We travel in the fifth dimension. This is something you can un-
derstand, Meg. Don’t be afraid to try.”

— M. L’Engle, A Wrinkle in Time [LE, p. 76]

In this chapter we introduce complex linear algebra, that is, linear algebra
where complex numbers are the scalars for scalar multiplication. This may
feel like review, even to readers whose experience is limited to real linear al-
gebra. Indeed, most of the theorems of linear algebra remain true if we replace
R by C: because the axioms for a real vector space involve only addition and
multiplication of real numbers, the definition and basic theorems can be eas-
ily adapted to any set of scalars where addition and multiplication are defined
and reasonably well behaved,' and the complex numbers certainly fit the bill.
However, the examples are different. Furthermore, there are theorems (such
as Proposition 2.11) in complex linear algebra whose analogues over the re-
als are false. We will recount but not belabor old theorems, concentrating
on new ideas and examples. The reader may find proofs in any number of

'More generally, any field can be used as the scalars for vector spaces. A vector space is an
example of an even more general concept, namely, a module over a ring. Details can be found
in many abstract algebra textbooks, e.g., Artin [Ar].
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linear algebra texts. For detailed proofs we recommend the book by Shifrin
and Adams [SA]; for a sophisticated perspective we recommend the one by
Lax [La].

2.1 Complex Vector Spaces

In this section we define and discuss complex vector spaces. We give many
examples, especially of vector spaces of functions. Such vector spaces do not
usually figure prominently in introductory courses on linear algebra, but the
vector nature of functions is crucial in many areas of math and physics.

Definition 2.1 Consider a set V, together with an addition operation
VxV-=>V

(denoted by +) and a scalar multiplication
CxV->V

(denoted by juxtaposition). Such a set V is a complex vector space if and only
if the addition and scalar multiplication satisfy the usual algebraic properties
of (e.g., real) vector spaces, such as associativity and distribution. Specifi-
cally, forallu,v,w € V and all b, c € C, we have

1. Commutativity: u +v = v + u.
2. Associativity: (u +v) +w =u + (v + w).

3. Zero vector: there is a vector 0 € V such that 0 + v = v for every
veV.

4. Distributivity: c(u + v) = cu + cv.

5. Respect of field operations: b(cu) = (bc)u, (b+c)u = bu+cu, lu = u
and Ou = 0, where the zero on the left-hand side is 0 € C and the zero
on the right-hand side is 0 € V.

Note in particular that because the definition specifies that the range of
each of the operations is V, the space V must be closed under addition and
scalar multiplication. That is, the sum of two elements of V must be itself an
element of V; likewise, the multiple of an element of V by a complex number
must be an element of V. In many examples of vector spaces the addition and
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Figure 2.1. Is C a line or plane?

scalar multiplication naturally satisfy the usual algebraic properties. Often
verification that a given set is a vector space boils down to checking that the
set is closed under addition and scalar multiplication.

For example, the real line R is not a complex vector space under the usual
multiplication of real numbers by complex numbers. It is possible for the
product of a complex number and a real number to be outside the set of real
numbers: for instance, (i)(3) = 3i ¢ R. So the real line R is not closed under
complex scalar multiplication.

The trivial complex vector space has one element, the zero vector 0. Ad-
dition is defined by 0 4 0 := 0; for any complex number ¢, define the scalar
multiple of O by ¢ to be 0. Then all the criteria of Definition 2.1 are trivially
true. For example, to check distributivity, note that for any ¢ € C we have

c(040) = ¢(0) =0 =040 = c(0) + c(0).

The simplest nontrivial example of a complex vector space is C itself.
Adding two complex numbers yields a complex number; multiplication of
a vector by a scalar in this case is just complex multiplication, which yields
a complex number (i.e., a vector in C). Mathematicians sometimes call this
complex vector space the complex line. One may also consider C as a real
vector space and call it the complex plane. See Figure 2.1.

For every natural number n we can define a complex vector space

Cl‘l ::{(Cls~-~acl’l):CI’C27~"9CnE(C’}‘

Addition and scalar multiplication are defined component by component:
by, ...,by) +(c1,...,¢y) = (b1 +c1,...,b, + ¢;) and, for any complex
scalar s, we have s(cy,...,c,) := (sci,...,sc,). This space can be called
“C-to-the-n” or “complex n-space.”

Readers familiar with quantum mechanics may recognize that complex
vector spaces are often important. For example, in the study of spin-1/2 par-
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ticles the complex vector space C? :={(c1,¢2): 1,2 € C) plays an impor-
tant role. For instance, if physicists are considering a Stern—Gerlach machine
oriented along the z-axis they would describe an arbitrary spin state of an
electron by an expression of the form

Ct |+2Z) +c_|—2z),

where ¢, and c_ are complex numbers satisfying |c,|*> + |c_|* = 1 and |+z)
and |—z) are two convenient states. Any object of the form |-) is called a ket;
the information between the vertical line and the angle bracket usually helps
the reader identify which state the ket is meant to denote. In the theory of
quantum computing, one often finds the vector space C? used to describe the
state of a qubit. A typical expression is

co|0) +ci 1),

where ¢y and c; are complex numbers satisfying lcol® + le1)* = 1. It is no
accident that this expression matches the previous one: a qubit is just a spin-
1/2 particle. See Chapter 10.

In another physics application, the Dirac equation for states of an electron
in relativistic space-time requires wave functions taking values in the complex
vector space C* := {(cy, ¢2, Ce, €4): €1, €2, €3, ¢4 € C}. These wave functions
are called Dirac spinors.

Various vector spaces of complex-valued polynomials will arise in our
analysis of the hydrogen atom and the periodic table. Consider first the set
of polynomials functions from C to C. One element of this set is x +>
¢™/3x? 4 1, and every element of the set is of the form

C—=C

n n—1 ) (2.1)
X = X" 41X +---Fcx+co

where the nonnegative number 7 is called the degree and the complex num-
bers cy, ..., ¢, with ¢, # 0 are called the coefficients. This set is closed un-
der addition and complex scalar multiplication: the sum of two polynomials
with complex coefficients is itself a polynomial with complex coefficients;
likewise the product of a complex number and a polynomial with complex
coefficients is again a polynomial with complex coefficients.

If we consider polynomials with real coefficients, we get a real vector space
that is not a complex vector space: it is not closed under multiplication by
complex scalars. For instance, the polynomial x +— x is a polynomial with
real coefficients: we have ¢; = 1 and ¢g = 0 in Formula 2.1. But if we
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multiply by i, we get the polynomial x +— ix, with ¢; =i ¢ R. So the set
of polynomials with real coefficients and the natural scalar multiplication is
not a complex vector space. We leave it to the reader to show that it is a real
vector space.

Notice that we did not use the domain of the polynomial functions in our
arguments in the previous paragraphs. A mathematician’s natural reaction to
such an observation is to think about a way to define the object in question
without mentioning the unused information. These vector spaces (along with
the natural multiplication of polynomials by polynomials) are studied in ab-
stract algebra under the name of polynomial rings. Interested readers might
consult Artin’s book [Ar, Chapters 10-11] for more details and related ideas.

If a subset W of a vector space V satisfies the definition of a vector space,
with addition and scalar multiplication defined by the same operation as in
V, then W is called a vector subspace or, more succinctly, a subspace of V.
For example, the trivial subspace {0} is a subspace of any vector space.

A more interesting example involves the vector space P3; of complex-
coefficient polynomials in three variables. Let H denote the subset of P;
containing only harmonic polynomials, i.e., only polynomials p in three vari-
ables satisfying V2p = 0. Then H is a subspace of the vector space P3. To
justify this claim, it suffices to check that H is closed under addition and
scalar multiplication. But if V2p; = 0and V?p, = 0, then V?(p; + p») = 0;
and if ¢ € C, then V2(cp;) = c¢V?p; = 0. So H is a subspace.

Another example we will find useful is the complex vector space

C[—1, 1] := {continuous complex-valued functions on [—1, 1]} .

Because the sum of two continuous functions is continuous, and any scalar
multiple of a continuous function is continuous, C[—1, 1] is indeed a vector
space.

Readers who are still uncomfortable with thinking of functions as vectors
should take the time to review this section carefully and do some exercises.
These vector spaces are fundamental to our analysis of the hydrogen atom.
In particular, we will look at the function space containing the wave func-
tions for the hydrogen atom, and we will work with various subspaces of that
function space.

2.2  Dimension

Now that we have defined complex vector spaces, we can introduce dimen-
sion.
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First we recall the notion of a finite basis of a vector space.

Definition 2.2 Let V be a complex vector space. Let B be a finite subset of
V. Then B is a finite basis of V if and only if every vector v in V can be
written as a linear combination of vectors in B (i.e., B spans V) and for each
v the linear combination is unique (i.e., B is a linearly independent set).

Definition 2.3 A complex vector space is finite-dimensional if it has a fi-
nite basis. Any complex vector space that is not finite-dimensional is infinite-
dimensional.

For the remainder of this section we concentrate on finite-dimensional spaces.
In this section, and whenever we are clearly discussing a finite-dimensional
space, we may use the word “basis” to refer to a finite basis.

Suppose that V is a finite-dimensional complex vector space. By the def-
inition this means that V has a finite basis. It turns out that all the different
bases of V must be the same size. This is geometrically plausible for real Eu-
clidean vector spaces, where one can visualize a basis of size one determining
a line, a basis of size two determining a plane, and so on. The same is true for
complex vector spaces. A key part of the proof, useful in its own right, is the
following fact.

Proposition 2.1 Suppose V is a finite-dimensional vector space with basis
{vi, ..., v,}. Suppose {u,...,u,} is a linearly independent subset of V.
Then m < n.

An easy corollary is:

Proposition 2.2 Let V be a finite-dimensional complex vector space. Sup-
pose {vy, ..., v} and {uy, ..., u,} are both bases of V. Then n = m.

This proposition makes the following definition possible and powerful.

Definition 2.4 Let V be a finite-dimensional complex vector space. Suppose
that {vy, ..., v,} is a finite basis of V. Then the dimension of V is n.

Proposition 2.2 ensures that the dimension of V is the same no matter which
basis we use to calculate it.

Readers familiar with spin systems may recall that the study of spin yields
a physical example of different bases for the same complex vector space. For
instance, to study an electron, or any other particle of spin-1/2, one uses a
basis of two kets. Which kets one chooses depends on the orientation of the
Stern—Gerlach machine (real or imagined). One might use |4z) and |—z) as
a basis for one calculation and |+x) and |—x) for another. No matter what
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dégree 0 dégree 1 dégree 2 dégree 3

Figure 2.2. A picture of the bases of homogeneous polynomials of degree £ in two variables
for¢ =0,1,2and 3.

orientation is chosen, there are always two basis kets for a spin-1/2 particle.
Similarly, a spin-1 particle requires three kets in each basis. In general, the
study of a spin-s particle requires a complex vector space of dimension 2s+1.

Let us calculate, for future reference, the dimension of the complex vec-
tor space of homogeneous polynomials (with complex coefficients) of degree
n on various Euclidean spaces. Homogeneous polynomials of degree n on
the real line R are particularly simple. This complex vector space is one-
dimensional for each n. In fact, every element has the form cx" for some
¢ € C. In other words, the one-element set {x"} is a finite basis for the homo-
geneous polynomials of degree n on the real line.

Homogeneous polynomials (with complex coefficients) of degree n on R?
(or on C?) form a complex vector space of dimension 7+ 1. We call this space
P. If we call our variables x and y, then there is a finite basis of P" of the
form {x", x"~'y, x"72y% ..., xy""!, y"}. Because this basis has n + 1 ele-
ments, the dimension of the complex vector space is n + 1. We can represent
this basis geometrically by noting that each basis element corresponds to a
way of writing n as the sum of two nonnegative integers; this implies that the
size of the basis is the number of integer lattice points on the line x +y = n in
the first quadrant of R?. (An integer lattice point is a point whose coefficients
are all integers.) See Figure 2.2.

Likewise, one can obtain the dimension of the vector space Pf of homoge-
neous polynomials of degree £ in three variables by counting the number of
lattice points on the plane x+y+z = £ in the first octant of R®. See Figure 2.3.
This geometric picture makes it clear that the answer is a triangle number;
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Figure 2.3. A picture of the basis of homogeneous polynomials of degree two in three vari-
ables.

careful accounting shows that the number is precisely (¢ + 1)(£ + 2)/2. We
will use this triangular picture in Section 7.1. See especially Figure 7.1.

In the end, dimension is important physically because we can associate a
certain complex vector space to each orbital type, and the dimension of the
complex vector space tells us how many different states can fit in each orbital
of that type. Roughly speaking, this insight, along with the Pauli exclusion
principle, determines the number of electrons that fit simultaneously into each
shell. These numbers determine the structure of the periodic table.

2.3 Linear Transformations

The notion of a linear transformation is crucial. A function from a (complex)
vector space to a (complex) vector space is a (complex) linear transformation
if it preserves addition and (complex) scalar multiplication. Here is a more
explicit definition.

Definition 2.5 Let V and W be complex vector spaces, and let T be a func-
tion from V into W. Then T is a complex linear transformation if and only if,
for every vy and vy in V and every ¢ € C we have

T(v+v2) =T(v)+T(v2)
and T (cvy) = cT (vy).

The vector space V is called the domain of T. The vector space W is called
the target space of T.



2.3. Linear Transformations 49

Note that complex conjugation is not a complex linear transformation.
While it satisfies the additive condition, it does not preserve complex scalar
multiplication: if we let T: C — C denote complex conjugation and take
c=iandvi=1wefindT(cv) =T(@)=—i #i=iT() =cT(vy).

Any m x n matrix (m rows and n columns) with complex entries deter-
mines a complex linear transformation from V := C" to W := C” (with the
standard choice of basis). For example, the 1 x 2 matrix ( i i ) is the linear
transformation taking an element of C? to i times the sum of the two entries:
for any (ci, c2)7 € C? we have

(i i)<2>:i(01+62)-

We leave it to the reader to check that this example satisfies the definition of
a complex linear transformation.

What about the converse: does any linear transformation determine a ma-
trix? This question raises two issues. First, if the domain is infinite-dimen-
sional, the question is more complicated. Mathematicians usually reserve the
word “matrix” for a finite-dimensional matrix (i.e., an array with a finite num-
ber of rows and columns). Physicists often use “matrix” to denote a linear
transformation between infinite-dimensional spaces, where mathematicians
would usually prefer to say “linear transformation.” Second, even in finite-
dimensional spaces, one must specify bases in domain and target space to
determine the entries in a matrix. We discuss this issue in more detail in Sec-
tion 2.5 for the special case of linear operators.

Readers already familiar with quantum mechanics may have seen many
examples of complex linear transformations. For example, in the study of
spin-1/2 systems, it is convenient to define projection operators by

I} (cy [+2) + ¢ |-2)) = cy |+2)

I (cq [+2) + ¢ |-2) == c_|-2).
Both functions I1, and IT_ are linear transformations from C? to C2. No-
tice that TT, + IT_ is the identity transformation from C? to C2. The typical

physics notation for ITy is |4+z) (+z| , and a typical calculation looks like
this:

|+2) (+2| (¢4 |4+2) + c— |—2) )
=cy |+z) (+z| +z) + c_ |+z) (+2| — 2) = ¢y |+2),

since (+z| +z) =1 and (+z| — z) = 0.
To define a linear transformation, it suffices to define it on a basis.
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Proposition 2.3 Suppose V is a finite-dimensional complex vector space and

{vi, ..., v,} is a basis of V. Suppose W is a complex vector space. Suppose
fi{vi, ..., vy} = W is a function. Then there is a unique linear transfor-
mation T : V. — W such that forany k = 1, ..., n we have

T (ve) = f(vo).

There is an example of this type of definition at the end of the section.
Proof. First we will define 7'. Let v be an arbitrary element of V. Then there
is a unique n-tuple of complex numbers ¢y, ..., ¢, such thatv = cjv; +-- -+
CpVy. Set

T() :=cif)+---+cnfu).

Next we must check that T is linear. Suppose b € C and v € V, and
suppose that v = cjv; + - - 4+ ¢, v, as above. Then bv = (bcy)vy + - +
(bc,)vy,, and this expansion is unique. Hence we have

T (bv) = (bey) f(v1) + -+ + (bey) f (va) = bT (v).

The proof of the additive property of linear transformations is similar.

It is easy to see that for each k = 1,...,n we have T (vy) = f(vi); the
only remaining task is to show that T is unique. Suppose T is another linear
transformation satisfying all of the criteria. Then, for any v € V we have
v=cuv +---+c,v, and

T =cTW)+ -+, Tw) =ciTW) + - +cT () =T).

SoT = T.Hence T is unique. O

Similarly, one can define a linear transformation by defining it on a span-
ning set, but in this case one must check consistency conditions.

Proposition 2.4 Suppose V is a finite-dimensional complex vector space and
S is a subset of V that spans V. Suppose W is a complex vector space. Sup-
pose f: S — W is a function. Then there is a unique linear transformation
T:V — W such that for any s € S we have

T(s)=f(s)

if and only if, for any complex numbers cy, ..., c, and any sy, ...,s; € S
such that c1s1 + - - - ¢k = 0, we have

ci1f(s) +---+caflsi) =0.

This equation is called a consistency condition.
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Proof. First we will define 7. Let v be an arbitrary element of V. Because
S spans V and V is finite-dimensional, v can be written as a linear combi-
nation of elements of S: there are complex numbers ¢y, ..., ¢, and elements
St,...,8, of S such that v = ¢ys1 + - - - + ¢,5,. Then we set

T():=cif(s1)+ -+ cnf(sn).

Note that the expression of v as a linear combination of elements of S is
not unique. To show that T is well defined, we must check that any other
expression for v would yield the same value for 7' (v). Suppose that there are
complex numbers ¢y, ..., ¢, and elements 5y, ..., S, such that v = ¢;51 +
««++ CpSpy. Then

0= (c151+ -+ Cas) = @151+ + ) -

So by the consistency condition we have

0= (erf@)+ -t f ) = (af G0+ +Ef ).

So
crf(s)+ -+ enf(s) = f(s1)+ -+ Cnf(sm)

and hence T (v) is well defined.

Now because V is finite-dimensional there must be a subset of S that is
a basis for V. We can now apply Proposition 2.3 to conclude that T is lin-
ear and uniquely defined. Finally, it is easy to see that T(s) = f(s) for
any s € S. O

Not only are linear transformations necessary for the very definition of a
representation in Chapter 6, but they are useful in calculating dimensions of
vector spaces — see Proposition 2.5. Linear transformations are at the heart
of homomorphisms of representations and many other constructions. We will
often appeal to the propositions in this section as we construct linear trans-
formations. For example, we will use Proposition 2.4 in Section 5.3 to define
the tensor product of representations.

2.4 Kernels and Images of Linear Transformations

A linear transformation 7' from a space V to a space W determines a certain
subspace (the kernel) of V and a certain subspace (the image) of W. In this
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section we define kernel and image and use them to introduce several impor-
tant concepts. The first is the Fundamental Theorem of Linear Algebra, an
important tool for counting dimensions. We apply it to the Laplacian to cal-
culate dimensions of spaces of homogeneous harmonic polynomials. Finally,
we introduce isomorphisms of vector spaces.

The reader may recall that the kernel of a linear transformation7: V — W
is the set of vectors annihilated by T, that is, the set of vectors v € V such
that Tv = 0. The image is the set of vectors w € W such that there exists
v € V with Tv = w. Itis easy to check that the kernel of T is a subspace of
V and the image of T is a subspace of W.

We will need the Fundamental Theorem of Linear Algebra in Section 7.1.

Proposition 2.5 (Fundamental Theorem of Linear Algebra) For any lin-
ear transformation T with finite-dimensional domain V we have

dim V = dim(ker T') + dim(Image T'). 2.2)

The dimension of the image of 7 is often called the rank of T. This theorem
is also known as the rank-nullity theorem.

Several examples of linear transformations can be mined from the Lapla-
cian V?, the sum of the second partial derivatives with respect to each co-
ordinate. For example, the three-dimensional Laplacian (in Cartesian coor-
dinates) is the partial differential operator V> = 92 + 92 + 8Z2. Note that
the kernel of the Laplacian in the space of polynomials in three variables is
precisely the vector space H of harmonic polynomials. Although we speak
informally of “the” three-dimensional Laplacian, as if there is only one, we
can construct many different linear transformations from one formula by con-
sidering different domains. According to Definition 2.5, in order to specify a
linear transformation, one must specify its domain V and its target space W.
Changing the target space W makes no more than a cosmetic change to the
linear transformation, but restricting or enlarging the domain can affect the
dimensions of the kernel and image. For example, consider

P := {constant complex-valued functions on R3}.

(We will reserve the plainer symbol P" for homogeneous polynomials of
degree n in only two variables, a star player in our drama.) The set 732 is a
complex vector space of dimension 1: the set containing only the function
f:R* - C,(x,y,2) — 1is abasis. Let T denote the restriction of the
Laplacian to 779 . Because all derivatives of constant functions are zero, the
kernel of this T is all of PY, while its image is the zero-dimensional complex
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vector space {0}. We can verify the Fundamental Theorem of Linear Algebra
(Proposition 2.5) in this example:

dim 772 =1 =1+ 0 = dim(kernel7) 4 dim(imageT).

Restricting the Laplacian to the set P; of homogeneous quadratic poly-
nomials of degree two on R? yields another example. Here the domain P
is a complex vector space of dimension 6 with basis {x?, xy, xz, y%, yz, z*}.
Every homogeneous quadratic polynomial can be written in the form ¢;x? +
Caxy + c3x7 + c4y? + ¢5yz + c6z%, where ¢y, . . ., cg are complex numbers.
Applying the Laplacian to this expression we find

V2(c1x? + caxy + c3xz + 4y + e5yz + c62?) = 2¢1 + 2¢4 + 2cs.

So we can take 772 as the target space. The image of the linear transforma-
tion is all of P, since we can get any constant function by setting ¢4y =
¢ = 0 and setting ¢; to half the desired value. We can use the calculation
above to find the kernel as well: it is the set {c;x? + coxy + c3xz + c4y* +
c5yZ + c62%: ¢1 + ¢4 + ¢ = 0}. One can check that a basis of the kernel is
{xy, xz, yz, x2 — 2, 27> — x> — y?}. So the kernel is five-dimensional and we
can check Proposition 2.5 in this case:

dim 7732 = 6 = 5+ 1 = dim(kernel) + dim(image).

Recall from Section 1.5 that any function in the kernel of the Laplacian
(on any space of functions) is called a harmonic function. In other words, a
function f is harmonic if V2 f = 0. The harmonic functions in the example
just above are the harmonic homogeneous polynomials of degree two. We call
this vector space H2. In Exercise 2.23 we invite the reader to check that the
following set is a basis of H?:

{(x +iy)?, (x +iy)z, (x +iy)(x —iy), (x — iy)z, (x —iy)*}.

Restrictions of homogeneous harmonic polynomials play an important role
in our analysis.

Definition 2.6 Suppose € is a nonnegative integer. Define the vector space of
homogeneous harmonic polynomials of degree ¢ in three variables

H = {pepf: V2p=0}
and the vector space of restrictions of these to the sphere by

Vo= {p\sz: )4 GHZ}.
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Finally, we define
o
Y= J¥"
=0

In other words, a function p: §> — C is an element of the vector space )*
if and only if there is a polynomial ¢ € H* such that p(s) = g(s) for every
point s € S? C R3. The elements of )¢ are precisely the spherical harmonics
of order £, as we show in Appendix A.

In Section 7.1 we will use this characterization of homogeneous harmonic
polynomials as a kernel of a linear transformation (along with the Fundamen-
tal Theorem of Linear Algebra, Proposition 2.5) to calculate the dimensions
of the spaces of the spherical harmonics.

Isomorphisms are particularly important linear transformations because
they tell us that domain and range are the same as far as vector space op-
erations are concerned.

Definition 2.7 Suppose V and W are vector spaces and T: V — W is a
linear transformation. If T is invertible and T~': W — V is a linear trans-
Sformation, then we say that T is an isomorphism of vector spaces (or isomor-
phism for short) and that V and W are isomorphic vector spaces.

In practice, there is an easier criterion to check in situations where we do not
need to calculate the inverse explicitly.

Proposition 2.6 Suppose V and W are vector spaces. A linear transforma-
tion T: V. — W is an isomorphism of vector spaces if and only if it is injec-
tive and surjective (i.e., if the kernel of T is the trivial vector space {0} and
the range of T is all of W ).

Proof. Suppose T is an isomorphism of vector spaces. Then the inverse func-
tion T~! exists, so 7 must be injective. Moreover, the function 7! has do-
main W, so the image of T must be W as well, i.e., T is surjective. On the
other hand, suppose that T is injective and surjective. Then 7! has domain
W and image V. We must show that 7~! is a linear transformation. Let w;
and w, be arbitrary elements of W. Since T is surjective, there are elements
v and v, of V such that wy = T (v;) and w, = T (v,). Then

T w4+ w) =T ' (TW)+TW)=T"oT (@ +vp)
=vi+v=T"(w)+T "(w).
So T~ satisfies the additive criterion of Definition 2.5. If ¢ € C, we have

T Yew) =T oT(cv)) = cvy =T Hwy),
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so T ! satisfies the scalar multiplication criterion of Definition 2.5. |

For example, there is an isomorphism from C? to the vector space P of
homogeneous polynomials of degree one in three variables (x, y, z), given by

1
0 = X
0
0
1 =y
0
0
0 = Z.
1

By Proposition 2.3, these formulas define a linear transformation. By Exer-
cise 2.17 this transformation is an isomorphism.

On the other hand, many linear transformations are not isomorphisms. For
one example, define a linear transformation from C? to the vector space P;

) (1)
(1)

This linear transformation is not an isomorphism because it is not surjective:
there is no element of C? that maps to the polynomial x.

We warn the reader that the word “isomorphism” is used in many differ-
ent contexts in mathematics. It generally refers to an injective and surjective
function that respects some mathematical operations, and whose inverse also
respects those operations. Often it is up to the reader to infer from context
exactly what the “isomorphism” in question respects.

All of the concepts of this section — kernel, image, Fundamental Theorem,
homogeneous harmonic polynomials and isomorphisms — come up repeat-
edly in the rest of the text.

2.5 Linear Operators

We will often want to consider linear transformations from a vector space
V to itself. Such a transformation is called a linear operator on V. In this
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y y

OENOAIC
5 x

Figure 2.4. Counterclockwise rotation by 7 /2 around the origin. The two vectors really are
the same length.

case, we can take advantage of powerful technology unavailable in the more
general case (T: V — W with V # W).

First we consider the relation between a linear operator and its matrices.
Consider the real linear operator T on R? (with the usual basis) defined by

the matrix
0 —1
( L0 ) (2.3)

This linear operator corresponds to rotation through an angle of 7 /2 around
the origin, counterclockwise. See Figure 2.4. The standard basis is so standard
that we think of this matrix as the matrix of the linear operator. But in another
basis, this operator has another matrix. For example, if we take the new basis
(2,07, (0, 1)7), the matrix of the same linear operator is

0 -1
(¢ ). "

Why? This kind of computation, using two different bases at once, can be
confusing. We will use two typefaces to distinguish expressions in the stan-
dard basis from expressions in the new basis. Thus the new basis, written in
the new basis, is ((1, 07, (o, I)T). Notice that our favorite rotation takes
(1, 0)7, otherwise known as (2, 0)7, to the vector (0, 2), otherwise known as
(0, 2)T. Similarly, the rotation takes (0, 1) to (—%, 0)7. Since the columns
of any matrix are the images of the basis vectors under the linear transforma-
tion represented by the matrix, these calculations show that the matrix given
above is correct. See Figure 2.5.

The general recipe relating the matrix A of a linear operator in the standard
basis to the matrix A in a new basis involves the matrix B whose columns are
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(o) (o)
0 0
Figure 2.5. Change of basis.
the basis vectors of the new basis (expressed in the standard basis). We have
A= BAB™ . (2.5)

See Figure 2.6. The expression on the right-hand side of the equation above

V———>V

A

V———V
Figure 2.6. A commutative diagram for A = BAB~ L,

has many names (as befits an operation of great practical and theoretical im-
portance): conjugation by B, similarity transformation, and others. We ex-
hort each reader to justify this formula carefully (why isn’t it B~! AB?) and
promise that a fluent understanding of the relationship between changing
bases and multiplying on left or right by B or B~! in various situations is
well worth the effort.

As another example of the relationship between geometry (changing bases)
and algebra (working with matrices), consider diagonal matrices. Recall that
a matrix A is said to be diagonal if and only if A j; = 0 whenever j # k. In
other words, the matrix A is diagonal if and only if each standard basis vector
is an eigenvector of A. This implies that the matrix A of a linear operator
T in a particular basis will be diagonal if and only if every vector in the
given basis is an eigenvector of 7. The following proposition about diagonal
matrices will be useful in Section 6.5.
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Proposition 2.7 Suppose A is an n x n matrix and D is a diagonal n x n
matrix. Suppose the diagonal entries of D are distinct. Then A is diagonal if
and only if A commutes with D, i.e., if and only if AD — DA = 0.

Proof. If A is diagonal, then an easy computation shows that AD — DA = 0.
To prove the other implication, suppose that AD — DA = 0. Let ¢; denote the
ith standard basis vector of C". Then 0 = (AD — DA)e; = D;;Ae; — D Ae;.
So Ae; is an eigenvector of D with eigenvalue D;;. Because D;; # D;; unless
i = j, it follows that Ae; must be a scalar multiple of e; for each i. Hence A
must be diagonal. O

Two important complex numbers associated to any particular complex lin-
ear operator 7' (on a finite-dimensional complex vector space) are the trace
and the determinant. These have algebraic definitions in terms of the entries
of the matrix of T in any basis; however, the values calculated will be the
same no matter which basis one chooses to calculate them in. We define the
trace of a square matrix A to be the sum of its diagonal entries:

TrA = XH:AJ‘]‘.
j=1

One important property of the trace is that the trace of a product of two ma-
trices does not depend on the order of the factors.

Proposition 2.8 Suppose A and B are two n x n matrices. Then Tr(AB) =
Tr(BA).

We will use this Proposition in Section 8.1.

Proof. Note that

Tr(AB) = Z(AB)jj = ZZ AjiBij = Z(BA)ii = Tr(BA).
j=1 j=1 k=1 k=1
O

It follows that if A and A are related by conjugation (as in Equation 2.5),
then the traces of A and A are equal:

TrA = Te(BAB™") = Tr(AB™'B) = Tr A.
Because all different matrices of one linear operator are related by conjuga-
tion, this observation allows us to define the trace of a linear operator.

Definition 2.8 Suppose T is a linear operator on a finite-dimensional vector
space. Then the trace of T is the trace of the matrix of T in any basis.
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So the trace of the counterclockwise rotation through the angle 7 /2 (see Fig-
ure 2.4)is 04+ 0 = 0.

We will make extensive use of the trace in Chapters 4 through 6, when
we define and exploit the notion of “characters.” In particular, in the proof of
Proposition 6.8 we will use the following proposition.

Proposition 2.9 Suppose V is a finite-dimensional vector space and 11 is a
linear operator on V such that T1> = I1. (Such a linear operator is called a
projection. ) Let W denote the image of I1. Then Tr I1 = dim W.

Proof. The trick is to choose a nice basis in which to calculate the trace of I1.
First choose a basis {wy, ..., w;} of W. Note that k = dim W. Next, choose
{vi,...,u} C V\ Wsuchthat {wy, ..., wj, v, ..., v,}isabasisof V.

Now consider ITw for w € W. For any w € W, there is a v € V such that
ITv = w. So

Mw =M = v = w.
In particular, if w is one of our basis vectors, say w = w, then we know that
Aji=1.

Next consider I[Tv for v € V\ W. By the definition of W, we have I[Tv € W.
In particular, in the expression of ITv; in terms of basis vectors, the coefficient
of v; must be zero. Hence A jyk+j) = 0.

Finally, we compute that

k+m k
Trl=) Aj;=> l=k=dimW.
j=1

j=1

O

In Section 11.3 we will use the following generalization of Proposition 2.8.

Proposition 2.10 Suppose V and W are finite-dimensional vector spaces
and A:V — Wand B: W — V are linear transformations. Then

Tr(AB) = Tr(BA).
Proof. Fix any two bases of V and W. Let A and B denote the matrices of

the linear transformations with respect to the bases. Then

dim W dim V dim V dim W

Tr(AB) = Y > (A)y(B);i= Y Y (B)i(A); = Tr(BA).

i=1 j=1 j=1 i=1
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The definition of the determinant of a linear operator is analogous to the
definition of the trace. We start with the determinant of a matrix, which should
be familiar from a linear or abstract algebra textbook such as Artin [Ar, Sec-
tion 1.3]. It is a fact of linear algebra that det(AB) = (det A)(det B) for any
two square matrices A and B of the same size. Hence for any matrices A and
A related by Equation 2.5, we have

det(A) = det(BAB™") = det(B) det(A) det(B™")
= det(A) det(BB™!) = det(A) det(I) = det(A).

As before, this calculation allows us to use the determinant of a matrix to
define the determinant of a linear operator.

Definition 2.9 Suppose T is a linear operator. Then the determinant of T is
the determinant of the matrix of T in any basis.

So, for example, we can use the matrix of Formula 2.3 to see that the de-
terminant of our favorite rotation is (0)(0) — (1)(—1) = 1. Note that we
could just as well have used the matrix of Formula 2.4 to calculate the same
answer: (0)(0) — (2)(—%) = 1. No one familiar with the geometric interpre-
tation of the determinant will be surprised by this result: the determinant of a
matrix with real entries is always the signed volume of the image of the unit
square (or cube, or higher-dimensional cube), with a negative sign if the linear
transformation changes the orientation. For more on this topic, see Lax [La,
Chapter 5].

Next we define eigenvalues and eigenvectors.

Definition 2.10 Suppose V is a vector space and T is a linear operator on
V. We say that X is an eigenvalue of T with eigenvector v if and only if v # 0
and

Tv = Av.

In this case we also say that v is an eigenvector associated to the eigen-
vector A.

Consider, for example, our old friend, rotation by 7 /2 around the origin.
See Figure 2.4. For every nonzero vector v, the vector 7'v points in a direction
different from v. Hence it is impossible to have Tv = Av for any real A and
nonzero real two-vector v. So this real linear operator has no real eigenvalues.

However, we can use the same matrix to define a complex linear operator
S on the complex vector space C? (with the usual basis). Unlike T, the linear
operator S has two eigenvalues, i, with associated eigenvectors (1, &i)7,
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(Vo) ()= (F) = ()

Proposition 2.11 Suppose V is a complex vector space of dimension n € N.
Suppose T: V. — V is a complex linear operator. Then T has at least one
eigenvalue (and at least one corresponding eigenvector).

Proof. Consider the characteristic polynomial of T, that is, det(Al — T).
Because of the A" term, this complex-coefficient polynomial has degree n >
0. Hence, by the Fundamental Theorem of Algebra,? this polynomial has at
least one complex root. In other words, there exists a A € C such that det(Al —
T) = 0. This implies that there is a nonzero v € V such that (A\/ — T)v = 0.
Hence Lv = T'v and A is an eigenvalue of T'. O

This proof does not give a method for finding real eigenvalues of real linear
operators, because the Fundamental Theorem of Algebra does not guarantee
real roots for polynomials with real coefficients. Proposition 2.11 does not
hold for infinite-dimensional complex vector spaces either. See Exercise 2.28.

Eigenvalues and eigenvectors play a large role in the analysis of quan-
tum mechanical systems. We will not use this technology until Chapter 8,
where we will find the hidden symmetries of the hydrogen atom. We intro-
duce it here as an important example of linear algebra in quantum mechanics.
The reader may have encountered the term “Hamiltonian operator”; e.g., the
Schrodinger operator is the Hamiltonian operator for the electron in the hy-
drogen atom. The eigenvalues of the Schrodinger operator (on the appropriate
vector space of functions) turn out to be the possible observable energies of
the electron in the hydrogen atom. As we discussed in Section 1.3, these are

numbers of the form

—me*
.

T 2R+ 1Y
for some nonnegative integer n, where m is the mass of the electron, e is
charge on the electron, and /4 is Planck’s constant divided by 2. It turns
out that an eigenvector (also called an eigenfunction or an eigenstate) for a
particular eigenvalue E, corresponds to a state of the electron whose energy
is sure to be measured to be E,,, as we discussed in Section 1.2.

The existence of eigenvalues for linear transformations is what makes rep-
resentation theory so much more powerful than abstract group theory. Rep-

2For a proof of the Fundamental Theorem of Algebra, see any abstract algebra textbook,
such as Artin [Ar, Section 13.9].
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resentation theory is all about interpreting abstract group elements (which do
not necessarily have eigenvalues) as linear operators (which do have eigen-
values). The added power of the eigenvalues may be the reason that when
physicists and chemists speak of “group theory” they really mean representa-
tion theory; why should they bother with abstract (i.e., eigenvalueless) group
theory at all? Still, this does not explain the use of the term “group theory”
to describe representation theory of objects (such as Lie algebras) that are
not groups at all. The reader may wish to keep in mind this discrepancy in
nomenclature, especially in Chapter 4.

2.6 Cartesian Sums and Tensor Products

In this section we introduce two different ways of building a new vector space
by combining old ones.

One way to combine vector spaces is to take a Cartesian sum. (Mathe-
maticians sometimes call this a Cartesian product. Another common term is
direct sum.)

Definition 2.11 Suppose Vi, ..., V, are vector spaces over the same scalar
field. The Cartesian sum of these vector spaces, denoted V\ @ --- ® V,, or

@ Vi
k=1

is the set
{(v,...,v): fork=1,...,nwehave v, € V;},
with addition defined by
Wiy ooy )+ (Wi, e, wy) = (V) + Wi, .o, Uy W)

and scalar multiplication defined by
c(vy, ..., v,) = (cvy,...,cvy).

When the summands Vi, ..., V, are linearly independent subspaces of one
space W, then the Cartesian sum €B;_, Vj is isomorphic to the subspace of
W spanned by UZ:] Vi.. Let us be a bit more explicit. A set {Vy, ..., V,} of
subspaces of one vector space W is said to be linearly independent whenever
the following condition holds: If v; € Vi,...,v, € V,, then ) ,_ v =0
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if and only if vy = --- = v, = 0. So for example, in C* the pair
{(C x C x {0}, {0} x {0} x (C} is linearly independent, while the pair
{(C x C x {0}, C x {0} x {O}} is not. If V1, ..., V, is a set of linearly in-
dependent subspaces, then there is an isomorphism between € _, Vi and the
span of |_J;_, Vi given by

Wi, ...,v) > v+ -+,

We will often use this isomorphism implicitly, letting @;_, Vi denote the
subspace of W spanned by [ J;_, Vi and writing v; + - -+ + v, instead of
(Wi, ..., ).
Thus, for example, C" is equal (as a complex vector space) to the Cartesian
sum of n copies of C:
c=c.
k=1

Here we think of the first copy of C as the set of vectors of the form
(c,0,...,0), the second copy of C as the set of vectors of the form
0,c,0,...,0), and so on.

Note that vector space operations are required. Thus, while we can use
spherical coordinates to write any element of R* \ {0} uniquely as a triple
(p,0,¢), where p € (0,00),0 € [0,7] and ¢ € [—m, ), the expression
“0,00) B [—m, ) [0, 7]” is nonsense, because none of the three intervals
is a vector space.’

There are natural projections defined on any Cartesian sum.

Definition 2.12 Suppose Vi & - - - @ V,, is a Cartesian sum of vector spaces.
For any summand V; we can define a linear transformation:

n

I, : @V, — Vi

j=1
(v, ..., V) = V.

This linear transformation is called the projection onto the kth summand, or

projection onto V.

We will use these projections in Section 5.2 and in the proof of Proposi-

tion 6.5.

30ne can, however, speak of the Cartesian product of sets, without vector space operations.
So, merely as sets, R3 \ {0} and the Cartesian product (0, oo) x [—m, ) x [0, 7] are equal.
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Another useful way to construct a vector space from other vector spaces
is to take what mathematicians call a tensor product and physicists call a
direct product. We will need to consider tensor products of representations
in Section 5.3. In this section we will define and discuss tensor products of
vector spaces.

Warning: physicists use the word “tensor” to describe objects that arise in
the theory of general relativity (such as the metric tensor or the curvature
tensor), among other places. Although these objects are indeed tensors in the
sense we will define below, they are also more complicated: they involve
multiple coordinate systems. We warn the reader that this section will not
address the issues raised by multiple coordinate systems. Thus a reader who
has been confused by such physicists’ tensors may not be fully satisfied by
our discussion here.*

Since many people find the definition difficult, we start with two examples.
First, consider the space C? of column 2-vectors and (C*)* of row 3-vectors
with complex entries. Matrix multiplication gives us a way of multiplying
elements of C? and (C?)*; for instance,

e2®e§:=(?)(o 1 o)=(8 (1) 8).

The rules of matrix multiplication ensure that the result is always a 2 x 3
matrix. The tensor product of C* and (C*)* (denoted C?> ® (C3)*) is the set
of 2 x 3 matrices spanned by these multiples. The span consists of all 2 x 3
matrices with complex entries, since we can construct any matrix with the
ij-th entry equal to one and all other entries zero by taking the product e; @e’.
These matrices form a basis of the set of 2 x 3 matrices. Thus C> @ (C?)* is
the set of 2 x 3 matrices with complex entries. Notice that taking the span of
the products nets us more than just the products. For instance, while we can

write the matrix
1 0 0
(0 1 0) 2.6)

4Such a reader might find relief in differential geometry, the mathematical study of multi-
ple coordinate systems. There are many excellent standard texts, such as Isham’s book [I];
for a gentle introduction to some basic concepts of differential geometry, try [Si]. A text
that discusses “covariant” and “contravariant” tensors is Spivak’s introduction to differential
geometry [Sp, Volume I, Chapter 4]. For a quick introduction aimed at physical calculations,
try Joshi’s book [Jos].
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as a sum of two products (e; ® e} + e, ® e3), we cannot write it as a single
product v ® w := vw for any column 2-vector v and row 3-vector w. See
Exercise 2.27. A second example to keep in mind is products of polynomi-
als. Consider the six-dimensional complex vector space V of homogeneous
polynomials in four variables, u, v, x and y that are of degree one in « and v
together, and are of degree two in x and y together. One basis for this vector
space is

{uxz, uxy, uyz, vx2, VXY, vyz}. 2.7

Recall the vector space P¢ of homogeneous polynomials in two variables
defined in Section 2.2. The vector space V is the tensor product of P' and P>,
denoted P' ® P2. In other words, the elements of V are precisely the linear
combinations of terms of the form p(u, v)q(x, y), where p is a homogeneous
polynomial of degree one and ¢ is a homogeneous polynomial of degree two.
Note that, given an element r («, v, x, y) of P! ® P2, there are many different
ways to write it as a linear combination of products. For example,

ux? 4 ivx’ = W) + @) (ix?) = u+iv)(x?) = (v —iu)ix?).

The same phenomenon occurs in C> @ (C*)*. We have

<é7£08>:<é)(100)+<?>U)hw9o)
=<é)(4 00)+<?>U)kw°o)
:(i)(locn+<?)(4nw9oy

Recall from Section 1.7 that the standard mathematical way to deal with
irrelevant ambiguity is to define an equivalence relation and work with equiv-
alence classes. In this case of tensors, the irrelevant ambiguity arises from the
different ways of writing the same object as a linear combination of products.
We will use this insight to define tensor products. Suppose V and W are com-
plex vector spaces. Consider the complex vector space VW generated by the
set

S:={(v,w):veV,we W}.

In other words, V W is equal to the set

n
Zc,(vj,wj): neNVi¢eCveVandw; e W,
j=1
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where the only allowable manipulation of sums is to replace c;(v, w) +
c2(v, w) by (c1 + ¢2)(v, w). The vector space VW is huge! In this vector
space, (v1+v,, w) is not the same as (vy, w)+ (v2, w). The set S is a basis for
V W; its elements are linearly independent. Our definition of the equivalence
relation reflects our intuition about what we would like the tensor product to
be. Think about the rules we use naturally to calculate in the two examples
above. For example, we want (v;+v,, w) to be equivalent to (vy, w)+(va, w),
and similarly for sums in the second slot. Also, for any complex number c,
we want c(v, w), (cv, w), and (v, cw) to be equivalent to one another, as they
are for matrix multiplication and multiplication of polynomials. We call these
the computation rules.

Definition 2.13 Suppose ¢ (vy, wy)+---+c, (v, wy) and ¢, (v1, W) +-- -+
C;i (Us, wy) are elements of VW. Then we define

c1(u, w1) + -+ + € (Vn, wp) ~ €1 (01, Wr) + -+ - + G (Ui, Wi)
if and only if we can get from
cr(vy, wy) + -+ - + € (Vn, wy)

to
c1(vg, wy) + -+ - + ¢ (Vz, wi)

in a finite number of steps by applying the computation rules: for any
v, V1,02 €V, any w, wy, w, € W and any ¢ € C we have

L (v + vz, w) ~ (v, w) + (v2, w);
2. (v, wi +wy) ~ (v, wr) + (v, wy);
3. (cv,w) ~ (v, cw);
4. c(v,w) ~ (cv, w);

and the substitution rules: for any X, X,,Y € VW such that X| ~ X, and
any ¢ € C we have

1. Xi+Y~X,+7Y;
2. cX; ~ cX>.

Physicists should note that we use “finite” in the mathematical sense, meaning
that the number of steps can be zero or any natural number.
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Proposition 2.12 The relation ~ of Definition 2.13 is an equivalence rela-
tion.

Experienced mathematicians may wish to bypass this proposition by defining
~ to be the smallest equivalence relation containing (v; + v, w) ~ (v, w) +
(v2, w), c(v, w) ~ (cv, w), (cv, w) ~ (v, cw), etc. This is all right as long as
one knows how to show that there is such a smallest relation, and it is unique.
But note that the proof of Proposition 2.12 is not hard, and our definition
has the virtue of showing the relationship of the mathematical concept of
equivalence with the physics tradition of understanding through computation.

Proof. The relation is reflexive, since we can get from any linear combination
to itself by applying zero rules, i.e., no rules at all.’ The relation is symmetric,
since X ~ Y implies that there is a finite number of steps taking X to Y; by
reversing the steps we can take Y to X, and hence Y ~ X. Transitivity follows
from the fact that the sum of two finite numbers is a finite number. O

Definition 2.14 Suppose V and W are complex vector spaces. The (complex)
tensor product of V and W is

VQW:=VW/~,

where VW and ~ are defined as above. If v € V and w € W we denote,® the
equivalence class of vw by v ® w.

Because of the substitution rules in Definition 2.14, the complex vector space
structure of VW descendsto V @ W, so V ® W is a vector space.

In practice, if we have bases of V and W, then there is a much easier way
to think about the tensor product vector space V @ W.

Proposition 2.13 Suppose {vy, ..., v,} is a basis of the vector space V and

{wi, ..., wy} is a basis of the vector space W. Then
{vi®wj:i,jeN,i§n,j§m}

is a basis for the vector space V Q W.

Proof. First we will show that any element of V ® W can be written as a
linear combination of elements of the form v; ® w;. Because any arbitrary

5The semantic distinction between “zero rules” and “no rules at all” is deep. An interesting
book on this subject is Signifying Nothing: The Semiotics of Zero [Rot].

OThis definition can be applied, mutatis mutandis to any two vector spaces over the same
scalar field, not just over C. See [Hal58, Section 26].
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element of V ® W is a linear combination of terms of the form v ® w, it
suffices to show that any v ® w can be written as a linear combination of our
alleged basis vectors. But because the v;’s and w;’s form bases, we can write
anyv € Vascvy+---+cyv,and any w € W as ¢iwy + -+ - + Cwp,. By
definition of the equivalence relation, we have

n

(v, w) ~ Ziciéj(vi, w;) e VW,

i=1 j=1
and hence

n m
VR W = ZZ(CiEj)vi Qu;eVeWw
i=1 j=1I
Sotheset{v,»@wj: i,jeN,i<n,j fm} spans V @ W.

Next we must show that the elements are linearly independent. For this
proof it will be useful to consider an invariant of the equivalence relation.
For example, a mathematical object that can be calculated from any element
of VW is an invariant of the equivalence relation of Definition 2.13 if it is
the same when calculated from any two elements related by a computation
rule. More generally, given any set S and any equivalence ~, an invariant of
the equivalence relation is a function J whose domain is S and for which
J(s1) = J(sp) for any s1,s, € S such that s; ~ s,. Given any element
z= Zj\;l cj(xj,y;j), witheach x; in V and y; in W, we define the coefficient
of vy in z as follows. Expand each x; as a linear combination of the basis
vectors vy, ..., v, of V. Now let z denote the element obtained from z by
replacing each of v,, ..., v, by 0. Then Z takes the form Zj-vzl cj(bjvi, yj),
where b; and c¢; are complex numbers and y; € W. Define

N
J@) =Y (cib))F;.

=1

Note that J(z) € W. We call J (z) the coefficient of vy in z. Since {vy, ..., v2}
is a basis, J(z) is well defined as a function of z. Notice that each of the
computation rules defining our equivalence relation leaves the coefficient of
v; unchanged: for example, we have o (v, w) ~ (av, w), and while making
this substitution changes the computation of the ¢;’s and b;’s, it leaves the
products c;b; unchanged. The reader should check the other computation
rules. Thus if z; ~ z;, the coefficient of v; in z; must equal the coefficient
of v; in z,. Similarly, we can define the coefficient of v; in z for any i from 1
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to n. Now suppose we have complex numbers ¢;; such that

n o m
ZZCUU,' ®wj =0.

i=1 j=I

Then )", ZTZI ¢;j(vi, w;) ~ 0in VW. So the coefficient of v; in the sum
> i1 2y ¢ij(vi, w;) must be equal to the coefficient of v; in 0. Hence, for

each i we have
m

0= Z Cij u)j
j=1
in W. But the w;’s form a basis, so this implies that each ¢;; = 0. This proves
that the v; ® w;’s form a basis. O

Let us check Proposition 2.13 in our two examples. A basis for C? is
{(1,0)7, (0, 1))}, while a basis for (C*)* is {(1, 0, 0), (0, 1, 0), (0,0, 1)}.
Using the recipe in the proposition, we expect that the set of all six products
of basis elements should be a basis for C*> ® (C?)*. And indeed, these are just
the six different matrices with a one and five zeroes. Similarly, the basis we
exhibited in Formula 2.7 is the set of all products of one element from {u, v}
(a basis of P') with one element from {x2, xy, y?} (a basis of P?).

It is often useful to consider the elements of a tensor product that can be
expressed without addition. The following definition is useful in the proof of
Propositions 5.14 and crucial to the statement and proof of Proposition 11.1.

Definition 2.15 Suppose n € N and for each j = 1, ..., n we have a vector
space V. Then an element x of the tensor product

n
Rvi=vi®-V,
j=1
is an elementary tensor if there are elements v; € V; such that

n
x=®vj=v1®~--®vn.
j=1

Elementary tensors are also known as decomposable tensors.

Physicists have a nice trick for visualizing tensor products. For example,
to picture a typical element of C> ® (C?)*, one pictures a typical element of
C? as a vector, say
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and a typical element of (C?)* as a row vector
w = ( wp wy w3 ) .

Now replace each entry of v with that entry times w:

voum(nlm )

Uz( wp Wy w3)

and carry out the suggested multiplications to obtain
V1w vYiwya viws
( VW Vywy VW3 > )
One nice feature of this visualization is that it generalizes to tensor products
of linear transformations. A drawback is that in some situations the answer
will differ depending on arbitrary choices.

Again, we remind physicists that tensor products of vector spaces are nei-
ther as general nor as powerful as the objects called “tensors” appearing in
general relativity. Issues of “covariance” and contravariance” have to do with
multiple coordinate systems. Because quantum mechanics is linear, we do not
need the more general notion of “tensor” in this book, so we do not stop to
introduce it. We do, however, offer our condolences and a few references to
physicists searching for clarification. See Footnote 4 in this chapter.

We will use Cartesian sums and tensor products to build and decompose
representations in Chapters 5 and 7. Tensor products are useful in combining
different aspects of one particle. For instance, when we consider both the
mobile and the spin properties of an electron (in Section 11.4) the state space

is the tensor product of the mobile state space (L?(R?), defined in Chapter 3)
and the spin state space (C).

2.7 Exercises

Exercise 2.1 Consider the set of homogeneous polynomials in two variables
with real coefficients. There is a natural addition of polynomials and a natural
scalar multiplication of a polynomial by a complex number. Show that the
set of homogeneous polynomials with these two operations is not a complex
vector space.
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Exercise 2.2 (Used in Appendix A) Suppose that my, ..., m, are distinct
integers. For each j, let e™i®) denote the function [0, 7] — C, x — eimix,
Show that the set

{eim-/'('): j=1,..., n}

is linearly independent.

Exercise 2.3 Show that C (with the usual addition and multiplication) is it-
self a complex vector space of dimension 1. Then show that C with the usual
addition but with scalar multiplication by real numbers only is a real vector
space of dimension 2.

Exercise 2.4 Show that for any natural number n, the Cartesian product C"
is a complex vector space of dimension n. Then show that C" with the usual
addition but with scalar multiplication by real numbers only is a real vector
space of dimension 2n.

Exercise 2.5 Consider the complex vector space C2. Is the set

() (5)]

linearly independent? Now consider C? as a real vector space. Is the same
set linearly independent?

Exercise 2.6 Let V be an arbitrary complex vector space of dimension n.
Show that by restricting scalar multiplication to the reals one obtains a real
vector space of dimension 2n.

Exercise 2.7 Consider the complex plane C as a real vector space of dimen-
sion two. Is complex conjugation a real linear transformation?

Exercise 2.8 Consider the complex plane C as real vector space of dimen-
sion two, and the quaternions Q as a real vector space of dimension four.
Show that function f; : C — Q defined by

fila+ib) :=a+ bi
is a real linear transformation. Similarly, define
fila+ib) = a + bj, fx(a +ib) :=a+ bk

and show that they too are linear transformations. Next, show that we can
consider Q as a two-dimensional complex vector space with basis {1, j}. Are
fi, fj and fi complex linear functions?
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Exercise 2.9 (Relevant to Proposition 7.3) Suppose V is the vector space
of all polynomials in three variables. Suppose q is a polynomial in three
variables. Show that multiplication by q is a linear transformation. In other
words, consider the function taking any p(x,y,z)€V toq(x,y,z)p(x, ¥, 2).
Show that this function is linear. What is its range ? (Remark: these statements
hold true for polynomials in any number of variables.) Now let 7736 denote the
homogeneous polynomials in three variables of degree £. Let r* denote the
polynomial x* + y* + z>. Show that r* : P — 733“2. For each ¢, find an
element of Pf *2 that is not in the image of r*. For each ¢, find the kernel of
r*in Pj.

Exercise 2.10 Prove that the function R — R, x + sinx is not a polyno-
mial. Is x + arcsin(sin x) a polynomial? Is x + sin(arcsin x) a polynomial?

Exercise 2.11 Show that the dimension of the vector space of homogeneous
polynomials of degree n on R is (n +d — 1)!/(n!(d — 1)!).

Exercise 2.12 Show that the set C, of twice-differentiable complex-valued
functions on R3 is a complex vector space. Find its dimension. Show that the
Laplacian V? is a linear operator on Cs.

Exercise 2.13 Suppose V is a complex vector space of finite dimension. Sup-
pose W is a subspace of V and dim W = dim V. Show that W = V.

Exercise 2.14 (Used in Section 5.5) Let V denote a complex vector space.
Let V* denote the set of complex linear transformations from V to C. Show
that V* is a complex vector space. Show that if V is finite dimensional then
dim V* = dim V. The vector space V* is called the dual vector space or,
more simply, the dual space.

Exercise 2.15 (Used in Proposition 11.1) Suppose V is a finite-dimensional
complex vector space. Show that V.= (V*)*. (See Exercise 2.14 for a defini-
tion of the dual V*.) Is this true for all complex vector spaces?

Exercise 2.16 Consider the kets of a spin-1/2 system. Physicists know that
we can express any ket c |+z) + c_ |—z) in terms of the x-axis basis. That
is, there are complex numbers b, and b_ such that c, |+z) + c_|—2) =
by |x+) + b_ |x—). Is the function taking a pair (cy, c_) to a pair (by, b_)
a linear transformation?

Exercise 2.17 (Used in Proposition 8.9) Suppose T is a linear transforma-
tion from a finite-dimensional vector space V to a vector space W. Suppose
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T takes a basis of V to a basis of W. Show that T is an isomorphism of vector
spaces.

Exercise 2.18 Show that the composition of two linear transformations is a
linear transformation.

Exercise 2.19 Show that the function R — R, x +— x + 1 is not a real linear
transformation. Why do you think this function is often called “linear” in
precalculus and calculus classes?

Exercise 2.20 (Used in Section 3.4) Show that if T is a linear transforma-
tion with domain V, and W is any linear subspace of V, then the restriction
T|w of T to W is a linear transformation.

Exercise 2.21 Let P denote the complex vector space of homogeneous com-
plex-valued polynomials of degree £ in three real variables. Consider the lin-
ear transformation Vg defined as the restriction of the Laplacian V?* to P*.
Show that the image of this linear transformation lies in P*=2.

Exercise 2.22 Show that the matrix B in Equation 2.5 is invertible, so it
makes sense to write B™!.

Exercise 2.23 Show that {(x+iy)?, (x+iy)z, (x+iy)(x—iy), (x—iy)z, (x—
iy)?} is a basis of the complex vector space H? of homogeneous harmonic
polynomials of degree 2. Find the matrix B that changes this basis into the
basis {xy, yz, xz, x> — y*, y%> — 22,222 — x> — y?}.

Exercise 2.24 (Used in Exercise 3.20) Suppose V and W are vector spaces.
Define Hom(V, W) to be the set of linear transformations from V to W. Show
that Hom(V, W) is a vector space. Express its dimension in terms of the
dimensions of V. and W.

Exercise 2.25 Show that the determinant of a linear transformation is the
product of its eigenvalues (with multiplicity). Show that the trace of a linear
transformation is the sum of its eigenvalues (with multiplicity).

Exercise 2.26 Suppose T: V — V is a linear operator and ) is an eigen-
value of T. Show that the set

fveV:Tv=2aiv}

is a nontrivial vector subspace of V. This set is called the \-eigenspace (of
T) or, more succinctly, an eigenspace.
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Exercise 2.27 Show that if v € C" and w € (C™)*, then the n X m matrix
vw has rank at most one. Under what conditions on v and w is the rank of
the matrix vw zero? Show that if a matrix M has positive rank k, then one
can write it as the sum of k products:

k
M = E ijj,
j=1

where each v; € C" and each w; € (C™)*). Show that the matrix in For-
mula 2.6 has rank two.

Exercise 2.28 Find a nontrivial complex vector space V and a linear opera-
tor T from 'V to V such that T has no eigenvalues. (Hint: consider the space
D,.cn C. which is, by definition, the complex vector space of sequences of
complex numbers with only a finite number of nonzero entries. Then think
about shifting sequences to the left or right.)

Exercise 2.29 Suppose V is a finite-dimensional real vector space. Suppose
T:V — Visa linear operator and detT = 0. Show that there is a vector
v € V such that Tv = 0. (Readers familiar with fields should prove this
statement for finite-dimensional vector spaces over any field.)

Exercise 2.30 Define an equivalence of matrices by: A; ~ A, if and only if
there is a matrix B such that Ay = BA>B~'. Show that matrix multiplication
is well defined on equivalence classes. Show that trace and determinant are
well defined on equivalence classes. Show that eigenvalues are well defined,
but eigenvectors are not. Finally, show that given a vector space V, any linear
operator on V corresponds to precisely one equivalence class of matrices.

Exercise 2.31 Suppose V is a finite-dimensional vector space.

1. Define an equivalence relation ~ on the tensor product

n

14

k=1

in the style of Definition 2.13, using the computation rules
Vi@ - Q@Uy ~ V() &+ @ Vo)

for each permutation o of n numbers.
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2. For any natural number n, define the symmetric tensor product

Sym" V = <§V>/~

Show that Sym" V is a vector space and that its dimension is (‘HZ 71),
where d is the dimension of V.

3. Suppose W is a finite-dimensional vector space. For each natural num-
ber n, construct an isomorphism between the vector space

@ (Sym’ V @ Sym" W)

Jj+k=n
and the vector space Sym" (V @ W).
Exercise 2.32 Suppose V is a finite-dimensional vector space.

1. Define an equivalence relation ~ on the tensor product
n
v
k=1
in the style of Definition 2.13, using the computation rules

VI ® - @V, ~SgN(0)Vs(1) ® -+ + @ Vo(n)

for each permutation o of n numbers. Here sgn(o) is the sign of the
permutation o.

2. For any natural number n, define the alternate tensor product

A"V = (@V)/N

Show that A"V is a vector space and that its dimension is (Z) where d
is the dimension of V.

3. Suppose W is a finite-dimensional vector space. For each natural num-
ber n, construct an isomorphism between the vector space

P (a'verw)
jt+k=n
and the vector space A" (V @& W).
Exercise 2.33 Think of a set of computation rules you have used in some

other context. Can you define an equivalence relation from them in the style
of Definition 2.13?
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Complex Scalar Product Spaces
(a.k.a. Hilbert Spaces)

Hermione stepped forward.

“Neville,” she said, “I’m really, really sorry about this.”

She raised her wand.

“Petrificus Totalus!” she cried, pointing it at Neville.

Neville’s arms snapped to his sides. His legs sprang together. His whole
body rigid, he swayed where he stood and then fell flat on his face, stiff as a
board.

—J.K. Rowling, Harry Potter and the Sorcerer’s Stone [Row, p. 273]

The natural mathematical setting for any quantum mechanical problem is a
complex scalar product space, defined in Definition 3.2. The primary com-
plex scalar product space used in the study of the motion of a particle in
three-space is called L>(R?), pronounced “ell-two-of-are-three.” Our analy-
sis of the hydrogen atom (and hence the periodic table) will require a few
other complex scalar product spaces as well. Also, the representation theory
we will introduce and use depends on the abstract notion of a complex scalar
product space. In this chapter we introduce the complex vector space L?(R?),
define complex scalar products, discuss and exploit analogies between com-
plex scalar products and the familiar Euclidean dot product! and do some of
the analysis necessary to apply these analogies to infinite-dimensional com-
plex scalar product spaces.

! Also known as the real scalar product or the inner product.
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Physicists often refer to complex scalar product spaces as Hilbert spaces.
The formal mathematical definition of a Hilbert space requires more than just
the existence of a complex scalar product: the space must be “closed” a.k.a.
“complete” in a certain technical sense. Because every scalar product space
is a subset of some Hilbert space, the discrepancy in terminology between
mathematicians and physicists does not have dire consequences. However, in
this text, to avoid discrepancies with other mathematics textbooks, we will
use “complex scalar product.”

In Section 3.1 we introduce Lebesgue equivalence and define the complex
vector space L2(R?). In Section 3.2 we define complex scalar products in
general and on L?(R?) in particular. We show how the complex scalar prod-
uct helps us to use our orthogonal Euclidean intuition to study complex scalar
product spaces in Section 3.3. In particular, we introduce orthogonal projec-
tions and complementary subspaces. In Section 3.4 we introduce norms and
use them to define approximation. Finally, we give several approximation
theorems in Section 3.5.

3.1 Lebesgue Equivalence and L?(R?)

Perhaps the reader has noticed some caginess in the introductory paragraph
of this chapter. Why did we not say simply that the Hilbert space L?(R?) is
the set of wave functions on three-space? Such a statement would be at best
vague and at worst false, due to a mathematical subtlety: if we cannot distin-
guish two functions via integration, we should consider them equivalent. The
standard mathematical definition of a function says that in order for two func-
tions to be equal they must take the same value at every point. This require-
ment is too stringent for us. In quantum mechanical calculations, we never
evaluate wave functions at particular points. The most we ever do is multiply
two functions together and take an integral, as in Equation 1.3 in Section 1.2.
(Note that the other common quantum mechanical calculation, integrating the
absolute value squared of a wave function as in Equation 1.2, can be accom-
plished by multiplication followed by integration.) Thus we would like to
consider two functions the same if they cannot be distinguished by multipli-
cation followed by integration.

We make this idea precise by defining an equivalence relation (see Sec-
tion 1.7): we define ¢ ~ ¢, (and say ¢, is equivalent to ¢,) if and only if,
for all functions ¥ : R* — C and subsets A of R, we have [; ¥¢ = [( ¥,
whenever both integrals are well defined. This equivalence relationship is not
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trivial; there are indeed functions that do not agree pointwise yet are equiva-
lent — see Exercise 3.5.

A fully rigorous treatment of this equivalence relation requires the notions
of measurable functions and the Lebesgue integral. This integral is one of
the mainstays of modern mathematics, necessary for the proper definition
of the Fourier transform. We recommend that budding mathematicians study
Lebesgue integration thoroughly at some point. However, it is not a prerequi-
site for this book. Readers unfamiliar with Lebesgue integration must take it
on faith that in calculations the Lebesgue integral behaves just like the Rie-
mann integral taught in most first-year calculus courses. The advantage of the
Lebesgue integral is that it applies to a wider class of functions than does the
Riemann integral, and that there are a few theorems (such as the Lebesgue
dominated convergence theorem) that apply to the Lebesgue integral alone.
The Lebesgue integral is particularly well suited to situations where one is
interested in calculating probabilities. Functions which can be integrated via
the Lebesgue integral are called measurable functions. Anyone wishing to
learn more might consult the intuitive overview by Dym and McKean [DyM,
Section 1.1] or the rigorous treatment of Rudin [Ru74, Chapters 1 and 2].

One theorem from the theory of Lebesgue integration will be particularly
helpful to us. Fubini’s theorem answers the question, “How do we know that
we can switch the order of integration?” A physical scientist might answer
that she and her colleagues have done it hundreds, if not thousands, of times
without ill consequences. A mathematician needs a different kind of justifi-
cation. In fact, it is possible to construct counterexamples: functions giving
different values for different orders of integration. Fubini’s theorem assures
mathematicians that given one simple condition, one can switch the order
of integration without changing the value of the integral. Fubini’s theorem
has another, more subtle use: it guarantees that certain functions defined by
Lebesgue integration are well defined (up to Lebesgue equivalence).

We will need only one special case of Fubini’s theorem.

Theorem 3.1 (Fubini’s Theorem) Suppose f is a measurable complex-val-
ued function of three variables. Suppose further that

/ |f(r, 0, @) r’drsind do d¢ < oo.
R3

Then the function

Fi(r) :=/ f(@r,0,¢)sin0dodeo
SZ
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is a well defined measurable function (possibly taking infinite values) on R=°,
the function

Fy0. ) = / Y 0. o) dr
0

is a well defined measurable function (possibly taking infinite values) on S*
and

/ ” Fi(r)r’dr = / F>(0, ¢)sin@ db d¢

0 S

Z/ |f(r, 6, ¢)| r’drsin6 dd d¢ < oco.
R3

We will use Fubini’s theorem in the proofs of Propositions 7.7 and A.3,
both to define measurable functions and to switch the order of integration.
A proof of Fubini’s theorem is available in [Hal50, Section 36] or [Ru74,
Theorem 7.8].

Next we define the complex vector space L?(R?):

Definition 3.1 Let L*(R?) denote the set
{f: f is a measurable function from R to C, / 1> < oo} / ~,
R3

i.e., L*(R%) is the set of equivalence classes of square-integrable complex-
valued functions on R3, under the equivalence relation ~ defined above.

It may not be immediately obvious that L>(R?) is indeed a vector space. The
trickiest part is to show that if f € L?(R®) and g € L*(R?), then f + g €
L?(IR*). Because the usual rules of integration hold for Lebesgue integrals,
the result follows from the observation that for any two numbers a and b
in C we have |a +b|* < 2]al* + 2|b|*. Thus [ps |f +gI> < 2 fas | fI* +
2 fR3 | g|2 < 00, 50 f + g € L?>(R?). The reader should check that the other
criteria of Definition 2.1 are satisfied.

A second bit of caginess in the introduction is our statement that L2(R?)
is “the primary complex scalar product space used in the study of a particle
in three-space.” Beware the passive voice! We used it here to gloss over the
fact that L2(IR?) is not the set of all states of the particle. The fact that we
want fR3 |¢|> = 1 is only part of the story. Because the only numbers we can
measure physically are of the form | f A ¥ ¢|, we cannot distinguish between
two wave functions ¢; and ¢, such that

/ Ve / Vs
A A

(3.1)
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for all suitable functions i and sets A. For example, if we take any function
¢1(x, y,z) and any real number u and define ¢, (x, y,z) := e'“¢(x, y, 2)
for all (x, y, z), then the constant phase factor e will not affect the abso-
lute value of the integral and Equation 3.1 will be satisfied for all suitable
functions v and sets A.

To be absolutely precise, a one-dimensional subspace of L?(R?) describes
the state of a particle moving in R® — that is, each one-dimensional subspace
can be used to predict the outcome of any quantum mechanical experiment in-
volving the particle’s position. Physicists call these subspaces rays. Just as the
familiar rays of Euclidean geometry (such as the positive x-axis) are closed
under multiplication by a positive real number, these subspaces are closed un-
der multiplication by a complex scalar. Note that these quantum-mechanical
rays are one-dimensional as complex vector spaces. See Exercise 2.6. Many
people find it easier to think of vectors rather than rays, and in many, many
situations (including the first eight chapters of this book) there is no harm
done by thinking of quantum states as vectors. The natural mathematical way
to deal with the issue of different wave functions labelling the same state is,
as before, to introduce an equivalence relation. Physicists sometimes refer to
this equivalence as ray equivalence. This leads to the notion of a projective
vector space. We introduce projective vector spaces formally in Section 10.1.
Readers who wish to understand spin rigorously must study projective vector
spaces and rays; readers who are willing to fudge some of the details can save
effort by pretending that states correspond to single vectors and by keeping
in mind that the phase factor sometimes introduces some complications.

We hope that this section has made clear the precise relationship between
the space L2(IR?®) and the state space of a mobile quantum mechanical particle
in R?. Although L?(R?) is not, strictly speaking, the state space in question,
it is close enough to provide a reasonable model.

3.2 Complex Scalar Products

We start with the definition of a complex scalar product (also known as a
Hermitian inner product, a complex inner product or a unitary structure) on
a complex vector space. Then we present several examples of complex scalar
product spaces.

Definition 3.2 Let V be a complex vector space. An operation

(,):VxV—=>C
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is a complex scalar product if and only if it satisfies:

1. The operation (-, -) is linear in the second argument. In other words,
forall c € Candall v, wy, wy € V we have (v, w; + w;) = (v, wy) +
(v, wy) and (v, cw;) = c (v, wy).

2. The bracket is Hermitian symmetric. In other words, for all v, w € V
we have (v, w) = (w, v)*, where the * denotes complex conjugation.

3. The bracket is positive definite: for all v € V we have (v, v) > 0. Also,
it is nondegenerate: (v, v) = 0 if and only if v = 0.

Mathematicians should note that we have taken the physicists’ convention
in criterion 1; in many mathematics texts, the definition requires linearity in
the first argument. See Exercise 3.4. A complex vector space with a complex
scalar product defined on it is known as a complex scalar product space. The
complex scalar product is sometimes called a unitary structure on the space.

Physicists should take special note of the positive definiteness. Although
there are many useful examples of brackets that satisfy all but the positive
definiteness requirement (such as the Minkowski metric on spacetime in spe-
cial relativity), we are concerned here with positive definite brackets.

For example, for any natural number n there is a natural complex scalar
product on the n-dimensional complex vector space C" defined by

Vi wi n

. . ,_} : * ok

: N : — Ule =V w,
j=l1

Up Wy

where the last expression is matrix multiplication of a row n-vector (v*) and
a column n-vector (w). It is not hard to check that this operation satisfies the
three requirements of a complex scalar product. For instance, to check the last

criterion, note that
n
2
(v,v) =Y |v;| >0,
j=1

with equality only if v = 0. The space C" may be familiar to physicists
from the analysis of spin-(n — 1)/2 systems. In particular, if n = 2, this is
the complex vector space for spin states of the electron, as we discuss in
Section 10.2.

There are other complex scalar products on C" as well. In fact, for any set
of strictly positive real numbers Ay, ..., A,, there is a complex scalar product
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defined by
Al

U1 wy n
< : ) : >—E k/vjwj_v .. w.
v =1

n wn )\‘il

Again, the proof is straightforward; for instance,
- 2
(v, v) = Z)“j |vj| > 0,
j=1

with equality only if v = 0. More generally, any Hermitian-symmetric matrix
with positive eigenvalues corresponds to a complex scalar product on C”, and
vice versa. See Exercise 3.25.

Recall the vector space P” of homogeneous polynomials of degree n in two
variables defined in Section 2.2. We will find it useful (see Proposition 4.7)
to define the following complex scalar product on P":

(aox" + ax" 'y + o a,y", box" + by 4 b,y")

= apbik!(n — k).

k=0
Because k!(n — k)! > 0 foreach k = 0, ..., n, this bracket satisfies Defini-
tion 3.2.
One complex scalar product on C[—1, 1], the complex vector space of con-
tinuous functions on [—1, 1], is

1 1
(1) = / Fr(0gydr.
-1

The verification of Definition 3.2 follows from the basic properties of inte-
gration of continuous functions. The hardest part is to show that if

L HI*dt =0
Ef_llf()l o,

then f(¢) =0 forall ¢ € [—1, 1]. Butif f(#) # O then there is an interval J
of strictly positive length containing #y such that | f(¢)| > O forall r € J. See
Figure 3.1. So we have

1
/ If(t)IZdthlf(t)lzdt>0.
—1 7

So the proposed scalar product satisfies Definition 3.2.
Does our main example, the bracket on L?(R?), satisfy the definition?
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Figure 3.1. If a continuous function is nonzero at a point, then it is nonzero over an interval.
The definition of continuity ensures that for any € > 0 there is a é > O such thatif |r — 75| < 8

then | f(2) — f(to)| < €.

Proposition 3.1 For any two functions f, g € L>(R?), define

o= [ s

This bracket is a complex scalar product.

Proof. [Sketch] We leave it to the reader to check the first two criteria of
Definition 3.2. As for Criterion 3, positive definiteness follows directly from
the definition of the integral, while nondegeneracy can be deduced from the
theory of Lebesgue integration, using the first equivalence relation defined in
Section 3.1. The interested reader can work out the details in Exercise 3.9 or
consult Rudin [Ru74, Theorem 1.39]. O

Finally, we introduce another complex scalar product space necessary to
our analysis.

Definition 3.3 Suppose S is a set on which integration is well defined. Let
L? (S) denote the complex vector space

{f: f is a measurable function from S to C, / |f1? < oo} / ~,
s

where the equivalence relation ~ is defined as for L*(R?), mutatis mutandis.
Define

(f.8) = / s
s
The verification that L2 (S) is a vector space and that (-, -) is a complex scalar

product resembles the corresponding verifications for L>(R?). For instance,
we will eventually consider the spaces L? (S 2), where S? is the unit sphere
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YA

(0, 3)

y =3 cos (nt)

~Y

(=1,-3)

Figure 3.2. The signed area under the graph of 3 cos(x-) on the interval [—1, 1] is zero.

in R3, as well as L? (Bg), where By is a ball of radius R around the origin
inR*.

Complex scalar products arise naturally in quantum mechanics because
there is an experimental interpretation for the complex scalar product of two
wave functions (as we saw in Section 1.2). Students of physics should note
that the traditional “brac-ket” notation? is consistent with our complex scalar
product notation —just put a bar in place of the comma. The physical im-
portance of the bracket will allow us to apply our intuition about Euclidean
geometry (such as orthogonality) to states of quantum systems.

3.3 Euclidean-style Geometry in Complex Scalar
Product Spaces

Since a complex scalar product resembles the Euclidean dot product in its
form and definition, we can use our intuition about perpendicularity in the
Euclidean three-space we inhabit to study complex scalar product spaces.
However, we must be aware of two important differences. First, we are deal-
ing with complex scalars rather than real scalars. Second, we are often dealing
with infinite-dimensional spaces. It is easy to underestimate the trouble that
infinite dimensions can cause. If this section seems unduly technical (espe-
cially the introduction to orthogonal projections), it is because we are careful
to avoid the infinite-dimensional traps.

By analogy to the geometry of Euclidean space we define perpendicularity.

ZWe propose that “brac-ket” be used in place of the more popular but orthographically
inferior “bra-ket”.
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Definition 3.4 Suppose V is a complex scalar product. Two vectors vy, v, in
V are perpendicular if and only if (v, v) = 0.

For example, the constant function 3 and the function cos wx are perpendic-
ular in the complex scalar product space C[—1, 1] since

1 .
B cosr) = %f (3") cos(mx)dx = 3 (Sm(m‘))
-1

A

x=1
= 0.

x=—1

See Figure 3.2.

Recall from linear algebra that orthogonal matrices have columns that form
an orthonormal basis. Orthogonal linear operators preserve the Euclidean
structure, i.e., if we let a dot denote the Euclidean dot product we have

(Tvy) - (Tvy) =v; - vy

for any Euclidean vectors v; and v,. By analogy we define a unitary operator
to be one that preserves the complex scalar product.

Definition 3.5 Suppose V is a complex scalar product space and T: V — V
is a linear transformation. We say that T is a unitary operator if and only if
forall vy, vy € V we have

(vi,v2) = (Tvy, Tvy) .

Unitary operators are also known as complex orthogonal operators. If we use
the standard basis and the standard complex scalar product on C”, then the
columns of the matrix of a unitary operator are all mutually perpendicular and
have length one.® In other words, a transformation 7': C"* — C" is unitary if
andonly if 7T = I.

In Euclidean space we sometimes talk of complementary subspaces. For
example, the z-axis is the complementary subspace to the xy-plane inside
R*. We define complementary subspaces of complex scalar product spaces.

Definition 3.6 Suppose B is an arbitrary subset of a complex scalar product
space V. Then the perpendicular space to B in V is

Bt :={x ¢ V:VyeBx,y)=0}.
If W is a subspace of V, then the perpendicular space W+ is called the com-
plementary subspace of W in V.

3A vectorvina complex scalar product space has length one if and only if (v, v) = 1. See
Definition 3.12.
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Often the ambient space V is clear from context, so the notation does not
reflect the dependence of the perpendicular space on V. The issue is the same
in Euclidean space: the space perpendicular to the x-axis might be the y-axis
(in the plane) or the yz-plane (in three-space).

In Euclidean space, orthonormal bases help both to simplify calculations
and to prove theorems. Unitary bases, also called complex orthonormal ba-
ses, play the same role in complex scalar product spaces. To define a unitary
basis for arbitrary (including infinite-dimensional) complex scalar product
spaces, we first define spanning.

Definition 3.7 Suppose B is a subset of a complex scalar product space V.
If Bt = {0} in V, then we say that B spans V.

If V is finite dimensional, then Definition 3.7 is consistent with Definition 2.2
(Exercise 3.13). In infinite-dimensional complex scalar product spaces, Defi-
nition 3.7 is usually simpler than an infinite-dimensional version of
Definition 2.2. To make sense of an infinite linear combination of functions,
one must address issues of convergence; however, arguments involving per-
pendicular subspaces are often relatively simple. We can now define unitary
bases.

Definition 3.8 Suppose V is a complex scalar product space and B is a sub-
set of V. Suppose that B satisfies the following:

1. Forall by, by € B with by # by, we have (b, by) = 0;
2. Forall b € B we have ||b|| = 1.

3. The perpendicular space to B inside V contains only the zero element,
ie., B+ ={0};

Then B is a unitary basis of V.

For example, if we consider C" with the standard complex scalar product,
then the set {e;: k =1, ..., n}, where ¢, denotes the vector whose kth en-
try is 1 and all of whose other entries are 0, is a unitary basis of V. A more
sophisticated example (left to readers in Exercise 3.14) is that the set of func-
tions
{Le"k('): k e Z}
V2

is a unitary basis of L*[—1,1].

The next proposition gives a convenient way to recognize unitary transfor-
mations and construct unitary bases.
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Proposition 3.2 Suppose V is a finite-dimensional complex scalar product
space. Suppose T : V. — V is a linear operator. Then T is unitary if and only
if the columns of its matrix in any unitary basis form a unitary basis.

We will use this proposition in Section 4.4.

Proof. First suppose T is unitary and suppose that B = {by,...,b,} is a
unitary basis of V. Then the kth column of the matrix of T in the basis B
consists of the coefficients of the vector 7 b in the basis B. In other words,

n
The =Y Tib;.
j=1

We must show that the set {T'by, ..., Th,} is a unitary basis for V. If k # j
we have
(Tb;, Th) = (b;, b)) = 0,

where the first equality follows from the hypothesis that T is unitary and the
second from the hypothesis that B is a basis. Similarly, for any b, € B, we
have

1T bl = [1bill = 1.

It follows that the T'b;’s are linearly independent; since there are n of them,
the set {Thy, ..., Th,}- = 0.

On the other hand, suppose that the columns of 7 in any unitary basis form
a unitary basis. Suppose B = {by, ..., b,} is a unitary basis of V. Then for
any complex n-tuples (ay, ..., a,) and (cy, ..., ¢,) we have

k=1 j=1 k=1
= <Xn:akak, Xn:Cijj> = <T iakbk, T Xn:Cjbj> .
k=1 j=1 k=1 j=1

Hence T is unitary. O

For the proof of Proposition 11.1 in Section 11.3 we will need adjoint lin-
ear transformations, also known more briefly as adjoints, defined below. Ad-
joints arise in many fields of mathematics. Although, with appropriate care,
adjoints can be defined in infinite-dimensional complex scalar product spaces,
we will limit ourselves to the finite-dimensional case.
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Definition 3.9 Suppose V and W are finite-dimensional complex scalar
product spaces, and let (-, -}y and (-, -}y denote their complex scalar prod-
ucts. Suppose T : V. — W is a linear transformation, that is, suppose T €
Hom (V, W). Then the adjoint of T is the unique linear transformation T* :
W — V such that for all v € V and all w € W we have

(w, Tv)y = <T*w, v)v .

To justify this definition we must show that 7* exists and is unique. We show
uniqueness first. Suppose U satisfies the definition as well as 7*. Then for
any w € Wand v € V we have

(Uw,v)y = (w, To)y = <T*w, v)v .

Because the complex scalar product on V is nondegenerate (by condition 3
of Definition 3.2), we conclude that for any w € W we have Uw — T*w = 0.
Hence U = T*, completing the proof of uniqueness. To show existence, let
{vi,..., v,} be a unitary basis for V and let {wy, ..., w,} be a basis for W.
Let A denote the matrix of the transformation 7 in these bases, i.e., for any
j=1,...,mandany k =1,...,n,
Akj = (wk, ij>W .
Then define 7™ to be the linear transformation from W to V whose matrix in
the given basis is the conjugate transpose A* of A: for each j and k£ we have
matrix entries
A%y = (Ag)™.
Does this 7* have the desired property? By the bilinearity of the complex

scalar products (condition 1 of Definition 3.2), it suffices to check the condi-
tion on basis elements. For any j and any k£ we have

(Twe. vj), = (43)" = Ay = (wi. Tvy),, -

So T* has the desired property, completing the proof of existence.
For example, consider the linear transformation T: C* — C? defined by

the matrix
1 00
0 0 i

in the standard bases of C* and C?. The matrix of the adjoint transformation
T*: C* — C in these bases is

0
O )

—l

S O =
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as we will now check. For any v € C? and any w € C?, we have

U1
w) 1 00 . .
(w, Tv), = (wz)’(O 0 i) v = wjv; + iwjvs
U3 5
1 0 w V1
=(lo o J(o) () =t
. wr E
0 —i U3

Although our definition of adjoint applies only to finite-dimensional vector
spaces, we cannot resist giving an infinite-dimensional example. The proof
of uniqueness works for infinite-dimensional spaces as well, but our proof of
existence fails.* Fix an element & € L?*(R?) and consider the linear transfor-
mation T : L?(R?) — C defined by

Tf:={a, f).
The adjoint of T is the linear transformation 7%: C — L?(R?) defined by
T*c := ca.
Indeed, for any ¢ € C and any function f € L?>(R?), we have

(¢, Tf)c =c" (e, [loms) = {ca, f)ams) -

For another infinite-dimensional example, see Exercise 3.24.

The complex scalar product lets us define an analog of Euclidean orthogo-
nal projections. First we need to define Hermitian operators. These are anal-
ogous to symmetric operators on R”.

Definition 3.10 Suppose V is a complex scalar product space. A Hermitian
linear operator (also known as a Hermitian symmetric operator or self-
adjoint operator) on V is a linear operator T: V — V such that for all
v1, V2 € V we have

(v1, Tvy) = (Tvy, v2) . (3.2)

4If the infinite-dimensional complex scalar product space is a Hilbert space, in the strict
mathematical sense, then there is a proof of existence. The main tool in the proof is the Riesz
representation theorem. See any text on Hilbert spaces or functional analysis, such as [RS,
Theorem I1.4].
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Note that on a finite-dimensional vector space V, a linear operator is Her-
mitian if and only if 7 = T*. More concretely, in C", a linear operator is
Hermitian-symmetric if and only if its matrix M in the standard basis satis-
fies M = M*, where M* denotes the conjugate transpose matrix. To check
that a linear operator is Hermitian, it suffices to check Equation 3.2 on ba-
sis vectors. Physics textbooks often contain expressions such as (+z| H |—z).
These expressions are well defined only if H is a Hermitian operator. If H
were not Hermitian, the value of the expression would depend on where one
applies the H.
Now we can define projections.

Definition 3.11 Suppose V is a complex scalar product space. An orthogonal
projection I1: V — V is a Hermitian linear operator T1 such that T1> = T1.

To see that this algebraic definition corresponds to the geometric notion
of projection, consider, for example, the projection onto the x-axis in R?.
Because the projection acts like the identity on the x-axis itself, projecting
twice yields the same result as projecting once. Furthermore, letting [T denote
orthogonal projection onto the x-axis, the dot product of a vector v; with a
vector [Tv, parallel to the x-axis depends only on the x-components of v; and
vy, which is the geometric content of the second condition in Definition 3.11.

A z-axis A WL

=R

/ xy-plane
a) b)

Figure 3.3. Complementary subspaces. a.) A literal picture of a real example. b.) A schematic
picture of the general situation.

Next we prove a few technical propositions that will be useful to us later.
These may seem obvious because their finite-dimensional real analogs are
geometrically obvious; however, infinite-dimensional vector spaces are tricky
and one must proceed carefully.

Proposition 3.3 Suppose I1 is an orthogonal projection. Let W denote the
image of T1. Then if w € W we have TTw = w. Also, the kernel of T1 is W+.
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Proof. If w lies in W then, by the definition of the image, thereisav € V
such that w = Pv. Then

Mw = v = v = w.

To show that W+ is the kernel of I, note first that if v; € W+, then for any
vy € V we have
(Mvy, v2) = (v, Mvy) =0,

since TTv, € W and v; € W, By the nondegeneracy of the complex scalar
product, it follows that [Tv; = 0. Hence W+ is a subset of the kernel of 1.
On the other hand, if v lies in the kernel of IT and w € W we have

(v, w) = (v, Mw) = (ITv, w) = (0, w) =0,

so v € W, Hence the kernel of IT is a subset of W+. Combining this conclu-
sion with the conclusion of the previous paragraph we find that W+ is equal
to the kernel of IT. O

Proposition 3.4 Suppose I1 is an orthogonal projection. Let W denote the
image of T1. Then the function I — Il is an orthogonal projection. Further-
more,

Image(I — 1) = Wt (3.3)
ker( —IT) = W. (3.4)

Proof. First we verify that / — IT is an orthogonal projection. We calculate

(I -1 —TI) = I*>—T1I — ITI + I1?
=I-M-MN+4+I0=17-1.

Furthermore, for any vy, v, € V we have

(v, (I = TDv2) = (v1, v2) — (v, [Tvy) = (Tvy, v2) — (T1vy, v2)
= (I — Mvy, vy).

So I — Il is indeed an orthogonal projection.
Next we show that W is the kernel of I — I1. If w € W then

I—-THhw=w—w =0,
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so W is a subset of the kernel of I — IT1. On the other hand, if (/ — IT)v =0
then v = [Tv € W, so the kernel of I — I1 is a subset of W. Putting these two
assertions together we find that the kernel of / — IT is equal to W.

Finally, we show that the image of I — IT is W+. Suppose v lies in the
image of I — I1. Then there is a u such that v = (I — IT)u and hence for any
w € W we have

(v, w) = (u, w) — (IMTu, w) = (u, w) — (u, MNw) = 0.

Hence v € W+. On the other hand, suppose that v € W+. Then (/ —IT)v = v,
so v lies in the image of [ — II. |

Not every subspace W of V can be the image of an orthogonal projec-
tion (see Exercise 3.29). However, any finite-dimensional subspace can be
the image of an orthogonal projection. In our investigation of the structure
of the hydrogen atom we will want to construct orthogonal projections with
finite-dimensional images. See Propositions 6.6, 6.7 and 7.6.

Proposition 3.5 Suppose W is a finite-dimensional subspace of a complex
scalar product space V. Then there is an orthogonal projection Ily whose
image is W. Also, there is an orthogonal projection Iy 1 onto the subspace
W+ orthogonal to W.

Proof. We will prove the first conclusion of this proposition by induction on
the dimension of W. We start with the subspace of dimension zero, i.e., the
trivial subspace {0}. It is easy to check that the linear transformation taking
every vector of V to the zero vector is an orthogonal projection onto {0}.

Next we must prove the inductive step. Fix any natural number n. Suppose
that there exists an orthogonal projection onto any subspace of dimension 7.
Consider a subspace W of dimension n + 1. Fix an element w € W such that
(w, w) = 1. Let W denote the subspace of W perpendicular to w. Then W
has dimension 7, so there is a well-defined orthogonal projection ITy; onto
W. Note that [T;w = 0. Define P: V — V by

Pv:=Tlzv+ (w, v) w.

We must verify that P is an orthogonal projection. First, we note that
My (w) = 0 and (TIv, w) = (v, w) = 0 and we calculate
Py = Ty, (HWU + (w, v) w) + <u), Myv+ (w, v) w> w
=Iyv+ <w, HWv>w + (w, v) (w, w) w
=IMyv + (w, v) w = Po.
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Next, let v; and v, denote arbitrary elements of V.

Hence P is an orthogonal projection with image W, and the inductive step is

complete.
Finally, note that the existence of the orthogonal projection Iy, follows
from the first conclusion and Proposition 3.4. O

In this section we have extended perpendicularity and orthogonal projec-
tions to the context of complex scalar product spaces. In the next section we
extend another Euclidean idea — distance.

3.4 Norms and Approximations

In this section we define distance in complex scalar product spaces and apply
the idea to a space of functions. We show how distance lets us make precise
statements about approximating functions by other functions.

In order to exploit our intuition about distance in Euclidean geometry, we
distill some of the most important properties of distance into a definition.

Definition 3.12 Suppose V is a complex vector space and ||-||: V — R
satisfying the following:

1. If x € V then x = 0 ifand only if ||x|| = 0.

2. Ifx e Vandc € Cthen |cx]| = |c| ||l x]|.

3. (Triangle inequality) if x,y € V then ||x + y|| < |lx|l + l|¥]l.

Then the function ||-|| is a norm.

It is helpful to think of the norm ||v|| as the length of the vector v, i.e., the
distance from the point v to the point 0. As in Euclidean geometry, we think
of the norm of a difference ||v — w|| as the distance from v to w.

For example, the absolute value, also known as the modulus, is a norm on
the one-dimensional complex vector space C. More generally, for any natural
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number 7, the function

1ot )l i= P - P

is a norm on C". We leave the proof to the reader — three of the conditions
of Definition 3.12 follow from the properties of distance in R?", and the other
property follows from a straightforward algebraic calculation.

Proposition 3.6 Suppose (-, -) is a complex scalar product on a complex vec-
tor space V. Define ||-|| : V — R by

vl := v/ (v, v).

Then ||-|| is a norm. It is often called the norm associated to the scalar product
(-, -). Furthermore, we have the so-called Schwarz inequality.® if x,y € V
then |{x, y)| < x|l Iy ll.

Proof. [Sketch]® Except for the Schwarz inequality, unimaginative calcula-
tions suffice for the proof. The Schwarz inequality follows from

0 <(Cxliyll =y llxD, Cliyll =y llxlD)

The triangle inequality follows from the Schwarz inequality. O

An example of particular interest to us is a norm on L*[—1, 1], the complex
vector space of square-integrable complex-valued functions on the interval
[—1, 1].

Definition 3.13 Let L>[—1, 1] denote the set

1

{f: f measurable, from [—1, 1] to C and / |fI> < oo} / ~,

1
where “measurable” and ~ have the same meanings as in Definition 3.1.

For any function f € L?*[—1, 1] we define

11 = (/_11 P < oo)

3 Also known as the Cauchy—Bunyakovskii—Schwarz inequality.
SFor details see Bartle [Bart, Section 8]. Although the proof there is for a real scalar prod-
uct, the same calculations work in the case of a complex scalar product.

1/2
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It follows from Propositions 3.1 and 3.6 that this is indeed a norm. In fact,
this is the norm associated to the standard scalar product on L*[—1, 1].

The beauty of the norm is that it allows us to make rigorous mathematical
sense of the idea of approximation.

Definition 3.14 Given a vector space V with a norm, an element v € V and
a set S C V, we say that we can approximate v by elements of S if and only
if, for every € > O there is an element s € S such that ||s — v|| < €.

It may help to think of € as a desired precision or allowable error. In physics
problems or other applications, there is usually a particular precision, deter-
mined by experimental constraints. For instance, if the best ruler one has is
marked in tenths of a centimeter, one could not expect the precision of mea-
surement to be much less than one-hundredth of a centimeter (¢ = 0.001
centimeters). In this case, two lengths that differ by less than 0.001 centime-
ters are indistinguishable. In mathematics, we are interested in truths that
transcend the limitations of any one particular experimental setup; hence our
Definition 3.14 applies only if we can use elements of S to approximate v
to any precision, no matter how small. Approximation is closely related to
mathematical limits;’ see Exercise 3.33.

Any function in L?[—1, 1] can be approximated by trigonometric polyno-
mials (of period 2). A trigonometric polynomial is a finite (complex) linear
combination of the functions

., e72nix’ efnix’ 1’ em’x’ eZnix, L
For instance, sin(rx) = %e*” ix ée” i¥ is a trigonometric polynomial. Let 7;
denote the set of trigonometric polynomials of period 2. Because the sum of a
finite number of trigonometric polynomials is a trigonometric polynomial and
the product of a complex number with a trigonometric polynomial is also a
trigonometric polynomial, the set 75 is a linear subspace of L?[—1, 1]. Hence
by Exercise 2.20, 7, is a complex scalar product space.

In the language of Definition 3.14 the claim that any function in L2[—1, 1]
can be approximated by trigonometric polynomials means that given any
function f € L*[—1, 1] and any real number € > 0, there is a trigonometric
polynomial T € 7 such that ||T — f|| < €. We will not prove this claim
(however, see Exercise 3.32) but we hope that our brief exploration of it will
help the reader understand our definition of approximation. As an example,

7Students of topology will recognize that approximation is also closely related to the notion
of density in the topology whose basic open sets are open balls defined in terms of the norm.
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consider the function f € L?*[—1, 1] defined by

-1, -1<x<0,
fx):=14 0, x =0, (3.5)
1, 0<x <1

See Figure 3.4. This function is often, legitimately, denoted x/ |x|.

|
—_

|
e
W
(=]
n
—_

-1 -0.5 0 0.5 1

2
Figure 3.4. (a) graphs of f(x) and % sinx. (b) graph of ’f(x) — % sinmx| .

Sticklers might object that although f(x) = x/|x| for any nonzero x,
division by zero is undefined. This is true, but the objection is overruled:
in L?[—1, 1] functions whose values differ at a finite number of points are
equivalent, so we can omit a finite number of points from the definition of the
function. See Definition 3.13.

The theory of Fourier series gives a method to find approximations of f by
trigonometric polynomials. We will not delve into the theory here, but we will
report some results. We hope that readers will, at the very least, appreciate
these results and put Fourier series on their list of interesting topics for future
study; at the other extreme, readers well versed in the theory might find it
satisfying to derive the results in this paragraph as an exercise. In any case,
according to the theory, one trigonometric polynomial worth considering as
an approximation for f(x) is Tj(x) := Z(e™™* — ™) = Zsinmx. See
Figure 3.4(a). It turns out that || f|| = 2 and ||f — T1|| = /2 —16/7% ~

0.62. To put it another way, the norm of the error in this approximation is
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about % = 32% of the norm of the function f. To get the error down to 5%
one can use the 162-term trigonometric polynomial

2i (1 , 1 .
Tgl(x) [ <_881n1x + _e779mx 4.

w \ 81 79
1 —3mix —mix Tix 1 3mwix 1 T9mix 1 8lmix
+-—e +e e 3e cee 796 818
* (s +1 in3 + L 9 x + L 81
= —(SInmTx —SImmsmwx - -- — SIn /9mXx — Smolmx J.
T 3 79 81

See Figure 3.5. To check these calculations, see Exercise 3.34.
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Figure 3.5. (a) graphs of f(x) and Tgj (x). (b) graph of | f(x) — Tg; @)

Notice that we have approximated a discontinuous function by a continu-
ous one. It turns out that any function in L?>[—1, 1] can be approximated by
trigonometric polynomials — this is one of the important results of the theory
of Fourier series.?

We will use approximation of functions to prove the crucial spanning re-
sults in the next section.

8For more detail on Fourier series, see Rudin’s book [Ru76] (Chapter 8, especially Theo-
rem 8.15) or Section 1.4 of Dym and McKean’s book [DyM]. See also Exercise 3.32.
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3.5 Useful Spanning Subspaces

The goal of this section is to find useful spanning subspaces of C[—1, 1] and
L?(S5?). Recall from Definition 3.7 that a subspace spans if the perpendicular
subspace is trivial. In a finite-dimensional space V, there are no proper span-
ning subspaces: any subspace that spans must have the same dimension as V
and hence is equal to V. However, for an infinite-dimensional complex scalar
product space the situation is more complicated. There are often proper sub-
spaces that span. We will see that polynomials span both C[—1, 1] and L?(5?)
in Propositions 3.8 and 3.9, respectively. In the process, we will appeal to the
Stone—Weierstrass theorem (Theorem 3.2) without giving its proof.

The Stone—Weierstrass theorem uses another notion of approximation: uni-
Jform approximation.

Definition 3.15 Suppose A is a set of complex-valued functions on a set S
and suppose that f: S — C. (Note that f is not necessarily an element of
A.) We say that f can be uniformly approximated by elements of A if and
only if, for every € > 0 there is a function ¢ € A such that | f — ¢| < €.

With the help of Exercise 3.1 we can see that uniform approximation can be
applied to Lebesgue equivalence classes of functions.

Note that our previous notion of approximation (which we here call L?-
approximation to distinguish it from uniform approximation) applies to points
in normed vector spaces, while uniform approximation applies to functions.
As we have seen, many sets of functions are indeed vector spaces, so it is
useful to know how these two different notions of approximation relate to
one another when both apply. We will find the following proposition useful.

Proposition 3.7 Suppose S is a set on which integration is well defined. Sup-
pose that S has finite volume, i.e., that f s 1 < o0. Consider the norm

11 = (/Slflz)l/z

and complex scalar product
(f.8) = / g
s
on L*(S). If a function f can be uniformly approximated by a set A of

complex-valued functions, then we can approximate f by A in L? (i.e., in
the sense of Definition 3.14).
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Furthermore we have

At =o0.

Proof. Suppose f can be uniformly approximated by 4. We want to show
that f can be L2-approximated by .A. Suppose that ¢ > 0. We must find a
function ¢ € A such that || f — ¢|| < €. Let K denote the total volume of S,

1.€.,
K = /1 < 00.
s

Because f is uniformly approximated by A, there is a ¢ € A such that
lf — ¢l < \/L? Then we have

1/2 2N 1/2
||f—¢>||=(/slf—¢|2) <(/S%) —e.

So f can be approximated by A in L.
Next we must show that A spans L2 (S). Let € > 0 be given. For any
f € At we can choose a g € A such that || f — g|| < €. We have

LFIP =KL @)+ f =l =KL fF=al <IUfIISf =4l

where the inequality is a consequence of the Schwarz Inequality (Proposi-
tion 3.6). It follows that || f|| < ||f —¢qll < €. Since € was arbitrary, we
conclude that || || = 0. Hence

At =0
inside L2(S?). O
Propositions 3.8 and 3.9 below are both consequences of Proposition 3.7

and the Stone—Weierstrass theorem. Before stating the Stone—Weierstrass the-
orem, we must define compactness’ for subsets of R”.

Definition 3.16 A subset S of R" (respectively, C") is bounded if there is
a real number R such that ||s|| < R for every s € S. A subset S of R”"
(respectively, C") is closed if, for every point x € R" \ S there is an € > 0
such that the open ball (of radius € around x) {y € R": ||x — y|| < €} lies in
R™ \ S (respectively, C" \ S). A subset of R" (respectively, C") is compact if
and only if it is closed and bounded.

9C0mpactness is usually defined in terms of open covers, and the characterization we give
as a definition is usually the statement of the Heine—Borel theorem [Ru76, Theorem 2.41]. In
infinite-dimensional spaces (such as L2(R3)) one can have closed, bounded sets that are not
compact. See Exercise 3.31.
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The definition of a closed set can be restated in terms of approximations: a
set S is closed if any point that can be approximated by S (in the sense of
Definition 3.14) must lie in S itself. See Exercise 3.36.

For example, the set [—1, 1] C R is compact. It is bounded: we have

x| <1<?2

for any x € [—1, 1]. Also, [—1, 1] is closed: if x ¢ [—1, 1] then |x| > 1, so
€ := (Jx| — 1)/2 is strictly positive and the open interval (x — €, x + €) lies
entirely in R \ [—1, 1]. See Figure 3.6.

-1 0 1 X

——

€ €

Figure 3.6. The interval [—1, 1] is closed, since every point x outside the interval lies in an
open ball (i.e., open interval of strictly positive length €) outside the interval.

Another important compact set in our story is the unit two-sphere S? in R3.
We have S? := {v eR*: v = 1}. This set is clearly bounded, as for every
v € S? we have |v| = 1 < 2. This set is also closed: if v ¢ S2, then |v| # 1,

SO
vl =1

2
(the number € is half the distance from v to the sphere) and the open ball of
radius € around v lies either entirely inside the unit sphere or entirely outside
the unit sphere. In either case, the open ball lies entirely in the set R? \ S%. So
§? is compact. See Figure 3.7.

€ = >0

Figure 3.7. The sphere 52 is closed, since every point x not on $2 lies in an open ball that
does not intersect S2.

Finally, consider the set Bg := {v eR3: v < R}, where R is a strictly
positive real number. This set is compact, by an argument similar to the one
given above for S? and left to the reader in Exercise 3.30. We will use the
compactness of Bg in Proposition 7.5.
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We can now state the Stone—Weierstrass theorem.

Theorem 3.2 (Stone-Weierstrass) Suppose A is a set of complex-valued
functions on a compact set S with the following properties:

1. The functions in A form a complex vector space under the usual addi-
tion and scalar multiplication of functions.

2. The set A is closed under multiplication of functions, i.e., if f,g € A
then fg € A.

3. The set A is closed under complex conjugation, i.e., if f € A then
f* e A where f*is defined by f*: x — (f(x))".

4. The set A separates points in S, i.e., if x,y € S and x % y then there
is a function f € A such that f(x) £ f(y).

5. For every x € S there is at least one f € A such that f(x) # 0.

Then any continuous function on S can be uniformly approximated by func-
tions in A.

For a proof, see [Ru76, Theorem 7.33].

In Proposition 6.14 we will need a particular application of the Stone—
Weierstrass Theorem. Recall the complex scalar product space C[—1, 1] of
continuous functions on [—1, 1], introduced in Section 2.1.

Proposition 3.8 Ler V denote the complex vector space of polynomials in
one variable (restricted to the interval [—1, 1]). Then V*+ = 0 in the complex
scalar product space C[—1, 1].

This fact will be at the heart of the proof of our main result in Section 6.5.

Proof. First, we show that V satisfies the hypotheses of the Stone—Weier-
strass theorem. We know that V is a complex vector space under the usual
addition and scalar multiplication of functions: adding two polynomials or
multiplying a polynomial by a constant yields a polynomial. The product
of two polynomials is a polynomial. To see that V is closed under complex
conjugation, note that for any x € [—1, 1] and any constant complex numbers
ap, ..., a, we have

(a0 +arx +- - +ax") =al+aix+--+ax" €V,

since x is real. To see that V separates points on [—1, 1], consider the poly-
nomial x +— x, which takes a different value on each point in [—1, 1]. Fi-
nally, the constant function 1 is a polynomial taking a nonzero value at each
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x € [—1,1]. So V is a set of complex-valued functions on the compact set
[—1, 1] and satisfies all the conditions of the Stone—Weierstrass theorem. We
conclude that any continuous function on [—1, 1] is a uniform limit of poly-
nomials on [—1, 1].

Second, we apply Proposition 3.7 to conclude that

vi=0eL*(-1,1]).

Since C[—1, 1] is a subspace of L? ([—1, 1]), it follows that V- = 0 inside
C[—1, 1] as well. O

Proposition 3.9 Let V denote the subspace of L*>(S?) consisting of restric-
tions of complex-coefficient polynomials in three variables to the sphere. In
the complex scalar product space L*(S?) we have

Vvt =0.

Proof. We start by showing that V satisfies the hypotheses of the Stone—
Weierstrass theorem. Most of the hypotheses follow easily from the fact that
polynomials form a vector space closed under multiplication and complex
conjugation. It remains to show that the restrictions of polynomials separate
points on the two-sphere S. Suppose we have two points, (x;, y;, z2) and
(x2, y2, z2) such that (x{, y1, 22) # (x2, ¥2, 22). Then either x; # x; or y; #
yo or 71 # 7. In the first case, the polynomial x takes different values at
the two points. In the second case y does and in the third case z does. So
V separates points on the two-sphere S2. Hence by Proposition 3.7 we have
vi=o. O

In this section we have shown that polynomials span both C[—1, 1] and
L?(S?). This fact is the mathematical justification for the physicists’ habit
of using polynomials instead of arbitrary functions in certain calculations. To
put it vaguely, all of C[—1, 1] and L?(S?) can be reached by polynomials. The
same ideas apply in many other contexts, such as L?(R?). Different problems
find resolution via different sets of functions — some require polynomials,
but others require spherical harmonics, “Bessel functions” or even fancier
“special functions.” Behind each applications of special functions in physics
is a mathematical proposition that the special functions span the space in
question.

Note that in order to prove the spanning propositions we have appealed
to a theorem of analysis whose proof is beyond the scope of this text. The
Stone—Weierstrass theorem will allow us to be sure from our armchairs, with-
out stepping into a laboratory or consulting a history book, that our lists (of
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spherical harmonic functions or of irreducible representations) are complete.
We hope that even the most skeptical readers will appreciate the power of this
kind of result. Even more, we hope that if any reader-experimentalist works
in the future on a quantum system with symmetry, she will remember to con-
sult the mathematicians for the appropriate classification corresponding to the
symmetry.

3.6 Exercises

Exercise 3.1 (Used in Section 3.5) In this exercise we show how to make
sense of inequalities on Lebesgue equivalence classes of functions. Suppose
S is a set with an integral defined on it and ¢ is a real-valued functions on S.
Let [¢] denote the Lebesgue equivalence class of f. We say that [¢] is strictly
positive (0 < [¢]) if; for every function  such that 0 < ¥ (x) forall x € S,

we have
0< /¢1ﬁ.
S

Show that the truth of this statement depends only on the equivalence class
of ¢. Show that any inequality (such as [¢] < €) can be rewritten in the
form O < something. Thus we can make sense of inequalities of Lebesgue
equivalence classes of functions.

Exercise 3.2 (For students of Lebesgue measure) Show that0 < [¢] if and
only if ¢ is strictly positive on the complement of a set of measure zero.

Exercise 3.3 Suppose V is a complex scalar product space. Suppose W is a
subspace of V. Show that the restriction of the complex scalar product to W
makes W a complex scalar product space.

Exercise 3.4 Show that no nontrivial complex scalar product (-, -) is linear
in the first argument.

Exercise 3.5 Let ¢ be any function from R3 to C such that ¢(0,0,0) # 0.
Define a second function by
$:R*—>C

$(x,y,z) (x,y,2) #(0,0,0)
*xy,2) > { 0 (x,v,72) = (0,0, 0).
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Note that these two functions are not equal in the usual sense. Using either
Riemann or Lebesgue integration, show that for any function ¥ : R?> — C
and any set S such that | s Y& is well defined, one finds

fswas:/sw?.

Exercise 3.6 Suppose ¢ ~ v and both ¢ and r are continuous functions.
Show that the functions ¢ and  must be equal, i.e., ¢(x,y,z) = ¥(x,y,2)
for every (x,y, 2).

Exercise 3.7 Let Vg denote the subset of even functions in C[—1, 1], ie.,
the set of all functions f € C[—1, 1] satisfying f(—x) = f(x) for every
x € [—1,1]. Let Vy denote the subset of odd functions, i.e., the set of all
functions f € C[—1, 1] satisfying f(—x) = —f(x) for all x € [—1,1].
Show that Vg and Vo are subspaces, that Vg = (Vp)*, and that

C[—l, 1] == VE D Vo.

Exercise 3.8 (For students of Lebesgue measure) Show that ¢ ~ v if and
only if they differ only on a set of measure zero. In other words, show that

¢ ~ ¥ if and only if the set

{x.y.2) eR*: p(x,y.2) # ¥(x,y.2)}
has measure zero.

Exercise 3.9 (For students of Lebesgue measure) Prove rigorously that
the bracket relation on L*(R?) satisfies the definition of a complex scalar
product.

Exercise 3.10 Is the real-valued function on C? defined by

(1, x2) > /2 |x [ + [l

a norm? Is the function on C? defined by

[ 2 2
(x1, X2, X3) > 4/ [x1]7 + |x3]

a norm? Is the real-valued function on C* defined by

[ 13 3
(x1, x2) = 4/ |x1]” =+ [x2]
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a norm? Is the real-valued function on C? defined by

13
(1, x2) = (Il + xlf)

a norm?
Exercise 3.11 Define a complex vector subspace of L*(R) by
V= {f e L*(R): f™ e L*(R) for any n € N} .

In other words, V consists of functions in L>(R) whose derivatives all exist
and lie in L>*(R). Show that V is not trivial by finding a nonzero function
in V. Now consider the Laplacian V*: V — V, x > 32 f(x) for any x €
R. Show that for any ). > O, there is a complex-valued function f, such
that V? f, = Af,. However, show also that V* has no eigenvalues and no
eigenvectors in V. (Budding analysts should prove that any element of L*>(R)
can be approximated by elements of V.)

Exercise 3.12 Suppose U, and U, are both unitary operators on a complex
scalar product space V. Show that U, o U, is a unitary operator on V. Also,
show that every unitary operator on 'V has an inverse that is a unitary oper-
atoronV.

Exercise 3.13 In this exercise V is a finite-dimensional complex scalar prod-
uct space and W is a subspace of V. Show that W+ = 0 in V if and only if
W spans V in the sense given in Definition 2.2.

Exercise 3.14 Show that the set

Lo }
—e* i keZ
{ﬁ

is a unitary basis of L*[—1, 1]. (Hint: to show that this set spans, use the fact
that the Fourier series of any function in L*[—1, 1] converges in the norm to
the function.)

Exercise 3.15 Consider the set B 1= {ie, ies, ie3} in C°, where e, e; and
e3 are the standard basis vectors. Show that B is a unitary basis. Show that

v = (iey,v)ie; + (iex, v)iex + (ie3, v)ies

for arbitrary v € C3. Next, let B = {b1, by, b3} be any unitary basis of C>.
Show that for any v € C* we have

v = (b1, v) by + (b2, v) by + (b3, v) b3.
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(Hint: calculate the scalar product of each basis vector with the difference of
the two sides of the equation.)

Exercise 3.16 Suppose that V is a complex scalar product space and
[1: V — V is an orthogonal projection. Show that the only possible eigen-
values for I1 are 0 and 1. Show that 11 is diagonalizable, i.e., show that there
is a basis of V composed of eigenvectors of 1.

Exercise 3.17 Show that any Cartesian sum Vi @ - - - @ V,, of complex scalar
product spaces has a complex scalar product defined by

n

(120 (Wi w) = Y (v ey
k=1
where (-, -}, denotes the complex scalar product on V.. Show that the function
1, defined in Definition 2.12 is an orthogonal projection. What is the matrix
of this projection?

Exercise 3.18 Any linear transformation T: V — V on a vector space V,
satisfying T> = T is called a projection. Find a complex scalar product space
V and a linear transformation T : V — V such that T is a projection but not
an orthogonal projection.

Exercise 3.19 (Used in Exercises 5.21 and 5.22) Suppose V is a finite-di-
mensional complex scalar product space. Recall the dual vector space V*
from Exercise 2.14. Consider the function T: V — V* defined by

(tv)w = (v, w)

forany v, w € V. Show that t is an isomorphism of vector spaces. Then show
that the operation (-, -), on V* defined by

(o, B), (t o, T ,3>

foreacha, B € V* is a complex scalar product on V*. (This operation on V*
is called the natural complex scalar product induced on V*.)

Exercise 3.20 (Used in Exercises 5.21 and 5.22) Suppose V and W are
complex vector spaces with complex scalar products (-, )y and (-, )y, re-
spectively. Recall the vector space Hom(V, W) of linear transformations
from V to W. Show that there is a complex scalar product on Hom(V, W)
defined by

(A, B)yom := Tr(A*B),

where A* € Hom(W, V) denotes the adjoint of the linear transformation A.
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Exercise 3.21 Suppose V is a complex scalar product space and T1: V —
V is an orthogonal projection. Show that V and (ker IT) & (Image V') are
isomorphic as complex scalar product spaces.

Exercise 3.22 Show that the set of harmonic polynomials on R is not closed
under multiplication. (The point of this exercise is that in Chapter 7, when we
wish to show that the restrictions of harmonic polynomials to S* span S?, we
will not be able to appeal directly to the Stone—Weierstrass theorem. Rather,
we will relate restrictions of harmonic functions to restrictions of polynomial
functions and then appeal to the results of Section 3.5.)

Exercise 3.23 Show that C ([—1, 1]) is a complex vector space. Show that
the set of complex-valued polynomials in one variable is a vector subspace.
Show that the bracket (-, -) (defined as in Section 3.2) is a complex scalar
product on C ([—1, 1]).

Exercise 3.24 Consider the linear transformation T : L* (R) — L?* (R) de-
fined by

(THX) = fx+1)
forany x € R. Find T*.

Exercise 3.25 Suppose M is an n x n Hermitian-symmetric matrix, i.e., sup-
pose M* = M, where M* denotes the conjugate transpose of M. Suppose
every eigenvalue of M is strictly positive. Define

(v, w) ;== v*Mw,

where v* is the conjugate transpose of v, i.e., a row vector whose entries
are the conjugates of entries of v. Show that this bracket is a complex scalar
product on C".

Conversely, suppose (-, -) is a complex scalar product in C". Show that
there is a Hermitian-symmetric matrix M such that (v, w) = v*Mw for any
v, w e C".

Exercise 3.26 (Used in Proposition A.3) Consider the Laplacian in spheri-
cal coordinates (see Exercise 1.12):

I, cos 6 1

2 % = 2
O+ 0+ 505 + )

. + .
r2sing ' r2sin2g *
Show that for any fixed nonzero value of r the angular part

V2, = (24, 4 L
0.0 7 2 0 sin 6 o sin 6 ¢
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is Hermitian-symmetric with respect to the complex scalar product on the
subspace V of L?>(S?) consisting of infinitely differentiable functions of 6 and
o.

Exercise 3.27 Show that the operator I, defined in Section 2.3 satisfies Def-
inition 3.11.

Exercise 3.28 True or false? “No orthogonal projection is unitary.”

Exercise 3.29 Show that if W is a finite-dimensional subspace of a com-
plex scalar product space V, then (W+)* = W. Note that V need not be
finite dimensional. Find a counterexample in infinite dimensions, i.e., find an
infinite-dimensional subspace W of a complex scalar product space V such
that (WHL £ W.

Exercise 3.30 (Used in Proposition 7.5) Suppose R is a strictly positive
real number. Show that the set

Br:={veR’: |v] <R}
is compact.

Exercise 3.31 (For readers familiar with open sets) Here is the standard
definition of compactness: A set S is compact if every open cover of S has
a finite subcover. More explicitly, if {G,} is a collection of open sets such
that S C Ua G, then a finite subcover is a finite set {«1, ..., a,} such that
§ C Ui=1 Gar-

Show that the unit ball in L*>(R>), i.e., the set

{fel’®): Ifll <1},

where || f| is defined to be
172
(/ |f|2) ;
R3

is closed and bounded but not compact (by the definition of compactness
given in this exercise). (Remark: this does not contradict the Heine—Borel
theorem, as the unit ball in L*>(R?) is not a subset of R" for any n.)

Exercise 3.32 Show that the set T, of trigonometric polynomials of period
2 is closed under addition, scalar multiplication and multiplication. Use the
Stone—Weierstrass theorem to conclude that any function f € L*[—1, 1] can
be approximated (in L*[—1, 1]) by trigonometric polynomials.
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Exercise 3.33 (For students of analysis) Consider an arbitrary vector
space V with a norm. Use Definition 3.14 to show that if lim, . a, = ¢,
then the set S := {a,: n € N} approximates the point €. On the other hand,
given a point £ € V and a subset S of V approximating {, find a sequence
{ai, as, ...) of elements of S such that lim,,_, «, a, = £.

Can you relate our mathematical definition of approximation to the stan-
dard definition of the limit of a function at a point in its domain?

Exercise 3.34 (For students of Fourier series) Check the Fourier series
calculations about the function f in Section 3.4.

Exercise 3.35 Suppose A is a complex vector space of bounded, complex-
valued functions on a set S. For any [ € A, define

[ flleo :=sup{[f(s)|: s € S},

where sup denotes the supremum, i.e., the least upper bound. Show that a
function g can be approximated by A (in the sense of Definition 3.14) if and
only if g can be uniformly approximated by elements of A (in the sense of
Definition 3.15).

Exercise 3.36 Suppose that S C R" is closed. Suppose x € R" and x can be
approximated by S. Show that x € S. Conversely, suppose that S C R" and
any x € R" that can be approximated by S lies in S. Show that S is closed.
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Lie Groups and Lie Group
Representations

Presently she began again. “I wonder if I shall fall right through the earth!
How funny it’ll seem to come out among the people that walk with their heads
downwards! The Antipathies, I think—" (she was rather glad there was no
one listening, this time, as it didn’t sound at all the right word) “— but I shall
have to ask them what the name of the country is, you know. Please, Ma’am,
is this New Zealand or Australia?” (and she tried to curtsey as she spoke —
fancy curtseying as you're falling through the air! Do you think you could
manage it?)

— Lewis Carroll, Alice’s Adventures in Wonderland [Car, pp. 27-8]

The notion of a group is a natural mathematical abstraction of physical sym-
metry. Because quantum mechanical state spaces are linear, symmetries in
quantum mechanics have the additional structure of group representations.
Formally, a group is a set with a binary operation that satisfies certain crite-
ria, and a representation is a natural function from a group to a set of linear
operators.

In this chapter we introduce groups, representations and characters. We
discuss the structure of a few particular groups in detail and introduce an
important family of representations of the group SU (2).
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4.1 Groups and Lie Groups

In this section we define and discuss groups and group homomorphisms,
including “differentiable” group homomorphisms, otherwise known as Lie
group homomorphisms.

Definition 4.1 A group (G, -) is a set G with an operation G x G — G
denoted by juxtaposition and satisfying

1. Associativity: for all g\, g, and g3 in G we have (g182)83 = £1(8283)-

2. Existence of Identity Element: there is an element I in G such that for
all g € G we have g = gl = g. The element I is called the identity
element of the group G.

3. Existence of Inverses: for all g € G there is an element, denoted g~ ',

such that gg=' = g~'g = 1. The group element g~ is called the
inverse of g.

It is useful to know that the inverse is unique.

Proposition 4.1 Suppose G is a group. Then there is a unique identity ele-
ment. If g is an element of G then the inverse g~ is unique.

Proof. Suppose I and I both satisfy the definition of the identity element in
Definition 4.1. Then I = I = I. So the identity element is uniquely defined.
Next suppose that 2 and & both satisfy the definition of the inverse of g. Then
h = hl = hgh = Ih = h. So the inverse of g is uniquely defined. O

One of the easiest groups to understand is the circle group:
T:={reC: |\ =1};

the group operation is complex multiplication. The reader should check that
the group axioms are satisfied. It is useful to note that A~' = A* for any
reT.

Another group is the set of two-by-two real matrices of the form

cosf —sin6
My = ( sinf  cos6 )
This group is called SO (2). Each My is a rotation of the real two-dimensional

plane through the angle 6. Thanks to various trigonometrical identities, mul-
tiplying two rotations yields a rotation; more precisely,

MyMy = My s.
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10
=0 V)

and M_g is the inverse of My.

A slightly more complicated example is the set of unit quaternions (defined
in Section 1.5) with its usual multiplication. By Exercise 1.14, the multipli-
cation is associative. The quaternion 1 € Q is the identity element. Also, for
any unit quaternion u + xi + yj + zk we have u?> + x> + y> + z> = 1 and
hence

The identity element is

(u +xi+ yj + zk)(u — xi — yj — zK)
:(u2+x2+y2+z2)+(—ux+ux—yz-l—yz)i
4+ (—uy +xz+uy —x2)j+ (—uz — xy + xy + uz)j
=1.

It follows from this calculation that # — xi — yj — zk is the inverse of u 4 xi+
vj + zk. We are almost done proving that the unit quaternions form a group.
(Any reader puzzled to find that we are not completely done should pause to
think about what might be left to do.) Note that Definition 4.1 requires that
the product of two elements of G should itself lie in G. We know that the
product of any two quaternions is a quaternion, but to be complete we must
show that the product of any two unit quaternions is a unit quaternion. See
Exercise 1.15.

Given any set S, the set 7 (S, ) of all invertible transformations from §
to itself forms a group under composition of transformations. Often a set S
will have some kind of extra structure we are interested in preserving. For
example, a vector space V has a linear structure, i.e., it is a vector space. It is
often useful to consider invertible transformations that preserve the structure.
For example, given any vector space V (over any scalar field, not necessar-
ily C), the set GL (V) of invertible linear transformations from V to itself
forms a group. The group operation is composition of transformations, with
the transformation 717,: V — V defined by v +— T;(13(v)). If we have
chosen a particular basis for V, then we can write each element of GL (V)
as a matrix. For instance, because there is a standard basis of C", we can al-
ways think of GL (C") as the set of n x n invertible matrices with complex
entries. Whenever we write a group as a set of matrices, we tacitly assume
that the group multiplication is matrix multiplication. For another example,
consider a complex scalar product space V. Such a space has a linear struc-
ture as well as a unitary structure, i.e., a complex scalar product. Recall the
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notion (Definition 3.5) of a unitary operator on V. By Exercise 3.12, every
unitary operator on V has an inverse unitary on V and the composition of two
unitary operators is unitary. In other words, unitary operators form a group.

Definition 4.2 Suppose V is a complex scalar product space. The group of
unitary operators on 'V is called the unitary group (of V) and denoted U (V).
If V is finite dimensional, then we also define

SUWV)={AelU(V): detA =1}.

It is often useful to think of relationships between various groups. To this
end we define group homomorphisms and group isomorphisms.

Definition 4.3 Suppose ®: G — G, where G and G are groups. Suppose
that for any g, h € G we have

P (gh) = P(g)P(h).

Then the function ® is a group homomorphism. Let [ denote the identity
element of the group G. If ® is a group homomorphism, then the set ®~'[I]
is called the kernel of ®.

The definition requires only that the function preserve multiplication. Pre-
servation of inversion and the identity element follow.

Proposition 4.2 Suppose G and G are groups and ¢: G — G is a group
homomorphism. If I is the identity element of G and 1 is the identity element
of G, then ®(I) = 1. For any g € G we have ® (g_l) =d(g) L

Proof. To show that ® preserves the identity, note that

O =To) = (O() ' d(D)) D) = )~ (DD D(]))
=o() 'oun=d) 'oU)=1.

To show that ® preserves inversion, note that ® (g_l) P(g) = (g_lg) =
®(I) = I and, similarly, ®(g)® (g7') = @ (g¢”!) = @) = I. So
P(gH =2 O

As an example, consider the determinant. It is a standard result in linear
algebra that if A and B are square matrices of the same size, then det(AB) =
(det A)(det B). In other words, for each natural number n, the function
det: GL(C") — C\ {0} is a group homomorphism. The kernel of the de-
terminant is the set of matrices of determinant one. The kernel is itself a
group, in this example and in general. See Exercise 4.4. A composition of
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0, 1)

eie (cos 0, sin ) \
0
‘ 1 (1,0)

(=sin O, cos 0)

Figure 4.1. a) The point ¢'? lies 6 units along the unit circle. b) The matrix Mp is rotation
through an angle 6.

group homomorphisms is a group homomorphism. This result will be used in
the proof of Proposition 5.15, the construction of “pullback representations.”

Proposition 4.3 Suppose G, G, and G5 are groups. Suppose ®: G| — G,
and ¥V : G, — Gj are group homomorphisms. Then V o ®: G — G isa
group homomorphism.

Proof. It suffices to check that W o ® preserves multiplication. Let g; and g,
be arbitrary elements of G. Then

Vo @(g1g2) = V(P(g182)) = W(P(g1)P(g2)) = W (P(g1)V(P(g2))
= (W o P(g1) (Vo d(g)),

where the second equality follows from the fact that ® preserves multipli-
cation and the third from the fact that W preserves multiplication. We have
shown that ¥ o @ is a group homomorphism. Note further that because the
domain of W is all of G, the domain of ® is all of G;. Also, the range of
W o & lies in the range of W, namely, G3. O

We can use the notion of a group isomorphism to describe the relationship
between two groups that are the same as far as multiplication goes.

Definition 4.4 An injective group homomorphism V: G, — G, whose in-
verse ® is a group homomorphism from G, to G is a group isomorphism. If
there is a group isomorphism from a group G| to another group G,, we say
that the groups G and G, are isomorphic.

Intuitively, two groups that are isomorphic are essentially the same, although
they may arise in different contexts and consist of different types of mathe-
matical objects. For example, the unit circle in the complex plane is isomor-
phic as a group to the set of 2 x 2 rotation matrices. See Figure 4.1. One
is a set of complex numbers, and one is a set of matrices with real entries,
but if we strip away their contexts and consider only how the multiplication
operation works, they have identical mathematical structure.
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This essential sameness is at play when people speak of the “SO (4) sym-
metry of the hydrogen atom,” which we will discuss in Chapter 8. The hy-
drogen atom is not a four-dimensional system, much less a system rotating in
four dimensions. Yet the largest known symmetry group of the bound states
of hydrogen is isomorphic to the four-dimensional rotation group SO (4).

Note that the determinant is a group isomorphism for n = 1, but not for
any other n; while for any particular n the determinant function is surjective
(any real number is the determinant of some n x n matrix), it is not injective
for n > 2. Only when n = 1 does the determinant determine every entry of
the matrix.

Each of the groups we introduce in this text is a Lie group. We give the
formal definition in terms of “manifolds”’; however, readers unfamiliar with
differential geometry may think of a manifold as analogous to a nicely para-
metrized surface embedded in R*. More to the point for our purposes, a man-
ifold is a set on which differentiability is well defined. Since all the manifolds
we will consider are nicely parameterized, we can define differentiability in
terms of the parameters.

Definition 4.5 A Lie group is a group whose set of elements is a differen-
tiable manifold such that multiplication and inversion are differentiable func-
tions.

Each group we discuss is a Lie group because products and inverses are dif-
ferentiable functions of the parameters. For example, the circle group T is
parameterized by 6 (see Figure 4.1, part a). Because e~ is a differentiable
function of @, inversion is differentiable. Because ¢!@11%2) is differentiable
with respect to both 8; and 8,, multiplication is a differentiable function.

For a gentle introduction to manifolds and Lie groups, see the author’s
previous work [Si]; for a more standard approach, see Warner [Wa]. Under-
standing these general concepts is not required for our work here; however,
we urge readers familiar with these concepts to make explicit connections be-
tween the particular calculations in this book and the more abstract or general
theorems they may already know.

Definition 4.6 Suppose G and G, are Lie groups. Suppose V: G; — G, is
a group homomorphism. If V is differentiable, then V is a Lie group homo-
morphism. If ¥ is a also a group isomorphism and W~ is differentiable then
W js a Lie group isomorphism.

For this definition to be valid, we must know what we mean by “differen-
tiable” in this context. Since we will give explicit parameterizations of all the
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groups we encounter, and all of these groups are in matrix form, we can think
of “differentiable” as meaning that the entries of the matrix W(g) should be
differentiable functions of the parameters on the group G;. All of the group
homomorphisms we discuss in this text are Lie group homomorphisms.

In Section 4.5 we will explain how groups arise in physical systems with
symmetry. This idea has myriad applications in classical and quantum me-
chanics, as the reader might see by glancing at the tables of contents of Foun-
dations of Mechanics [AM] and Lie Groups and Physics [St].

4.2 The Key Players: SO(3), SU(2) and SO(4)

In this section we introduce the three-dimensional rotation group SO (3) and
the special unitary group SU(2). Along with the circle group, these are the
groups we need to understand the spatial symmetry of the hydrogen atom.
Through Chapter 7 we will need no other groups. We also introduce the group
SO (4) (rotations of R*), which appears only in later chapters.

The special orthogonal group SO (3) is the group of rotations of three-
dimensional Euclidean space R?. We use the standard basis of Euclidean
space, {(1,0,0)7,(0,1,0)7, (0,0, 1))}, to write elements of the group as
matrices. Because rotations are linear transformations, we can think of this
group as a group of matrices. It is helpful to recall (or realize) that the first
column of a 3 x 3 matrix is the image of the vector (1, 0, 0)7, the second col-
umn is the image of the vector (0, 1, 0)7, and the third column is the image
of the vector (0, 0, 1)7. Because a rotation carries the standard orthonormal
basis in R? into another orthonormal basis, each matrix in SO (3) has a set of
three mutually orthogonal, length one columns. Because rotations preserve
orientation, the three columns must obey the right-hand rule. We can express
these conditions mathematically by defining

SOQ3):={M e GL(R’): M"M =1 and detM = 1}.

Note that the condition M” M = I is equivalent to the condition that M
should preserve lengths in R* (Exercise 1.25).

An explicit parameterization of the group SO (3) is often useful. The most
common parameters are called Euler angles. Euler angles arise from the ob-
servation that any rotation of xyz-space can be expressed as a rotation around
the z-axis, followed by a rotation around the x-axis, followed by a rotation
around the z-axis. For example, rotating through an angle 6 around the y-axis
is the same as rotating 37” around the z-axis, followed by rotating 6 around
the x-axis, followed by rotating 7 around the z-axis. We can say this more
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0,0,1) QS

Figure 4.2. Euler angles: The dark arrow is the image of the north pole (0, 0, 1) under the
transformation ZyXgZy,. The angles (¢, 0) are the spherical angle coordinates of the image
of the north pole, while ¥ measures the amount of rotation around that axis.

formally if we introduce some notation. Let Xy, Yy and Zy denote rotations
through an angle of 6 around the x-, y- and z-axes, respectively. More con-
cretely, we have

1 0 0 cos@ 0 —sind
Xg=| 0 cos® —sinf |, Yy= 0 1 0
0 sinf cos@ sin@ 0 cosé

cosf@ —sinf O
and Z, = sind cosf O
0 0 1

The reader can easily check that, as claimed above, Z %XQZ% = Yy. Note
that the first rotation performed is the right-hand factor in the matrix multipli-
cation. The proof that any element of SO (3) can be written as ZyXgZ,, for
some real ¢, 6 and ¢ is harder and is left as Exercise 4.24. The angles ¢, 6
and ¥ are known in the physics literature as Euler angles. For their geometric
interpretation, see Figure 4.2.

Finally, we must introduce the special unitary group SU (2). The “unitary”
in the name is analogous to the “orthogonal” in the group SO (3). We set

SUQ):={M € GL(C): M*M = I and detM = 1}.

This is the group of determinant-one linear operators on the complex vec-
tor space C? preserving the natural complex scalar product (-, -) defined in
Section 3.2. Note that

(Mv, Mw) = (v, w)

for all v, w € C? if and only if
VM *Mw = (Mv)*Mw = v'w
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for all v, w € Cif and only if
M*M = 1.

In other words, a linear operator U on C? is in SU(2) if and only if
(v, w) = (Uv, Uw) for every v and w in C? and det(U) = 1. If we choose
the standard basis {(1, 0)7, (0, 1)} of C?, then (as the reader is invited to
check in Exercise 4.18) we obtain a convenient way of writing matrices in

SU(2):
o —p*
(5 )

where o, 8 € C and |a|® + |B]> = 1.

There is a Lie group isomorphism between unit quaternions and the special
unitary group SU (2). Define a function W from the unit quaternions to SU (2)
by

. . [ utix —y+iz

W(u+xi+ yj+zK) = ( ytiz u—ix )

To see that this is a group homomorphism, consider any two unit quaternions

qg=u+xi+ yj+zkand g = u + xi + yj + zk . Then from Formula 1.6 in
Section 1.5 we have

uih —xx —yy — zz —(uy + yii + zX — x2)

+ux +xu+ yz — z2y)i +(uz +zu + xy — yx)i
V(gq) =

(uy + yu + zx — x2) uih — xX —yy — zz2

+Wz +zit + xy — yX)i —(uxX 4+ xi + yZ — zy)i

u+ix —-y+iz u+ix —-y+iz -
( y4iz w—ix )( iz i —ix )‘qj(q)lp(‘”‘

To show that W is a group isomorphism, we must check injectivity and
surjectivity. By Exercise 4.9 we can prove W injective by showing that W ~![]]
contains only the identity element of the unit quaternions. But W(g) = [ if
and only if u = 1 and x = y = z = 0, which holds only if ¢ = 1, the identity
quaternion. So W~! exists. It is easy to see that U~! has domain SU(2): for
any element of SU (2) we have

(04 —ﬂ* -1 . A o~
B o =V Na + Jai + NRBj + Ipk) .

To show differentiability of W, we must parameterize the unit quater-
nions and SU (2) with open sets in R? and write ¥ in terms of the param-
eterizations. Away from the set z = 0, for example, we can parameterize
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the unit quaternions by u, x and y. Then applying W to a unit quaternion
(u +xi4yjx /1 —u?—x2— yzk) we obtain the matrix

( u+ix —y:l:i\/l—uz—xz—y2>

yEiy/1—u?—x2—y2 u—1ix

Where 7 # 0 we have 1 —u?—x?—y? # 0, so the expression on the right-hand
side is a differentiable function of u, x and y. Hence W is differentiable at unit
quaternions with z # 0. A similar argument shows that W is differentiable
at any unit quaternion with at least one nonzero coefficient. But each unit
quaternion has at least one nonzero coefficient, so we have shown W to be
differentiable on its domain. An almost identical argument shows that W~ is
differentiable. Hence W is an isomorphism of Lie groups.
We will also encounter the group of four-dimensional rotations:

SO4):={M eGL(R*): M"M =TI and detM = 1}.

The four columns of a matrix in SO (4) are mutually perpendicular and each
has length one. The ordering of the columns is restricted by the determinant-
one condition.

Each of the groups we have introduced so far is compact, i.e., satisfies
Definition 3.16. Note that an n x n matrix with complex entries can be thought
of as a subset of C"*". We leave the verification to the reader in Exercise 4.5.

The groups in this section are the key players in our drama. The rotation
group SO (3) is the physical symmetry group of the hydrogen atom (from the
lone electron’s point of view). There is a close relationship between SU (2)
and SO(3), made explicit in Section 4.3, that will allow us to use SU(2)
to deduce important facts about SO(3). Finally, the group SO(4) appears
(miraculously) as a symmetry of the hydrogen atom. We will explore this
symmetry in Chapters 8 and 9. However, the importance of these groups is
by no means limited to our application. On the contrary, these groups are
indispensable first examples of the phenomena and techniques of the theory of
compact Lie groups. Even a reader with no particular interest in the hydrogen
atom would be well advised to master this section.

4.3 The Spectral Theorem for SU(2) and the
Double Cover of SO(3)

This section presents two crucial results about particular groups. The first,
the Spectral Theorem for SU (2), shows that any element of SU (2) can be
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written in a particular convenient form. The second result is the existence of
a two-to-one group homomorphism from SU (2) to SO (3), known as a double
cover.

We begin with the Spectral Theorem.

Proposition 4.4 (The Spectral Theorem for SU (2)) Consider an element
U of SU(2). Then there is a complex number A of modulus one (i.e., . € T)
and a matrix M € SU (2) such that

o (A0
MUM—(O A*), @.1)

where M* denotes the conjugate transpose of M. Furthermore, if we write
a —p*
u=(5 )
then we can choose » = V() +iv/1 — (R(a))>.

As its extravagantly capitalized name' indicates, this proposition is a special
case of an important theorem of linear algebra. With suitable care, one can
generalize this theorem to unitary operators” on Hilbert spaces — this is one
of the fundamental results of the mathematical field called functional analy-
sis. Physicists implicitly use this theorem (or one of its relatives) every time
they make a calculation using what they call a “complete basis” of eigen-
functions of a particular operator. Readers who have done such calculations
might ask themselves how one knows that the eigenfunctions actually form a
basis, i.e., why there are enough eigenfunctions to go around. Some operators
do not have any eigenfunctions at all. See Exercises 2.28 and 3.11 for exam-
ples. In its more advanced forms, the Spectral Theorem gives a sophisticated
generalization of the notions of eigenfunctions and eigenvectors.3

Proof. To find the eigenvalues, we calculate the characteristic polynomial ex-
plicitly. We have det(zI — U) = z> — 20 (a)z + 1. By the quadratic formula,
we find that the eigenvalues are M(«a) + iy/1 — R(a)2. Note that because

IThe words “spectrum” for eigenvalues and its associated adjective “spectral” come from
the Latin word spectrum, which means appearance. Astronomers observing light from distant
stars find a characteristic set of lines appearing in their data; these lines were found to cor-
respond to differences of energy eigenvalues of the hydrogen atom. This is evidence for the
claim that distant stars are composed largely of hydrogen.

2 And to various other kinds of operators, including “self-adjoint” operators.

3See, for example, Reed and Simon [RS, Part VII]).
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N(a)? < |a|® < |ae|* + |B|* = 1, the argument of the square root is nonnega-
tive. We are free to choose

Ai=NRN(w) +iv1—R(w)?.

It is easy to calculate that |A| = 1 and the two eigenvalues are A and A*.

We will build the matrix M out of eigenvectors of U. To find the desired
eigenvectors, we take two cases. If A> = 1, it follows that M@)? =1 and
hence U = #I. In this case we can take M := [ € SU2). If A* # 1,
then we must work a little harder. Note that A> # 1 implies that A # A*. By
the definition of eigenvalues, there are nonzero vectors v, w € C? such that
Uv = Av and Uw = A"w. Without loss of generality we may assume that
lvll = lw|| = 1. Because A% # 1, it follows from

(w,v) = (Uw, Uv) = (A*w, kv) =22 (w, v),

that (w, v) = 0. Define a two-by-two matrix whose columns are v and w:

M::(v w).

The matrix M is almost, but not quite, the matrix we need. We have

M*m:(;’;)u(v w):(:jii)(kv m):(g f)

as desired, but it is possible that M is not in SU (2). We do have

M*M:( <U,U> (v,w) ):I,

(w,v) (w, w)

but there is no guarantee that det M = 1. A slight modification yields a ma-
trix in SU (2). The calculation just above shows that M is invertible and that
|det M|? = det M* detM = 1. Hence there must be a complex number y
such that |y| = 1 and y 2detM = 1. Set M := yM. Then M satisfies all our
conditions:
* ERVE] Y Ve Y A0
M*UM =y*"M* UMy = M*UM = 0 )

M*M = M*y*yM = M*M = [ and detM = yzdetM = 1.S0 M is an
element of SU (2) and satisfies the requirements of the theorem. O
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There is an important surjective group homomorphism ® from SU (2) to
SO(3). We will find the homomorphism useful in Section 6.6 for deriving
the list of irreducible representations of SO (3) from the list of irreducible
representations of SU (2). There is no a priori reason to expect such a homo-
morphism between two arbitrary groups, so the fact that SU (2) and SO(3)
are related in this way is quite special. Here is the definition of ®:

o> =187 —2%(ap) —23(ap)
a —p" . 3 (o A (o2 2y x(py2 2
CD(,B o ).: 2R(*B) R —p7) [ —p7) |. @42
23@*B) =@+ R+ )
Readers should take a little time to familiarize themselves with this homo-
morphism by concrete calculations such as those in Exercise 4.38. Readers
who wish to check by brute calculation that & is indeed a homomorphism
should consult Exercise 4.32. We will take another approach, one that is more
appealing geometrically (because we will see how an element of SU(2) can
rotate an actual geometric object) and theoretically (because it uses concepts
that generalize to other Lie groups).
There is a geometric way to construct this homomorphism.* We pull out of
our hat a certain set of matrices:

= X y—iz \. \
S'_{(Y-Hz —X )‘(xvy»Z)GR}'

Note that every matrix M of S is Hermitian symmetric, i.e., writing M* to
denote the conjugate transpose of M, we have M* = M. Note also that the
trace of each M € § is zero and
X y—iz 2 2 2
det . =—x"—y =z 4.3
( y+iz —x ) Y (4.3)
In other words, we can think of this set of matrices as R?, and the negative

of the determinant gives the square of the distance from the origin. To be
precise, we can define a correspondence (i.e., a one-to-one function)

F: R® — Hermitian symmetric 2 x 2 matrices
o x —i
y — . Y N .
. y+iz —X

4Readers familiar with the theory of Lie groups may recognize this construction as the
adjoint action of SU (2). In general, one can always use the adjoint action to construct a ho-
momorphism from a Lie group G to G/Z, where Z is the center of the group, i.e., the set of
group elements that commute with every element of G.
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Notice that this correspondence is linear (as a function between real vector
spaces) and invertible (i.e., injective and surjective).

Now consider any particular element g of SU(2). We can use g and the
correspondence F to define a linear transformation of R3:

T,: R* - R’
vi> F 1 (gF(v)g™).

The reader should verify that T,(v + w) = T,(v) + T,(w) and T,(rv) =
rT,(v) forall v, win R3 and for all » € R.

Matrix calculations show that the 3 x 3 real matrix corresponding to 7, in
the standard basis is ®(g). To show how this kind of calculation goes, we will
find the first column of the matrix of 7,. The first column of the matrix will

be the image of the vector (1, 0, 0. Writing g = ( Z _of" >, we find

and so

_ oa —p* 1 0 a*  B*
el o) =05 )00 S)(5% %)

=(|a|2—|ﬁ|2 2ap* )
208 B~ )

Applying F~!, we see that the first column of 7, is indeed

1 le* — B
.| 0 |=| 2%@B) |.
0 23(a* B)

which is the first column on the right-hand side of Equation 4.2. Similar cal-
culations work for the second and third columns. See Exercise 4.31.

Proposition 4.5 The function ®: SU((2) — SOQ3) is a surjective, two-to-
one Lie group homomorphism. The kernel of this homomorphism is {I, —1} C
SUQ2);ie,ifO(x)=1€ SOQB) thenx ==£1I € SU(2).
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Proof. We must show each of the statements of the proposition, and we must
check that for each g € SU(2) we have ®(g) € SO(3).

First we will show that & is a Lie group homomorphism. For any g, g, €
SU(2) and any v € R? we have

(218200 = Ty, () = F~' (8182F (v)(8182) ")
=F ' (g182F(v)g; ')
=F "' (s1F (F ' (&2F(g ") &)
=T, (ng(v))
= O(g1)P(g2)v.

Hence @ is a group homomorphism. In the defining formula for ® given in
Equation 4.2, every matrix entry is a differentiable function of the real param-
eters N(w), I(a), N(B) and I(B). Because these parameters are differentiable
functions on SU (2), the function & is differentiable. Hence & is a Lie group
homomorphism.

Next we show that for each g € SU (2) we have ®(g) € SO(3). For any
(x,v,2)T € R? we have, by Equation 4.3,

X .
x y—iz )
T, = —det .
()]s )

. X
= —det . YT 2 y
y+iz —x . ’

Hence ®(g) preserves the length on R3, so by Exercise 1.25, we have
®(g)T®(g) = 1. It remains to show that det ®(g) = 1. If g is a diagonal
element of SU(2), then we can make a direct calculation:

1 0 0

det(cD(g f* )):det 0 NG 3G | ==L
0 —3(A) R

If g is an arbitrary element of SU (2), then we can apply the Spectral Theorem
to find a A and a matrix M € SU (2) such that

N (2 0
MgM_(0 A*)
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and M* = M~'. We have

det ®(g) = (det ®(M)) " det d(g) det ®(M) = det (M~ 'gM)

=det®(M*gM) = det <d>( g )?* )) =1.

Hence for any g € SU(2) we have ®(g) € SO(3).
Next we show that & is surjective onto S O(3). By Exercise 4.24, it suffices
to show that for any 6 € R, Xy and Z lie in the image of ®. But according

to Exercise 4.38,
02
Xy = ( 0 002 )

Also, note that

0 0 1 0 0 1
Zo=|0 -1 0 |X, | 0 -1 0
1 0 0 1 0 0

and, again by Exercise 4.38, the permutation matrix in this equation is equal
to |
—i —1
()
Hence, since @ is a group homomorphism, we have
L[ —1\[e®2 0 L =i -1
CI) —— . ‘9/2 —— .
J2\ 1 0 J2 U1
1 (- —1 e 020 1 (- -1
(B0 e )e (G )

0 0 1 0 0 1
=10 -1 0 |Xyg] O =1 0 | =2%Z,.
1 0 O 1 0 O

Thus we have shown that any rotation around the z- or x-axis is in the image
of the group homomorphism ®. Because any element of S O (3) can be written
as a product of three such rotations (by Exercise 4.24), and because & is a
group homomorphism, it follows that any element of SO (3) is in the image
of ®. It remains only to show that ® is two-to-one. Note first that

. 100
q>(°‘ —p ): 010 (4.4)
poa 00 1



4.4. Representations: Definition and Examples 127

only if ||* — |B|* = 1 and % («? — B?) = 1. Recalling that ||* + |8 = 1,
it follows from the first equation that || = 1 and 8 = 0. Then the second
equation implies that (M(«))?> = 1 and hence &« = +1. Hence there are at
most two solutions to Equation 4.4. But both of the candidate solutions are in
fact solutions:

1 00
c1><(1) (1)>=<I><_01 _Ol)z 010
0 01
So there are precisely two elements of SU (2) in the preimage of the identity

in SO(3) under @, namely I and —I. From Exercise 4.9 we conclude that ®
is a two-to-one function. O

In Proposition 4.8 and in Section 6.3 we will use the Spectral Theorem to
simplify calculations in SU (2). In Section 6.6 we will use the homomorphism
@ between SU (2) and SO (3) to make some calculations about SO (3) that
would be harder to make directly.

4.4 Representations: Definition and Examples

In this section we define representations and give examples. We also define
homomorphisms and isomorphisms of representations, as well as unitary rep-
resentations and isomorphisms.

A representation of a group G is an interpretation of the group in terms
of linear operators. We fix a vector space V and assign to each element of
the group a linear transformation of V in such a way that group multiplica-
tion corresponds to composition of linear transformations. Recall the group
GL (V) of invertible linear operators on a vector space V and, from Sec-
tion 4.1, the notion of a group homomorphism.

Definition 4.7 A representation is a triple (G, V, p) where G is a group, V
is a vector space and p: G — GL (V) is a group homomorphism. We often
write that p is a representation of G on V. If G is a Lie group and p is a
Lie group homomorphism, then the representation (G, V, p) is a Lie group
representation.

If G and p are clear from context, one can call V “the representation.” This
slight abuse of language is quite common in the literature.
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For example, the following function p is a representation of T on C:
o:T— GL ((CZ)

Jo (10
0 eiG .

See Figure 4.3. Clearly T is a group and C? is a vector space. We check

A~
|
|
|
|
|
|

eie C X C

Figure 4.3. A representation of the circle group T on C2.

explicitly that p is a group homomorphism:

l. ,. 1 0 1 0
p @@= (o g ) (o o)

N ( (1) ei<9?+02) ) =p (@) = p (eMe'®).

Representations are powerful mathematical tools because they allow us to
use the concepts of linear algebra to study a group. For instance, we cannot
talk about the eigenvalues of an element of an abstract group G, but given a
representation (G, V, p) we can talk about the eigenvalues of p(g) for any
g €G.

One common and useful technique for constructing representations is to
use an action of a group G on a set S to induce a representation of G on the
vector space V' of complex-valued functions on S. Recall the group 7 (S, S)
of invertible function from § onto S defined in Section 4.1.

Definition 4.8 An action of a group on a set is a triple (G, S, o) where G is
a group, S is a set, and o is a group homomorphism from G to T (S, S).

In many texts an alternative (but equivalent) definition is given for an action:
an action should be a function G x S — S satisfying certain conditions
with respect to the group. Readers familiar with this alternative definition
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I ! I
I I
® ® >

X X+t

Figure 4.4. Translation by a positive number 7.

should take the trouble to prove that it is equivalent to Definition 4.8; see
Exercise 4.42.

Notice that every representation is an example of an action, but the no-
tion of an action is far more general. For example, there is an action of the
group R (with addition as the group “multiplication”) on the real line given
by (R, R, o), where for each ¢ in the group R we define o (¢): R - R, x >
x + t. This action is called the translation action. See Figure 4.4. However,
the transformation o (¢) is a linear transformation if and only if ¢ = 0. So the
action (R, R, o) is not a representation.

Given any action (G, S, o), there is a representation (G, V, p), where V is
defined to be the complex vector space of complex-valued functions on S and
p is given by the formula

p-f:8S—->V
s> flo(g™s)

for each g € G and each f € V. We say that the action (G, S, o) is induced
by the representation (G, V, p). Alternatively, we say that p is the represen-
tation corresponding to the action (G, S, o). Let us check that p satisfies the
definition of a representation (Definition 4.7). The group is G, and the vec-
tor space is V. We must check that p is a group homomorphism from G to
GL (V). Certainly the domain of p is G. Also, forany g € G andany f € V
we have p(g)f € V,i.e., p(g)f is a complex-valued function on S. Finally,
we check that forany s € S, any f € V and any g1, g» € G we have

(p(g1)p(g2) ) (s) = p(g1) f(o(gy")s) = fo(gysYo(gr)s)
= f(o((g182) ") = (p(g182) f) ().

Let us verify the second equality more explicitly. Let 2 denote the function
p(gy) f;ie., define h(s) := f(o (gz_l)s). Then we have

p(g) f(a(ga")s) = p(gh(s) = h(o(gy")s) = flo(g; HalgrHs).

Note the role the inverse plays: it undoes the order reversal introduced by the
passage from the p’s to the o’s. So p is indeed a group homomorphism, and
hence (G, V, p) is a representation.
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Figure 4.5. The graphs of f and p(—1) - f with f(x) := x2.

For example, consider the translation action (R, R, o) defined above. Let
V denote the complex vector space of complex-valued functions of one real
variable. The induced representation of the additive group R on V is given by

p(t): V>V
f=fC=0
for each group element ¢ € R. So, for example, if f(x) := x2, then

(p(=D - f) () = (x + D™
Here o (—1) moves points on R one unit to the left and p(—1) moves graphs
one unit to the left. More generally, if o (f) moves points ¢ units to the left
(resp., right), p(t) moves graphs of functions ¢ units to the left (resp., right).
See Figure 4.5.
For another example, let § = R?, let G = SO(2) and let o be the natural
action. That is, if we fix the standard basis on R? and write a typical group

element
R [ €08 6 —sinf
=\ sin6 cos@

r1 cosf® —sinf r1
o (Rp) - ( r > = < sinf cosf ) < r )
In words, the group element Ry rotates the real plane counterclockwise
around O through an angle of 8. Let V denote the set of complex-valued func-
tions on R?. Then in the corresponding representation on V the group element
Ry rotates the graph of each function f counterclockwise through an angle

of #. For example, consider the functions f;: R> — C, (r;, )" +— r; for
i = 1ori =2.The graph of f; is a plane containing the r, axis and making

we have
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an angle of /4 with the positive r; axis. If we rotate this plane through an
angle of 7 /2 (parallel to the r;r,-plane) we get a plane containing the r; axis
and making an angle of 7 /4 with the r, axis: the graph of f,. Algebraically,
we find that

Rep - fi(ri,r) = fi (0 (R_zpp)(r1,12)) = fi(ra, —r1) = r2 = fo(r1, 1r2).

In other words, Ry - f1 = f.

The representation that arises first in the study of the hydrogen atom is
the natural representation of SO(3) on L*(R?). Recall that we defined the
group SO (3) as a group of rotations of real Euclidean three-space. This gives
a natural action of the group on the space R3. Hence there is a natural repre-
sentation of SO (3) on the space of complex-valued functions on R?. Sticklers
will recall that elements of L?(R?) are equivalence classes of complex-valued
functions; because rotating two equivalent functions yields two equivalent
functions (as the reader can check in Exercise 4.44), the representation is
well defined on equivalence classes. Also, if a function is square-integrable,
then rotating it yields a square-integrable function. So we have a bona fide
representation of SO (3) on the Hilbert space L?(R?). More explicitly, for
any g € SO(3) and any f € L*(R?), we define the function g - f by

X X
Nl y l=rle'l vy
Z Z

Just as the same group can arise in different guises, two different-looking
representations can be essentially the same. Hence it is useful to define iso-
morphisms of representations. Homomorphisms of representations play an
important role in the critical technical tools developed in Chapter 6. We will
also use them in the proof of Proposition 11.1.

Definition 4.9 Suppose (G, V, p) and (G, W, p) are representations of the
same group G. Suppose T : V. — W is a linear transformation. Then T is a
homomorphism of the representations (G, V, p) and (G, W, p) if and only if,
forevery g € G we have p(g) o T =T o p(g).

If T is a homomorphism of representations, then T is said to intertwine the
two representations. Because the condition for 7 to be a homomorphism is
linear in 7, it follows that the set of homomorphisms of representations from
V to W forms a vector space.

Next we introduce isomorphisms of representations. As usual, isomor-
phisms are homomorphisms that are injective and surjective.
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Definition 4.10 Suppose T: V — W is a homomorphism of the represen-
tations (G, V, p) and (G, W, p). If T is injective and T W > Visa
homomorphism of representations, then we say that T is an isomorphism of
representations. In this case we say that the representations (G, V, p) and
(G, W, p) are isomorphic.

It is useful to have a shorthand for the statement that (G, V, p) is isomorphic
to (G, W, p). One can write p = /. A notation common in the literature is
V = W. This last shorthand puts the burden on the reader to determine from
context what the group and the representations are.

The next proposition is an important tool for telling representations apart.

Proposition 4.6 Suppose (G, V, p) and (G, W, p) are isomorphic represen-
tations of the group G. Then either both V and W are infinite-dimensional, or
both are finite dimensional and the dimension of V is equal to the dimension

of W.

Thus if two representations are of different dimensions, they cannot be iso-
morphic.

Proof. By the definition of “isomorphic,” there must be an invertible, surjec-
tive linear transformation 7 from V to W. If W is finite-dimensional, then we

can apply the Fundamental Theorem of Linear Algebra (Proposition 2.5) to
find

dimV = dim(ker T) + dim(Image T) = 0 + dim W = dim W.

Likewise, if V is finite-dimensional, we can apply Proposition 2.5 to 7!,
The only other possibility is that V and W are both infinite-dimensional. O

In all the important quantum mechanical applications, the representations
are unitary. Recall the unitary group U/ (V) from Definition 4.2.

Definition 4.11 Suppose V is a complex scalar product space. A representa-
tion (or Lie group representation) (G, V, p) is unitary if and only if, for each
g € G the linear transformation p(g) is a unitary transformation. In other
words, a representation is unitary if the image of p liesinU (V) C GL (V).

For example, consider the representation p: T — U ((CZ) defined by

RN cosf —sinf
sin@ cosf J°
By Proposition 3.2, this is a unitary representation with respect to the natural
scalar product on C2, since the columns of the matrix form a unitary basis of



4.5. Representations in Quantum Mechanics 133

C? for any 6. On the other hand, the representation p: T — GL ((Cz) defined

by
o? s cosf —2sinf
;sinf  cosf

is not unitary in the natural complex scalar product on C?, since the second
column of the matrix does not have norm 1 for every value of 6:

()3 =2

Isomorphisms of unitary representations ought to preserve the unitary
structure. When they do, they are called unitary isomorphisms of represen-
tations.

Definition 4.12 Suppose (G, V, p) and (G, W, p) are two representations
of the same group. Suppose V and W are complex scalar product spaces.
Suppose T: V. — W is an homomorphism of representations. If T respects
the complex scalar products, i.e., if for all v,w € V we have (v, w) =
(Tv, Tw)., where { , ) denotes the complex scalar product on 'V and ( , )..
denotes the one on W, then we call T a unitary homomorphism. If T is an
isomorphism as well we call it a unitary isomorphism and we say that the
representations are isomorphic as unitary representations.

Note that every unitary homomorphism T of representations is injective: if
v #0 e V,then
(Tv, Tv) = (v, v) #0,

so the kernel of T is trivial.

Representations are the primary object of our mathematical analysis. In
particular, the natural representation of SO(3) on L?(R?) introduced in this
section is the mathematical model for the states of the electron in the hydro-
gen atom, along with its symmetries. We will analyze this representation in
detail in Chapter 7. In our preparatory work in the intervening chapters, we
will use homomorphisms, isomorphisms and unitary representations many
times.

4.5 Representations in Quantum Mechanics
Representations arise naturally in quantum physics, where there is a homo-

morphism from the symmetry group of the physical space to the group of
linear transformations of the Hilbert space of states of the quantum system.



134 4. Lie Groups and Lie Group Representations

Figure 4.6. Sphere of observers and their hydrogen atom.

The symmetry group of the physical space is the abstraction of the empir-
ical fact that many different observers see the same laws of physics. Let us
explain in detail the case that interests us most. Suppose one studies hydrogen
atoms in the laboratory, and one discovers that laws of physics governing the
hydrogen atom show no directional bias. In other words, the results of exper-
iments do not depend on the angle of the observational equipment (from the
vertical, or from any other reference direction). The results might depend on
the angle between the observational equipment and other equipment involved
in the experiment, but if one rotates the whole setup, one gets the same re-
sults. Also, the result of one particular experimental trial might involve some
angular data, but statistically (looking at the aggregate of many trials) there is
no favored direction.

To see how a group arises, imagine many observers, all at the same dis-
tance from one hydrogen atom. All these observers sit at points on an abstract
sphere, whose center is the hydrogen atom under study. See Figure 4.6. If we
secretly rotate the sphere to a different position, none of the observers would
be able to tell the difference. Thus any rotation of the sphere is a symme-
try of the system. In other words, the symmetry group of the hydrogen atom
contains the group SO (3).

If we model the hydrogen atom as a stable nucleus with one particle mov-
ing around it, then the space of states in our model is L>(R?), as discussed
in Section 1.2. To create a representation, we find a group homomorphism p
from SO (3) to the group of linear operators on L*(R?). Fix an arbitrary ro-
tation g € SO (3). Consider two observers (A and B) whose positions differ
by g. In other words, suppose that if we apply the rotation g to the imaginary
sphere in Figure 4.6, observer A ends up precisely where observer B was,
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and facing the same direction as observer B faced. To understand the corre-
sponding linear transformation p(g) of L*>(R?), consider an arbitrary vector
f € L*(R%). Imagine the hydrogen atom is in the state described by the vec-
tor f from observer A’s point of view. Now define p(g) f to be the vector in
L*(R?) that observer B would use to describe that same state. (Astute readers
may object that this last vector is not well defined, since the state determines a
line in L%(R?), not a single vector. Such readers should see Chapter 10 for the
true story; for our purposes here, it is not misleading to assume that each state
corresponds to one single vector.) In other words, if we asked each observer
to write down the vector describing the state of the mobile particle in the hy-
drogen atom, observer A would write down f and observer B would write
down a state f , and then we would define p(g) f := f . Note that the defini-
tion of p(g) does not depend on which pair of observers we chose — another
pair in the same relative position would yield the same p(g).

Of course, we need to check that the p(g) we defined is actually a linear
transformation. Here the physics helps us. Recall from Section 1.2 that linear
combinations of vectors can be interpreted physically: if a beam of particles
contains a mixture of orthogonal states, then the probabilities governing ex-
periments with that beam can be predicted from a linear combination of those
states. Thus observer A’s and observer B’s linear combinations must be com-
patible. In other words, if observer A takes a linear combination c; f; + ¢ f2,
while observer B takes the same linear combination of the corresponding
states c1p(g) f1 + cap(g) f», the answers should be compatible, i.e.,

p(©)(cifi+crfa) =ci1p(g) fi +c20(8) f2.

But this is equivalent to the definition of a linear transformation.

Finally, we need to check that p is a group homomorphism. It is not hard to
see that p respects group multiplication: if we have observers A, B and C, a
rotation g4 p that takes A to B’s position and a rotation gp¢ that takes B to C’s
position, then gpcgap takes A to C’s position and hence p(ggcgap) is the lin-
ear transformation taking states in A’s perspective to states in C’s perspective.
This yields the same as taking states from A’s to B’s perspective, followed by
taking states from B’s to C’s perspective. So p(gpcgas) = p(gsc)p(gaB)-
Hence p is indeed a group homomorphism.

In addition, p is a unitary representation. Because complex inner prod-
ucts of states yield physically measurable quantities, the value of the com-
plex scalar product cannot depend on the angular position of the measurer.
More explicitly, the value (¢, ¥) measured by A must be equal to the value
(p(g)®, p(g)y) measured by B. (Again, this is a bit of a lie, harmless for
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now: we can measure only |(-, -)|. For the true story see Chapter 10.) So each
p(g) must be a unitary operator on the state space.

Any physical representation o must also be a Lie group homomorphism;
i.e., it must be differentiable. This follows from the experimental observa-
tion that data observed changes smoothly as an observer changes position
smoothly. All the representations we discuss in this book are Lie group rep-
resentations. In our study of the hydrogen atom, we have an experimental
model for the particular state space, namely, L?(R?). In Section 7.3 we will
get physical predictions by studying the representation of the group SO(3)
on that state space. In other situations, one may know only the group and
not the particular state space. For example, one might ask what quantum me-
chanical systems one might expect in a physical space obeying the rules of
special relativity. Such a space is called Minkowski space and its group of
symmetries is called the Poincaré group. Any quantum system must corre-
spond to a representation of the Poincaré group. Therefore, if we can find a
way (mathematically) to classify the representations of the Poincaré group,
then we can predict something about quantum systems in Minkowski space.
With this goal, E. Wigner worked out the classification and predicted that
elementary particles should have mass and spin. For more detail, see [St,
Section 3.9].

Representation theory encompasses more than just group representations.
Because we can add, compose and take commutators (T1T, — T,T;) of linear
transformations, we can represent any algebraic structure whose operations
are limited to these operations. We will see an important example in Chap-
ter 8, where we introduce and use the representation theory of Lie algebras
to find more symmetry in and make finer predictions for the hydrogen atom.

Note that the application of representation theory to quantum mechanics
depends heavily on the linear nature of quantum mechanics, that is, on the
fact that we can successfully model states of quantum systems by vector
spaces. (By contrast, note that the states of many classical systems cannot
be modeled with a linear space; consider for example a pendulum, whose
motion is limited to a sphere on which one cannot define a natural addition.)
The linearity of quantum mechanics is miraculous enough to beg the ques-
tion: is quantum mechanics truly linear? There has been some investigation
of nonlinear quantum mechanical models but by and large the success of lin-
ear models has been enormous and long-lived.

In summary, a set of equivalent observers of a quantum mechanical system
gives a unitary representation (G, V, p), where G is the symmetry group for
the equivalent observers and V is the state space of the system.
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4.6 Representations of SU (2) on Homogeneous
Polynomials in Two Variables

A family of representations important in our analysis of the hydrogen atom
consists of the representations of SU(2) on spaces of homogeneous polyno-
mials. These representations play a major role in our classification of repre-
sentations in Chapter 6.

Recall from Section 2.2 that the complex vector space P" of homogeneous
complex polynomials of degree n in two variables has dimension n + 1 and
has a basis of the form {x", x" "'y, x"~2y2, ..., xy"~!, y"}. The action of the
group SU (2) on the complex vector space C? (via matrix multiplication) de-
fines a representation (SU (2), P", R,) as described in Section 4.4: for any

g € SU(2), any (x, y)T e C? and any polynomial p,

wors(5)=r(e'(3)

Note that because the action of SU(2) on C? is linear and invertible, the trans-
formation R, (g) preserves polynomial degree. These representations are re-
lated to the spin of elementary particles as we will see in Section 10.4; in
particular, P" corresponds to a particle of spin-n/2. (Spin is a quality of par-
ticles that physicists introduced into their equations to model certain mysteri-
ous experimental results; we will see in Chapter 10 that spin arises naturally
from the spherical symmetry of space.)

Let us calculate some of these R,’s explicitly. Recall that each element of

SU (2) has the form ( Z _(ﬁ ), where « and B are complex numbers such

that |o|* + |,B|2 = 1. It will help to note that for any (x, y)” € C? and any

( g _aﬁ ) € SU(2) we have

() )= D)6 =(50)

B o y) \-B «a y ) \ =Bx+ay )’
We start with the case n = 0. Here our vector space is one-dimensional

and the basis consists of the constant function 1. Because Ry(g) - 1 = 1 for

each g € SU(2), the matrix of the representation R is (1) in the basis {1}

of the constant polynomials in two variables. Next we tackle the case n = 1.

The vector space is two-dimensional with basis {x, y}. Note that here we are
using x to denote the function taking a point in C? to its first coordinate. So,
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a —p*
(,3 a* )

is the function taking the point (X, Y)” e C? to the first coordinate of

a*  p* X
-8 « Y )’
which is «*X + B*Y. In other words, we have
o _ﬂ* % *
(,B ot )‘x—ax—i—ﬁy.
Similarly, we can calculate that
a —p* _
<,3 o )-y— Bx + ay.

Hence the matrix of the representation R; in the given basis is

a* ﬁ*
(% %)

For n = 2 we have the three-dimensional vector space spanned by the basis
{x2, xy, y*}. We have

for instance,

a —p* 2 % % N2 k2.2
s -x° = (a®x + B*y)° = (@¥)“x” + other terms,

B«
( Z _(ﬁ ) -xy = (@*x + B*y)(—=Bx + ay)

= («*a — B*B)xy + other terms,

( Z _of" ) -y? = (=Bx + ay)? = a’y? + other terms.
In fact, as the reader may show in Exercise 4.45, the matrix of the represen-
tation R; in the given basis is
(@) 2a**  (B*)
—a’p lal? =B ap’
B? —2a8 o’

Are the representations R, unitary? That is, do they satisfy the conditions
of Definition 4.11? The question does not make sense until we specify com-
plex scalar products. There are many different choices; we will find it useful
to define complex scalar products in which the representations are unitary.
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Proposition 4.7 Fix a nonnegative integer n and consider the complex vector
space P". Define a complex scalar product on P" by setting

4 0 J Ak

and extending linearly to arbitrary elements of P". With this complex scalar
product on P", the representation (SU (2), P", R,) is unitary.

(x" =yl k) = { kin—k)! j=k

Note that it suffices to define the scalar product on basis elements. This propo-
sition plays a crucial role in the proof of Proposition 6.14, the classification
of the unitary irreducible representations of the group SU(2).

Proof. We will find it helpful to define a function® F of three variables by

F(t.x.y) = (@ +1y) = Ztk@xn_kyk_

k=0

We will see below that the function (F (s, x, y), F(t, x, y)) has important
properties. Specifically, (F (s, x, y), F (¢, x, y)) is a polynomial in s and ¢; its
coefficients contain complete information about the complex scalar product
on P*; and (F (s, x, y), F(¢t, x, y)) is invariant under the action of SU (2) on
C2. Finally, we will show that these properties imply that the complex scalar
product is invariant under the representation R, and thus the representation
is unitary.
To see that (F (s, x, ¥), F(¢, x, ¥)) is a polynomial in s* and ¢, note that

(F(s,x,y), F(t,x,y)) = 2":2@ >"ﬂ( )( )< YR Xy,

=0 j=0

We will find it useful to simplify this expression (using the particular complex
scalar product defined in the statement of the proposition) to

n 2
(F(s,x,y), F(t,x,y)) = Z(s*t)k (Z) Kl(n —k)!'=n!(1+s"0)". 4.5)
k=0

5The function F is an example of a generating function, i.e., a power series in an extra
variable (in this case, #) whose analysis yields information about its coefficients.
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How does the representation of SU (2) affect (F (s, x,y), F(t,x,y))? We
consider

F(ts ( Z _Ofk* ) -(x,y)) = F(t,a"x 4+ B*y, —Bx + ay)

= (a*x + B*y +t(—Bx + ay))n

— (& —1B)" (x <toz+,3 )n

y
t *
= (a*—tﬂ)nF< ot p ,x,y>
It follows that

(5 ) e)r (n (5 30 ) em))
= (@ = 5B (@" tﬂ)”< (a“ ffﬁ,x, y) F (;Oit’fﬁ’x, y)>

— nl(a — s*B*)" (@* — 1B)" (1 + (fx“ J_rfﬁ) <;“t’fﬂ))

=n!(1+5%)" = (F(s,x,y), F(t,x,y)),

where we have used Equation 4.5 and the fact that |«|* 4+ ||> = 1. Hence we
conclude that, for any g € SU (2),

ZZ(s*)kﬂ< )( )( Y Xy ) = (F (s, x, ), F 1, %, )

k=0 j
=(F(s,8-(x,y), F(t,8-(x,y))
EE e Qe
k=0 j=0

But two polynomials in s and ¢ are equal if and only if the coefficients of
monomials in s and ¢ are equal. Hence for any j and any k we have

ok - ok -
(g - x" 7V g x"Tyl) = (T Xy ).

We conclude that the representation R, is unitary with respect to the given

complex scalar product. O

The unitary representations R, in this section turn out to be the building
blocks for all representations of SU(2). They will help us (in Chapters 6
and 7 to identify the representations of SO (3) that occur in L*(R?), and they
will show up again in the study of arbitrary spins in Section 10.4.
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4.7 Characters of Representations

Let me see: four times five is twelve, and four times six is thirteen, and four
times seven is — oh dear! I shall never get to twenty at that rate!
— Lewis Carroll, Alice’s Adventures in Wonderland [Car, pp. 38]

In this section we define characters. Associated to each finite-dimensional
representation (G, V, p) is a complex-valued function on the group G, called
the character of the representation.® Recall the trace of an operator (Defi-
nition 2.8): the sum of the diagonal elements of the corresponding matrix,
expressed in any basis.

Definition 4.13 Suppose (G, V, p) is a representation with finite-dimension-
al vector space V. Define the character x,: G — C of the representation

by
xp(8) :=Trp(g),
foreach g € G.

For example, consider the representation of (SU(2), C?, p), where p is
given by matrix multiplication:

(G D)= ()

The character of this representation is given by the formula

X”((Z _f )) — 29 (a).

Because each representation function p is a group homomorphism and be-
cause the trace function is invariant under conjugation, we have

Xo(hgh™") = Tr (p(hgh)™") = Tr (p(M)p(@)p (™) = Tr (p(2)) = x,(8)

for any group elements g, h. Hence the character of any representation is
invariant under conjugation.

We would like to find the character of each representation of SU(2) on
homogeneous polynomials in two variables, introduced in Section 4.6. For
each nonnegative integer n it suffices to find the diagonal entries of the matrix
form of the transformation R, (g) in the familiar basis. We calculated some of

6This is not the same as the “characteristic function of a set.”
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these matrices in Section 4.6. For n = 0, the character is xo(g) = Tr(1) = 1.
(Note that we are using the shorthand notation x, := xg,.) For n = 1 the
character is

(32 )l %) remun

This character is the same as the character of the representation on C? by
matrix multiplication; in fact, these two representations are isomorphic, as
the reader may show in Exercise 4.36. This is an example of the general
phenomenon that will help us to classify representations: finite-dimensional
representations are isomorphic if and only if their characters are equal. See
Proposition 6.12. Note that while a representation is a relatively complicated
object, a character is simply a function from a group to the complex numbers;
it is remarkable that so much information about the complicated object is
encapsulated in the simpler object.
For n = 2 we find that the character is

. (O[*)2 20[*/3* (ﬂ*)Z

a —B _ o 2 a2 " A N2

e\l g o =Tr B lal"—1B1"  ap =4NR(a)” - 1.
B> —2up o?

Like Alice, we shall never get to our goal (calculating the character of R,

for each n) at this rate! Fortunately, we can use the Spectral Theorem to find
an easier way to do a more general calculation.

Proposition 4.8 For each nonnegative integer n there is a polynomial g, of
degree n in one variable such that for each element of SU (2) we have

w((5 ) =a0e.

This proposition will play a crucial role in the proof of Proposition 6.14.

Proof. Loosely speaking, we can evaluate the character y, at an arbitrary g €
SU (2) by finding a diagonal matrix with the same N («) as g, and evaluating
the character at that diagonal element of SU (2).

For any diagonal element of SU (2) for any basis vector x*y"~* we have

A0
Rn (( 0 A—l >> xkynfk — )Mfk)\‘nkakynfk — )Ln72kxkyn7k'

So for any natural number n we have

Xn (( g )ﬁl )) = kn;x“".
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Next we show by induction on 7 that this last expression is a polynomial
of degree n in 9i(A). First we need two base cases: for xo we have
0

Zko’”‘ —1,

k=0
a polynomial of degree O, while for x; we have

1
DA =4 aT = a0 =200,
k=0
a polynomial of degree 1 in N(X).
For the inductive step we note that

n n—1
Z)\‘n—Zk =AM+ A"+ Z}Ln—Qk
k=0 k=1
=\ + A + )Ln—2(k+l)
k=0
n—2
— )\‘n + )\’771 + Z}\‘nfzfzk.
k=0
By the inductive hypothesis, we know that the last term is a polynomial of
degree n — 2 in 9i(A). We will be done with our induction if we can show that
A7" 4 A" is a polynomial of degree n in 9()1). Note that for A € T we have
AT = (AM*, so

AT = 2RO = 20 (m(x) +iJ/1— m(w) .

Now Exercise 1.4 implies that A" + A™" is a polynomial of degree n in
N (X). Thus we have shown that

A0
Xn 0 )\’—l

is a polynomial of degree n in R (1). Let g,, denote this polynomial.
Now we can verify the statement of the theorem. For any element of SU (2)
and any n we have

o —p*
X”(ﬂ o )
. R(a) +iv/T— Ra)? 0
= 0 R(a) — i1 — N(a)?

= gn N(@)),
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2u

—
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XV

Figure 4.7. The first few character functions for SU (2).

where the first equality follows from the Spectral Theorem for SU (2) and the
fact that yx, is invariant under conjugation. O
Note that in the proof we have shown that go(#) = 1 and g1 (u) = 2u. The
reader is invited to calculate more examples explicitly in Exercise 4.39. For
another view of these polynomials, recall from Exercise 1.3 that
)\‘n-i-l _ )\‘—n—l

- )\‘2k7n —
; A=At

We will use this proposition in our classification of the representations of
SU (2) and SO(3) (Propositions 6.14 and 6.16). Note that the converse of
this proposition is false, as the reader may show in Exercise 4.23.

The first few character functions are shown in Figure 4.7.

In Section 6.5 we will use this proposition to help show that any represen-
tation of the group SU(2) can be built from the R,’s. Specifically, we will
make use of the fact that there is exactly one g, for each degree n to show
that the g,,’s span the complex scalar product space C[—1, 1].

4.8 Exercises

Exercise 4.1 Suppose G| and G, are groups. Consider the set defined by
G x G2 :={(81,82): & € G1, & € Go},
with multiplication defined by
(81, 82)(h1, h2) := (g1h1, §2h2).
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Show that this multiplication makes G| x G, into a group. The group G| x G,
is called the Cartesian product group.

Exercise 4.2 Show that the Cartesian product of groups defined in Exer-
cise 4.1 is associative, i.e., for any groups G, G, and Gs the group (G| X
G,) x Gj is isomorphic to the group G| x (G, x G3). Conclude that for any
natural number n, n-fold products of groups are well defined.

Exercise 4.3 Show that the set of 2 x 2 diagonal special unitary matrices is
a group and that it is isomorphic to the group T x T. (See Exercise 4.1 for
the definition of the Cartesian product of groups.)

Exercise 4.4 Fix a natural number n and show that the set of n X n matri-
ces of determinant one forms a group. Show more generally that the kernel
of any group homomorphism is itself a group. Does the set of all matrices
(of all finite sizes) of determinant one form a group under the usual matrix
multiplication?

Exercise 4.5 Show that SO(3), SO(4), T, the unit quaternions and SU (2)
are all compact.

Exercise 4.6 Is the group SO (4) isomorphic to the Cartesian product
SOB) xS0@3)?

Exercise 4.7 Suppose M is a matrix in S O(3). Show that 1 is an eigenvalue
of M. What is the geometric meaning of the associated eigenvector? Does
every matrix in SO (4) have 1 as an eigenvalue?

Exercise 4.8 Show that the subset of T (S, S) of transformations T such that
both T and T~ are continuous is a subgroup. How many analogous con-

structions can you make? l.e., what other structures on sets S lead naturally
to subgroups of T (S, S)?

Exercise 4.9 (Used in Proposition 4.5) Suppose G and G are groups and
U:G —> Gisa surjective group homomorphism. Suppose that the kernel
of W contains precisely n elements. Show that WV is an n-to-one function, i.e.,
that forany g € G the set W™! [g] contains precisely n elements. In particular,
W is injective if and only if W~'[1] = I.

Exercise 4.10 Consider the (topological) two-torus in R? of inner radius r
and outer radius R. An equation for this two-torus is

2
( x2+y2—A) +2° =B,
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where A 1= % and B := R;r. Use the rotations L4 and Xy (and operations

with constant vectors) to parameterize this torus by ¢ and 6.

Exercise 4.11 (Used in Section 6.1) Suppose v € R3. Show that there is a
rotation M € SO3) such that Mv = (r, 0, 0)! for some nonnegative real
number r. Is this rotation unique? Show that if v is nonzero then r is nonzero
as well.

Exercise 4.12 Suppose v, w € R3. Show that if there is a rotation M &
SO 3) such that Mv = (r,0,0)" for some nonnegative real number r and
Mw = (0,s,0)7 for some nonnegative real number s, then this rotation is
unique. Can you find a simple criterion (a calculation in terms of v and w)
for the existence of such a rotation M ?

Exercise 4.13 Consider the representation p: T — GL ((Cz) defined by
0¥ s cosf —sin6
sinf cosf J°
Consider the complex scalar product defined on C* by

*
(vv w> = )\.1UTU)1 + )\.21)211)2,

where Ay and L, are both strictly positive real numbers. Show that unless
A1 = Ao, the representation is not unitary in the given scalar product.

Exercise 4.14 (Used in Proposition 5.1) Show that the degree of a polyno-
mial in three variables is invariant under rotation. In other words, consider
the natural representation p of SO (3) on polynomials in three variables and
show that the degree of a polynomial is invariant under this representation:
for any polynomial q and any g € SO (3), show that the degree of q is equal
to the degree of p(g)q.

Exercise 4.15 (Used in Proposition 5.1) Show that the Laplacian in three
variables is invariant under rotation. In other words, consider the natural
representation p of S O (3) on twice-differentiable functions of three variables
and show that for any g € SO (3) we have p(g)oV? = V?o0p(g). To put it yet
another way, show that the Laplacian is a homomorphism of representations.

Exercise 4.16 Generalize Exercises 4.14 and 4.15 to n dimensions. Le., show
that the degree and the Laplacian are both invariant under rotation in R¥. Are
they both invariant under the natural action of GL (]Rk) on R*? Suppose T
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is a linear operator on R" whose determinant is 0. What can you say about
the degree or the Laplacian of p o T ? Here p is an arbitrary homogeneous
harmonic polynomial.

Exercise 4.17 Show that expg: R — R is an isomorphism of groups.
Show that expc: C — C* is a homomorphism of groups but not an iso-
morphism of groups. Show that exp,;: gl(n,R) — GL(n,R) is not even a
homomorphism of groups. (Here gl(n, R) denotes the additive group of all
n X n matrices with real entries, and GL(n, R) denotes the multiplicative
group of all nonsingular n x n matrices with real entries. exp,, is matrix
exponentiation, as defined in Section 1.5.)

Exercise 4.18 Show that a 2 x 2 matrix M is a unitary transformation of
determinant one on C?, if and only if there are complex numbers o and B
such that |«|* + |B1> = 1 and

o —p*
M:(ﬁ ’ )

Exercise 4.19 (Used in Proposition 6.4) Suppose Vi, V, and V; are repre-
sentations. Suppose Ty: Vo — Vi and T,: V3 — V, are homomorphisms
of representations. Show that Ty o T, is a homomorphism of representations.
Suppose further that Ty and T, are both isomorphisms of representations.
Show that Ty o T, is an isomorphism of representations.

Exercise 4.20 Suppose G is a group and V is a vector space. Define the
trivial representation of G on V by

:Otriv(g) =1

for any g € G, where I is the identity element of V. Is the trivial representa-
tion of G on C isomorphic to the trivial representation of G on C??

Exercise 4.21 Consider the representation (T, C?, p) defined by

; eiG 0
p(e 0) = < 0 e if )

and the representation (T, C?, p) defined by

i
~ i0N . e O
pe”) = ( 0 e )

Are these two representations isomorphic?



148 4. Lie Groups and Lie Group Representations

Exercise 4.22 Consider the representation (T, C, p) defined by
o(e®) = ( if )
and the representation (T, C, p) defined by
5(e) = ( 20 )
Are these two representations isomorphic?

Exercise 4.23 Show that for each integer k, the function p: T — GL (C)
given by pi(e'?) := e is a representation. Show that it is unitary. For what
values of k and k is py isomorphic to p;?

Exercise 4.24 (Used in Proposition 4.5.) Show that any element of SO(3)
can be written in the form ZyXoZ,, for some real ¢, 0 and . (Hint: first
express the image of (0,0, 1)T in terms of ¢ and 6.) Recall the definition
of Cartesian products of groups from Exercise 4.1. Is this map from the Lie
group T x T x T to the Lie group SO(3) a group homomorphism? Is it
differentiable? One-to-one?

Exercise 4.25 (First part used in Section 6.3) Rewrite Equation 1.6 as a
matrix multiplication of the vector (i, X, v, )T in R*. Write the matrix ex-
plicitly in terms of u, x, y and z. Define the group SO (1, 3) to be the set of
4 x 4 determinant-one matrices M satisfying

1 0 0 O 1 0 0 O

1 0 -1 0 O 0 -1 0 O
M 0 0 -1 O M= 0 0 -1 O
0 0 0 -1 0 0 0 -1

What familiar condition on the quaternion u + xi + yj + zKk is equivalent
to requiring the corresponding matrix to be an element of SO(1,3)? Use
this calculation to define a group homomorphism from the set of quaternions
satisfying that condition to SO (4).

Exercise 4.26 Show that there is an injective group homomorphism from
SU(2) to SO(4). In other words, show that there is a subgroup of SO (4)
that is isomorphic to SU (2). (Hint: use quaternions.) Is this homomorphism
surjective?

Exercise 4.27 (For topology students; used in Appendix B) Show that the
group SU (2) is simply connected. (Hint: consider Exercise 4.18.)
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Exercise 4.28 (For topology students) Show that the group SO (3) is not
simply connected.

Exercise 4.29 Show that for G = T, SO(2) or SO(3), two matrices in G
are similar if and only if they have the same eigenvalues (with the same mul-
tiplicities). On the other hand, find an example of two invertible matrices with
the same eigenvalues (with the same multiplicities) that are not similar to one
another.

Exercise 4.30 Show that two matrices in SO (4) are similar if and only if
they have the same eigenvalues (with the same multiplicities).

Exercise 4.31 Verify that the second and third columns of the 3 x 3 matrix

o —p*
*((5 &)
are given correctly in Formula 4.2.

Exercise 4.32 To show that the function ® defined in Section 4.3 is indeed a
homomorphism, it suffices to show that if

ar —py a —p; _ [ —B3
B of B a3 B oy |’

then the product of

lar > — 1811 —2R(aiB1)  —23(e1B1)
2WR(@ip) R —pYH I - B
23(aip) =i+ BY) Rk + BY)

and
o> — 82> —2%(2B2)  —23(c2B)
WR(3B) N2 —B) I —pd)
(@) —3@E+ D Ned+ B
is equal to

lesl? = 1Bsl” —2%R(@3B3)  —23(e3Bs)
2R(e5B3)  Red — B (a3 — B
2(@3ps) @B+ B NS+ D)
Check one of the coordinates of the product. Gluttons for punishment may
check more than one.
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Exercise 4.33 Is the set

{M € SU(2): 30 such that ®(M) = Xy}
a subgroup of SO (3)? What about

{M € SUQ2): 30 such that ®(M) = Yy}

and
{M € SUQ): 360 such that ®(M) = Zy}?

Exercise 4.34 (SU (2) and the unit quaternions) Recall the functions f;, f;
and fy from Exercise 2.8. Show that the restrictions of f;, fjand fx to the unit
circle T are group homomorphisms whose range lies in the unit quaternions.
Call their images T, T and Ty, respectively. Write the images of T;, T; and
Ty under the homomorphism ® explicitly as 3 x 3 matrices.

Exercise 4.35 (Used in Section 10.4) Show that for any natural number n
and any element g € SU(2) we have R,(—g) = (—1)"R,(g).

Exercise 4.36 Show that the representation of SU(2) on C? (matrix multi-
plication) is isomorphic to the P' representation. Hint: Define T : C* — P!
byT(1,0)" := —yand T(0,1)" := x. Is T a unitary isomorphism?

Exercise 4.37 (Used for an example in Section 5.6) Suppose G is a non-
empty subset of G and G is closed under multiplication and inversion. Show
that G must contain the identity element 1 of G, and that I is the identity
element of G as well. (In this case we say that G is a subgroup of G.

Consider the inclusion map i of G into G, defined by i(g) := g for each
g € G. Show that the inclusion map is a group homomorphism.

Exercise 4.38 (Used in proof of Proposition 4.5 and in Section 10.4) Cal-
culate the three-by-three matrix

*((5 %))

where A € T. Calculate
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_Ax*
Find a matrix ( ; oﬁ‘ ) (whose entries depend on 0) such that

(5 7)==

. @« —pB*
and another matrix 5 o such that

o((5 )=

Exercise 4.39 (Used in Section 5.3) Consider the characters x3 and x4 of
the natural representations of SU(2) on P* and P*. Find the coefficients of
X3 and x4 as polynomials in terms of R(x).

Exercise 4.40 (Used in Proposition 6.12) Suppose p and p are isomorphic
representations of a group G. Show that their characters are equal.

Exercise 4.41 Thought experiment: draw the graph of y = sinx for x in the
interval [—m, ). Now wrap the paper on which the graph is drawn around
a cylinder so that the x — axis forms a circle, with the point (7, Q) meeting
the point (—m,0). What shape does the graph of sin form? (Hint: consider
the restrictions to the unit circle of the functions fi and f, introduced in
Section 4.4.)

Exercise 4.42 Show that if (G, S, o) is an action, then the function f: G X
S — S defined by

f(g,s):=(o(g)s
satisfies:
1. ifg1,8 € Gands € S then f(g182,5) = f (g1, [(g2,5));

2. if I denotes the identity element of G, then for any s € S we have
fl,s)=s.

Conversely, show that if f: G x § — S satisfies the two criteria and we
defineo: G — GL(S) by

(o(g)s=f(gs)

forall s € S, then o is a group homomorphism.



152 4. Lie Groups and Lie Group Representations

Exercise 4.43 (Used in Appendix B) Suppose S is a set, G is a group and
(S, G, 0) is a group action. Define a relation ~ on S by

s1~ sy ifandonlyif g € G s.t. (0(g))s1 = $7.

Show that ~ is an equivalence relation. If the action o is clear from the
context, then the quotient space S/ ~ is often denoted S/ G.

Exercise 4.44 In this exercise we will show that rotation of functions is well
defined on L>(R?). Suppose g is an element of the rotation group SO (3). For
any complex-valued function f on R>, let f denote the function R® — C
defined by f(x) := f(gx). Show that if f is square-integrable, then f is also
square-integrable. Now suppose fi and f, are equivalent functions under the
equivalence relation ~ defined in Section 3.1. Show that ﬁ ~ f~2

Exercise 4.45 Consider the representation p, of SU(2) on P?. Find the ma-
trix of this representation in the basis {x2, Xy, yz}.

Exercise 4.46 Consider the finite permutation group S; on three letters. Con-
struct a representation (S3, C*, p) by setting z; := (1,0,0)7, zo := (0, 1, 0)T
and z3 := (0,0, )T and defining

p(0)(2i) = Z6()
foreacho € Ssandi =1,2,3.
1. Find the character of this representation.

2. Consider the corresponding representation p on homogeneous poly-
nomials of degree two in three variables. Let o denote the permuta-
tion taking 71 v z», 7o V> z3 and zz3 +— zy. Find p(o)p, where
p(x,y,2) = x>+ xy — 5z% Calculate the character of p.
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New Representations from Old

I cannot fix on the hour, or the spot, or the look, or the words, which laid the
foundation. It is too long ago. I was in the middle before I knew that I had
begun.

— Jane Austen, Pride and Prejudice [Au, Vol. 111, Ch. XVIII]

In this chapter we discuss several natural ways to construct representations
from other representations.

5.1 Subrepresentations

In this section we show how to construct a new representation from an old one
by restricting the domain of the linear transformations. One cannot restrict the
domain to any old subspace, only to invariant subspaces.

Definition 5.1 An invariant subspace W of a representation (G, V, p) is a
subspace of V such that for every g € G and every vector w € W, the vector
g -wliesin W.
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Consider, for example, the representation of the circle group T on the com-
plex vector space V := C? given by

o: T — Qﬁ(@z)
; 1 0 (5.1)
e9+—>(0 e“’)'

In other words, for any real number 6 the linear transformation p(e’?) rotates
the second entry of the complex 2-vector counterclockwise through an angle
of 6 radians while leaving the first entry unchanged. It is not hard to see that
the (complex) one-dimensional subspace

oxe=|(2)ieec]

is invariant: given any vector (0, ¢)” in {0} x C and any ¢’ in §' we have
e? . (0,0)" = (0, ec) € {0} x C. It is even easier to show that the subspace

cX{O}:Kg);cec}

is invariant. On the other hand, for any two nonzero complex numbers a and
b, the one-dimensional subspace consisting of scalar multiples of the vector
(a, b)T is not invariant, since (—1)-(a, b)T = (a, —b)T, and (a, —b) can only
be a scalar multiple of (a, b) when either a or b is equal to zero. Thus there
are precisely two one-dimensional invariant subspaces of this representation.

The zero-dimensional subspace {0} and the two-dimensional subspace C?
are also invariant. In fact, we leave it to the reader to show in Exercise 5.1
that for any representation the largest and smallest subspaces are invariant.

Note that elements of an invariant subspace W are not necessarily fixed by
the linear operators in the image of the representation. In other words, it is not
necessary to have p(g)w = w for every group element g and every w € W.
However, elements of W cannot be moved out of W by the representation;
i.e., we do have p(g)w € W.

For each nonnegative integer £, the space )* of spherical harmonics of de-
gree £ (see Definition 2.6) is the vector space for a representation of SO (3).
These representations appear explicitly in our analysis of the hydrogen atom
in Chapter 7. Recall the complex scalar product space L*(S?) from Defini-
tion 3.3.

Proposition 5.1 Consider the natural representation of SO(3) on L*(S?).
Fix any nonnegative integer {. The subspace Y* of L*>(S?) given in Defini-
tion 2.6 is an invariant subspace.
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Proof. Consider any function y € Y*. By Definition 2.6, there is a homoge-
neous harmonic polynomial p of degree ¢ such that y = p|s2. Now rotating
a polynomial preserves its degree (by Exercise 4.14), and the Laplacian is in-
variant under rotation (by Exercise 3.11). So for any g € SO (3) the function
g-p is ahomogeneous harmonic polynomial of degree £. Hence g-y = g|s2-p
is an element of )*. O

In the proof of Proposition 6.3 we will use linear operators to identify in-
variant subspaces with the help of the following proposition. Recall the notion
of an eigenspace of a linear operator (Exercise 2.26).

Proposition 5.2 Suppose (G, V, p) is a representation and T is a linear op-
erator on V. If T commutes with p, i.e., if Tp(g) = p(g)T forevery g € G,
then every eigenspace of T is an invariant space for p.

Proof. Suppose w is an eigenvector for T with eigenvalue A. We must show
that for any g € G, the vector p(g)w is an eigenvector for 7 with eigenvalue
A. We have

T (p(gw) = p(@)(Tw) = p(g)(Aw) = Ap(gHw.
So p(g)w is indeed an eigenvector for 7 with eigenvalue A. O
We can use an invariant subspace W to construct a restriction of the repre-
sentation by restricting the linear transformation p(g) to the subspace W for

each group element g. Note that for each g € G the restriction p(g)|w is a
function from W to W.

Definition 5.2 Suppose (G, V, p) is a representation and W is an invariant
subspace of V. If we define the function pyw: G — GL (W) by

g 0@,

then (G, W, pw) is a representation. We call this representation a subrepre-
sentation or, more precisely, the restriction of (G, V, p) to W.

When we consider a subrepresentation py of a representation p it is often
useful to consider the leftovers, that is, the part of p that is not captured by
pw. If the original representation p is unitary, then there is a particularly nice
way to package those leftovers: we can put the complex scalar structure to
work. Recall the notion (Definition 3.6) of the complementary subspace W+

Proposition 5.3 Suppose (G, V, p) is a unitary representation. Suppose W
is an invariant subspace. Then W+ is also an invariant subspace. If V is finite
dimensional, then the characters satisfy the relation

Xv = xw+ xwi,

where xv, xw and xw. are the characters of p, pw and py 1, respectively.
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Proof. We must show that for each g € G and each v € W+ we have p(g)v €
W+, Consider an arbitrary w € W. Then

(p(e)v, w) = (p(gHp®v. p(g”Hw) = (v, p(g Hw) =0,

where the first equality relies on the fact that the representation is unitary and
the third uses the facts that p(g~")w € W and v € W+. So W+ is an invariant
subspace.

If V is finite dimensional, then the characters are well defined. To show
the additive relation of the characters, take a basis for V that is the union of a
basis for W and a basis for W=. In such a basis,

Trp(g) = Tr pw(g) + Tr oy (8). a

Note how important the unitary structure is to Proposition 5.3. If we con-
sider a subrepresentation of a nonunitary representation, then there may not
be a complementary representation. Consider, for example, the group G = R
(with addition playing the role of the group multiplication), V = C? and
0:G—GL ((Cz) defined by

p(r):=((1) }i)

The subspace C @ {0} is invariant under the representation: for any r € R and

any ¢ € C we have
1 r c\_ (¢
01 0) \o)/)

However, there is no other subspace invariant under the representation. Every
other subspace has the form

C(;):{(s;):ce([i}.
Taking r = 1 and ¢ = 1 we find
s s+1
an(3)=(1").

which is not an element of C (). This example does not contradict the propo-
sition, as the representation is not unitary: for any nonzero r we have

(5)] e
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IHW

—_— W

P(g)|W

v p(g)
4

Figure 5.1. The point of Proposition 5.4 is to show that this diagram commutes.

which implies by Proposition 3.2 that p(r) ¢ U (Cz).
Orthogonal projection (Definition 3.11) onto an invariant subspace is a ho-
momorphism of representations.

Proposition 5.4 Suppose W is an invariant subspace for a unitary represen-
tation (G, V, p). Suppose that there is an orthogonal projection Iy : V —
V onto a subspace W. Then Iy is a homomorphism of representations.

Recall from Section 3.3 and Exercise 3.29 that there are infinite-dimensional
W’s that are not images of an orthogonal projections.

Proof. We must show that for any g € G we have

Iy o p(g) = p(g) o Tw.
The commutative diagram expressing this relationship is in Figure 5.1.

Let g be an arbitrary element of the group G and let v be an arbitrary
element of the vector space V. Then we see that

Mwp(gv =wpe(g) (Mwv + HyLv)
= [y (p(Twv) + My (p(g)My1Lv).

The subspace W is invariant under p by hypothesis; since p is a unitary rep-
resentation, it follows from Proposition 5.3 that W+ is also invariant under p.
Thus we have p(g)ITwv € W and p(g)ITy.v € W+. Hence

My p(@)Mwv + My p (@) Myrv = p(g)wv + 0.

SoMyp(g)v = p(g)llyv forallv € V and all g € G. O

Invariant subspaces are the only physically natural subspaces. Recall from
Section 4.5 that in a quantum system with symmetry, there is a natural rep-
resentation (G, V, p). Any physically natural object must appear the same to
all observers. In particular, if a subspace has physical significance, all equiv-
alent observers must agree on the question of a particular state’s membership
in that subspace. So if w is an element of a physically natural subspace W,
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then the physical state corresponding to w in one observer’s laboratory must
in some sense “belong to the subspace W.” But then for any g € G, there is an
observer who sees that physical state as the vector p(g)w. Hence p(g)w € W
for any g. So W is invariant.

Consider, for example, the vector space

I:={fel’®R):¥geS0Q), g-f=f]

of rotation-invariant functions in L?(R?). They are also known as radial func-
tions. They form a vector subspace of L2(IR?), and it is easy to check that this
subspace satisfies the criterion of Definition 5.1. Physically, this subspace
corresponds to the s-shells of the hydrogen atom. Given any wave function in
7, the corresponding state must be a superposition of s-shell states.

In the proof of Proposition 7.7 we will need the following proposition:

Proposition 5.5 Let L?>(R=") denote the vector space of square-integrable
complex-valued functions on R=°. Suppose f € T and define (using spherical
coordinates) f: (0,00) — Cby f(r) := f(r,0,¢). Then f € T if and only
ifr f(r) € LA(R>Y).

Proof. By Fubini’s theorem (Theorem 3.1),

27 T o)
|f|2:f / / | f(r,0,9))* r*sin® dr dO d¢
R3 0 0 0

oo 2
= 47'[f ‘f(r)r‘ dr.
0

The left-hand side integral is finite if and only if the right-hand side integral
is finite. So f € Z if and only if rf(r) € LA(R2Y). O

Any physically natural, spherically symmetric set of states corresponds to
an invariant subspace and a subrepresentation. For this reason the concepts
in this section are fundamental to our analysis of the hydrogen atom. The
various shells of the hydrogen atom correspond to subrepresentations of the
natural representation of SO (3) on L%(R?). In particular, the subspaces )*
and 7 play a role in the analysis.

5.2 Cartesian Sums of Representations

In Definition 2.11 in Section 2.6 we introduced the Cartesian sum of vector
spaces. Now fix a group G and consider a Cartesian sum in which each sum-
mand vector space has a representation of G on it. Then there is a natural
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way to define a representation on the Cartesian sum; such a representation is
called a Cartesian sum representation.

Definition 5.3 Suppose n is a natural number and (G, Vi, p1),...,(G, V., pn)
are n representations of the group G. Then the Cartesian sum of the n repre-

sentations is
n n
(c,@vk,@pk),
k=1 k=1

where the function @;_, p.: G — GL (Bj_, Vi) is defined by

(EB pk) (@1, -, v) = (p1(R)V1, - -, Palg)Vn)
k=1

foranyvy € Vi, ...,v, € V,andany g € G. One often denotes the Cartesian
sum representation simply by @) _, px or, when G and py, ..., p, are known
from the context, by @;_, Vi-

We may also write

n
pl@"‘@pn ::@pk-
k=1

For example, consider the representations (SU (2), P"*, R,) forn =0, 1, 2.
The vector space P’ @ P! @ P? is the set of complex-coefficient polynomials
in two variables of degree two or less. Specifically, the polynomial co+cjox +
c11y 4 c20x? + c21xy + ¢2y? corresponds to the element

(co. crox + i1y, c20x® + carxy + cny’) € PP d P @ P

as a concrete example, x 4+ 2y + 10 corresponds to (10, x 4+ 2y, 0). The
representation Ry @ R; ® R, (otherwise known as P° @ P! @ P?) is just the
natural representation arising from the action of SU (2) on the xy-plane.

Recall the projection onto the k-th summand from Definition 2.12. This
projection is a homomorphism of representations.

Proposition 5.6 Suppose (G, Vi, pr) are representations for each k =
1, ..., n. Then the projection

y: viee---V, - Vi
is a homomorphism of representations, i.e., for each g € G we have

pr(g) oIy =Tl o (o1 @ -+ - @ pu)(Q)-
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Proof. On the one hand,

Pk (8) (Mg (v1, - .., V) = Px(g) vk
On the other hand,
(o1 @ -+ @ pu)(@)(V1, -, v0)) = Ik(p1(QIV1s - - -y Pu(g)Vn) = Pr(g) k-
Hence I1; is a homomorphism of representations. O

The character of a Cartesian sum of representations has a nice relationship
to the characters of the summands.

Proposition 5.7 Suppose x is the character of a finite representation
(G, V, p) and ¥ is the character of a finite representation (G, V, p). Then
X + X is the character of the representation p @ p.

We leave the proof to the reader (Exercise 5.10).

Physically, expressing a vector space of wave functions as a Cartesian sum
corresponds to decomposing any state as a superposition of states in the sum-
mand vector spaces. For instance, the fact that any bound state of hydrogen
is a superposition of states in particular shells follows from the decomposi-
tion of L2(R?) as a Cartesian sum of the representations corresponding to the
different shells. For another example, the state space of a spin-1/2 particle
is a Cartesian sum of the pure spin-up and spin-down vector spaces. This is
equivalent to the idea that any state of a spin-1/2 particle is a superposition of
spin-up and spin-down states.

5.3 Tensor Products of Representations

Next we define tensor product representations. The reader may wish to recall
the definition of the tensor product of two vector spaces, given in Defini-
tion 2.14.

Definition 5.4 Suppose G is a group and (G, V, p) and (G, V, p) are repre-
sentations. Then the tensor product representation, denoted (G, VQV, pQp)
is defined by

(P®P)(: vV (p(g)v) ® (p(gV).

Note that although not every element of V ® V is a one-term product of the
form v ® v, such one-term products span the vector space, so it suffices to
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define p ® p on one-term products and insist that p ® p be linear. We leave it
to the reader to show that Proposition 2.4 applies (so that the representation
is indeed a map to GL (V ® V)) and that p ® p satisfies all the criteria for a
group representation: see Exercise 5.12.

Consider for example the vector space tensor product P! ®7P? introduced in
Section 2.6. Let us study the tensor product representation R; ® Ry, where R,
and R, are the representations of SU (2) on spaces of homogeneous polyno-
mials defined in Section 4.6. As in the proof of Proposition 4.8, the character
of this representation of SU (2) is determined by its values on the diagonal
subgroup as a consequence of the Spectral Theorem (Proposition 4.4). It is
a straightforward matter to calculate the character on the diagonal subgroup:
note that (using the basis given in Equation 2.7)

0
o ) ux? = (a*)’ux?,

0

Q

o

cuxy = (@) auxy,

Q
*

uy? = a*aPuy?,

o ] o

ok SR oKk o ©R
*
~ e — N~ T

cux? = a(a)vx?,

o R

cvxy = oatuxy,

S
*

=)

2 3,.2
« | vy =a’vy”.

—~ TN/~

]

The character x of the representation is the trace of the diagonal 6 x 6 matrix
whose entries we have just calculated:

a —pB* k3 %32 2k 3
X(ﬂ o )—(a)+2a(a)+2aa +

=8 (M(@)® — 2% ().

Using the result of Exercise 4.39, it is easy to calculate that x = y; x2. This
is a special case of the general truth that the character of a tensor product is
the product of the characters of the factors. See Proposition 5.8.

Note also that x = x; + x3. From Proposition 5.7 we know that the rep-
resentation Ry @ Rj has the same character. In fact, Ry @ Rj is isomorphic
to R; ® R,, as we are about to show. Consider the subspace V; spanned by
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{uxy — vx?, uy* — vxy}. This two-dimensional subspace is invariant, as the
reader can check by a tedious but straightforward calculation:

__Ax*
( Z (ﬁ ) ~(uxy — sz) =a*(uxy — sz) + ot*(uy2 —vxy) € Vi,

o __R*
( 8 (ﬁ ) . (uy2 —vxy) = —a(uxy — vx?) + Ot(uy2 —vxy) € Vi.
It follows from this calculation that the restriction of the representation to
V1 is isomorphic to the representation R; defined in Section 4.6; the isomor-
phism is given by
2 2
UXy — VX~ = X, Uy” — vxy > y.
A similar (but longer) calculation shows that the four-dimensional subspace
V3 spanned by {ux?, 2uxy +vx?, vxy +2uy?, vy?} is invariant. (For an alter-
native proof, see Exercise 5.7.) The representation restricted to this subspace
is isomorphic to P3, as the reader is invited to check in Exercise 5.8; the
isomorphism is given by
ux? > x3, (vx? + 2uxy) — 3x%y, Quxy + uy?) — 3xy%, vy’ > y.
Combining these two isomorphisms, we can see that our representation is
isomorphic to the representation R; @ R3. This is our first example of a de-
composition of a representation into its “irreducible” building blocks.

Proposition 5.8 Suppose p and p are two finite-dimensional representations
of the same group G. Let x denote the character of p and let x denote the
character of p. Then the character of the tensor product representation p ® p
is the function x x : G — C.

Proof. Let {vy, ..., v,} be a basis of the representati~0n space V of p, and let
{01, ..., Uy} be a basis of the representation space V of p. Then by Proposi-
tion 2.13, the set

{vj®ﬁk:j=1,...,n;k=1,...,m}

is abasisfor V@ V.
Now let M denote the matrix of p(g) in the basis {vy, ..., v,} a~nd let M
denote the matrix of p(g) in the basis {vy, ..., U,,}. Both M and M depend
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tacitly on g. Then for any fixed j and ky we have

(P ®P) (&) (vjy ® Tiy) = (P()V)y) @ (5(8)Tky)

n m

= ZZMjJOMkkOUj X "Dk-

j=1 k=1

The coefficient of v;, ® 1y, in this expression is M, ;, My, Hence the char-
acter of the representation is

Z Z MjojoMkoko = (2:] Mjojo) (Z Mk(ﬂ(o) = x(g)x(8)-
Jo=

Jjo=1ko=1 ko=1

O

If both factors are unitary representations, then so is the tensor product. If
both V and V have complex scalar products defined on them, then there is a
natural complex scalar product on the tensor product V ® V of vector spaces.
Specifically, we define

(Wev,ww) = (v,w) (v, w) (5.2)

for one-term products. The reader should check that this bracket is well de-
fined and satisfies all the requirements for a complex scalar product (Exer-
cise 5.16).

Proposition 5.9 Suppose (G, V, p) and (G, v, 0) are unitary representa-
tions. Then the tensor product representation (G, V @ V, p ® p) is unitary
also.

Proof. Fix any g € G and consider the effect of p ® p(g) on a bracket
of one-term products. For simplicity we write g - v ® ¥ as a shorthand for
((p ® p)(g)) v ® v. The bracket of arbitrary one-term tensor products v ® v
and w ® w is

(g-v®0,g-w@w) = ((p(gv) @ (P(LV), (p(gw) ® (p(g)w))
= (p(Qv, p(gw) (p(gV, p(gHw) = (v, w) (V, W)
=RV, wR W).

By the linearity of the bracket, because p ® p preserves brackets of all one-
term products, it preserves all brackets. In other words, the representation
p ® p is unitary. O
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Tensor products of representations arise naturally in physics. To obtain the
space of states of two particles, take the tensor product of the two spaces
of states. Thus the state space for two mobile particles in R? is L?2(R?) ®
L?(IR?). Also, if one wants to study two qualities of one particle (say, its
motion in R? and its spin-1 spin state), one takes a tensor product (L*(R?) ®
C?). (Some readers may already know that spin-1 spin states are described by
vectors in C?; others might see Section 10.4.) We will use tensor products in
Proposition 7.7, our mathematical description of the elementary states of the
hydrogen atom.

5.4 Dual Representations

In Section 4.4 we saw how to build a representation from the action of a group
on a set; the new representation space is a space of functions. In this section,
we apply this idea to linear functions on a vector space of a representation to
define the dual representation.

To define the dual representation we first must define dual vector spaces.

Definition 5.5 Suppose V is a complex vector space. The dual vector space
of V, denoted V* and pronounced “V -dual,” is the complex vector space of
linear transformations from V to C.

Recall from Exercise 2.14 that V* is indeed a complex vector space.

For example, if we think of C? as the set of column three-vectors with
complex entries, then with the help of matrix multiplication we can think of
(C** as the set of row three-vectors with complex entries. In other words,
given any row vector of the form (73, T», T3), where T\, T», T3 € C, we can
define a linear transformation «: C* — C by

V1 ]
al v | = ( Ty, o Ti)| v | =Tivi+ v+ Thvs,
U3 U3

and every linear transformation from C? to C is of this form: explicitly, set
T; :=al(e;) for j =1, 2, 3, where e; denotes the jth standard basis vector.
Another way to make the dual space (C*)* concrete is to use the complex
scalar product and think of elements of the dual space as column vectors. Re-
call the * notation for the conjugate transpose of a vector. In this interpretation
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the linear transformation

1
o (5 — Tivy + Thvy + Trvs
U3

corresponds to the column vector

Ty
*
Iy |=(Nhh ©»h Tz),
Ty
via the calculation
V1 Tl* V1
o 1% = TZ* y 1%
U3 T3* U3

This is a special case of a more general construction. If there is a complex
scalar product on V, then there is a natural linear transformationt: V — V*
defined by

T(v) = (v, ). (5.3)

We leave it to the reader to show that 7 is injective and, if V is finite dimen-
sional, also surjective (Exercise 5.20).! It follows that dim V = dim V* for
any Hilbert space or finite-dimensional complex scalar product space V.

In fact, t(v) is the adjoint of v in the sense of Definition 3.9. If we think of
v as a function from C into V, then for any ¢ € C and any w € V we have
(w,ve)y =c(t(v)w)* = (t(V)w, ¢)¢, so v* = t(v).

We can use 7 to define a complex scalar product on V'*.

Proposition 5.10 For any complex scalar product (-, -) on a finite-dimen-
sional vector space V, there is an associated complex scalar product -, -),
on V*, given by

(o, ), = (r’]oc, r’loz).

With this complex scalar product on the dual space V* in hand, we can
make the relationship between the dual and the adjoint clear. The definition

Yt v is a bona fide Hilbert space, in the strict mathematical sense, then t is surjective even
if V is infinite dimensional. This fact is known as the Riesz Representation Theorem or the
Riesz Lemma. See, e.g., [RS, Theorem I1.4].
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of the dual space (in Exercise 2.14) makes no reference to any complex scalar
product. In other words, there is no need to specify a complex scalar product
before defining V* from V, and even if there are different possible complex
scalar products on V, the dual space V* will be the same. However, once we
have specified a complex scalar product (-, -) on V, then there is a natural
complex scalar product on V* given by Proposition 5.10. Furthermore, for
any v € V the adjoint v* := t(v) of v is an element of the dual space V*.
Finally, if V is finite dimensional, then we can identify (V*)* with V (as in
Exercise 2.15). For any v we have (v*)* = v, since forany w € V andc € C
we have

((v*)*c, w>v = (c, (v*)w)(C =c" (v, w) = (cv, w).

So when there is one fixed complex scalar product on a vector space V, it is
consistent to use the notation v* for both dual and adjoint. In a unitary basis,
the asterisk means coordinate transpose.

Next we define the dual representation.

Definition 5.6 Suppose (G, V, p) is a group representation. The dual repre-
sentation of (G, V, p) is the representation (G, V*, p*), where

p* ()T =T op(g)”"

forevery T € V*,

The character of a dual representation is the complex conjugate of the char-
acter of the original.

Proposition 5.11 Suppose (G, V, p) is a finite-dimensional unitary repre-
sentation with character y. Then the character of the dual representation
(G, V*, p*) is x*. (Recall that x* denotes the complex conjugate of the C-
valued function x.) Furthermore, (G, V*, p*) is a unitary representation with
respect to the natural complex scalar product on V*.

Proof. Suppose g € G. Recall the function 7 defined in Equation (5.3). For
the purpose of this proof we let [p(g)~!] denote the matrix of the linear op-

erator p(g)~! in an orthonormal basis {v, ..., v,}, and let [p*(g)] denote
the matrix of p*(g) in the basis {yi, ..., y,}, where y; := ©(v;) for each
J = 1,...,n. We can calculate the coefficient of y; in the expansion of

p*(g)y; by applying p*(g)y to the vector v;:

*

(@i = (P* @) vi =¥ (p(@"v;) =[p(®) 'l = [p(]};.
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where the final equality holds because p is a unitary representation. We con-
clude that the character of V* is

n n

Trp*(g) = D _[p*(@)]j; = D _[p(@]}; = (x ().
j=1

j=1

Next we show that the dual representation is unitary. By Exercise 5.20,
for any y, U € V* there are elements v, w € V such that y = 7(v) and
U = t(w). Then, for any for any g € G we have

(P (@) 7. p*(QU), = (p* (9T (W), p*(&)T(W)),
=(t@op@ ™ tw)op(e) ™),
= (p(g)v, p(gHw)
= (v, w) =(y,U),,
where the second equality follows from the definition of the dual represen-

tation and the third equality follows from the fact that for any u € V we
have

(W) (p(®)"'w) = (v, p(g) " 'w) = (p(g)v, w)
because p is a unitary representation. |

For example, consider the representation of SU(2) on C? defined by

. 1 0 O
(5 ) =(0 0
0 8 o

The dual representation p* is a representation of SU (2) on (C?)*. To calculate
p* explicitly, we fix an element

g=(§ - )eSU@)

and an element y € (C3)*. If we use the first (matrix multiplication) interpre-
tation, we think of y as a row vector (711, T, T3), and for any column vector
v € C* we have

(p*(®)y) ) =y (p(g ")
1 0 0 v
:( Tl Tz T3 ) 0 of ,3* %]
0 —,3 o U3
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So p*(g) is right multiplication of the row vector (77, T, T3) by the matrix

1 0 0
0 o /8*
0 -8 «

Readers who find right multiplication unfamiliar or mysterious should take
the time to convince themselves that this correspondence between group el-
ements and right multiplication is indeed a group homomorphism. The point
is that the order of operations must be preserved. Multiplying on the right
toggles the order, as does taking inverses. Hence the order is preserved by
multiplication on the right by the inverse.

In order to calculate p* in terms of left multiplication, we can use the in-
terpretation of (C*)* as column vectors via the complex scalar product. Here
we think of « as the column vector (77, 7>, 7T3)* and we have

(5 & )r)eor=r(o(% ©))

Tl* 1 0 0 U1
=< i) (o« p >
Ty 0 -8 « V3
1 0 0\ [T o
:< 0 o pB* Ty 1. | v >
0 -8 « Ty U3
Hence
1 0 O T
o _Ax*
(5 )=o) n
0 —,3 (04 T3

In this section we have shown how a representation on a vector space de-
termines a representation on the dual of the vector space. We will find the
dual representation useful in Section 5.5. More generally, duality is an im-
portant theoretical concept in many mathematical settings. Physically, mo-
mentum space is dual to position space, so the name “momentum space” in
the physics literature often connotes duality.

5.5 The Representation Hom

Recall from Section 5.3 that one can interpret (C*)* ® C? as a vector space of
matrices, which in turn can be interpreted as linear transformations from C?
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to C2. This suggests that there may be a relationship between spaces of linear
transformations and tensor products involving a dual space. In this section we
show how to create a new representation Hom(V, W) out of any two repre-
sentations V and W of the same group G. Finally, we express Hom(V, W) as
a tensor product of representations.

The set of all linear transformations (not necessarily homomorphisms of
representations) from a representation V to a representation W forms a vector
space too. This vector space is denoted Hom(V, W). (Here “Hom” refers to
the fact that a linear transformation can be considered a “homomorphism” of
vector spaces.) There is a natural representation of G on this vector space.

Proposition 5.12 Suppose (G, V, p) and (G, W, p) are representations of
the same group G. Let Hom(V, W) denote the vector space of linear trans-
formations from V to W. Define a function

o: G — GL (Hom(V, W))
by setting, for each g € G and each T € Hom(V, W),

o ()T = ()T (p(g)~".

Then (G,Hom(V, W), o) is a representation.

This representation is often denoted simply Hom(V, W).

Proof. We must show that o is a group homomorphism. So suppose g, g2 €
G. Then for any T € Hom(V, W) we have

o (810 (g)T = p(g)pg)T (p(g2) "' (p(g)) ™
= p(g18)T (p(g182) " = 0(g18)T.

So o is indeed a group homomorphism. O
There is special notation for the set of linear transformations that are ho-
momorphisms of representations.

Definition 5.7 Suppose (G, V, p) and (G, W, p) are representations of the
same group G. We define
Homg (V, W) :={T € Hom(V,W): p(g)oT =T o p(g) forall g € G}.

Note that Homg (V, W) is a vector subspace of Hom(V, W). Also, its ele-
ments are precisely the fixed points of the representation o defined in Propo-
sition 5.12.
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Proposition 5.13

Homg(V, W) ={T € Hom(V, W): o(g)T =T forall g € G}.

Proof. For each g € G we have p(g) o T = T o p(g) if and only if T =
p(g)"" o T o p(g). Hence the linear transformation T lies in Homg (V, W) if
andonly if o (g)T = T forevery g € G. O

In other words, the natural representation of G on Homg (V, W) is trivial.
Still, Homg (V, W) does carry important information. In Section 6.4 we will
find the vector space dimension of Homg (V, W) to be useful.

Even when there is no unitary structure (i.e., no complex scalar product)
on vector spaces V and W, there is a natural complex scalar product on the
vector space Hom(V, W), given by

(T,U) :=Tr(T*U),

where T* € Hom(W, V) denotes the adjoint operator of T (Definition 3.9). If
(G, V,p)and (G, V, p) are unitary representations, then the representation
(G,Hom(V, W), o) defined in Proposition 5.12 is unitary, since

(0 (T, 0(U) =(p(@)Tr(®)"", p()Up(e)")
=Tr((p(g)")*T*p(8)*A(8)Up(g) ")
=Tr(p(e)T*Up(g)"")
= Te(T*U) = (T, U),

where the second-to-last equality is a consequence of Proposition 2.10.

The next proposition expresses Hom(V, W) as a tensor product of repre-
sentations and shows how to calculate the character of Hom(V, W) in terms
of the characters of V and W.

Proposition 5.14 Suppose G is a group. Suppose (G, V, p) and (G, V, p)
are group representations. Then the representation Hom(V, W) is isomorphic
to the representation V* @ W of G. Furthermore, if V.and W are both finite
dimensional, then the dimension of Hom(V, W) equals the product of the
dimensions of V and W and the character of the representation Hom(V, W)
is the product of the characters of V* and W.

We will use this proposition in Propositions 6.8 and 11.1.

Proof. Let us define an isomorphism p: V* @ W — Hom(V, W). First we
define 1 on elementary tensors, i.e., products of the form « @w, where w € W
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and o € V*. Recall that « is a linear transformation from V to C. We let
u(a ® w) equal the linear transformation

Agw: V—=>W
v a(v)w.

Because every element of V*® W can be written as a finite sum of elementary
tensors, we can define u on all of V* ® W by linearity. Note that  is one-to-
one and onto, i.e., u: V*® W — Hom(V, W) is an isomorphism of vector
spaces.

Next we show that p is an isomorphism of representations. Leto: G —
GL (Hom(V, W)) denote the representation on Hom from Proposition 5.12.

Recall that for any linear transformation A € Hom(V, W) and any g € G we
have

o (g)(A) = p(g)Ap(g)~".
Hence

(ko' ®@) @@ w) = u((0" @) & (F(ew)

= Apr (9. p(gw-
Note that for any v € V we have
Ap@apieut = pH(Qa)p(@w = alp(@) 'v)s(gw,
and hence
Ap*(g)oz,ﬁ(g)w = ,5(8)Aa,w/0(8)71 = 0(8) (Aoc,w)
=0 oula@w).

Putting it all together we have po (p*® p) = o o, S0 i is a homomorphism
of representations. Because p is a vector space isomorphism, it follows that
W is an isomorphism of representations.

To verify the last statement of the proposition note that by Propositions
2.13 and 5.11,

dim(Hom(V, W)) = dim(V* ® W) = dim(V*) dim(W)
= dim(V) dim(W),

while letting x. denote the characters of a representation 7, we have
XJ = Xﬂ*@ﬁ = Xp*Xﬁ’

where the second equality follows from Proposition 5.8. m|
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Figure 5.2. Pulling a representation back.

In this section we have seen how representations on two spaces V and W
determine a representation on the set of homomorphisms of representations
from V to W. Familiarity with this kinds of categorical construction is often
the key to finding simple, direct proofs of interesting results such as Proposi-
tion 6.8.

5.6 Pullback and Pushforward Representations

In this section we show how to use group homomorphisms to construct a
representation of one group from a representation of another group.

Proposition 5.15 Suppose (G, V, p) is a representation, Gisa group and
V: G — G is a group homomorphism. Then (G, V, p o V) is a representa-
tion. If p is unitary, then so is p o V.

The representation p o W is called the pullback representation; see Figure 5.2.

Proof. First we show that (G, V, p o W) is a representation by checking the
criteria given in Definition 4.7. We know by hypothesis that G is a group and
V is a vector space. Because both p and ¥ are group homomorphisms, it
follows from Proposition 4.3 that p o W is a group homomorphism from G to
GL (V). Hence p o V¥ is a representation.

If p is a unitary representation then p: G — U (V). Hence p o W: G —
U (V), and so p o W is also unitary. O

Consider for example the inclusion map i of a subgroup G of a group
G, defined in Exercise 4.37. By that exercise, the inclusion map is a group
homomorphism. Note that for any representation p of G, the pullback repre-
sentation p o i is just the restriction of p to the subgroup G.

We saw in Section 4.5 how to build a representation from the symmetries
of the physical space of a quantum system. Some quantum systems have even
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GL(V)

Figure 5.3. Pushing a representation forward.

more symmetry. These additional symmetries are called hidden symmetries.
Mathematically, hidden symmetries correspond to a representation of a group
G which contains as a subgroup the group G of symmetries of physical space;
restricting the representation to G should yield the natural physical repre-
sentation. One of the most beautiful examples is the hydrogen atom itself,
whose Hilbert space of states has a representation of SO(4) D SO(3). One
can exploit this hidden symmetry to make more precise predictions about the
structure of the shells of the hydrogen atom; for details, see Chapters 8 and 9.

It is not usually possible to push a representation forward, i.e., to use a
representation on the domain of a group homomorphism to obtain a repre-
sentation on the image. See Exercise 5.4. However, in certain circumstances
a pushforward representation can be defined. See Figure 5.3.

Proposition 5.16 Suppose (G, V, p) is a representation, Gisa group and
U: G — G is a group homomorphism. Suppose further that WV is surjective
and for all g € G satisfying W(g) = I € G we have p(g) = I € GL (V).
Then the function p: G — GL (V) is well defined by the formula

p(8) = p(g) whenever g = W (g)
and (G, V, p) is a representation. Furthermore, if p is unitary then so is p.
Proof. First we prove that § is well defined. Fix any § € G. Because W is
surjective, there is at least one g in the set U~!(g) we can use to define 5(g).
It remains to show that the value of p(g) does not depend on the choice of

g € V7 1(g). Suppose g, g, € G and W(g;) = W(g,) = g. We must show
that p(g1) = p(g2). Note that

W(g'gr) = W(g) 'W(g) =¥(g) 'W(g)=1¢€G,
so by hypothesis
p(g) () = plgy'g) =1 €GL(V)

and hence p(g;) = p(g2) by the uniqueness of the inverse (Proposition 4.1).
So p is well defined.
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Second, we must show that (G, V. p) is a representation. We use the fact
that W and p are group homomorphisms to check that p preserves multipli-
cation. If W (g1) = g; and W(g;) = g2, then V(g g2) = £:12> and hence

pP(81)p(g2) = p(g1)p(g2) = p(g182) = pP(g182).

Third, we must show that if p is unitary, then so is p. If p is unitary, then
p: G — U (V), and hence for each g we have p(g) € U (V) as well. So p is
unitary. O

In fact, § is the unique representation of G satisfying p o W = p. In other
words, p is the only representation whose pullback under W is p; see Exer-
cise 5.3.

In Section 6.6 we will both push representations forward and pull them
back along the two-to-one group homomorphism ®: SU (2) — SO(3) intro-
duced in Section 4.2.

5.7 Exercises

Exercise 5.1 Suppose (G, V, p) is a representation. Show that both the triv-
ial subspace {0} and the entire subspace V are invariant subspaces for the
representation.

Exercise 5.2 Show that the intersection of any two invariant subspaces is an
invariant subspace.

Exercise 5.3 (Used in Proposition 6.15) Under the hypotheses of Proposi-
tion 5.16, show that p is the unique representation satisfying p o W = p.

Exercise 5.4 Find a representation p and a group homomorphism ¥V such
that p cannot be pushed forward via V.

Exercise 5.5 Suppose Vi, ..., V, are linearly independent subspaces of W.
Suppose further that \ J;_, V, spans W. Let By, ..., B, denote bases of the
subspaces Vi, ..., V,. Then\ J;_, B, is a basis of W.

Exercise 5.6 Recall the representations R,, of SU(2) on homogeneous poly-
nomials introduced in Section 4.6. Show that the representation R\ Q R, intro-
duced in the beginning of Section 5.3 has dimension six, while the represen-
tation Ry, & R, has dimension five. Then prove that these two representations
are not isomorphic.
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Exercise 5.7 Recall the representations R, of SU (2) on homogeneous poly-
nomials introduced in Section 4.6. Find a complex scalar product on the vec-
tor space of the representation R| ® R, such that the representation is unitary.
Consider the subspace V| spanned by {uxy — vx?, uy> — vxy} and the sub-
space V3 spanned by {ux?, 2uxy + vx?, 2uxy + uy?, vy?}. Use this complex
scalar product to find Vﬁ. Is your answer isomorphic to V3? Is it equal to
Vs3?

Exercise 5.8 Recall the representations R, of SU (2) on homogeneous poly-
nomials introduced in Section 4.6. Check that the representation on the sub-
space Vj (defined in Exercise 5.7) is isomorphic to the representation Rz on
P3. Use the suggested isomorphism, and check that it satisfies Definition 4.9.
It suffices to check that R3oT (p) = T o p(p) for each of the four basis vectors
p. (Here p is the representation on V3 and T is the alleged isomorphism.)

Exercise 5.9 Recall the representations R, of SU (2) on homogeneous poly-
nomials introduced in Section 4.6. For any natural number n, consider the
character x of the representation Ry ® R,. Show that x = xu—1 + Xn+1-

Exercise 5.10 Prove Proposition 5.7. (Hint: pick a basis of V and a basis of
V.)

Exercise 5.11 (Used in Proposition 7.3) Suppose k is a natural number.
Suppose (G, V;, p;) and (G, W;, 0;) are representations fori = 1,...,k.
Suppose further that T; : V; — W; is a homomorphism of representations for
i =1,...,k. Show that the function

b G- B

i=1 i=1 i=1
Wi, .. v) = (T (vy), ..., Ti(vr))

is a homomorphism of representations.

Next, replace every instance of the word “homomorphism” in the para-
graph above by the word “isomorphism” and show that the resulting para-
graph is true.

Exercise 5.12 Show that the function p ® p of Definition 5.4 is in fact a
representation. First check that it is a well-defined linear function — note that
we defined it on all one-term products (not just on a basis). Then check that it

is a group homomorphism from G into GL (V ® ‘7)
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Exercise 5.13 Can you use tensor products to construct a group operation
on finite-sized square matrices of determinant one?

Exercise 5.14 (Used in Proposition 11.1) Consider the isomorphism be-
tween V* @ W and Hom(V, W) given in Proposition 5.14. Show that
x € V*® W is elementary if and only if the corresponding linear trans-
formation X € Hom(V, W) has rank one.

Exercise 5.15 Suppose (G, V, p) and (G, V, j) are representations. Sup-
pose T:V — V is a homomorphism of representations. Suppose W is an
invariant subspace of V. Then T |y is a homomorphism of representations.

Exercise 5.16 Show Ehat the bracket operation defined in Equation 5.2 is
well defined on V ® V and that it is a complex scalar product.

Exercise 5.17 Consider the finite permutation group S; on three letters. Con-
struct a representation (S3, C*, p) by setting z; := (1,0,0)7, zo := (0, 1, 0)T
and zz = (0,0, 1)T and defining

p(0)(zi) = 2o (i)
foreacho € S;andi = 1,2, 3.

1. Find a one-dimensional invariant subspace W, of C3. Show that the
representation (S3, Wy, p) is trivial.

2. Find a complementary two-dimensional invariant subspace W, of C?
such that C3 = W, & W,.

3. Find the character y of the restriction of p to W,. You can do this by
hand (find vectors that span W,, write down the matrix in that basis
and calculate the trace) or, more easily, by applying one of the results

of Chapter 5.

Exercise 5.18 Define a representation (T, C, p) by p(e'?) = (eie). Define
another representation (T, C, p) by p(e'?) := (em). Write the tensor repre-
sentation p ® p explicitly as a matrix depending on e'®. What is the character
of p®p?

Exercise 5.19 Define a representation (T, C, p) by p(e'?) := (em). Define
another representation (T, C?, p) by

~, eie 0
ple 9) = ( 0 20 ) .
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Write the tensor representation p ® p explicitly as a matrix depending on e'®.
Find two invariant subspaces U and V of C® C? such that CQ C>2 =U @V
as representations.

Exercise 5.20 (Used in Proposition 5.10) Suppose V is a vector space with
a scalar product (-, -). Then the function t: V — V* defined in Equation 5.3
is injective. If V is finite dimensional, then T is also surjective onto V*.

Exercise 5.21 Suppose V is a complex vector space. Show that V* =
Hom(V, C). Now suppose that V has a complex scalar product. Do the nat-
ural complex scalar products induced on V* (defined in Exercise 3.19) and
Hom(V, C) (defined in Exercise 3.20) agree?

Exercise 5.22 (Used in Proposition 11.1) Suppose V and W are complex
scalar product spaces. Recall (from Exercise 3.19, Exercise 3.20 and Equa-
tion 5.2) the natural complex scalar products (-, -)y+gw and (-, “)gom(v.w) in-
duced on V* @ W and Hom(V, W), respectively. Consider the isomorphism
w: V@ W — Hom(V, W) defined in the proof of Proposition 5.14. Show
that w is unitary, i.e., that for any x, y € V* @ W we have

(x, Mvigw = (n(x), M(J’))Hom(v,W) .

Exercise 5.23 Consider the representation (T, C, p) defined by p(e'?) =
e'%%  Check that the function W: T — T defined by W(e'?) := €% is a
group homomorphism. Show that p can be pushed forward via V and find
the character of the pushforward representation.
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Irreducible Representations and
Invariant Integration

With me it’s all er nuthin’;

Is it all er nuthin’ with you?

It cain’t be in between, it cain’t be now and then,
No half-and-half romance will do!

I’'m a one-woman man, home-lovin’ type,

All complete with slippers and pipe.

Take me like I am er leave me be!

If you cain’t give me all, give me nuthin’

And nuthin’s whut you’ll git from me.
— Oscar Hammerstein 11, “All er Nuthin’,”
from the musical Oklahoma [Ham]

Irreducible representations are the building blocks of all other representa-
tions. Just as each molecule is made up of particular atoms, each representa-
tion is made up of particular irreducible representations. Unlike a molecule,
whose properties are determined not only by which atoms it is made of, but
also by their configuration, a representation is merely the sum of its irre-
ducible parts. Mathematically, irreducible representations are useful because
one can often reduce an idea or a calculation involving representations to an
easier one involving only irreducible representations. Physically, irreducible
representations correspond to fundamental physical entities.
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In Section 6.1 we define irreducible representations. Then we state, prove
and illustrate Schur’s lemma. Schur’s lemma is the statement of the all-or-
nothing personality of irreducible representations.! In the Section 6.2 we dis-
cuss the physical importance of irreducible representations. In Section 6.3
we introduce invariant integration and apply it to show that characters of irre-
ducible representations form an orthonormal set. In the optional Section 6.4
we use the technology we have developed to show that finite-dimensional
unitary representations are no more than the sum of their irreducible parts.
The remainder of the chapter is devoted to classifying the irreducible repre-
sentations of SU (2) and SO (3).

6.1 Definitions and Schur’s Lemma

In this section we will use the idea of invariant subspaces of a representation
(see Definition 5.1) to define irreducible representations. Then we will prove
Schur’s lemma, which tells us that irreducible representations are indeed good
building blocks.

For some representations, the largest and smallest subspaces are the only
invariant ones. Consider, for example, the natural representation of the group
G = SO(3) on the three-dimensional vector space C>. Suppose W is an
invariant subspace with at least one nonzero element. We will show that
W = C3. In other words, we will show that only C? itself (all) and the trivial
subspace {0} (nothing) are invariant subspaces of this representation. It will
suffice to show that the vector (1, 0, 0)7 lies in W, since W would then have
to contain both

0 -1 0 1
1 ]=]1]1 0 O 0

0 0 1 0
0 00 -1 1
0O0]=101 0 01,
1 1 0 O 0

and the set {(1,0,0)7, (1,0,0)7, (1,0, 0)”} spans the complex vector space
C3. Note that both square matrices are elements of SO (3).

To show that (1, 0,0)7 lies in W, consider any nonzero vector w € W.
Note that w € C3, and it might not be pure real or pure imaginary. Define

IWe would like to use the word “character” here, but it has a previous commitment.
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real vectors ¥ and v by u + iv := w. On the one hand, if v = 0, then
u is nonzero (because w is nonzero) and, by Exercise 4.11, we can choose
a rotation M € SO(3) such that Mw = Mu = (r,0,0)” and r is nonzero.
Hence, since W is an invariant subspace, it must contain rT"Mw = (1,0,0)7.
Soif v = 0 then, by the argument above, we have W = C>. On the other hand,
if v # 0, then again by Exercise 4.11 we can choose a rotation M € SO (3)
such that Mv = (r, 0, 0)” for some nonzero real number . Thus the invariant
subspace W contains the vector Mw = (a +ir, b, ¢)! for some real numbers
a, b and c. It follows that the subspace W also contains the vector

1 0 0 1
QRa+2in'"IMw+] 0 =1 0 |Mw|=]|0
0 0 -1 0

Note that because r is nonzero, so is 2a + 2ir. So in this case as well we have

(1,0,0)7 € W and hence, as argued above, W = C3. This shows that the

only nonzero invariant subspace of the representation is the whole space C°.
Such a representation is called irreducible.

Definition 6.1 A representation (G, V, p) is irreducible if its only invariant
subspaces are V itself and the trivial subspace {0}. Representations that are
not irreducible are called reducible.

We can summarize our work above by writing that the natural representation
of SO (3) on C? is irreducible. In contrast, we have seen in Section 5.1 that the
representation of the circle group defined by Formula 5.1 is not irreducible.

We sometimes speak of irreducible vector spaces as well, especially if the
group G and group homomorphism p are clear from the context. Recall the
definition of a subrepresentation (Definition 5.2).

Definition 6.2 Suppose (G, V, p) is a representation and (G, W, pw) is a
subrepresentation. Suppose that (G, W, pw) is an irreducible representation.
Then we call W an irreducible subspace or an irreducible invariant subspace
of (G, V, p).

Now we come to the key technical propositions, which tell us that irre-
ducible representations cannot be mixed up in any clever ways. As with Will
Parker in the musical comedy Oklahoma, with irreducible representations it’s
all or nothing. The following proposition will be useful in Chapter 7.

Proposition 6.1 Suppose (G, Vi, p1) and (G, Vs, p2) are representations.
Suppose T : Vi — V, is a homomorphism of representations. If V| is an
irreducible representation, then either the kernel of T is trivial or the image
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of T is trivial. If V is irreducible, then either T is surjective or T is the trivial
homomorphism.

Proof. Consider the kernel K of T. This subspace of V; is an invariant space
for the representation p;, since for any v € V; such that Tv = 0 € V, and for
any g € G we have

Tpi1(g)v = p2(g)Tv =0,

so p1(g)v € Kr. Since p; is irreducible, we conclude that either K7 = V; or
Ky = {0}

To prove the second statement, consider the image T[V;] of T. Because
T is linear, T[V;] must be a subspace of V. In fact, T[V] is an invariant
subspace: for any w € T[V;] there is a v € V; such that Tv = w and hence
for any g € G we have

p2(gw = p2(g)Tv =Tpi(g)v € T[V1].

Because V; is irreducible, either T[V;] = V, or T[V;] = {0}. |
The next proposition is a workhorse of representation theory.

Proposition 6.2 (Schur’s lemma) Suppose (G, Vi, p1) and (G, V,, py) are
irreducible representations of the same group G. Suppose that T : Vi — V, is
a homomorphism of representations. Then there are only two possible cases:

e The function T is the zero function, i.e., Tv = 0 for all v € V.

e The representations (G, V1, p1) and (G, Va, p,) are isomorphic (and T
is an isomorphism).

Proof. Let K7 denote the kernel of 7. If Ky = Vi, then the function T is
the zero function, and the conclusion of the theorem is satisfied. So suppose
K7 # V;then Ky = {0} by the first part of Proposition 6.1. By the second
part of Proposition 6.1, it follows that T is surjective onto V,. Hence T must
be an isomorphism between (G, Vi, p1) and (G, V2, p2). O

The next proposition says that there are no interesting homomorphisms
from an irreducible representation to itself. We will use this consequence of
Schur’s lemma in our first prediction for the hydrogen atom, Proposition 7.7.
For the statement of the proposition, some terminology is convenient.

Definition 6.3 Suppose (G, V, p) is a representation. A linear operator
T:V — V commutes with p if and only if, for each g € G we have

T p(g) =p(QT.
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T

Vv Vv

p(g) p(g)

T

Vv Vv
Figure 6.1. Commutative diagram for Tp(g) = p(g)T.

In other words, T : V — V commutes with p if and only if T is a homomor-
phism of representations.

For example, each linear operator on C? that is diagonal in the standard basis
of C? commutes with the representation of the circle group T defined by For-
mula 5.1. One often expresses commutation with a diagram. For the diagram
version of Definition 6.3, see Figure 6.1.

Proposition 6.3 Suppose (G, V, p) is a finite-dimensional irreducible repre-
sentation. Then every linear operator T : V — V that commutes with p is a
scalar multiple of the identity. In other words, if T: V. — V is a homomor-
phism of representations, then T is a scalar multiple of the identity.

Proof. Suppose that (G, V, p) is irreducible and the linear transformation
T:V — V commutes with p. We must show that 7 is a scalar multiple
of the identity. Because V is finite dimensional there must be at least one
eigenvalue A of T (by Proposition 2.11). By Proposition 5.2, the eigenspace
corresponding to A must be an invariant space for p. This space is not trivial,
so because p is irreducible it must be all of V. In other words, T = AI.So T
is a scalar multiple of the identity. |

There is an elegant summary of our results so far involving the concept of
the vector space Homg (Vy, V,) from Section 5.5. We will use this proposition
in the proof of Proposition 6.8.

Proposition 6.4 Suppose (G, Vi, p1) and (G, Va, po) are irreducible repre-
sentations of the same group G. Then there are two possible cases:

° dimHomG(Vl, Vz) =0.
e dim Homg (Vy, V5) = 1.

Proof. Either the representations V; and V, are isomorphic, or they are not. If
they are not isomorphic, then by Schur’s lemma the only element of
Homg (V;, V») is the zero function. In this case dim Homg (V;, V,) = 0.
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Now suppose that the representations V; and V, are indeed isomorphic. Let
T and T denote isomorphisms (of representations) from V) to V,. It suffices
to show that 7 must be a scalar multiple of 7. Consider the linear transfor-
mation 7 o T~ !: Vo, — V,. By Exercise 4.19, this linear transformation is
an isomorphism of representations. Hence by Proposition 6.3, there must be
a complex number A such that 7 o 7~! = A, and hence T = AT. Note that
because T is an isomorphism, A # 0. O

The following consequence of Schur’s lemma will be useful in the proof
that every polynomial restricted to the two-sphere is equal to a harmonic poly-
nomial restricted to the two-sphere (Proposition 7.3). The idea is that once we
decompose a representation into a Cartesian sum of irreducibles, every irre-
ducible subrepresentation appears as a term in the sum.

Proposition 6.5 Suppose G is a group and (G, Vy, po), ..., (G, V,, p,) are
finite-dimensional irreducible representations of G. Suppose that for all j =
1,...,n, po is not isomorphic to p;. Then

dimHomG(Vo, Vip---P Vn) =0.

Proof. Suppose T: Vy — V; @ --- @ V, is a homomorphism of represen-
tations. We must show that 7 is trivial. Fix any j = 1, ..., n. Consider the
projection IT; onto V; introduced in Definition 2.12. By Proposition 5.6, this
projection is a homomorphism of representations. Hence IT; o T is a homo-
morphism of representations. Its domain Vj and its range V; are both irre-
ducible representations. By hypothesis these representations are not isomor-
phic; hence Schur’s lemma implies that IT; o T is trivial. Because IT; o T is
trivial for each j = 1, ..., n, the homomorphism 7" must be trivial. O

For unitary representations we have a converse to Proposition 6.3. Unitary
irreducible representations are sometimes called unirreps for short.

Proposition 6.6 Suppose V is a finite-dimensional complex vector space
with a complex scalar product. Suppose (G, V, p) is a unitary representa-
tion. Suppose that every linear operator T : V — V that commutes with p is
a scalar multiple of the identity. Then (G, V, p) is irreducible.

Proof. Suppose every linear transformation 7: V — V that commutes with
p is a scalar multiple of the identity. Suppose also that W is an invariant sub-
space for (G, V, p). We must show that W = V. By Proposition 3.5, because
V is finite dimensional there is an orthogonal projection [Ty : V — V whose
image is W. Since p is unitary, we can apply Proposition 5.4 to show that
the linear transformation Iy is a homomorphism of representations. So, by
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Definition 4.9 we know that [Ty, commutes with every p(g). Hence by hy-
pothesis Py must be a scalar multiple of the identity. If the scalar is nonzero,
then W = V. If the scalar is zero, then W = {0}.

We have shown that V (all) and {0} (nothing) are the only invariant sub-
spaces of V. So (G, V, p) is irreducible. O

The following technical proposition will be useful in Proposition 7.6.

Proposition 6.7 Suppose (G, Vi, p1) and (G, V,, p2) are subrepresentations
of a unitary representation (G, V, p). Suppose V, is irreducible, and suppose
that V, is finite dimensional. Suppose that p| not isomorphic to any subrep-
resentation of (G, Va, p2). Then V| is perpendicular to V,; that is, for any
vy € V| and any vy € V, we have (v, vy) = 0.

Proof. By Proposition 3.5, since V; is finite dimensional we know that there
is an orthogonal projection I, with range V,. Because p is unitary, the linear
transformation I1, is a homomorphism of representations by Proposition 5.4.
Thus by Exercise 5.15 the restriction of I to V; is a homomorphism of rep-
resentations. By hypothesis, this homomorphism cannot be injective. Hence
Schur’s lemma (Proposition 6.2) implies that since V; is irreducible, IT,[V;]
is the trivial subspace. In other words, V; is perpendicular to V. O

Schur’s lemma is both elementary and far-reaching. By showing that be-
sides the trivial homomorphism and the identity homomorphism there are no
homomorphisms between irreducible representations, Schur’s lemma ensures
that irreducible representations make good building blocks, solid and incor-
ruptible. It allows us to generalize the notion of eigenspaces: just as a vector
space can be seen as a Cartesian sum of eigenspaces of a single linear opera-
tor, a vector space can also be seen as a Cartesian sum of invariant spaces for
whole representation’s worth of linear operators. We suggest that the reader
keep an eye out for the crucial use of Schur’s lemma and its consequences in
the remainder of the text.

6.2 Elementary States of Quantum Mechanical Systems

We saw in Section 4.5 that a quantum mechanical system with symmetry
determines a unitary representation of the symmetry group. It is natural then
to ask about the physical meaning of representation-theoretic concepts. In
this section, we consider the meaning of invariant subspaces and irreducible
representations.
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Consider a complex scalar product space V that models the states of a
quantum system. Suppose G is the symmetry group and (G, V, p) is the nat-
ural representation. By the argument in Section 5.1, the only physically natu-
ral subspaces are invariant subspaces. Suppose there are invariant subspaces
U,Uy, W C V such that W = U; @ U,. Now consider a state w of the
quantum system such that w € W, but w ¢ U; and w ¢ U,. Then there is
a nonzero u; € U; and a nonzero u, € U, such that w = u; + u,. This
means that the state w is a superposition of states u; and u,. It follows that w
is not an elementary state of the system — by the principle of superposition,
anything we want to know about w we can deduce by studying u; and u5.

We know from numerous experiments that every quantum system has ele-
mentary states. An elementary state of a quantum system should be observer-
independent. In other words, any observer should be able (in theory) to recog-
nize that state experimentally, and the observations should all agree. Second,
an elementary state should be indivisible. That is, one should not be able to
think of the elementary state as a superposition of two or more “more elemen-
tary” states. If we accept the model that every recognizable state corresponds
to a vector subspace of the state space of the system, then we can conclude
that elementary states correspond to irreducible representations. The indepen-
dence of the choice of observer compels the subspace to be invariant under the
representation. The indivisible nature of the subspace requires the subspace
to be irreducible. So elementary states correspond to irreducible representa-
tions. More specifically, if a vector w represents an elementary state, then w
should lie in an irreducible invariant subspace W, that is, a subspace whose
only invariant subspaces are itself and 0. In fact, every vector in W represents
a state “indistinguishable” from w, as a consequence of Exercise 6.6.

The reader should consider the argument in this section carefully: it is the
core philosophy of this book. It implies that every elementary state of a quan-
tum system with symmetry corresponds to an irreducible representation of
the symmetry group (namely, the restriction of p to the irreducible invariant
subspace containing the state). Thus, classifying the irreducible representa-
tions of the symmetry group makes concrete predictions about the quantum
system. We will see in Chapter 7 that we can think a representation as the sum
of its irreducible parts; physically, this means that if we know enough math-
ematics to find what the irreducible parts of a given quantum mechanical
representation are, then we can predict what the elementary building blocks
of that system should be. We apply this idea to the hydrogen atom in Sec-
tion 7.3 and again in Chapter 8. In Section 10.4 we will apply it to the spin of
elementary particles.
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6.3 Invariant Integration and Characters of
Irreducible Representations

A fundamental tool in the study of compact? groups (such as SU (2), tori and
S O (n) for any n) is invariant integration. An integral on a group G allows us
to define a complex vector space L?(G). An integral invariant under multipli-
cation gives particularly nice results when applied to characters of represen-
tations. In this section we define invariant integrals on the circle and, more
importantly for our purpose, on SU(2). Then we use invariant integration to
prove a proposition about the orthogonality (more precisely, the orthonormal-
ity) of characters of irreducible representations.

As a simple example of the ideas we will develop in this section, consider
integrating functions on the circle group T = {A» € C: |1| = 1}. One way to
define an integral is to introduce a coordinate 6 by parameterizing the circle
as T = {e!?: 0 € [0,2m]}. Then we can integrate functions over the circle
by thinking of them as functions on the interval [0, 27r] and using techniques
of integration from calculus. Notice that this parameterization of the circle
group T is not unique: for example, we could have used ¢?” on the interval
[0, (2r)!/3] instead. However, the standard parameterization is undoubtedly
nicer than many others. Here is one particularly nice feature: if we “rotate”
a function, its standard integral does not change. To put it more rigorously,
given any integrable function f: T — C and any fixed Ay € T, we have

2w 2w
fOgehdo = [ f(as,
0 0

as the reader is invited to check in Exercise 6.7. To say the same thing in yet
another way, note that there is an action of T on itself by left multiplication;
this action induces a representation p of T on the vector space of complex-
valued functions on T (as we saw in Section 4.4). For any Ay € T and any
integrable function f: T — C we have (p(Ao) f)(€?) = f(i;'e) and
hence, writing Ao = %,

2

2 2
(p00) F)(€®)d6 = / F(e7)d6 = /0 F(e)df.

0 0

2Compactness for matrix groups is no different from compactness for subsets of Euclidean
space (see Definition 3.16). In fact, every matrix group is a subset of Euclidean space, since
an n X n matrix can be construed as a point in R”z or C”z = ]RZ"Z. Furthermore, students
of topology will appreciate that if a group has a topological structure (as any manifold, and
hence any Lie group has), then the more general topological definition in terms of open covers
can be applied to that group to determine whether it is compact.
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To put it more succinctly, this integral is unchanged by the action of the group
on itself by left multiplication. A similar argument shows that the integral is
invariant under right multiplication as well. In summary, the integral on the
group defined by the standard parameterization is invariant under multiplica-
tion; it is an invariant integral.

The existence of an invariant integral on the circle is no accident. Every
compact Lie group has an invariant integral, usually written |, ¢ dg. For a proof
of the existence of the invariant integral on an arbitrary compact group, see
Brocker and tom Dieck [BtD, Proposition 5.5]. One can normalize the invari-
ant integral by insisting that the value of the integral of the constant function
1 be 1. Intuitively, this means that the “volume” according to this integral
should be 1. This choice of invariant integral allows us to interpret integrals
over the groups as averages. Our standard parameterization of the circle fails
the volume-one criterion, as

2w
f 1d0 = 2.
0

However, a slight modification will bring the circle in line with the customary
invariant integration. Parametrizing the circle by

T ={e"":1€]0,1]},

we get the volume-one invariant integral taking a function f on the circle to

1
/ fdg = / fe¥"dtr.
T 0

Let us double check that the integral is invariant under left multiplication.
Any element of the group can be written e?*% for some #, € R, so we have

1 1 1
/ f(eZJTiterJTit)dt — / f(eZJTi(H-t())dt — / f(ezm(t)dt.
0 0 0

Note that the integral is invariant under right multiplication as well:

1 1 1
/ f(eZITile27Tit())dt — / f(eZITi(t—l())dt — / f(€2ni(t)dt.
0 0 0

Right invariance follows from left invariance for all compact groups. The
general theorem and its proof are in [BtD, Theorem 5.12]. We will prove the
special case of SU(2) below. The invariant, volume-one integral on SU (2)



6.3. Invariant Integration and Characters of Irreducible Representations 189

plays an important role in our story. We will use it in Section 6.5 to prove
that the list of irreducible representations of SU(2) found in Section 4.6 is
comprehensive. We will find an integral on SU (2) by identifying SU (2) with
the three-sphere S* in R* and pulling the natural volume element on S* back
to SU (2). This integral turns out to be invariant under multiplication (on left
or right) by elements of SU(2). From Section 4.2 we know that there is a
group isomorphism from the unit quaternions (i.e., the three-sphere in R?*) to
SU (2). In spherical coordinates this group isomorphism takes the form

cos Y + i sinyr sin 6 cos ¢ —sin siné sin¢ + i sin ¥ cos
sin ¥ sin @ sin ¢ + i sin iy cos 6 cos Y + i sin i sin 6 cos ¢ '

Note that the transformation  +— —1/ corresponds to complex conjugation.

Consider the natural integral on the unit three-sphere S (the Euclidean
integral inherited from R?, in which S* sits). We pull this back to get an
integral on the group SU (2). In spherical coordinates (up to a constant factor)
we have

2 b 4 T
/ f= Lz f / f(¢.0,¥)sin* ysinddy dodg. (6.1)
SU©) 2% Jo 0 JoO

for any function f on S3. See Exercise 1.11. Since surface area on S° in-
side R* is spherically symmetric, this integral is invariant under the action of
SO(4) on S* by matrix multiplication of column vectors. The constant 2711—2
ensures that we have a volume-one integral since

1 2 T T
/ l=— / / sin® ¥ sin@ dyr d6 d¢p = 1.
SU(2) 2= Jo o Jo

Note also the effect of complex conjugation:
1 2 T g
[ rede=s [ [ [ s@.0.-psintysinody as g
SUQ) 22 Jo Jo Jo
1 2w b4 0
= —/ / f(@,6,y)sin® ¢ sinf dy do d¢
22 o Jo Jn

1
22

2w 14 b4
| [ r@omsitysinoayavas = [ seos.
0 0o Jo SU(2)
where the second-to-last equality holds by substituting ¥+ for i and noting
that sin’ is a function with period 7. See Figure 6.2. So the integral is invariant
under complex conjugation.
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A y = Sinzljf

JAVAVAN

0 2n

Figure 6.2. The period of si n?is .

Next we show that this integral is invariant under group multiplication on
the left. Recall from Section 4.2 that SU (2) is isomorphic to the unit quater-
nions. From Exercise 4.25 we know that multiplication of a unit quaternion q
on the left by a unit quaternion ¢y corresponds to the product of a matrix in
SO (4) (corresponding to qo) and a vector in S* C R* (corresponding to q).
See Figure 6.3.

The turned

The turner

Figure 6.3. A unit quaternion rotating his fellow.

But the integral is invariant under such a change in coordinates because
the volume element on the three-sphere is unchanged by rotations. So for any
go € SU(2) we have

f(gg)dg = / f(g)dg.

SU((2) SU(Q2)

Finally, we must show that the integral is invariant under group multi-
plication on the right. Let f be any integrable function on SU(2), and let
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f: SU(2) — C denote the function defined by f(g) = f(g*). Then
f f(ggo)dg = / U(Q2)f(ge*)dg = / f(g58)dg
SU@Q) s SU(Q2)

= f(g)dng f(g"dg

SU(2) SU(?2)

= f(g)dsg.
SUQ2)
Here we have used the invariance of the integral under conjugation and left
multiplication. So the integral is invariant under group multiplication on the
right as well on the left.

We are most interested in integrating products of characters of represen-
tations. In this case, we can use the Spectral Theorem (Proposition 4.4) to
simplify the expression of the integral. The proposition implies that for any
function f invariant under conjugation, we have

a —p* _ cosy +isiny 0
f((ﬁ ot >>_f<< 0 cosy —isiny ))’

where we have used the fact that :(w) = cos ¢ in spherical coordinates.

Setting
- . o —p*
f(COS w) L f (( ﬂ OC* ))
we have
2 b4 T
f(g)dg = Lz / f f (cos ¥) sin® ¥ sin 6 dyrdOd¢
SUQ) 272 )y Jo Jo

2 (" -
= —/ f (cos ¥) sin® ¥ sin 6 dp.
T Jo
Changing variables (x = cos y) we find

2 (.
F@ydg == / Vi 62)

We can use the invariant integral on a compact group G to define a complex
scalar product on the vector space of complex-valued functions on G:

SU®)

(1.7)= | reie s
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The next proposition shows that characters of unitary irreducible representa-
tions form a Hermitian orthonormal subset of the vector space of complex-
valued functions on the group. This theoretical result will help us to ascertain
that we have found all irreducible representations when the characters of the
irreducible representations we know span the set of functions invariant under
conjugation.

Proposition 6.8 Suppose G is a group with a volume-one invariant integral
/. ¢ d8. Suppose that two finite-dimensional representations (G, Vi, p1) and
(G, Vo, p2) are both unitary and irreducible. Let x| and x, be the charac-
ters of the representations. Then if V| and V, are not isomorphic we have
{x1, x2) = 0, while if V| = V5, we have {1, x2) = 1.

For the proof, it is helpful to recall the vector space Hom(V;, V,), the vec-
tor space of linear transformations from V; to V,, as well as the subspace
Homg (Vi, V) of homomorphisms of representations from V; to V. These
were introduced in Section 5.5.

Proof. We calculate the scalar product by constructing a linear operator P
whose trace is equal to the scalar product. Consider the representation
(G,Hom(Vy, V,), 0) defined in Proposition 5.12. Let x denote the character
of this representation. By Proposition 5.14 we know that x = x{ x». Consider
the linear operator

P = / o(g)dg.
G
In other words, P: Hom(V,, V,) — Hom(V}, V,) is defined by
PT = f o(g)T dg
G

foreach T € Hom(V;, V,).

Next we will show that P is a projection with image Homg(Vy, V»). To
show that P is a projection it suffices to show that P> = P. But since the
integral is invariant under right multiplication we have

p2=/a<g)dg/a<g>dg=//a(g@dgdg
G G GJG

=/0(g)dg/ d§=/0(g)dg=P-
G G G

Now suppose that T € Homg (V}, V). Then

PT=/a(g)ng=/ Tdg =T,
G G
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so T lies in the image of P. On the other hand, if T lies in the image of P,
then there is a U such that T = PU, and hence PT = P*U = PU =T, so
for any g € G we have

o(@T =0(®PT =/

a(gg)ng:/G(g)ng:PT:T.
G G

In this case T is fixed by the representation o and hence T is a homomor-
phism of representations, i.e., T € Homg(V;, V,). We conclude that the im-
age of P is precisely Homg (Vy, V).

By Proposition 2.9, the trace of P must be equal to the dimension of
Homg (Vi, V,). By Proposition 6.4, the dimension of Homg (V), V») is O if
V| and V, are not isomorphic, and 1 if they are isomorphic. Hence

(s x2) =/xf‘(g))<2(g)dg=f x(g)dg=fTro<g>dg
G G G

:TI‘P:{O Vl:.V2 O
1 otherwise.

As an example of Proposition 6.8, consider the characters x( and yx; of the
representations of SU (2) on the spaces of constant and degree-one (respec-
tively) homogeneous polynomials of two variables. The proposition implies
that (xo, x1) = 0. We can check this result by direct calculation: using the
formulas from Section 4.6 and Equation 6.2 we have

2 1
(x0- x1) =/ xixidg = —/ (D Qu)Y1 = u?du =0,
SU((2) T J

since the integrand is odd. See Exercise 6.11.

One can also use invariant integration to show that every finite-dimensional
representation of a finite group is unitary in some complex scalar product
space; see Exercise 6.13. More important for our purposes, invariant integra-
tion and Proposition 6.8 are indispensable in our proof in Proposition 6.14,
that the representations (SU (2), P", R,) introduced in Section 4.6 are (up to
an isomorphism) the only irreducible unitary representations of SU (2).

6.4 Isotypic Decompositions (Optional)

Just as any natural number can be written uniquely as a product of primes,
any representation of a compact group can be written uniquely as a sum of
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irreducible representations. Such a sum is called an isotypic decomposition.
The goal of this section is to prove the existence and uniqueness of this de-
composition. The results in this section are so widely useful and important
that we could not resist including them. However, we will not have occasion
to use them in the rest of the text.

We start with a convenient definition. Just as prime powers play a particular
role in number theory, Cartesian sums of copies of one irreducible represen-
tation play a particular role in representation theory.

Definition 6.4 Suppose (G, W, p) is a group representation and k is a natu-

ral number. Set
wk :=@W, ,ok :=@,0.

j=1 j=1
Note that (G, W*, p*) is a group representation.

This definition makes the isotypic decomposition given in Proposition 6.11
easier to write down.
Our first proposition in this section establishes a useful isomorphism.

Proposition 6.9 Suppose (G, W, p) and (G, V, o) are finite-dimensional
representations of the same group G. Set

k := dimHomg (W, V) € N.
Then there is an isomorphism of representations

W* = Homg(W, V) @ W.

Proof. Choose a basis {Ti, ..., T3} of Homg(W, V). Consider the linear
transformation

W* — Homg(W, V) @ W
(Wi, ..., w) > T Qw4+ -+ + T @ wy.
Since the 7;’s are linearly independent, this linear transformation is injec-
tive. Since the T;’s span Homg (W, V), the linear transformation is surjec-

tive. Finally, let us show that the linear transformation is a homomorphism of
representations. For any g € G we have

/Ok(g)(wl’ cees wk) = (p(g)wlv ey p(g)wk)
= T ® (p(Qwy) + -+ T ® (p(g)wy)
=URp)(Q (T QW +- -+ T ®w),
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where I denotes the identity operator on Homg (W, V). Recall from Propo-
sition 5.13 that the natural representation of G on Homg (W, V) is trivial. So
our injective, surjective linear transformation is a homomorphism of repre-
sentations. Hence it is an isomorphism of representations. O

Our second proposition relates the dimension of Homg (W, V) to the size
of the largest power of the irreducible representation W appearing inside V.

Proposition 6.10 Suppose (G, W, p) is an irreducible representation. Sup-
pose (G, V, o) is a representation of the same group G and

k := dimHomg (W, V) € N.

Then W* is isomorphic to a subrepresentation of V. However, for any natural
number k' such that k' > k, the representation WX is not isomorphic to a
subrepresentation of V.

In other words, if k = dim Homg (W, V), then W* is the largest power of W
that occurs as a subrepresentation of V. This result will help with Proposi-
tion 6.11. Schur’s lemma plays an important role in the proof.

Proof. We show that Homg (W, V) ® W is isomorphic to a subrepresentation
of V. We define a linear transformation

Homg(W, V) W — V
TRQwtr> Tw.

We first show that this linear transformation is a homomorphism of represen-
tations. The crucial calculation is, for any g € G,

T®p@wr Tp(@w=o0(g)(Tw),

where the equality follows from the fact that 7 is a homomorphism of group
representations. Next we show that the homomorphism is injective. Suppose
Tw = 0. Then w € ker T. Because W is irreducible we can apply Schur’s
lemma to conclude that either 7 = 0 or w = 0. In either case we conclude
that 7 ® w = 0. Hence Homg (W, V) ® W is isomorphic to a subrepresenta-
tion of V.

Next we apply Proposition 6.9, which says that the representation W* is
isomorphic to the representation Homg (W, V)® W. Hence W* is isomorphic
to a subrepresentation of V.

In the proof of the final statement, it helps to know the dimension of
dim Homg (W, Wk,). Forj=1,...,k',wedefine T;: W — wk by

Ti(w):=(,...,w,...,0),
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where only the jth entry can be nonzero. It follows that {7}, ..., Ty} is a
basis for Homg (W, W"/) and hence

dim Homg (W, W¥) = k.

(All we really need to know here is that the T;’s are linearly independent.)

Finally, we must show that if k¥ > k, then W* is not isomorphic to a
subrepresentation of V. We prove the contrapositive. Suppose that ¢’ € N and
there is an isomorphism of representations from W to a subrepresentation of
V. Then

k = dim Homg (W, V) > dim Homg (W, W¥) = k'

O

Now we prove the existence of the isotypic decomposition for finite-dimen-
sional representations. Just as any natural number has a prime factorization,
every finite-dimensional representation of a compact group has an isotypic
decomposition. This decomposition tells us what irreducible representations
appear as subrepresentations and what their multiplicities are. Note that Prop-
osition 6.11 guarantees uniqueness as well, since the selection of irreducible
representations and exponents are uniquely determined.

Proposition 6.11 Suppose (G, V, p) is a finite-dimensional representation
of a compact group G. Then there are a finite number of distinct (i.e., not
isomorphic) irreducible representations (G, W, p;) such that

¢;j == Homg(W;, V) #0.

Moreover; the representation (G, V, p) is isomorphic to the representation
Pw;. (6.3)
J

This Cartesian sum representation is called the isotypic decomposition of V.
The list of representations W; and their multiplicities c; is called the isotype
of V.

Schur’s lemma plays an important role in the proof.

Proof. We proceed by induction on the dimension of V. If V is one di-
mensional, then it is irreducible. By Schur’s lemma (in the guise of Propo-
sition 6.4) we know that dim Homg (V, V) = 1 while dim Homg(V, W) =0
for every irreducible representation W that is not isomorphic to V. Moreover,
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the representation (6.3) reduces to V, which is trivially isomorphic to V. This
proves the base case of the induction.

Next, fix a natural number n and suppose that the result is known for all
natural numbers k < n. Because every finite-dimensional representation con-
tains at least one irreducible representation, we can choose one and call it W,.
Set cp := dim Homg (W, V). Then by Proposition 6.10 we know that WSO is
isomorphic to a subrepresentation U of V. Since the representation V is uni-
tary, we can consider the complementary unitary representation U=, whose
dimension is strictly less than n.

If U = 0,then V = U = W,". By Proposition 6.5, any irreducible
representation isomorphic to a subrepresentation of W’ must be isomorphic
to Wy. Thus the conclusion holds in this special case.

If U+ # 0, then, by the inductive hypothesis, we have a finite list Wi, . ..,
W, of distinct irreducible representation such that

¢; = dimHomg(W;, U") # 0

and

12

UJ_

k

¢j
D"
j=l1

‘We have

k k
VzU@ULzW5‘°@<@Wj"> =Pw.
j=1 j=0

By Proposition 6.5 we conclude that any irreducible representation W with
dim Homg (W, V) > 0 must be one of the W;’s (where j can now take the
value 0).

Finally, we must show that the W;’s are distinct. Since Wy, ..., Wj arise in
the isotypic decomposition of U, they must be distinct. It remains to show
that forany j =1, ..., k, the representations W, and W; are not isomorphic.
Since

dim Homg(Wo, V) = k,

Proposition 6.10 implies that there is no injective homomorphisms from W(’)‘/
into V for any natural number k” > k. Thus there can be no subrepresentation
(other than W(f ) isomorphic to a power of Wy in the isotypic decomposition
of U+. This completes the inductive step. O
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Proposition 6.11 has many applications. One is the fact that a character
completely determines a representation. Compared to representations, char-
acters are relatively simple objects — complex-valued functions on the group.
Yet they carry all the information about the representation 7.

Proposition 6.12 Suppose G is a group with a volume-one invariant integral
fG dg. Suppose that (G, V, p) and (G, V, p) are both finite-dimensional uni-
tary representations. Let x and X be the characters of the representations.
Then V is isomorphic to V if and only if x = .

Proof. One direction is easy and is left to the reader in Exercise 4.40.

For the other direction, let us suppose that xy = x and show that p = p.
By Proposition 6.11, we can write the isotypic decomposition of V:
k
~ Cj
V=P,
j=1
and apply Proposition 5.7 several times to see that
k
F=x=) kx (6.4)
j=1
where for each j = 1,...,k, the function y; is the character of the irre-

ducible representation W;. But Proposition 6.8 tells us that characters of
finite-dimensional unitary representations are linearly independent. Hence the
sum in Equation 6.4 is the unique way to express x as a sum of characters of
unitary irreducible representations. Therefore the isotypic decomposition of
V must be the same as the isotypic decomposition of V, i.e.,

k
v=Ppwizv.
=
O

Proposition 6.11 implies that irreducible representations are the identifiable
basic building blocks of all finite-dimensional representations of compact
groups. These results can be generalized to infinite-dimensional representa-
tions of compact groups. The main difficulty is not with the representation
theory, but rather with linear operators on infinite-dimensional vector spaces.
Readers interested in the mathematical details (“dense subspaces” and so on)
should consult a book on functional analysis, such as Reed and Simon [RS].
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6.5 Classification of the Irreducible Representations of
SU(2)

In this section we classify the finite-dimensional irreducible representations
of the Lie group SU(2). First we show that each of the representations R,
defined in Section 4.6 is irreducible. Then we show that there are essentially
no other finite-dimensional irreducible representations.

First we show that each representation R, is irreducible.

Proposition 6.13 Fix any nonnegative integer n. Then the representation
(SU(Z), P, Rn) is irreducible.

The definition of these representations is given in Section 4.6. For an alterna-
tive proof using characters, see Exercise 6.12.

Proof. By Proposition 6.6 it suffices to show that if a linear transformation
from P”" to P" commutes with R,, then that linear transformation is a scalar
multiple of the identity. So suppose T is such a linear transformation. Con-
sider the basis {x", x" 'y, ..., xy""!, y"} of P". We can think of the linear
transformation 7" as a (n + 1) x (n + 1) matrix in this basis. Likewise, for
any g € SU(2), we can consider R,(g) asa (n + 1) x (n + 1) matrix. For
example, because for each integer k € [0, n] and each real number 6 we have

—if
e 0 n— i n— —i i(n— n—
R(( 0 o ))(x 99 = (@) eyt = T,

i0
it follows that in our chosen basis the matrix of R, (( ¢ 0 )) is

0 e*iG
e~in? 0 ... 0 0
0 ei(2—n)(~) 0 0
0 0 EICT
0 0 ‘e 0 ein?

Notice that we can choose a value of 8 such that the entries of this diagonal
matrix are distinct. It follows (applying Proposition 2.7) that the matrix of T
must commute with this diagonal matrix and hence must be diagonal in the
chosen basis. We can now write the matrix of 7' explicitly:

ap 0
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equivalently, note that there are numbers ay, . . ., a, such that for each integer
k € [0, n] we have T (x"~*y*) = qpx"kyk.
To show that all the diagonal entries of the matrix of T are equal, we will

consider one particular element of SU (2), namely g := ‘/75 ( i _11 ) Note

that R,(g)x" = (%)n (x + y)" and hence

(3) B (1) (5) reer

=TR.(&)(x") = Ry(§)T (x") = Ry(g)(aox")

= ay (?) (x+y)' = (?) kZ(;ao ( Z )X"kyk,
where the third equality depends on the hypothesis that 7 commutes with R,,.
We conclude that for all integers k € [0, n] we have a; = ay. Hence the ma-
trix of T is diagonal with all diagonal entries equal; i.e., T is a scalar multiple
of the identity. Because 7" was an arbitrary linear transformation commuting
with R,, Proposition 6.6 tells us that the representation (SU (2), P"*, R,) is
irreducible. O

Our remaining task in this section is to show that our family contains all of
the finite-dimensional unitary irreducible representations, without repeats.

Proposition 6.14 Every finite-dimensional unitary irreducible Lie group rep-
resentation of SU (2) is isomorphic to (SU(2), P", R,) for some n. In addi-
tion, (SU(2), P", R,) is isomorphic to (SU(2), P", Ry) if and only if n =

n'.

In other words, the representations (SU (2), P", R,,), for nonnegative integers
n, form a complete list of the finite-dimensional unitary irreducible represen-
tations of SU (2), without repeats. Complete lists without repeats are called
classifications.

Proof. Suppose (SU (2), V, p) is a finite-dimensional unitary irreducible Lie
group representation. Let x denote its character. Define the function
fr:[=1,1] = Cby

£ou) = (u—i—i«/l—u2 0 >
(=X 0 u—iy1—u? '

Since p is a Lie group homomorphism, x = Trop is continuous and hence f,
is continuous. Since f, (1) = x (/) = dim V, continuity implies that there is
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a nontrivial open interval (a, 1) on which f, # 0. Hence f, (u)v/1 —u? #0
foru € (a, 1), so fy(u)v'1 —u? # 0 as an element of C[—1, 1]. By Propo-
sition 3.8 we conclude that there exists a polynomial p such that

1
/ P ) £, (V1 = uldu # 0.
-1

Suppose p has the minimum degree of all such polynomials and set n :=
deg p. Then for any k < n we have

1
/ ukfx(u)\/l —u?du =0.
-1

Consider the character x, of the representation R,. Recall from Proposi-
tion 4.8 that there is a polynomial ¢,, such that

w( G L) =aoe.

Because p and g, are polynomials of the same degree, there is a nonzero
complex scalar ¢ such that

gn(u) = cp(u) + lower order terms.

Then we have

1
/ Xax dg = / gy ) fy V1 — u>du
SU(2) -1
1
= / (cp(u) + lower order terms)™ f,, (u)ﬂdu
-1

1
= c/ prw) fy(w)v1 —u*du
-1
£0.

Note that by Proposition 4.7 we know that R, is unitary, while p is unitary by
hypothesis. Hence we can apply Proposition 6.8 to find that the representation
(SU((2), V, p) is isomorphic to the representation (SU (2), P", R,).

Since dim P" = n + 1, as calculated in Section 2.2, we know from Propo-
sition 4.6 that R, is isomorphic to R, if and only if n = n'. O

In this section we have shown that the representations on homogeneous
polynomials of fixed degree form a complete list of the finite-dimensional
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unitary irreducible representations of SU (2), with no repeats. In other words,
we have classified the finite-dimensional unitary irreducible representations
of the group SU (2). In fact, all irreducible representations of SU (2) on com-
plex scalar product spaces are finite dimensional because G is compact. We
will not prove this fact; the interested reader might consult Brocker and tom
Dieck [BtD, Chapter III, Corollary 5.8]. In addition, any representation on a
complex scalar product space is unitary with respect to some complex scalar
product space by Exercise 6.13. So Proposition 6.14 classifies all irreducible
representations of SU (2) on complex scalar product spaces. This classifica-
tion in this section will help us classify the irreducible representations of the
group SO (3) in Section 6.6.

6.6 Classification of the Irreducible Representations
of SO(3)

In this section we classify the finite-dimensional irreducible representations
of SO (3). Compared to the work we did classifying the irreducible represen-
tations of SU(2) in Section 6.5, the calculation in this section is a piece of
cake. However, the reader should note that we use the SU (2) classification
in this section. So our classification for SO(3) is not inherently easier. Our
trick is to use the group homomorphism ®: SU((2) — SO(3) (defined in
Section 4.3) to show that any representation of SO (3) is just a representation
of SU (2) in disguise. At the end of the section we show how to use “weights”
to identify irreducible representations.

We can push an irreducible representation P* of SU (2) forward to a repre-
sentation of SO (3) if and only if k is even. If & is odd, then the representation
takes different values at / and —1 € SU(2), so there is no good way to define
the pushforward of Ry (/) under the group homomorphism ®. On the other
hand, for even k we can push the representation forward:

Proposition 6.15 Suppose n is a nonnegative even integer. Then we can push
the representation (SU (2), P", R,) forward under the group homomorphism
O. Let (SO@3),P", Q,) denote the pushforward representation. Then Q,, is
unitary and irreducible.

Proof. We must first check that & and R, satisfy the hypotheses of Propo-
sition 5.16. By Proposition 4.5, ® is surjective and its kernel is {/, —I}. So
we must check that I, —1 € SU(2) are both in the kernel of R, i.e., that
R,(I) = R,(—=1) =1 € GL (P"). But for any basis vector x*y"=* in P", we
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have

(Ry(£D) x*y" ™ = (D) % (D" yp = (D" Xy

— xkyn—k.
So R,(£I) = I € GL(P"). Hence we can apply Proposition 5.16 to find
that the pushforward representation Q,, is well defined and unitary.

Next we must check that Q, is irreducible. Suppose W is a subspace of
P" invariant under Q,,. Then W must be invariant under R, since for any
g € SU(2) and w € W we have, by the definition of the pushforward repre-
sentation,

R, (9w = 0, (P(g)w € W.

Since R, is irreducible, it follows that W is either the zero subspace or is all
of P". Hence Q, is irreducible. O

The Q,’s are essentially the only finite-dimensional irreducible represen-
tations of SO (3).

Proposition 6.16 Every finite-dimensional, unitary, irreducible representa-
tion of SO (3) is isomorphic to Q, for some even n. In addition, Q, is iso-
morphic to Q, if and only ifn = n'.

In this proposition, as in Proposition 6.14, it is possible to drop the hypoth-
esis that the representation be unitary. See Exercise 6.13. We will apply this
classification of irreducibles of SO (3) in Section 7.1 to show that for each
nonnegative integer n the set of homogeneous harmonic polynomials of de-
gree n forms an irreducible representation of SO(3).

Proof. Suppose (SO(3), V, p) is an irreducible unitary representation. By
Proposition 5.15, (SU(2), V, p o ®) is also a unitary representation; in ad-
dition, (SU(2), V, p o ®) is irreducible. To prove irreducibility of p o P,
suppose W is an invariant subspace for p o ®. By Proposition 4.5, we know
that @ is surjective onto SO (3); hence the invariance of W under p o ® im-
plies the invariance under p: for any g € SO(3), there isa g € SU(2) such
that ®(g) = g and hence for any w € W we have

p(@w = p(@@)Hw =poP@Qwe W,

where the inclusion follows from the invariance of W under p o ®. Hence
by the irreducibility of p we conclude that W is either all of V or is the
trivial subspace. Since W was an arbitrary invariant subspace, this proves
irreducibility of the representation p o ®.
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It then follows from Proposition 6.14 that there must be a nonnegative in-
teger n such that p o ® is isomorphic to R,. Since ®(—1) =1 € SO(3), we
know that R,(—1I) = I € GL (P"). Hence in particular

X" = Ix" = R,(=D)x" = (—1)"x",

and so n must be even. Hence there is a nonnegative even integer n such that
p o @ is isomorphic to R,. By the uniqueness of the pushforward (see Exer-
cise 5.3), this implies that (SO (3), V, p) is isomorphic to (SO (3), P**, Q2,).

To prove the final statement of the proposition, note that the dimension of
P"isn + 1. Hence if n # n’, then Q,, cannot be isomorphic to Q. O

Finally, we will need a way (other than counting dimensions) to distinguish
between the various irreducible representations of SO (3). To this end we de-
fine weights and weight vectors. Weight vectors are certain eigenvectors, and
weights give eigenvalues as a function of a parameter. Recall the subgroup
{Xp: 0 € R} of SO(3) defined in Section 4.2.

Definition 6.5 Suppose (SO (3), V, p) is a representation and n is an integer.
Suppose a nonzero vector v € V satisfies

p(Xo)v = e"v

for all real 6. Then n is a weight of the representation p, and v is a weight
vector (of weight n) of the representation.

For example, consider the representation p of SO (3) on C? by matrix mul-
tiplication. Then the vector (1, 0, 0)7 is a weight vector of weight 0:

1 1 0 0 1 1
pXe)l 0 | =1 0O cos@ —sinf 01=120
0 0 sinfd cosé 0 0

The vector (0, 1, —i)7 is a weight vector of weight 1:

0 1 0 0 0 0
pXD)l 1 | = 0 cos6 —sin6 1 | =€) 1
—i 0O sinf cosfb —i —i

Finally, the vector (0, 1, i Yisa weight vector of weight —1:

0 1 0 0 0
oX) |l 1 |=| 0 cos6 —sind 1 =] 1
i 0 sinf® cosO i —i
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Given an even nonnegative even integer 7, it is not hard to find the weights
and weight vectors of the representation Q,. Note that

ei0/2 0
CD( 0 e ) = Xo-

Hence fork =0, ..., n we have
ck . on—k .on
Qn (X(-)) xkyn—k — e—lieet(T)kayn—k — e’(f_k)gxky"_k,
so x¥y"~* is a weight vector of weight 5 — k. Because these weight vectors

span the vector space P", the weights we have found are the only weights for
the representation.

Proposition 6.17 Suppose (SO 3), V, p) is a finite-dimensional unitary rep-
resentation of the group SO (3). Suppose this representation has a vector of
weight n. Then dimV > 2n + 1.

We will use this proposition in the proof of Proposition 7.2.

Proof. Let w denote a weight vector of weight n. Let W denote the smallest
invariant subspace containing w. Since w # 0 by the definition of a weight
vector, we have W # {0}. Let W be a nontrivial irreducible invariant subspace
of W and note that w := IT;;w # 0, because otherwise W+ would contain w
and would be smaller than W, contrary to the definition of W.

Recall from Proposition 5.4 that orthogonal projection onto an invariant
subspace of a unitary representation is a homomorphism of representations.
Hence for any Xy we have

p X)W = p(Xg)jw = Iy pXg)w = Me"w = ™.

So w is a weight vector of weight n.

Now W is a finite-dimensional, unitary, irreducible representation, so by
Proposition 6.16 there must be a nonnegative even integer n and an isomor-
phism T: P" — W of representations. Because T is an isomorphism, the
list of weights for " must be the same as the list of weights for W. Hence
—1<n=<1%So

dmV >dmW =n+12>2n+ 1.

O

In this section we have classified the finite-dimensional irreducible Lie
group representations of SO (3). What about infinite-dimensional irreducible
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representations? It turns out that there are no infinite-dimensional unitary irre-
ducible representations of any compact Lie group, including SO (3). A proof
of this fact can be found in the book of Brocker and tom Dieck [BtD, Sec-
tion III.5]. While the discussion there does not completely rule out the exis-
tence of nonunitary infinite-dimensional irreducible representations, it makes
clear that any infinite-dimensional representation would have to be on a fairly
ugly vector space.

6.7 Exercises

Exercise 6.1 Show that any one-dimensional representation is irreducible.

Exercise 6.2 Consider the representation of the circle group T on the com-
plex vector space V- = C> with

p: T — GL(C)
1 0 0

A 0 Ry =30
0 I RN

Find all invariant subspaces of this representation.

Exercise 6.3 Consider the representation of SU(2) on C? defined by matrix
multiplication. Consider the group homomorphism V: T — SU (2) defined

by
; ei@ O
U(e'?) = ( 0 it )

Calculate the pullback representation of T on C2. Is it irreducible?

Exercise 6.4 Suppose (G, V, p) is a representation and w € V. Let W de-
note the span of the set {g - w: g € G}. Show that W is the smallest invariant
subspace containing w. Give an example to show that {g - w: g € G} is not
necessarily a subspace. Can you find an example where {g - w: g € G} is
indeed a subspace?

Exercise 6.5 Use Proposition 6.3 to prove that every irreducible represen-
tation of the circle group T is one dimensional. Then generalize this result
to prove that every irreducible representation of an n-fold product of circles
T x --- x T (otherwise known as an n-torus) is one dimensional. (As always
in this text, representations are complex vector spaces, so “one dimensional”
refers to one complex dimension.)
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Exercise 6.6 Suppose (G, V, p) is an irreducible representation. Show that
for any vy € V we have

V ={p(@vo: A €C, g € G}.

In other words, an irreducible representation is the closure of an orbit un-
der scalar multiplication. Is the converse true? l.e., if a representation satis-
fies the condition above for every vy, is the representation necessarily irre-
ducible? What if the condition is satisfied for one particular vy?

Exercise 6.7 Show that for any A € T and any integrable function f on T

we have
2w 2

fOg'e®do = | f(e*)db.
0 0
(Hint: for any A, there is a real 0y such that 1y e’ = ¢!®=%).) On the other
hand, find a A € T and an integrable function f on T such that

2 4 2 3
fg'e?Hdo # fe)ae.
0 0
Exercise 6.8 Recall the Lie group homomorphism V: Q — SU (2) defined
in Section 4.2 and show that for any q € Q we have

v(q") = ¥ (g,

where the asterisk on the left denotes conjugation of quaternions and the
asterisk on the right denotes conjugate transposition on SU (2).

Exercise 6.9 Use Euler angles to write an explicit formula for invariant in-
tegration on SO (3).

Exercise 6.10 Show that the invariant integral on SU(2) given in Equa-
tion 6.1 is invariant under the group action.

Exercise 6.11 Calculate a few integrals of products of characters of the rep-
resentations R, defined in Section 4.6 to confirm (by techniques of just plain
calculus) that these characters are mutually orthogonal.

Exercise 6.12 Suppose that G is a Lie group with a volume-one invariant
integral. Suppose that (G, V, p) is a representation with character x. Show
that p is irreducible if and only iffG lx(g)> dg = 1.

Use this result to give an alternative proof of Proposition 6.13. That is,
show that for each nonnegative number n, the character x, corresponding to
the natural representation of SU(2) on P" satisfies fG Ixa(2)> dg = 1.
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Exercise 6.13 Suppose (G, V, p) is a Lie group representation where G is
a Lie group with a volume-one invariant integral and V is a complex scalar
product space (-, -). Then there is a complex scalar product (-, -), on V such
that p is a unitary representation on V with respect to (-, -) ,. (Hint: define

(v, w), :=/G<,0(g)v,p(g)w>dg

and check that it is a complex scalar product.)

Exercise 6.14 Use the Gram—Schmidt technique of orthogonalization to find
a recursive formula for an orthogonal basis of C[—1, 1] with the property
that the kth basis vector is a polynomial of degree n (forn = 0,1,2,...).
Show (from general principles) that the nth basis element is precisely the
character x, of the representation of SU (2) on P". Use the recursive formula
to calculate x3 and xa.



7

Representations and the
Hydrogen Atom

I was only a child, but I was already aware of it,— Qfwfq narrated — 1 was
acquainted with all the hydrogen atoms, one by one, and when a new atom
cropped up, I noticed it right away. When I was a kid, the only playthings we
had in the whole universe were the hydrogen atoms, and we played with them
all the time, I and another youngster my age whose name was Pfwfp.

— TItalo Calvino, Cosmicomics [Cal, p. 63]

The goal of this chapter is to apply the technology developed in the previous
chapters to the study of the hydrogen atom. We have fixed a model of the
hydrogen atom: a single particle (the electron) moving in a spherically sym-
metric space. What experimental predictions does this model make? We will
give an answer in Section 7.3. Our answer depends on the fact that the spher-
ical harmonics of any given degree form an irreducible representation of the
rotation group SO (3), as shown in Section 7.2. This fact depends in turn on
the content of Section 7.1, namely, that homogeneous harmonic polynomials
of any fixed degree form an irreducible representation.

7.1 Homogeneous Harmonic Polynomials
of Three Variables

In this section we consider the vector spaces H* of homogeneous harmonic
polynomials of degree ¢ in three variables, where ¢ ranges over the nonneg-
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ative integers. We show that for every nonnegative integer £, the dimension
of H is 2¢ + 1. From Exercises 4.14 and 4.15 we know that every H’ has a
natural representation of SO (3); we will show that every H is an irreducible
subspace for this natural representation of SO (3). In other words, the natural
representation of SO (3) on H' is irreducible.

To calculate the dimension of the vector space H for every nonnegative
integer £ we will use the Fundamental Theorem of Linear Algebra (Proposi-
tion 2.5), which we repeat here: if T is a linear transformation from a finite-
dimensional vector space V to a finite-dimensional vector space W, then we
have

dim V = dim(kernel 7') + dim(image 7).

Proposition 7.1 Suppose ¢ is a nonnegative integer. Then the dimension of
the vector space H' of homogeneous harmonic polynomials of degree £ in
three variables is 20 + 1.

Proof. Consider the vector spaces Pf of homogeneous polynomials of degree
¢ and Pf_Z of homogeneous polynomials of degree £ — 2 in three variables.
(Sticklers for rigor should define P; b= Py 2 .= {0}.) Let V? denote the
restriction of the Laplacian V? := 9} + 8} 4 97 to P5. By Exercise 2.21 we
know that the image of the linear transformation V7 lies in 77§ -2

Our goal is to calculate the dimension of the kernel of V2, since this kernel
consists precisely of HY, the harmonic functions in P5. From Section 2.2 we
know that the dimension of Pf is %(Z + D + 2). So, by the Fundamen-
tal Theorem of Linear Algebra (Proposition 2.5) it suffices to calculate the
dimension of the image of the the linear transformation V7.

We already know from Exercise 2.21 that this image is contained in Pf_z;
we will now show that this image is all of 7)3(72. In other words, we will
show that the dimension of the image is %(@ — 1)¢ by showing that the re-
stricted Laplacian V7 is surjective. Our (slightly informal) argument is based
on a triangular arrangement of the monomial bases of the domain and range.
Sticklers should see Exercise 7.1.

Consider Figure 7.1. The reader should imagine the corresponding two-
dimensional figure for an arbitrary £. The lighter monomials (such as x* and
xy?z) form a basis for the domain P5 of the restricted Laplacian. The darker
monomials (such as x> and xy) form a basis for the range Pf ~2. The arrows
encode some information about the restricted Laplacian. For instance, the
two arrows emanating from x?y? encode the fact that V2(x2y?) is a linear
combination of y? and x*. The precise recipe for the arrows is as follows. For
any monomial x’y/zF of P}, expand V2(x'y/z*) as a linear combination of
monomials in 773[ ~2. No more than three of the monomials in this expansion
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x4

*‘ X2 *
x2y2 x2yz x2z2
Xy X7
xy3 xyZZ XyZ 2 xz3

y2 yz 72
T T T T
y4 y3 z y2 Z2 y Z3 Z4

Figure 7.1. The image of basis vectors of Pg under the Laplacian.

/X2

x2 y2

(a) (b)

Figure 7.2. (a) Arrows emanating from x4 (b) Arrows emanating from x2 yz.

will have nonzero coefficients. We draw an arrow from the monomial in P§ to
each monomial in Pf ~2 with a nonzero coefficient. The reader should verify
that the pattern of arrows is correct.

We will show surjectivity by showing that every monomial in the range
(i.e., every dark monomial; see Figure 7.1) is in the image of the restricted
Laplacian. We argue by induction on the rows of the triangular array. In the
interest of clarity, we refer to the specific case of £ = 4, but an analogous
proof works for any €. We start by considering the single light monomial in
the top row of the diagram (x*). See Figure 7.2(a). The single arrow emanat-
ing from x* tells us that V2(x*) is a nonzero scalar multiple of x°. So x?, the
top dark monomial is in the image of V2. Similarly, by applying V? to the
second row of light monomials we see that each of the two dark monomials
in the second dark row is in the image of V2. Now consider the monomials
in the third light row, such as x?y?. See Figure 7.2(b). The arrows emanating
from x2y? tell us that V(x2y?) can be written as the sum of a nonzero scalar
multiple of y?> and a linear combination of dark monomials we already know
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to be in the image of the restricted Laplacian. Hence y? is in the image of the
restricted Laplacian. Similarly, each monomial in the third dark row is in the
image of the restricted Laplacian. Continuing in the same vein, we can see
that every dark monomial is in the image of the restricted Laplacian. Since
we already know that the image of the restricted Laplacian is contained in the
span of the dark monomials, we can conclude that the image of the restricted
Laplacian is precisely the span of the dark monomials, namely, Pf -2

The surjectivity of the restricted Laplacian allows us to finish our com-
putation of the dimension of the vector space H* of homogeneous harmonic
polynomials of degree £. We already knew that the dimension of the domain
of the restricted Laplacian was %(Z + 1)(¢ + 2). We now know that the di-
mension of the image of the restricted Laplacian is the dimension of Pf_z,
that is, %(E — 1)£. Hence by Proposition 2.5 the dimension of the space H of
harmonic homogeneous polynomials of degree £ is

dim(ker V}) = dim P} — dim Image V;

1 1
:5(64—1)(@4—2)—5(3—1)E:2€+1. O

Combining this last result with our knowledge of the classification of the
irreducible representations of the group SO(3), we can show that the rep-
resentation of the rotation group on homogeneous harmonic polynomials of
any fixed degree is irreducible.

Proposition 7.2 Suppose £ is a nonnegative integer. Then the natural repre-
sentation of SO (3) on H' is irreducible.

Proof. We will show that there is a polynomial p € H* of weight £ with
respect to the circle group T. Using Proposition 6.17 from Section 6.6 we
will conclude that the dimension of one of the irreducible components of H*
must be at least 2¢ + 1. Because the total dimension of H is 2¢ + 1, we will
conclude that H is itself irreducible.

Consider the polynomial (y — iz)‘, a harmonic polynomial of degree £.
Note that the polynomial is indeed harmonic, since all polynomials of degree
zero or one are harmonic, while for £ > 2,

V2 —i)f = —1)(y — i) 2 +iti(t — ) (y —iz) 2 =0.
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For every real number 6, the corresponding group element X acts on poly-
nomials on R? by taking

X = X
y > (cost)y + (sinf)z
Z > (cosB)z — (sinH)y.

It follows easily that this action takes the linear polynomial y — iz to
e¢'?(y —iz). Hence the action takes the polynomial (y —iz)¢ to ' (y —iz)%:

(y — iz)e = e"w(y — iz)z.

Thus (y —iz)* has weight £ with respect to the action of the given circle sub-
group of SO (3). By Proposition 6.17 the dimension of one of the irreducible
components of the representation on H’ must be at least 2¢ + 1. However,
the dimension of HY itself is 2¢ + 1, so the (2¢ + 1)-dimensional irreducible
component must be all of H. Hence HY is irreducible. O

Proposition 7.2 is crucial to our proof in Section 7.2 that the spherical
harmonics span the complex scalar product space L?(S?) of square-integrable
functions on the two-sphere.

7.2 Spherical Harmonics

In this section we use the results of Section 7.1 and our knowledge of irre-
ducible representations to show that the spherical harmonic functions span
the space L* (S?) of square-integrable functions on the two-sphere. In other
words, the set of spherical harmonics is a complete set for expansions: we
can write any function on the sphere as a (possibly infinite) sum of spherical
harmonic functions. This justifies the physicists’ practice of using spherical
harmonic functions (which have nice properties and are relatively easy to
calculate with) to draw conclusions about arbitrary functions of angular vari-
ables.

Our first proposition is a useful technical tool for the proof of Proposi-
tion 7.4.

Proposition 7.3 Suppose £ is a nonnegative integer. The natural representa-
tion of SO(3) on the vector space Pf of homogeneous complex-coefficient
polynomials in three variables is isomorphic to the Cartesian sum

HZ@HZ_Z@“'@HG



214 7. Representations and the Hydrogen Atom

of representations, where € = (1 — (=1)%)/2 (i.e., € is 0 if £ is even and 1 if €
is odd) and each summand carries the natural representation of SO (3). The
isomorphism is given explicitly by
HZGaHZ—Z@“'@HE — 7)3(
(Pes--iP) > petrprat- 4+,

where r? denotes multiplication by the sum of the squares of the three vari-
ables. (That is, if the variables are x, y and z, then r* is multiplication by
24+ y2+7%)

The fact that multiplication by r2 is a linear operator follows from Exer-
cise 2.9. Readers familiar with the Fourier transform should note that the
linear transformation r? is essentially the Fourier transform of the Laplacian
V? (Exercise 7.5). In the proof, we will find it useful to have a natural name
for the isomorphism given in the statement of the proposition; we will call

this isomorphism
lerrerte. - -erto.

Proof. We use induction on £. For £ = 0 and £ = 1 the result is trivial:
772 = H° and P; = H'; the isomorphism is the identity. Fix any natural
number £ > 2 and suppose that

lorerte - or 02 H2eoH .. @H — P2
is an isomorphism of representations. We wish to show that
lererte  or“ HoH e - 0oH - P
is an isomorphism of representations. Consider the linear transformation
lor’: H &Py — Ps
(h(x,y,2), p(x,y,2)) = h(x,y,2) + &+ y* + 2)p(x, y, 2).
We have
lerrerte . -or?
=(lero(le(lererte -orf97).

Note that (1 orrerte--- @ r(‘z—f)_z) is an isomorphism from
H2 @ --- @ H to Pi~* by the inductive hypothesis. Furthermore, the mid-
dle 1 on the right-hand side of the equation above (the 1 to the right of the
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composition sign o) is an isomorphism from H to itself. Finally, by Exer-
cise 5.11, the Cartesian sum of isomorphisms is an isomorphism, and by Ex-
ercise 4.19 the composition of isomorphisms is an isomorphism. Hence we
will be done if we can show that 1 @ r? is an isomorphism of representations.
It is easy to check that 1 ©r? is a homomorphism of representations. We must
show that it is injective and surjective.

Let us show injectivity. Note that 72 is an injective homomorphism of rep-
resentations. Hence the subspace r2 [Pf 72] of P4 is an invariant subspace and
has dimension equal to the dimension of Pf ~2, namely

dimr? [Py7?] = %(e —1)e.

We know that H is an irreducible invariant subspace of P} by Proposi-
tion 7.2. By Proposition 6.5 and Proposition 7.1 we know that H is not iso-
morphic to any subrepresentation of the Cartesian sum

HZ_2®HZ_4®"'@H6.

By induction we know that 773[ ~2 is isomorphic to this Cartesian sum; also,
we know that r? is injective. Hence H' is not isomorphic to any subrepre-
sentation of r? [Pf_z]. Hence by Proposition 6.7, the subspace H‘ must be
perpendicular to the subspace 72 [P;~]. We conclude that 1 & r*(h, p) = 0
if and only if » = 0 and r?>p = 0, if and only if (h, p) = 0. So 1 @ r? is
injective.

Now we will prove surjectivity: we will show that the subspace

'@ 2 [P

of P* is actually equal to P*. By Proposition 7.1, the dimension of HY is
2¢+1. Since H is perpendicular to 72 [P 2], the dimension of the Cartesian
sum is the sum of the dimensions of the two summands:

1 1
€+ 1) + E(z -t = E(z + 1)(€ +2) = dim P;.

Hence
H' & r* [Py %] = Ps.

It follows that 1 ® 7% @ - - - @ r*~¢ is an isomorphism from H' & - - - @ H€ to
P This completes the inductive step. m|
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Proposition 7.3 implies that any polynomial on the two-sphere S? in R?
can be written as a sum of harmonic polynomials. See Exercise 7.3. This
fact is important to the proof of Proposition 7.4. The point is that we cannot
apply the Stone—Weierstrass theorem directly to harmonic functions (see Ex-
ercise 3.22). However, we can apply the Stone—Weierstrass theorem to poly-
nomials. Proposition 7.3 is the link we need.

Recall the vector space ) of spherical harmonics from Definition 2.6: Y
is the set of restrictions to S of homogeneous harmonic polynomials. Re-
call also the definition of spanning (Definition 3.7). The set ) of spherical
harmonics spans L*(5%):

Proposition 7.4 In the complex scalar product space L*(S?) we have
yt=o0.

Proof. Suppose f € L*(5?) and (y, f) = 0 for every y € V. We must show
that f = 0. We show first that f is perpendicular to any homogeneous poly-
nomial. Consider any homogeneous polynomial p, and let £ denote the degree
of p. By Proposition 7.3, there are harmonic polynomials hg, h¢_p, ..., h
(where € = 0if £ is even and € = 1 if £ is odd) such that

p(x,y,2) = he(x,y,2) + (> + y* + 2)hes
+oo VDT 2 (x, y, 2).

On the unit sphere S? we have x? + y? 4 z? = 1. Because the complex scalar
product in L?(S?) depends only on the values of the functions on the sphere
itself, we have

(p. fy=(he+---+he f)=0,

because hy + -+ he € V.

Finally, since any polynomial is a finite sum of homogeneous polynomials,
we conclude that (g, f) = 0 for any polynomial ¢. Hence by Proposition 3.9
we have f = 0.

We have shown that if f is perpendicular in L?(S?) to any y € ), then
f = 0. In other words, Y+ = 0 in L2(S?). |

One consequence of this proposition is that any function in L?(S?) can be
approximated by finite sums of spherical harmonics. Heuristically this means
that to prove something about all functions in L?(S?), it often suffices to
prove it for finite sums of spherical harmonics. This is an enormous simpli-
fication, often exploited by physicists. Newcomers to the physics literature
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might sometimes be confused by the restriction of a problem to spherical har-
monic (or other special functions); the point is that solutions in this special
case can be used to construct solutions in an enormous class of more compli-
cated cases.

Analogously, the next proposition shows that any function in L?(R?) can
be approximated by finite sums of terms of the form f(r)y(6, ¢). This jus-
tifies the physicists’ practice of using separation of variables to solve partial
differential equations. (See Section 1.6 for an example of this technique.)
Recall the subspace Z of rotation-invariant functions in L?(R?) defined in
Section 5.1. Note that there is a natural correspondence between Z ® L*(5?)
and a subset of L(R?) given by

Sy fy.

In other words, the tensor product of a function f of radius alone and a func-
tion y of spherical angles alone is the function (r, 8, ¢) — f(r)y(8, ¢). Thus
the tensor product of 7 and L?(S?) is a subspace of L?(R?). In fact, it spans
L*(R?).

Proposition 7.5 In the complex scalar product space L*(R*) we have
ZQY)"=0.

We will use this proposition in the proof of Proposition 7.7 and again in the
proof of Proposition A.3.

Proof. Recall the ball By of radius R around 0 in R3, where R is a strictly
positive real number. We consider the set

Ig = { fl fel } .

Bg
The elements of Zp are restrictions of rotation-invariant functions to the ball
of radius R. We will apply the Stone—Weierstrass Theorem (Theorem 3.2)
and Proposition 3.7 to show that Tz ® ) spans L? (Bg), which will imply
that 7 ® ) spans L2(R?).

The set Zx ® Y satisfies the hypotheses of the Stone—Weierstrass theorem.
The set By is compact by Exercise 3.30. The set Zp ® ) is a complex vector
space because it is a tensor product of vector spaces. To see that Zx ® ) is
closed under multiplication, it suffices to consider products of elements of the
form f ® y: we have

(1 ®y) (2@ y2) = (fi1f2) @ (1y2).
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Since both Z and ) are complex vector spaces of functions, they are closed
under complex conjugation, and hence so is their tensor product. The tensor
product separates points, since any two points of different radius can be sep-
arated by Z and any two points of different spherical angle can be separated
by V. Finally, the function

1, 0<r<R

1R2(}",9,¢)f_){0’ R <r

is rotation-invariant and square-integrable, so it lies in Zg, while the spherical
harmonic function Yy is a nonzero constant. Hence for any point (7, 8, ¢)
we have (1 ® Yo.0)(r,0,¢) # 0. Thus Iz ® Y satisfies all criteria of the
Stone—Weierstrass Theorem.

It follows that the conclusion of the Stone—Weierstrass Theorem holds: any
continuous function in L? (Bg) can be uniformly approximated by elements
of Zr ® V. Hence by Proposition 3.7, any element of L? (Bg) can be approx-
imated in the norm by an element of Zp ® ).

Now we are ready to show that (Z®))* = 0. For any function ¢ € L?(R?),
let gr denote the restriction

qr ‘= (¢

€ L*(Bg).
Br

Note that if ¢ € L*(R?), then gz € L? (Bg). (Sticklers for rigor should see
Exercise 7.7.) Similarly, for any p € L?(Bg), let p denote the element of
L?(R?) defined by

~ _ | r@ro,¢9), 0=<r=R
P(r,9,¢)-—{0’ R<r.

Now suppose the function 1 € L*(R?) satisfies (h, g) = O for every ¢ €
Z® Y. Let R be an arbitrary strictly positive real number. Then /g is square-
integrable, and forany p e Zp ® Y wehave p e T ® ).

<th P) = (h’p~> =Oa

where the first complex scalar product is taken in L? (Bg) and the second is
taken in L2(R?). Hence the restriction 7z = 0. But R was an arbitrary real
number, so it follows that 4 = 0. O

Next we show that the spaces of spherical harmonics of various degrees
are the only irreducible subspaces of the natural representation of SO (3) on
square-integrable functions on S2. While a priori it seems possible that V
might be infinite dimensional, the proposition implies that V is finite dimen-
sional.
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Proposition 7.6 Suppose that V is a nontrivial irreducible invariant sub-
space of the natural representation of SO (3) on L>(S?). Then there is a non-
negative integer € such that V = Y*.

Proof. Since each )’ is finite-dimensional, we can use Proposition 3.5 to
define the orthogonal projection IT,: V — L2?(S?) onto the subspace ).
Since V is not trivial, Proposition 7.4 implies that V is not orthogonal to all
of the spherical harmonics. Hence there must be at least one £ such that the
orthogonal projection IT,[V] is not trivial.

From Proposition 5.1 we know that J'* is an invariant subspace. Since the
natural representation of SO(3) on L?*(R?) is unitary, Proposition 5.4 im-
plies that IT, is a homomorphism of representations. Since V and Y* are
irreducible, it follows from Schur’s Lemma and the nontriviality of IT,[V]
that I, gives an isomorphism of representations from V to J*.

Proposition 3.5 also guarantees the existence of ITye1: V — L%(S?),
the orthogonal projection of V onto the subspace of L*(S?) perpendicular
to V. Set W := IT(y¢)L[V]. By Proposition 6.1, either W is trivial or W is
isomorphic to V and hence to Y*. In either case (either by triviality or by
Proposition 6.7) W must be perpendicular to Y* for any ¢ # €. Furthermore,
since W is defined as an image under projection onto the subspace perpendic-
ular to ¢, we know that W is perpendicular to Y*. So W is perpendicular to
all the spherical harmonics. In other words, W C ), so by Proposition 7.4
we know that W must be trivial. Hence V C Y*. But V is isomorphic to )¢,
so the subspace V has the same dimension as Yt Hence V = )¢, O

In this section we have verified mathematically what physicists have tested
with long use. In spherically symmetric problems in L?(IR®), the spherical
harmonics of various degrees are the sensible building blocks: they leave
nothing out (Proposition 7.5) and they have no substitutes (Proposition 7.6).

7.3 The Hydrogen Atom

In this section we discuss the scientific consequences of our work so far. To
better appreciate the results, the reader may wish to review the experimental
facts in Section 1.3.

The first statement of Proposition 7.7 below contains the minimum needed
to make the strongest experimentally verifiable prediction we can make so far.
The second statement, while not verifiable, could be contradicted by experi-
ment. We discuss the physical implications after the proof. In this proposition
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invariance refers to the natural representation of SO (3) on L*(R?) and its
subspaces.

Proposition 7.7 Suppose f € T is nonzero and € is a nonnegative inte-
ger. Let F denote the one-dimensional subspace of I spanned by f. Then
F ® YVt is an invariant, irreducible, nontrivial subspace of L*(R3). Further-
more, every invariant, irreducible, nontrivial subspace of L*(R?) has this
form.

Proof. First we show that F ® ) is invariant, irreducible and nontrivial.
Invariance follows because both F and V* are invariant. More explicitly, note
that because F is one-dimensional, every element of F ® )" is of the form
f ® y for some y € Y*. But we have

g (fR)=E NRE-»=r®y,

where y := g - y is in J* because )" is invariant. Hence F ® )" is invariant.
Irreducibility follows from the irreducibility of J*: suppose W is a nontrivial
subspace of F ® ‘. Then there is a nontrivial element yy € Y* such that
f ® yw € W.But V' is irreducible, so forany y € Y wehave f ® y € W.
Hence W = F ® Y*. Finally, because ) and F are both nontrivial, F ® )"
is nontrivial.

To prove the final statement of the proposition, we define a family of lin-
ear transformations from L*(R?) to L?(S?). For any function ¢ € 7 we
can apply Fubini’s Theorem (Theorem 3.1) to define a linear transformation
T,: L*(R%) — L?(S?) by

(T,h) 6, ¢) := /Ooa*(r)h(r, 0, p)rdr.
0

Fubini’s Theorem guarantees that for each 7 € L?(R?), the function T,h is
well defined as a measurable function (i.e., up to Lebesgue equivalence).
Since h € L*(R?), we have

/ \h(r, 0, )| r*sin6 dOdedr < oo,
R3

and hence it follows from Fubini’s Theorem that the function
F:5* >R

0, ¢) — /oo \h(r, 0, $)* rdr
0
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is well defined as a measurable function on S? and satisfies
/ F@,¢)sinfdbdp < oo. (7.1)
S2

By the Schwarz inequality (Proposition 3.6) on L2(R=") we have

2
T h|* 0, ¢) =

/ h o*(r)h(r, 0, o)ridr
0

< (foo |a(r)|2r2dr) FO, ).
0

Note that the integral in the parentheses is constant in 8, ¢, so this inequality,
along with Inequality 7.1, implies that T,h € L?(S?). It is easy to check that
T, is a homomorphism of representations for the natural representations of
SO(3) on domain and range.

Now consider the restrictions of the T;,’s to any invariant, irreducible, non-
trivial subspace W C L?(RR?®). Because W is nontrivial, it contains a function
w # 0. By Proposition 7.5, there must be a function «,, € Z and a function
y € Y such that

0+# (aw @y, w) :/ /Oo ay (r)y* (6, p)w(r, 9,¢)r2dr sinf df d¢
52 Jo

= (y, Taww>.

Hence T, |w is not trivial. Because W is an irreducible invariant subspace,
Proposition 7.6 implies that there is a nonnegative integer ¢ such that
Toy [W] = D"

We can apply Schur’s lemma (Proposition 6.2) to see that for any function
a € 7 the linear transformation 7, is a constant multiple of 7, . Consider the
linear transformation T, o (T(,,W)_l : V¥ — L*(S5?). By Proposition 6.1, this
linear transformation must be either trivial or an isomorphism onto its image.
In the first case, T, = 0; in the second case, the image must be )¢ and hence
by Proposition 6.3, the linear transformation 7}, o (TW)_l : Y8 — V' must
be a constant multiple of the identity. In either case we have T;, = cT,,, for
some ¢ € C.

It remains to find a function f € Z suchthat V = F ® V¢, where F is
the one-dimensional vector space spanned by f. To this end, we choose any
element y € Y’ such that || y|| = 1, define hy := (TO[V)_l y, and set

f@r) =, hy(r, -, ) = /52 y*(@, ¢ hy (1,0, ¢) sind dd d¢
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for any nonnegative real number r. We will see that this function f satisfies
the conclusion of the theorem.
Consider the linear transformation U : V — L?(R?) defined by

hi> fTuh—h.

The image of this linear transformation is a subspace of L?(R*); we would
like to show that the image is the trivial subspace. Note that the linear trans-
formation U is a homomorphism of representations and its domain is irre-
ducible. Therefore, by Proposition 6.1, either the image of U is trivial or the
kernel of U is trivial. Thus to show that the image of U is trivial it suffices to
find one nonzero element / of V such that Uh = 0.

We will show that Uhy = 0 by showing that for any « we have T,,(Uhy) =
0. By the argument above we know that there is a complex number ¢ such that
Tyhy = cTy, hy and hence

T, (FTushy) = Tu (f3) = ( / wa(r)f(r)ﬂdr) y
= (/Ooooz(r) /52 y*(0, $)hy (r, 0, ¢)r* sinf db qudr) y
- (/S2 y* (0, ¢)/Ooooz(r)hv(r, 6, ¢)r*drsin6 do d¢> y
— (/Sz y*(6, ¢)Tyhy sin6 d6 d¢) y

=c (/ YO, $)T,, hy sinb db d¢) y
S2

c </ v (@, ¢)y(0, ¢p)sind db d¢> y
S2
= CTath = Tyhy.

Note that the fourth equality depends on Fubini’s Theorem (Theorem 3.1),
while the other equalities depend on the definitions given in this proof. So

T.(Uhy) = Ty (Tuy (f ® Tuyhv) — hv)
=T, (To, (f ® Tuyhv)) — Tuhy =0.

Hence T, (Uhy) = 0 for arbitrary o, so Uhy = 0 € L*(R?), implying that
the image of U is trivial. From the definition of U we can now see that for
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any h € V we have h = fT,,h. In other words, for any nonnegative real
number r and any element x of the unit sphere S? we have

h(r,8,¢) = f(r) (T, h) 0, $). O

With the first statement of Proposition 7.7, the L?(R?) model for the motion
of the electron in the hydrogen atom implies a specific prediction. Since the
nontrivial invariant irreducible subspaces correspond to the elementary states
of the hydrogen atom (as we argued in Section 6.2), the proposition implies
that every elementary state should have odd dimension.

Experimental evidence corroborates this prediction, up to a factor of two.
The shells of the hydrogen atom have dimensions 2 = 2 x 1 for s-shells, 6 =
2 x 3 for p-shells, 10 = 2 x 5 for d-shells, and so on. The accepted physical
model that correctly predicts the dimensions of the shells of the electron in
the hydrogen atom attributes this factor of two to the spin of the electron. We
discuss spin in more detail (and more precision) in Chapter 10.

The second statement of Proposition 7.7, corrected by a factor of two for
spin, predicts that we should find elementary states of every dimension of
the form 2(2¢ 4 1) where ¢ is a nonnegative integer. This statement cannot
be proved experimentally, as it involves an infinite number of states. Yet it
is suggestive, especially in hindsight. It is a basic premise of the universally
accepted current model of the hydrogen atom. In a similar vein, consider the
following corollary of Proposition 7.5.

Proposition 7.8 The subrepresentation

é I®)")
=0

of L*(R?) spans L*(R?). In other words,

oo

(DEey)) =o

£=0

We leave the proof to the reader in Exercise 7.8.

Proposition 7.8 is appealing when we recall that £ = 0 corresponds to the
s-shells, £ = 1 corresponds to p-shells, etc., and the Z consists of radial parts
of wave functions. Thus the Oth summand Z ® )° corresponds to all combi-
nations of s-shell states, the £ = 1 summand corresponds to all combinations
of p states, and so forth.
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Figure 7.3. When set in motion and photographed, this machine could create images of the
probability functions used to model electrons. In particular, it could create images of the spher-
ical harmonics [Wh, Fig. 5].

Note that none of the results of this section mention energy, so that we
cannot even predict a certain number of shells at or below a certain energy
level. In contrast, the so(4) symmetry of the hydrogen atom, presented in
Section 8.6), make predictions about energy levels.

This mathematical model for the probability densities of various electron
orbits allowed physicists to develop visualization tools. For example, in 1931,
long before computer visualizations were possible, an article in Physics
Review [Wh] featured a mechanical device (see Figure 7.3) designed to create
images of the shapes of the electron orbitals (see Figure 7.4). There are many
pictures of electron orbitals available on the internet. See for example [Co].

The results of this section, even with their limitations, are the punch line
of our story, the “particularly beautiful goal” promised in the preface. Now is
a perfect time for the reader to take a few moments to reflect on the journey.
We have studied a significant amount of mathematics, including approxima-
tions in vector spaces of functions, representations, invariance, isomorphism,
irreducibility and tensor products. We have used some big theorems, such
as the Stone—Weierstrass Theorem, Fubini’s Theorem and the Spectral The-
orem. Was it worth it? And, putting aside any aesthetic pleasure the reader
may have experienced, was it worth it from the experimental point of view?
In other words, are the predictions of this section worth the effort of building
the mathematical machinery?
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Figure 7.4. Some images created using the machine shown in Figure 7.3 [Wh, Fig. 6].



226 7. Representations and the Hydrogen Atom

Figure 7.5. Electron orbitals drawn by Tweed [Tw, p. 58].
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Before giving a final answer to these questions, the reader should appre-
ciate that this story of the hydrogen atom is only one application of rep-
resentation theory to quantum physics. The results of this section are not
a quirky corner of accidental relevance. Whenever there are equivalent ob-
servers of a quantum system, there is room for representation theory. For
example, the representation theory of finite groups makes predictions about
the spectroscopy of molecules and lattices with symmetry. The representation
theory of the Poincaré group predicts that elementary particles in spacetime
should be distinguished by a continuous nonnegative parameter (mass) and
a discrete nonnegative parameter (spin). The author hopes that our story of
the hydrogen atom has given the reader a meaningful taste of one of the great
ideas of 19th- and 20th-century mathematical physics.

7.4 Exercises

Exercise 7.1 In Section 7.1 there is an informal proof that the Laplacian
restricted to P§ is surjective onto Pf -2 for any nonnegative integer £. Turn
this informal proof into a formal proof by induction.

Exercise 7.2 Calculate the rank of the restricted Laplacian by finding bases
for Pf and Pf =2 in which the matrix of the restricted Laplacian is upper
triangular. (A matrix M is upper triangular if M;; = 0 wheneveri > j.)

Exercise 7.3 Write the polynomial x* + y* in L*(S?) as a sum of harmonic
polynomials.

Exercise 7.4 Illustrate Proposition 7.3 by finding a basis of P; consisting of
five harmonic polynomials and one polynomial with a factor of r*. Find a
basis of 7733 consisting of seven harmonic polynomials and three polynomials
with a factor of r?.

Exercise 7.5 (For students of the Fourier transform) Suppose f € L>(R?)
is twice differentiable. Let f denote the Fourier transform of f. Consider the
function g defined by

g0, y.2) ==+ Y + ) f(x, 5, 2.
Show that g € L*(R?) and that g = (V\2f)

Exercise 7.6 The following statements are generalizations of statements
proved in Proposition 7.7.
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Suppose (G, Vi, p1) and (G, V,, ps) are two representations of the same
group G.

1. If both V| and V, are invariant, show that the representation V; @ V,
is invariant.

2. If both Vi and V, are irreducible, show that the representation Vi @ V,
is irreducible.

Exercise 7.7 (For students of measure theory) Prove rigorously that all
the claims of the last paragraph of the proof of Proposition 7.5 are true.
For example, show that if g € L*>(R?), then qg is a well-defined element of
L* (Bg).

Exercise 7.8 (Proposition 7.8) Prove Proposition 7.8. (Hint: use Definition
2.6 and Proposition 7.5.)
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The Algebra so(4) Symmetry
of the Hydrogen Atom

We began studying physics together, and Sandro was surprised when I tried to
explain to him some of the ideas that at the time I was confusedly cultivating.
That the nobility of Man, acquired in a hundred centuries of trial and error, lay
in making himself the conqueror of matter, and that I had enrolled in chemistry
because I wanted to remain faithful to this nobility. That conquering matter is
to understand it, and understanding matter is necessary to understanding the
universe and ourselves: and that therefore Mendeleev’s Periodic Table, which
just during those weeks we were laboriously learning to unravel, was poetry,
loftier and more solemn than all the poetry we had swallowed down in liceo;
and come to think of it, it even rhymed!

— Primo Levi, The Periodic Table [Le, p. 41]

In Chapter 7 we predicted the dimensions of the various shells of the hydro-
gen atom — the s-shells, p-shells, and so forth. Except for a missing factor
of two, our predictions match experimental data. However, so far, we made
no predictions about dimensions of energy levels for the hydrogen atom. Be-
cause the energy is invariant under rotations, our model predicts that every
shell, whether s, p, d or f, should lie within one energy level. In fact, some-
thing much more remarkable is true of the energy levels of the hydrogen atom.
To a fair amount of precision, most energy levels contain more than one shell.
Here is the pattern:
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Energy level shells dimension
Lowest s 2
2nd and 3rd lowest S, p 8
4th and 5th lowest s, p,d 18
6th and 7th lowest s, p, d, f 32

Connoisseurs of the periodic table will notice that the dimensions are equal to
the lengths of the rows of the periodic table. Number pattern hounds will no-
tice that the dimensions are twice squares: 2 = 2x 12,8 = 2x 22, 18 = 2 x 3?
and 32 = 2 x 42. Unlike the dimensions of the shells, which apply to any
spherically symmetric quantum system, these dimensions are a consequence
of the particular functional form of the Schrodinger operator. The formula
(x24+y%42z%)~! in the Coulomb potential allows us to find a hidden symmetry,
that is, an extra symmetry that does not correspond to the spatial symmetry.
We will find that every energy eigenspace of the hydrogen atom Hamiltonian
must be a representation of the Lie algebra so(4). What’s more, we will ob-
tain a list of allowable energy levels and, for each allowable energy level, one
and only one corresponding irreducible representation of so(4). The dimen-
sions of these representations (multiplied by 2 to account for spin) will give
us the numbers of elements in each row of the periodic table.

8.1 Lie Algebras

In this section we introduce Lie algebras, Lie algebra homomorphisms and
Lie algebra Cartesian sums. In the examples we introduce all the Lie algebras
we will need in our study of the hydrogen atom.

Definition 8.1 A real Lie algebra is a real vector space g with a bracket op-
eration [-, -]: g X g — g satisfying (forall A, B,C € gandr,s € R):

1. Asymmetry: [A, B] = —[B, A],

2. Linearity in both slots: [rA + sB, C] = r[A, C]+ s[B, C] and
[A,rB +sC]=r[A, B] +s[A, C];

3. The Jacobi identity: [A, [B, C]] + [B, [C, A]] + [C, [A, B]] =0.
The bracket [-, -] is called the Lie bracket.

The Lie bracket is sometimes called the commutator. If [A, B] = 0, then we
say that A commutes with B or A and B commute.
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For example, recall the algebra Q of quaternions introduced in Section 1.5.
Consider the (real!) three-dimensional subspace go spanned by i, j, k. Any
element of g can be written xi—+ yj+ zk. The usual multiplication of quater-
nions followed by projection IT onto the subspace gq (along the real line,
i.e., the set of real scalar multiples of 1), is a Lie bracket on gq. First we show
asymmetry:

[xi+ yj + zk, Xi 4+ yj + zk] := IT ((xi + yj + zK)(xi + ¥j + zk))
= (¥ —z))i+ (X —xD)j+ (xy — yOk
=—((z—zi+ (Zx — x2)j + (xy — yr)k)
= —[Xi+ 3j + zk, xi + yj + zk].

Linearity follows from the distributive law and the linearity of the projection.

To prove the Jacobi identity, set

A:=xi+yj+zk
A:=Fi+7j+2k

A :=xi+ yj+zk,

where we temporarily free the symbol ~ from its loyalty to the Fourier trans-
form. Then

[A, [A, A]] = [&i + §j + 2K, [xi + yj + zk, Zi + §j + ZK]]
= [Xi+ 9+ 2k, (yZ — z29)i+ (2% — xD)j + (xF — yF)K]
= (Pxy — y¥) — 2(zX —x2)i+ (2(yZ — zy) — X(xy — yX))j
+ (X(zx —x2) — y(yZ — z29))k.

Two more calculations of this genre tell us that the coefficient of i in the
expression [A, [A, A]] + [A, [A, All +[A, [A, Allis

Y(xy — yx) — z2(zx — x2)) + (y(Xy — yx) — z(Zx — X2))
+ (GEy — yx) —z2(Zx — X2)) =0,

by cancellation of like terms. Similar calculations show that the coefficients
of j and k are also zero; as a result, we have [A, [A, Al + [A, [A, A]] +
[A, [A, A]] = 0, the Jacobi identity.

The calculation of the other two coefficients (of j and k) are more than
just similar to the calculation of the coefficient of i. Notice that our formulas
for A, A and A are cyclic: if we take a formula and replace each i by j,
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/N /\

Figure 8.1. A mnemonic for cyclic calculations.

k

each j by k and each k by i, while replacing each x by y, each y by z and
each z by x, we get an equivalent formula back. If we replace any statement
proven from cyclic formulas by the analogous statement (obtained by making
the replacements given above), we get another provable statement. Thus “the
coefficient of i is 0" implies “the coefficient of j is 0, which in turn implies
“the coefficient of k is 0.” This kind of cyclic calculation will play a large
role in this chapter. See Figure 8.1 for a mnemonic.

A host of examples of Lie algebras can be constructed by considering vec-
tor subspaces of a Lie algebra. Not every vector subspace is a Lie algebra, but
any subspace closed under the bracket is a Lie algebra. That is, if a subspace
V satisfies [A, B] € V forevery A, B € V,then V is a Lie algebra. In such a
case we can say that V inherits the Lie algebra structure from the larger Lie
algebra. We call V a Lie subalgebra of the larger Lie algebra. A nice big Lie
algebra with many interesting subalgebras is the set of n x n matrices with
complex entries. This set has a Lie bracket defined by

[A, B] ;= AB — BA. (8.1)

This Lie algebra is usually denoted gf(n, C) and is sometimes called the
general linear (Lie) algebra over the complex numbers. Although this algebra
is naturally a complex vector space, for our purposes we will think of it as a
real Lie algebra, so that we can take real subspaces.! We encourage the reader
to check the three criteria for a Lie bracket (especially the Jacobi identity) by
direct calculation.

One Lie subalgebra of g/(2, C) is the special unitary algebra,

su2) :={Ae€gl2,C): A+ A*=0,TrA =0}.

IBecause the bracket operation is complex linear in each slot, it is also a complex Lie
algebra.
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It is indeed a real subspace, since both the conditions on A are linear. Also, it
is closed under the Lie bracket: if A, B € su(2) then

[A, Bl +[A, B = AB — BA + (AB)* — (BA)*
= A(B + B*) — (A + A*)B*
—(B+ B")A+ B*(A+ AY)

=0.
Finally, we have

Tr[A, B] = Tr(AB) — Tr(BA) = 0,

where the last equality follows from a general property of the trace (given
in Proposition 2.8). So the real vector space su(2) is closed under the Lie
bracket, and hence it is a Lie algebra. It is not hard to see that

iX Y+iZ \.
Su(z)_{(—Y—l—iZ _ix ).X,Y,ZG}R}.

Any linear transformation A satisfying the condition A + A* = 0 can be
called anti-Hermitian or skew-Hermitian.

The name su(2) suggests that this algebra might be related to the group
SU (2), and indeed it is. We can think of the Lie algebra su(2) as the vec-
tor space of possible velocities (at the identity element ) of particles mov-
ing inside the Lie group SU (2). Physicists sometimes call these velocities
infinitesimal elements. In other (more mathematical) words, we can think of
the Lie algebra su(2) as the set’ of derivatives at I of differentiable curves
in the Lie group SU (2). Consider a trajectory (a.k.a. a moving particle or a
curve) inside the group SU (2). That is, consider a function

o) = ( u(t) +ix(t) —y()+iz(t) )
y)+iz(®) u@)—ix(t)
of time ¢ taking values inside the group SU (2). The functions u, x, y, z are
real-valued and satisfy u()?+x@)>+y@)>+z(t)*> = 1for every t. Suppose
that u(0) = 1 and x(0) = y(0) = z(0) = 0; then g(0) = I € SU(2).
The constraint on u(t), x(¢), y(¢), z(¢) can be differentiated at r = 0 to yield
2u’(0) = 0. So every derivative g’(0) is of the form

iX -Y+iZ
Y+iZ —iX ’

2Students of differential geometry may recognize this set as the tangent space to the man-
ifold SU (2) at the point /.
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where X, Y, Z e R.
To prove the converse that every matrix of this form arises as a velocity in
SU (2), it is useful to prove a Spectral Theorem for su(2):

Proposition 8.1 (Spectral Theorem for su(2)) Consider an element A of
su(2). Then there is a real nonnegative number ) and a matrix M € SU(2)
such that

R & 7
MAM_(O _M>, (8.2)

where M* denotes the conjugate transpose of M.

Note that because M is unitary we can rewrite the conclusion as

o (ir 0 »
A_M(O _M)M : (8.3)

The reader may wish to compare this Spectral Theorem to Proposition 4.4.

Proof. To find the eigenvalues of A, we consider its characteristic polynomial.
Then we use eigenvectors to construct the matrix M.
The characteristic polynomial of the matrix

A X —Y+iz
“\r+iz  —ix

is £2 + (X2 + Y? + Z?). Note that either X> + Y2 4+ Z? = 0, in which case
there is a double root at £ = 0, or X> + Y2 4+ Z? > 0, in which case the roots
are & = +i+/X? + Y2 + Z2. In the first case, we have X = Y = Z = 0, and
any M € SU (2) satisfies the requirements of the theorem (with A := 0).

So suppose that X% + Y2 + Z? > 0.Set A := /X2 + Y2 + Z2. Then iA #
—iA. We will build the matrix M from eigenvectors of A. By the definition
of eigenvalues, there are nonzero vectors v, w € C? such that Av = iiv
and Aw = —iAw. Without loss of generality we may assume that ||v| =
|lw|| = 1. Since A is real, it follows from

(w, v) = (Aw, Av) = (—idw, iAv) = —A% (w, v)
that (w, v) = 0. Define a two-by-two matrix whose columns are v and w:

M:==(v w).
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The matrix M is almost, but not quite, the matrix we need. We have

*

M*AM:(:}*)A(U w):(;ﬁ)(ikv —izw )

_(ir 0
N0 —ix )’

as desired, but it is possible that M is not in SU (2). We do have
NN — ( (v,v) (v, w) ) _1

(w,v) (w,w)

but there is no guarantee that det M=1A slight modification yields a ma-
trix in SU(2). The calculation above shows that M is invertible and that
’ det M ‘2 = det M*det M = 1. Hence there must be a complex number y
such that |y| = 1 and y2det M = 1. Set M := y M. Then M satisfies all our
conditions:

M*AM = y*M*AMy = M*AM = ( ’(’)\ _?k ) :

M*M = M*y*yM = M*M = I and detM = y%detM = 1. So M is an
element of SU (2) and satisfies the requirements of the theorem. O

As a corollary, we can show that every matrix in the algebra su(2) is a
velocity at the identity in the group SU (2).

Proposition 8.2 Suppose A € su(2). Then for any t € R we have exp(tA) €
SU (2). Furthermore, the derivative of the function exp(t A) with respect to t
att =0is A.

Proof. First consider the special case
iX 0
A= ( 0 —iX ) ’

eitX 0

exp(tA) = ( 0 it ) € SU(2),

where X € R. Then

. . . 12 .
since =¥ = (e/*)* and |¢'¥|" + 0 = 1. We can calculate the derivative
entry by entry:

i eitX 0 _ iXeitX 0
dt\ 0 X )7 0 —iXe "X J°
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Evaluating at + = 0 we obtain A.

Now consider the general case. Suppose A is an arbitrary element of su(2).
Then by the Spectral Theorem (Proposition 8.1) there is a nonnegative real
number A and a matrix M € SU(2) such that

B ir 0 »
A_M(O _M)M : (8.4)

It follows that for any real number ¢ we have

tA=M ( " —?m ) M (8.5)

Hence, by part 3 of Proposition 1.4 we have

_ ir 0 ~1
exptA_M(expt< 0 —ix ))M .

Since each of the three matrices on the right-hand side is in SU(2), so is
exptA.

It remains to differentiate exp tA with respect to t. Because M and M ~!
are constant with respect to ¢, we can apply the calculation above to find that
the derivative of exp t A with respect to ¢, evaluated at t = 0, is

ir 0 G
M(O _M>M = A. (8.6)

O

So the Lie algebra su(2) is indeed the set of derivatives at I of differen-
tiable curves in the Lie group SU (2). This situation is common enough to
merit its own terminology: we say that su(2) is the Lie algebra associated
to SU(2), or, more succinctly, that su(2) is the Lie algebra of SU (2). To
avoid confusion in oral discussions, one can refer to “the algebra su(2)” or
“little su(2)” and “the group SU(2)” or “big SU (2).” Readers interested in
the general theory of Lie groups and Lie algebras should note that there is a
unique Lie algebra associated to any given Lie group [Wa, Proposition 3.7];
however, a Lie algebra does not determine a Lie group uniquely, as the reader
may show in Exercise 8.5.

The Lie algebras so(3) and so(4) will be useful to us. For any natural
number n one can define

so(n) := {A € gl(n,C): A+ AT =0 and all entries of A are real} .
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It is easy to see that so(n) is a real vector subspace of gl(n, C). Also, if
A, B € so(n), then all entries of the matrix [A, B] are real and

[A, B]+[A,B]' = AB— BA+ (AB)" — (BA)T
= AB — BA+ BTAT — ATBT
=AB+B")—(A+A"HB"

—(B+BNHA+BT(A+ AT
=0.

So for any n, the real vector space so(n) is a Lie algebra. For example,

0 -Z Y
so(3) = Z 0 —-X |:X,Y,ZeR
Y -X 0

a vector space of real dimension 3.
The notions of Lie algebra homomorphism and Lie algebra isomorphism
will be important to us.

Definition 8.2 Suppose g, and g, are Lie algebras with bracket operations
[, -]1 and [, -1, respectively. Suppose T is a linear transformation from g,
to go. Then T is a Lie algebra homomorphism if it respects the Lie bracket,

ie, if
[TA,TBl, =T([A, Bl1)

forevery A, B € g1. If T is injective and surjective, then T is a Lie algebra
isomorphism; in this case we write g; = g, and we say that g, is isomorphic
to go.

To define a Lie algebra homomorphism, it suffices to define it on basis ele-
ments of g; and check that the commutation relations are satisfied. Because
the homomorphism is linear, it is defined uniquely by its value at basis ele-
ments. Because the bracket is linear, if the brackets of basis elements satisfy
the equality in Definition 8.7, then any linear combination of basis elements
will satisfy equality in Definition 8.7.

For example, the three-dimensional subspace gq of the quaternions intro-
duced above is isomorphic to su(2), and both are isomorphic to so(3). Define
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Ti: go — su(2) by
. 1/i 0
T1(1)=5<0 —i)
1 1
Tl(j):§<_01 O)

()
= (0h)

The reader should check that Definition 8.7 is satisfied and notice that those
factors of 1/2 are necessary. Thus 7 is a Lie algebra homomorphism. To see
that it is an isomorphism, note that the matrices on the three right-hand sides
of the defining equations for 7} form a basis of su(2). Similarly, defining
T>: go — so(3) by

00 0
ni=|0 0 -1
01 0 )
0 01
L= 0 0o
10 0
0 -1 0
k=1 0 0
0 0 0)

yields an isomorphism of Lie algebras. Readers should check that 7 is in-
jective, surjective, and respects the brackets. Finally, we can conclude that
T,0 Tf] is injective, surjective, and respects the brackets, so su(2) is isomor-
phic to so(3).

Not all three-dimensional Lie algebras are isomorphic. For example, con-
sider R3 with the trivial Lie bracket: define [v, w] := 0 for all v, w € R3.
Then for any Lie algebra homomorphism 7 : su(2) — R3 we have

Tk =[TH,T{HI=0,

so T is not injective, and hence is not an isomorphism of Lie algebras. In
fact, by a cyclic argument, 7 (i) = T (j) = 0 as well, so the only Lie alge-
bra homomorphism from su(2) to the commutative algebra R? is the trivial
homomorphism.
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Another example of a three-dimensional Lie algebra is the Heisenberg
algebra. This algebra consists of the set

0
H = 0 :p,q,r Ry,
0

o o
o N

with the usual matrix Lie bracket.

When two or more Lie algebras are isomorphic, it is common practice to
call them “equal” or “the same.” For example, we will refer to gq, so(3) and
su(2) as the “same” algebra and use the shorthand i for 75 (i) or 7} (i), etc.,
when the context precludes confusion. This Lie algebra shows up in yet an-
other guise in many physics texts, where one encounters triples of operators,
say, 3., J v J ., satisfying commutation relations

[..3,] = ind.. [3,.3.] = ind.. [5..3.] = ind..

In physics applications these operators are usually Hermitian, i.e., they satisfy
(Hv, w) = (v, Hw) for all vectors v and w. We can define an isomorphism
of Lie algebras by

N oo La _ 1s
I:(3) = thx, I:(j) := l.th, I3(k) := thZ'

Note that this definition yields the correct bracket relations. For example,
(7360, Ts)] = — [j j] L3 = nao
1), 13 =T ) = ZJd:= .
: (2 Lo T gt T
Such triples of operators are often called “angular momentum operators” or
“generators of angular momentum.” Sometimes they are indeed related to
actual mechanical angular momentum; more often, the label “angular mo-
mentum” is the physicists’ way of saying that the operators satisfy the com-
mutation relations given above.
In our analysis of the Lie algebra so(4) we will use the Cartesian sum of

Lie algebras.

Definition 8.3 Suppose g, and g, are Lie algebras, with brackets |-, -], and
[-, -1o, respectively. Then the Cartesian sum g, @ @» of vector spaces is a Lie
algebra with bracket operation defined by

[(A1, A2), (B1, By)] := ([A1, Bil1, [A2, B2]n).
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We will find it useful to know that so(4) is isomorphic to su(2) @ su(2).

Proposition 8.3 There is a Lie algebra isomorphism from su(2) & su(2) to

so(4).
Proof. First we define an isomorphism S: go ® Q — so(4) of Lie algebras
by
0 1 0 O 0 -1 0 O
. 1 -1 0 0 O L1 1 0 0 O
SGRO:=31 0 00 -1 | SOV=30o o o -
0O 01 O 0O 0 1 O
0 0 10 0O 0 -1 0
) 1 0 0 0 1 .. 110 o 0 1
SGO:=31_1 0 oo | SOD=311 o 0o o
0O -1 0 0 0O -1 0 O
0O 0 1 00 0 -1
1 0O 0 -1 0 110 0 -1 O
SKO:=31 0 1 0 o SOW=310o 1 0o o
-1 0 0 O 1 0 O 0

To confirm that this is an isomorphism of Lie algebras, note first that S is a
well-defined linear transformation (by Proposition 2.3). Then check that it is
a homomorphism of Lie algebras by checking all bracket relations between
the matrices above. We leave this verification mostly to the reader, giving just
one example:

0 0 10 0 0 0 1
. 0 0 0 1 1l o 0 -1 0
[5G0, S®&0OI=120" "1 o o013l o 1 0 o
0 -1 0 0 -1 0 0 0
0 10 0
1l =1t 00 0 . .
= o o 0 1 = S3,0) = S([j, kD).
0 01 0

Because the six matrices above form a vector space basis of the Lie algebra
so(4), the Lie algebra homomorphism § is injective and surjective, i.e., it is
an isomorphism.
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Because S and 7 are both isomorphisms of Lie algebras, so is

So (T ®T) ' su) ®su2) — so(4)
(x,y) = S(T~'x, T7y).

Thus the Lie algebra su(2) @su(2) is isomorphic to the Lie algebra so(4). O

Lie algebras are “infinitesimal” versions of Lie groups. Because symme-
tries of physical systems give rise to Lie groups, we can think of Lie algebras
as infinitesimal symmetries. For a very physical presentation of the Lie al-
gebra so(3), see the section entitled “Infinitesimal Rotation” in Goldstein’s
mechanics textbook [Go]. While Lie groups can have rich nonlinear global
structure, Lie algebras are linear spaces and are therefore often easier to work
with. Yet the representation theory of Lie algebras is almost as powerful as
the representation theory of Lie groups, as we will see below: finding a rep-
resentation of the Lie algebra so(4) on a space of physically interesting states
of the Schrodinger operator will yield a very strong prediction about the di-
mensions of the shells of the hydrogen atom.?

8.2 Representations of Lie Algebras

Like Lie groups, Lie algebras have representations. In this section we define
and discuss these representations. In the examples we develop facility calcu-
lating with partial differential operators. Finally, we prove Schur’s Lemma
along with two propositions used to construct subrepresentations.

Suppose V' is a complex vector space. Let gf (V') denote the vector space
of all complex linear transformations from V to V. Then we can define a Lie
bracket on gl (V) by [A, B] := AB — BA.

4

Definition 8.4 A Lie algebra homomorphism p from a Lie algebra g to
gl (V) is called a representation of g on V.

By analogy with our notation for group representations, we denote a repre-
sentation by a triple (g, V, p) or, when the rest is clear from context, simply
by V or p. As for groups, we define homomorphisms and isomorphisms of
representations.

3Fock’s analysis, using Lie groups instead of algebras, is stronger, as it implies Proposi-
tion 8.14 rather than relying on it. See Chapter 9.

4Not to be confused with the group GL (V) of all invertible complex linear transformations
from V to V, which is not a vector space.
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Definition 8.5 Suppose (g, V, p) and (g, V, p) are two representations of
one Lie algebra g. Suppose T: V. — V is a linear transformation such that
foranyv € V and any A € g we have

Top(A) =p(A)oT.

Then we say that T is a homomorphism of (Lie algebra) representations. If in
addition T is injective and surjective then we say that T is an isomorphism of
(Lie algebra) representations and that p is isomorphic fo p.

Partial differential operators will play a large role in the examples of Lie
algebra representations that concern us. Hence it behooves us to consider
partial derivative calculations carefully. Consider a simple example:

0, (xy) = By + x0,0y # x0,9y = (x3,)dy. (8.7)

To understand the first equality, we apply each term to a function f(x, y, z).
Correct application of the product rule for derivatives yields, for example,

B
0y (x0y) f(x, y,2) = 0y (X£(x, Y, Z)>

9 9
= (0:(x)) <%(x, s z)) + x0, (%(x, Vs z))

_(9f 39 f

As a general rule, when a calculation with differential operators proves mys-
terious, it is often helpful to apply the operators in question to an arbitrary
function. This example shows that composition of partial differential opera-
tors is not commutative. The point is that when one variable is used both for
differentiation and in a coefficient, the product rule for multiplication yields
an extra term.

Beware of confusing the composition of a differential operator and a mul-
tiplication operator, such as the operator x that takes an arbitrary function
f(x,y,z) to the function xf (x, y, z), with the application of the differential
operator to a function. For example, if g(x, y, z) is a function to which we
wish to apply the differential operator d,, we might write

g
8)'(g(‘x’ y’ Z)) = _(-x7 y’ Z)5
dy
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where each side of the equation is to be understood as a function. On the other
hand, if we wish to compose the operator 9, with the multiplication operator
taking any f(x,y, z) to g(x, y, z) f(x, y, z), we might write

g
0y(g(x,y,2) = 5()6, v,2) +g(x,y,2)0,,

where each side of the equation is to be understood as an operator on func-
tions. We will adopt the standard practice of putting the burden on the reader
to choose the correct calculation. See Exercise 8.13.

There is a natural representation of the Lie algebra so(3) using partial dif-
ferential operators on L?(R?). We can define the three basic angular momen-
tum operators as linear transformations on L>(R?) as follows:

L; :=z0, — yo,,
L; := x0; — 20,
Ly := yo, — x0,.

Some readers may rightly object that these partial differential operators are
undefined on many elements of L?(R?), namely, functions that are not suf-
ficiently differentiable. To define these operators precisely, we let W (R?)
denote the (dense) subspace of infinitely differentiable functions® in L?(R?)
all of whose derivatives are also in L?(R?); we define a function L: su(2) —
gt (W=(RY) by

L(cii + ¢j + ckk) = ciLi + ¢jLj + cxL.

Physicists call L the total angular momentum. To check that it is a Lie algebra
homomorphism, we must check that the Lie brackets behave properly. They

5Some readers may wonder why we make this restriction, especially if they have experi-
ence applying angular momentum operators to discontinuous physical quantities. It is possible,
with some effort, to make mathematical sense of the angular momentum of a discontinuous
quantity but, as the purposes of the text do not require the result, we choose not to make the
effort. Compare spherical harmonics, which are effective because physicists know how to ex-
trapolate from spherical harmonics to many cases of interest by taking linear combinations;
likewise, dense subspaces are useful because mathematicians know how to extrapolate from
dense subspaces to the desired spaces.
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do: for any f € W®(R?) we have

[Li, Ljl f(x,y,2) = LiLj f(x, y,2) — LiLi f (x, y, 2)
= (zdy — y0.)(x0; — 20y) f(x, ¥, 2)
— (20y — x93,)(yd; — z0y) f(x, y, 2)
= (V0 — x9y) f(x,y,2)
=Lif(x,y,2),

where the second-to-last equality follows from a careful calculation obeying
the rules of differentiation. Hence [L;, Lj] = Li. Because the set of defining
formulas for the angular momentum operators is a cyclic formula we also
have, by cyclic reasoning,6 that [L;j, L] = L; and [Ly, Li] = L;.

We can define invariant subspaces, subrepresentations and irreducible rep-
resentations exactly as we did for groups.

Definition 8.6 Suppose g is an arbitrary Lie algebra and (g, V, p) is a Lie
algebra representation. A subspace W of V is an invariant subspace for p if
p(A)w € W forevery A € gand every w € W. If W is an invariant subspace
for p, then the representation py : g — g€ (V) defined by

pw(A) := p(A)
w
is called a subrepresentation of p. If V and {0} are the only invariant sub-

spaces of 'V, then we say that (g, V, p) is an irreducible representation.

All of the results of Section 6.1 apply, mutatis mutandis, to irreducible Lie
algebra representations. For example, if 7 is a homomorphism of Lie algebra
representations, then the kernel of 7" and the image of T are both invariant
subspaces. This leads to Schur’s Lemma for Lie algebra representations.

Proposition 8.4 (Schur’s Lemma) Suppose (g, Vi, p1) and (g, V2, p2) are
irreducible representations of the Lie algebra g. Suppose that T : Vi — V, is
a homomorphism of representations. Then there are only two possible cases:

o The function T is the zero function.

o The representations (g, V1, p1) and (g, Va, p2) are isomorphic (and T
is an isomorphism).

5Not to be confused with circular reasoning!
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The proof is identical to the proof of Proposition 6.2.
We end this section with two useful tools for finding subrepresentations.
The first is the Lie algebra analog to Proposition 5.2.

Proposition 8.5 Suppose g is a Lie algebra and (g, V, p) is a Lie algebra
representation. Suppose T : V. — V commutes with p. Then each eigenspace
of T is an invariant space of the representation p.

We will use this proposition in Propositions 8.11 and 8.13.

Proof. Suppose v is an eigenvector of 7 with eigenvalue A. Then for every
A € g we have
Tp(A)v = p(A)Tv = rp(A)v,

so p(A)v is in the eigenspace of T with eigenvalue L. Hence the eigenspace
of T" with eigenvalue A is an invariant space of the representation p. Since A
was arbitrary, this concludes the proof. O

The image of a homomorphism of representations is always a subrepresen-
tation.

Proposition 8.6 Suppose (g, V1, p1) and (g, V2, p2) are two Lie algebra rep-
resentations. Suppose T: Vi — V, is a homomorphism of representations.
Then the image of V| under T is a subrepresentation of V,.

We will use this proposition in Proposition 8.13.

Proof. It suffices to show that Image(7) is an invariant space for p,. Suppose
vy lies in the image of 7. Then there exists an element v; of V; such that
vy = Tv;. It follows that for any A € g we have

p2(A)vy = p2(A) Tvy =T p1(A)v € Image(T).

We conclude that Image(7) is an invariant space for ps. |

The results of this section indicate strong similarities between Lie group
representations and Lie algebra representations; however, there are important
differences. While every Lie group representation corresponds to a Lie alge-
bra representation, the converse is not true. For instance, while there are only
odd-dimensional irreducible representations of the Lie group SO (3) (Propo-
sition 6.16), we will see in the next section that there are representations of
the Lie algebra so(3) of both even and odd order. This is one indication of
a very fundamental asymmetry between groups and algebras. The fact that
there are no infinite-dimensional irreducible representations of the Lie group
SO(3) on complex scalar product spaces (see discussion at the end of Sec-
tion 6.6) while there are infinite-dimensional irreducible representations of
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the Lie algebra so(3) on complex scalar product spaces (see Exercise 8.10) is
yet another manifestation of the asymmetry.

In a sense that can be made quite precise. Lie groups are global objects and
Lie algebras are local objects. To put it another way, Lie algebras are infinites-
imal versions of Lie groups. In our main examples, the representation of the
Lie group SO(3) on L?(R?) operates by rotations of functions, while the rep-
resentation of the Lie algebra so(3) operates by differential operators on func-
tions, sometimes called “infinitesimal generators of rotations.” A differential
operator A is local in the sense that one can calculate (Af)(xo, Yo, 2o) from
the values of f near the point (xg, yo, o). By contrast, if B is a nontrivial ro-
tation operator, then the calculation of (Bf)(xo, Yo, zo) requires information
about the values of f at some fixed, nonzero distance from (xg, yo, zo). While
global objects can be localized (by zooming in on one feature), local objects
cannot always be extended into global ones. The interplay between local and
global concepts is important in many fields of mathematics.

8.3 Raising Operators, Lowering Operators and
Irreducible Representations of su(2)

The goal of this section is to classify finite-dimensional irreducible repre-
sentations of the Lie algebra su(2). As in the classification of irreducible
representations of the Lie group SU (2), we will first introduce a family of ir-
reducible representations arising from an action of the Lie algebra on polyno-
mials of two variables and then show that these are the only finite-dimensional
irreducible representations of su(2) (up to isomorphism). The main technical
tools are the “raising” and “lowering” operators, as well as the eigenvectors
and eigenvalues of p (i) for arbitrary representations p.

We will construct a family of irreducible representations of the Lie algebra
su(2) as subrepresentations of a single representation on P, the vector space
of complex-coefficient polynomials in two variables. Recall from Section 8.1
that we can think of the algebra su(2) as the real vector space spanned by
{i, j, k}, with bracket defined by [i, j] = k, [j, k] = i and [k, i] = j. For any
¢i, ¢j, ck € R, define the function U: su(2) — g€ (P) by

U(cii + ij + ckk) = gU; + CjUj + ¢ U, (8.8)
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where

Ui=i (xax — yay) /2,
Uj == (xdy — yd,) /2,
Uy := i (xdy + y0y) /2.

The reader should check the bracket relations.

Each operator preserves the degree of homogeneous polynomials. For ex-
ample, applying U; to a degree-n monomial yields a degree-n monomial: for
any k=0,1,...,n, we have

j | (2k —
Ui(xkyn_k) — IE (xkxk—lyn—k _ y(n _ k)xky"_k_l) — l( > n’)xkyn—k;
similarly we find
1
Uj(xky”_k) — 5((’1 _ k)xk-i-lyn—k—l _ kxk—lyn—k+l),
Ui (b y" ) = %((n — kxR gkt +kxk—1yn—k+l).

Hence U;, U; and Uy preserve the degree of any monomial. Hence U pre-
served the degree of any polynomial and takes any homogeneous polynomial
to another homogeneous polynomial. In other words, each space P" of ho-
mogeneous polynomials of a particular degree n is a subrepresentation of
(s1(2), P, U).

In fact, for any particular nonnegative integer n, the operators Uj, U; and
Ug form an irreducible representation of su(2) on P". The proof of this fact
uses the eigenvectors of

i
u:iﬁm—wg.

The first of the three calculations above shows that each monomial is an
eigenvector for the operator U;. The eigenvalues of U; on P”" are

in . in in in

—— =, ==, =,

2 2 2 2
as pictured in Figure 8.2. We will also use the raising operator’ for the rep-
resentation U

X :=Uj; — iU = x0,

"The raising and lowering operators were introduced by Dirac in his book, The Principles
of Quantum Mechanics [Di, Section 39].
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bR 1R
inl2 in/2
i i
—i R —i/2 R
) ~in/2
Figure 8.2. The eigenvalues of U; on P", namely, —in/2,i —in/2,...,in/2 —i,in/2. The

picture on the left is for even n; the one on the right is for odd n.
and the lowering operator for the representation U
Y :=U;+iUg = —yo,.

Note that
Xxkyn—k — (l’l _ k)xk+1y”_k_l

for each integer k = 0, ..., n, so X “raises” the exponent of x in each term
and “raises” the Uj-eigenvalue from i(2k — n)/2 to i(2k — n)/2 + i in the
complex plane. Similarly we have Yx*y"* = —kxk=1yn=*k+1 “lowering”
the exponent of x and the Uj-eigenvalue in each term. Because X and Y are
complex linear combinations of the operators in the representation, X and Y
preserve invariant subspaces. Suppose V is an invariant subspace of P" and
v = Y J_ockx¥y" ™k is a nonzero vector in V. Let ko denote the smallest
integer such that ¢z, # 0. Then

X" R0y = ¢4, (n — ko)!x" # 0.

So x" € V. But now we can apply the lowering operator to x" and conclude
that x"~'y € V. Repeating n times, we find that for any integerm =0, ..., n
we have x"7"y™ € V.So V = P". Hence P" is an irreducible subrepresen-
tation for the representation U of su(2).

Up to isomorphism, these are the only finite-dimensional irreducible repre-
sentations of the Lie algebra su(2), as we shall show in Proposition 8.9 below.
The proof of this proposition requires a more detailed understanding of the
structure of the Lie algebra su(2). In particular, we must construct raising and
lowering operators for arbitrary representations of su(2).
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o A+i
Y
e A—i

Figure 8.3. Raised and lowered eigenvalues.

Definition 8.7 Suppose (su(2), V, p) is a Lie algebra representation. Define
the raising operator for p by

X, = p(j) —ip(k)
and the lowering operator for p by
Y, = p() + ip(K).

The next proposition details the relationship between X, Y, and p(i). The
eigenvalues of p (i) play an important role.

Proposition 8.7 Suppose (su(2), V, p) is a Lie algebra representation. Then
[X,.Y,] = 2ip(i). Furthermore, if v € V is an eigenvector for p(i) with
eigenvalue X, then

pHX,0) = (1 + )X,
pMY,v) =R —1)Y,v.

Note that A 4 i might not be an eigenvalue of p (i), since X,v might be 0.
Similarly, A — i might not be an eigenvalue of p(i). Still, Proposition 8.7
is often useful in constructing eigenvectors. For example, in Proposition 8.9
we will define an isomorphism of representations by mapping eigenvectors
of p (i) for some representation p to eigenvectors of U;j. Note that the raising
operator raises the eigenvalue (moving it upwards in the complex plane) while
the lowering operator lowers the eigenvalue. See Figure 8.3.

Proof. The first statement follows from a calculation:

(X, Yol =[p() —ipk), p(j) +ip(k)]
= —i[pK), p(D] +i[p(), p(K)]
=2i[p(), p(K)] = 2ip().
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Now let A € C denote any eigenvalue of p(i). Let v denote an eigenvector
of p(i) with eigenvalue A. Then “raising” the vector v via X, we find that

p() (X,) = p() (0 () — ip(K)v)
= (lp@). p D1 = ilp(). pE] + p () () — ipK)p (D)
= (p®) +ip() + PP — ip(K)p (D))
= (i + ) (p() — ip (W)
= (i + 1) X,).

Hence either X, v = 0 or X, v is an eigenvector of p (i) with eigenvalue A +1.
Replacing i by —i and X, by Y, we find also that either Y,v = O or Y, v is
an eigenvector of p (i) with eigenvalue A — i. O

Highest weight vectors are useful in the construction of irreducible subrep-
resentations, a key element of many proofs.

Definition 8.8 Suppose (su(2),V, p) is a finite-dimensional Lie algebra
representation. Suppose vy is an eigenvector of p(i) with the property that
X, v9 = 0. Then vy is a highest weight vector for the representation p.

For example, in P" the polynomial x" is a highest weight vector. The next
proposition shows how highest weight vectors generate irreducible subrepre-
sentations.

Proposition 8.8 Suppose (su(2), V, p) is a finite-dimensional Lie algebra
representation. Then there exists at least one highest weight vector for p in
V. Suppose vg is a highest weight vector for p. Then there is a unique non-

negative integer n such that Y,,vo # 0 and YZ“ =0.Foranyk =0,...,n
we have
. i
pDYvo = 3 (n = 2) Y. (8.9)
Furthermore,

koo
{Yvo: k=0,....n}
is a basis for an irreducible subrepresentation W of V.
Note that we verified this proposition for the case V = P" earlier in this
section.

Proof. First we must show that V has at least one highest weight vector. Let v
denote any eigenvector for p(i) in V. Let A denote the eigenvalue associated
to v. Then for each k € N, by Proposition 8.7, either X’;v = 0or X’;v is an
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eigenvector for p(i) with eigenvalue A + ik. Since V is finite dimensional,
the linear operator p (i) can have only a finite number of distinct eigenvalues.
Hence there must be a k such that X';v = 0 but X’;_lv = (. Because the
vector X’l‘;l v is an eigenvector of p (i) and lies in the kernel of X, the vector
X%~1v is a highest weight vector for p.

Now we let vy denote a highest weight vector for p and construct the non-
negative integer n. By Proposition 8.7 we know that if Y’; v 1s not an eigen-
vector for p (i), then Y’; vo = 0. Since p(i) has only a finite number of eigen-
values, it follows that there must be a smallest nonnegative integer »n such that
Y, vo # 0 and YZ“ vo = 0. Proposition 8.7 also ensures that the eigenvalues
are distinct; we conclude that the set

S:={Yyv: k=0,....n}
is linearly independent. Note that for any m > 0 we have
YZ—H—H”UO — YZlYZ-’_lU() — 0’

so n is the unique nonnegative integer satisfying the conditions of the propo-
sition.

Let W denote the subspace of V spanned by the set S. To show that W is
a subrepresentation it suffices to show that W is invariant under p (i), X, and
Y,,since p(j) = (Y,+X,)/2and p(K) = (Y,—X,)/2i. Because each vector
in S is an eigenvector for p (i), the vector space W is invariant under p(i). To
see that W is invariant under Y, note first that forany k =0, ...,n — 1, we
have

Y, Yiv =Yy € W

For the case kK = n we have
Y, Yo=Y, "oy =0eW.

In either case we find that Y pY’; vy € W. To see that W is also invariant under
X, we argue by induction on & that X, (Y’; vg) € W. For the base case (k = 0)
we know from the definition of a highest weight vector that X,v9 =0 € W.
The inductive step is

X, Yiv = (Y, X, + [X,. Y,]) Y5 g
=Y, (X,Y; 'vg) + 2ipi) Y5 "o,

where we have used the first statement of Proposition 8.7. The first term lies
in W by the inductive hypothesis and the fact that W is invariant under Y ;
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the second term lies in W because Y’;_lvo is an eigenvector for p(i). Hence
W is invariant under X,. So W is a nonempty invariant subspace for the
representation p. Since S is linearly independent and spans W it is a basis
for W.

Next we check the eigenvector condition, Equation 8.9. By the definition of
a highest weight, v is an eigenvector for p(i). Let Ao denote the eigenvalue
of p(i) for the eigenvector vy. Then (by an easy induction) it follows from
Proposition 8.7 that the eigenvalue associated to Y’; vg 1S Ag —ik. On the other
hand, note that the trace of p (i) on any finite-dimensional space is

1 1
Tr(p(®) = o= Tr([X, Y]) = o (Tr(XY) = Te(Y X)) = 0.

On W, we can express the trace explicitly in terms of the eigenvalues:

0="Tr(p() = Y (ko — ik) = (n + D)ho — et

k=0

It follows that Ao = in/2. Hence the eigenvalue corresponding to Y’; Vo 18

(L),

Finally we must show that W is irreducible. Suppose U is a nontrivial
subrepresentation of W. We show that Y/ vy € U. Let u denote a nonzero
vector in U. Expand u in the eigenbasis S:

n
u = E CkY]:)UO = CcoVg + ClYpl)() + Csz)U() +---+ CnYZv().
k=0

Let ko denote the smallest k for which the coefficient ¢, # 0. Then
1
Yiv =Y, YNy = —Y Mu e U.
Cko
By an argument similar to the one used to construct W from vy we can find a
subrepresentation U of U containing Y vo. Without loss of generality we may

assume U = U. We know that p (i) has the eigenvalue —in/2 on U. Since U
is a representation, we can consider the linear transformation p(i): U — U,
and by an argument similar to one above we find that the eigenvalues of p (i)

on U must be
n n n
i—,i(——l),...,—i—.
2 2 2

Hence dimU > dim W.ButU C W,so U = W. Because U was an arbitrary
nontrivial subrepresentation, it follows that W is irreducible. O
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Now we are ready to classify the finite-dimensional, irreducible Lie algebra
representations of su(2).

Proposition 8.9 Suppose (su(2),V, p) is a finite-dimensional irreducible
Lie algebra representation. Set

n:=dmV — 1.

Then (su(2), V, p) is isomorphic to the representation (su(2), P", U).

In other words, the representations U of su(2) as differential operators on
homogeneous polynomials in two variables are essentially the only finite-
dimensional irreducible representations, and they are classified by their
dimensions. Unlike the Lie group SO (3), the Lie algebra su(2) has infinite-
dimensional irreducible representations on complex scalar product spaces.
See Exercise 8.10.

Proof. The main idea is to define an isomorphism by mapping the eigen-
vectors of p (i) to the monomials in P”. Choose any highest weight vector v
for the representation p. Because V is in irreducible representation of su(2),
the nontrivial subrepresentation W constructed in Proposition 8.8 must be all
of V. Hence we have an explicit basis for V, namely,

S = {Y';vo:k=0,...,n}.

We can use the basis S to define a linear transformation 7: V — P". This
transformation will turn out to be an isomorphism of representations. Define
T:V - P"by

T(Ytvo) = YA (™),

for each integer k = 0, ..., n. Because T takes a basis to a basis, it follows
from Exercise 2.17 that T is an isomorphism of vector spaces.

It remains to check that T is an isomorphism of representations. For the
remaining condition of Definition 8.5, it suffices to check that for any k =
0,...,n we have

T(p(q)Y}vo) = Ug(T(Y} o)) (8.10)
T(Y, (Yivo)) = Y (T(Y}vo)) (8.11)
T (X, (Ysvo)) = X (T (YA w)). (8.12)

For Equation 8.10 we have

T (p@) (Yyvo)) = (ho +ik) T (Yhvo) = U; T (Ysvo) .
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Equation 8.11 follows easily from the definition of 7:

T(Y, (Yiw)) = T (Y5t v) = Y (") = Y (Y (™)
=Y (T(Y5wp))

where the second equals sign holds true even if k = n because in that case
both sides are 0. We can prove Equation 8.12 by induction on k. For the base
case we find that

T(X,v0) = T(0) = 0 = X(y") = X T(vp).
The inductive step is:

T (X, (Yivp) = T( Y )
T((Y,X, + X, Y, 1) (Y5 v0))

7(Y,X, (Y5 lvo )) +T(2i0) (Y5 "))
=Y T(Xp (Y5"v0) ) + 200 T( (Y4 v0) )

— YX T(Y’;—IUO) +IX,Y] T(Y’;—lvo)

= XY 7(Y5 " uo)
=X7(Yiv).

The fourth equality follows from Equations 8.11 and 8.10, while the fifth uses
the inductive hypothesis.

Hence T is an isomorphism of representations. So p is isomorphic to the
restriction of U to P". O

Note that because the P"’s all have different dimensions, none is isomor-
phic to any other. Hence our list of finite-dimensional irreducible representa-
tions of su(2) is complete and without repeats.

We encourage the reader to ponder the role of the raising operators (X and
X,) and the lowering operators (Y and Y ) in the proofs in this section. Note
that these operators do not live in the Lie algebra su(2) itself; if we blindly
apply the defining recipe to matrices in su(2) we get, for example,

L0 1 if0 0 1
0_’k):§<—1 0>_§<i 0)2(0 0)’
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which is not an anti-Hermitian matrix, and hence is not an element of the Lie
algebra su(2). However, whenever we have a representation (su(2), V, p)
on a complex vector space V, we can define these operators on V. Defining
raising and lowering operators (‘“‘the neatest trick in all of physics,” according
to at least one physicist [Roe]) is possible only on complex vector spaces, not
on real vector spaces. This is but one example of a common pattern: study of
the complex numbers C often sheds light on purely real phenomena.

The results of the current section, both the lowering operators and the clas-
sification, will come in handy in Section 8.4, where we classify the irreducible
representations of so(4). One can apply the classification of the irreducible
representations of the Lie algebra su(2) to the study of intrinsic spin, as an
alternative to our analysis of spin in Section 10.4. More generally, raising and
lowering operators are widely useful in the study of Lie algebra representa-
tions.

8.4 The Casimir Operator and Irreducible
Representations of so(4)

The Casimir operator is a useful tool for identifying a representation of the
Lie algebra su(2). In this section we investigate Casimir operators and apply
them to the classification of the finite-dimensional irreducible representations
of the Lie algebra so(4).

Definition 8.9 Suppose (su(2), V, p) is a Lie algebra representation. The
Casimir operator for p is the linear transformation C: V — V defined by

C:=p(i)* +p()* + pk)*

Like the raising and lowering operators, the Casimir operator does not corre-
spond to any particular element of the Lie algebra su(2). However, for any
vector space V, both squaring and addition are well defined in the algebra
gl (V) of linear transformations. Given a representation, we can define the
Casimir element of that representation.®

The main feature of the Casimir operator is that it commutes with every
operator in the image of the representation.

8Generalizing this technique of applying algebraic operations legitimate in any g€ (V) but
not necessarily in g, one can define “universal enveloping algebras.” See Humphreys [Hu,
Section 17.2] or Fulton and Harris [FH, Appendix C].
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Proposition 8.10 Suppose (su(2),V, p) is a representation and C is its
Casimir operator. Then C commutes with p.

Proof. First note that C commutes with p (i):

[C, p()] = [p()* + p()* + pK)*, p(D)]
=p()’p@) — pMp()” + p&)’pd) — pi)p(k)
=pM[pG). p®] = [p®. p()]eG)
+p®[p&), pM)] — [p(), pK)]p (k)
=—p@prEk —p&p() +oE&p3J ) + o0 oeEK)
=0.

Cyclic reasoning implies that also [C, p(j)] = [C, p(k)] = 0. Because
{i, j, k} is a basis for su(2), it follows that [C, p(q)] = O for any element
q € su(2). m|

For example, consider the representation of su(2) on polynomials in two
variables defined by Equation 8.8. The Casimir operator for this representa-
tion is

C=U/+U; +U;

2

1 1 1
=-7 (x8x — yay)2 + 1 ()68y - yax) ~2 (x8y + yax)2

_ o 202
== x70; + y70y + 3x0y + 3ydy + 2xy0, 0y ).

This Casimir operator is constant on various interesting vector spaces of
polynomials in two variables. Note that the restriction of the Casimir op-
erator C to the space P° of constant polynomials is the zero operator. The
restriction to the space P! of purely linear polynomials is multiplication by
— %. Continuing on this theme, we find that

1
cﬁ:—2@+ﬁn2:—m2
1
Cy’ = —72+6)y" =-2y*
1
Cxy = —Z(3 +34+2)xy = —2xy,

so C is constant on P? with value —2. These are three examples of a general
phenomenon.
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Proposition 8.11 Suppose (su(2), V, p) is a finite-dimensional irreducible
Lie algebra representation. Then the Casimir operator is a scalar multiple of
the identity on V.

We encourage the reader to compare this proposition and its proof to the
corresponding proposition for group representations (Proposition 6.3). The
converse of Proposition 8.11 is false, as the reader is asked to show in Exer-
cise 8.11.

Proof. Since V is a finite-dimensional complex vector space, C must have at
least one eigenvalue A. Define

W:={veV:Cv=2Arv};

i.e, W is the eigenspace corresponding to A. By Proposition 8.5, this subspace
is invariant under p because C commutes with the representation by Proposi-
tion 8.10. But because A is an eigenvalue for C, the subspace W is not equal
to {0}. Hence, since p is irreducible, we conclude by Schur’s Lemma (Propo-
sition 8.4) that W = V. So Cv = Alv for every v € V. In other words, C is
a scalar multiple of the identity. O

Let us evaluate the Casimir operator C restricted to P" for arbitrary n. By
Proposition 8.11 it suffices to evaluate C on any one element of P", say, x".
We find that

1
Cx" = ——(n* + 2n).
4
Hence on P" we have
1
C:—Z(nz—l—Zn)I. (8.13)

Since, by Proposition 8.9, each finite-dimensional irreducible representation
of su(2) is isomorphic to P" for some n, it follows that the only possible value
of the Casimir operator on a finite-dimensional representation is — }t (n>+2n)
for some n. In other words, the possible values are

3 15

0,——,—-2,—,—6,....
4 4

Physicists may be more familiar with another description of this sequence
of numbers: —€(¢ + 1), where £ := 7 is the quantum number taking half-
integer values 0, %, 1, %, .... The number ¢ is emphasized because it shows
up in the eigenvalues of p(i).
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Proposition 8.12 Suppose (su(2), V, p) is a finite-dimensional Lie algebra
representation. Suppose C = —€({ + 1)I on V for some nonnegative half-
integer L. Then the eigenvalues of p(1): V — V are

{(—il, —il+i,...,il—1i it}

Proof. Choose any eigenvector u of p(i). Let A denote the corresponding
eigenvalue. For every k € N the vector X’;u is either trivial or an eigenvector
for p (i) with eigenvalue A + ik. Let ky denote the natural number such that

= X';O_lu

is nontrivial and X, ,ug = X’;"u = 0. (Because V is finite dimensional, there
must be such a ky.) Then ug is a highest weight vector. Let W denote the
irreducible subrepresentation spanned by

{Yiuo: k=0,....n},

whose existence is guaranteed by Proposition 8.8. By Proposition 8.9, the
representation W is isomorphic to the representation P”. By Equation 8.13
we know that
n*+2n
4

There are two solutions for n in terms of £, but only one is a nonnegative
integer. We conclude that n = 2¢. So W is isomorphic to P?‘. Hence the
eigenvalues of p(i) on W must be the same as the eigenvalues of U; on P>,
These eigenvalues are shown in Figure 8.2. In terms of ¢, the eigenvalue cor-
responding to ug is i£. Hence we find that the eigenvalue associated to our
arbitrary eigenvector u is

—tl+1I=C=-— 1.

A=1il —iky+1i.

Note that because the dimension of V is n + 1, the definition of k; ensures
that ] <ko<n+1=2¢+ 1. Hence

Aelil, il —i, ..., —il+i, —it),

which proves the proposition. O

Next we use Casimir operators to classify the irreducible representations
of su(2) & su(2). This classification will use the natural representation on a
tensor product.
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Definition 8.10 Suppose (g1, Vi, p1) and (g2, V2, p2) are two representa-
tions of a Lie algebra g. Then the tensor product of the two representations is

(@1 Dg, ViV, 0 @I +1Q pr),

where
(01 ®T+1®p)(A,B) :=pi(A) &1 +1® pB)

forany A € gy and B € g;.

If we think of a Lie algebra as the space of derivatives of a Lie group at the
identity, then the expression pi(q) ® I + I ® po(p) looks like the product
rule for derivatives. We leave it to the reader (in Exercise 8.12) to show that
01 @ 1 + I ® p, satisfies the definition of a Lie algebra representation.

The next proposition classifies finite-dimensional irreducible representa-
tions of so(4). Recall from Proposition 8.3 that so(4) = su(2) & su(2), so
the representations of the two Lie algebras must be identical. Hence it suffices
to classify the finite-dimensional irreducible representations of su (2) ®su(2).

Proposition 8.13 Suppose (su(2) ®su(2), V, p) is a finite-dimensional irre-
ducible representation. Then there are irreducible representations

(su(Z), Wi, ,01) and (su(2), W,, ,02)

such that the representation (su(2) & su(2), V, p) is isomorphic to the Lie
algebra representation

CuR)dsu@), W, Wo, 011 +1Q p2).

Like the proof of Proposition 8.9, the proof of this proposition uses the tech-
nology of raising operators, lowering operators and weights.
Proof. First we introduce some notation. We will write arbitrary elements
of su(2) ® su(2) as (q, p), where q, p € su(2). Note that by the definition
of the Cartesian sum of Lie algebras we have [(q, 0), (0, p)] = 0 for all
q.p € su2).

Next we use Casimirs to find a vector w that is a highest-weight vector for
both

p1:=p and p2:=p .
su(2)®0 0su(2)

Set

Ci == p(, 007+ p(, 0> + p(j, 0)*
Cy = p(0,1)* + p(0, j)* + p(0, j)*.
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In other words, the operator C; is the Casimir operator for the representation
p1 and C; is the Casimir operator for p,. We want to show that the Casimir
operators C; and C, are scalar multiples of the identity on V. To this end,
note that for any q € su(2) we have [Cy, p(q, 0)] = 0 by Proposition 8.10,
while for any p € su(2) we have

[C1, p(0, P)] = [p(, 0)* + p(, 0)* + p(, 0)%, p(0, p)] =0,

since [(q, 0), (0, p)] = 0 for any q € su(2). Hence for any element (q, p) of
su(2) é su(2) we have

[Ci, p(q, pP)] =[Cy, p(q, 0)] + [Cy, p(0,p)] = 0.

So C; commutes with p. It follows from Proposition 8.5 that each eigenspace
of C; is an invariant space for the representation p. Because p is irreducible,
we conclude that C; has only one eigenspace, namely, all of V. Hence C;
must be a scalar multiple of the identity on V. Similarly, C, must be a scalar
multiple of the identity on V. By Proposition 8.9 and Equation 8.13, we know
that the Casimir operators can take on only certain values on finite-dimen-
sional representations, so we can choose nonnegative half-integers £, and ¢,
suchthat C; = —€;(¢; + 1) and C; = —£,(€, + 1).
Set
U={ueV:pl0u=ilu, p0,))u=1ilru}.

Since C; = —£;(¢; + 1) on V, Proposition 8.12 implies that the eigenspace
of p(i,0): V — V for the eigenvalue i¢; is not empty. Furthermore, since
p(i, 0) commutes with every operator of the form p (0, q), the i £;-eigenspace
of p(i, 0) is invariant under the restriction of p to 0 & su(2) and hence (again
by Proposition 8.12) the i ¢,-eigenspace of p (0, i) restricted to the eigenspace
of p(i, 0) is not empty. Hence U is not empty. Let w denote any nonzero
element of U.
Next we define irreducible representations

(Su(z)’ Wl? pl) and (SM(Z), W27 /02)

such that p(q,p) = p1(qQ) ® I + 1 ® pr(p) forany q, p € Q. Let Y; and Y,
denote the lowering operators for the representations p; and p,, respectively.
In other words, define

Y, = 0G,0) +ipk,0),  Ys:=p(0,)) +ip(0,K).
Let W, denote the span of the set

Si={Yiw:k=0,...,20},
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and let W, denote the span of the set
S ={Ysw:k=0,...,20},
By Proposition 8.8, both W; and W, are irreducible.
Next we define a linear transformation 7: W; @ W, — V by
7((Yiw)® (Yew)) = Yiviw, (8.14)

forany kj =0,...,2¢; and any k, = O, ..., 2¢,. We will show that T is the
desired isomorphism of representations.

First we prove that T is a homomorphism of representations. It suffices to
check the basis vectors of W; @ Wo. Fork; =0, ...,2¢iandk, =0, ..., 24,
and arbitrary (q, p) € su(2) @ su(2) we have

p(q, p) T(Y’flw ® Y’;Zw) = p(q. PY}'Y3w
= p(q, OYY'Y2w + Y 0 (0, p Y w
= T(m @Y'w®Yiw+Y,'we pz(p)Y§2w>
= T((Pl Q@QRI+I® Pz(P))Ylflu) ® Y§2w> .

Hence T is a homomorphism of representations.
To show that T is injective, it suffices to show that the image of the basis

{(¥fw) @ (Yw): k=0, 206 =0, 206,

is linearly independent in V. By the definition of the linear transformation 7,
this image is

S = {Yﬁ‘lY’;w:k1 :0,...,2£l;k2:0,...,2£2}.

Suppose the scalars {ci, € C: ky =0,...,20;kr =0, ..., 2¢,} satisfy

200 20,

0= Y| Y5w.

k1=0 kr=0

Note that for each fixed k;, the vector Zifzzo Ch sz’{‘Y’;zw is an eigenvector
for p(i, 0) with eigenvector i (£; — k;). Because these eigenvalues are distinct,
the equation above implies that for each k; we have

20y

§ : k1yrka
0= Cklszl Y2 w.

ko=0
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But for each k, we know that the vector Ygzw is an eigenvector for p(0, i)
with eigenvalue i (¢, — k;). Because these eigenvalues are distinct, it follows
that ¢y, = O for each &, k. Hence the linear transformation 7 is injective.
It remains to show that 7 is surjective. We apply Proposition 8.6 to see that
Image(7) is a subrepresentation of (su(2) @ su(2), V, p). Since Image(7) is
not trivial and V is irreducible, it follows that V = Image(7), i.e., that T is
surjective onto V. This completes the proof that 7: W; ® W, — V is an
isomorphism of representations. O

In this section we have used the Casimir operator of the Lie algebra su(2)
to help us classify irreducible representations of so(4). This is one glimpse
of the power of the Casimir operator, whose most important feature is that it
commutes with the image under the representation of the Lie algebra. Casimir
operators play an important role in the representation theory of many different
Lie algebras. As we will see in Section 8.6, the Schrodinger Hamiltonian
operator for the hydrogen atom has so(4) symmetry. We will use both the
Casimir operator and our classification of the irreducible representations of
so(4) to make predictions about the hydrogen atom.

8.5 Bound States of the Hydrogen Atom

In this section we discuss the bound states of the hydrogen atom. These are

states where the electron stays with the nucleus. In contrast, an electron with

lots of energy could simply speed past the nucleus without getting trapped.

Such an unbound electron does not stop long enough form a coherent atom;

hence in our study of the atom, it makes sense to study only the bound states.
At long last, it is time to appeal to the Schrodinger operator

2 2

h e
H=——(04+03+03) ——.
2m Y /X2 +y2+ 22

where e is the charge of the electron. The function e?/\/x2 + y2 + z2 is called
the Coulomb potential. Note that the Schrodinger operator is a cyclic formula,
as is the Coulomb potential. Experiments show that the Schrédinger operator
can be used to completely determine the spatial behavior of the electron in
a (nonrelativistic) hydrogen atom in many situations. Although the model is
not perfect (for example, it does not correctly predict relativistic effects or the
microfine splitting of the spectral lines of hydrogen), it yields useful, correct
predictions for many experiments.
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The Schrodinger operator can be used to make predictions about measure-
ments of the energy of the electron in a hydrogen atom. For example, suppose
¢ € L*(R?) satisfies the Schrodinger eigenvalue equation

Ho = E¢ (8.15)

for some real number E. We will find it convenient to recall the Laplacian
operator V2 := 87 4 97 + 92 and write the Schrodinger eigenvalue equation
explicitly as

hZ 5 e2
- d) (xs)’»Z)—
(V') Var4y?+ 22

2m
Consider an electron in the state corresponding to ¢. If we measure the en-
ergy of such an electron, we are sure to obtain the energy value E. For this
reason the eigenvalues of the Schrédinger operator are known as energy lev-
els or energy eigenvalues, and the corresponding eigenfunctions are called
energy eigenstates. More generally, consider an electron in a state that is a
superposition of energy eigenstates:

¢ = ZCE¢E,
3

where ) . lce]> = 1 and for each E the function ¢r is an eigenfunction
corresponding to the eigenvalue E and cg is a complex number. Consider
measuring the energy of such an electron. The probability that the measured
energy will be E is the number |cE|2 € [0, 1]. We are particularly interested
in the vector space spanned by eigenstates corresponding to negative energy
values.® These are known as bound states because they are “bound” to the
nucleus of the hydrogen atom — they do not have enough energy to escape.
The bound states form a vector subspace of L*(R?).

o(x,y,2) =E¢(x,y,2). (8.16)

9We are sweeping an issue under the rug here. What we really want to study is the vec-
tor space of states whose energy is sure to be negative when measured. In fact, in the case
of this particular operator (the Schrodinger operator with the Coulomb potential), the vec-
tor space of states sure to have negative energy is precisely equal to the span of the negative
eigenstates. Proving this equality requires subtle techniques of functional analysis. To get a
glimpse of the issue, see Exercise 8.16. In the language of physics, the problem is that there
may be plane-wave eigenfunctions; in the language of mathematics, the problem is that there
may be continuous spectrum. Again, this issue is moot in the case of negative energy for the
Schrodinger operator, where the only solutions whose energy is sure to be measured negative
are (finite or countably infinite) linear combinations of bona fide eigenfunctions in LZ(R3).
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Why is zero is the cutoff between the bound and unbound states? Energy,
after all, can be measured only relatively. One can measure energy differences
physically, but adding an overall constant to an energy function never changes
the physical predictions. For example, in order to define potential energy in
the study of classical mechanical motion under the influence of gravity, one
must pick an arbitrary reference height. For our Schrédinger operator, the fact
that the Coulomb potential increases toward zero as x> 4 y? + z* gets large
fixes zero as the sensible cutoff. Physically, a particle with energy greater
than zero has enough energy to escape the Coulomb potential well, and so is
unbound. On the other hand, a particle with energy less than zero is not likely
to climb out of the potential well; in other words, such a particle is bound to
the nucleus.

Proposition 8.14 Each negative eigenvalue E of the Schrodinger operator
has a finite number of linearly independent eigenfunctions.

The proof depends on Proposition A.3 of Appendix A, which ensures that all
L?(R?) solutions of the Schrodinger equation can be approximated by linear
combinations of solutions where the radial and angular variables have been
separated.

Proof. First we will show that only a finite number of solutions are of the
form ¢ ® Yy, for @ € 7 and Yy, a spherical harmonic function. Then we
will apply Proposition A.3 to conclude that these solutions span the space of
all square-integrable solutions.

Fix an eigenvalue E. Suppose we have a solution to the eigenvalue equa-
tion for the Schrodinger operator in the given form. L.e, suppose we have a
function « € 7 and a spherical harmonic function Y; ,, such that

hZ 2
S (V24 V2) = = — E)a(r) Y. ¢) =0
2m r 0,¢ r l,m ) — Y

where
2
VZ2i=9>+ =9,
r

V2 1 2 cos 6 n 1 52
0.0 4270 r2siné o r2sin @ ¢

After dividing by a(r)Y, (6, ¢), rearranging and applying Equation 1.13,
we obtain
h? h? (e2 e+ D’

—ad" N+ —dr)+|—+E-— —) a(r) = 0. (8.17)
2m rm r 2mr?
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Not every solution « to this equation will correspond to an L?(R?) eigen-
function of the Schrédinger operator. In order for o (r) Y, ,, (6, ¢) to be square
integrable, the integral

/oo loe(r)|* rdr (8.18)
0

must converge. It turns out that if £ > 1 and £ > /me?/fi/—2E, then there
is no solution « that makes the integral converge. Note that Equation 8.17
is a second-order linear ordinary differential equation with a regular singular
point at » = 0. It is well known (see, e.g., Simmons [Sim, Section 30]), that
every solution of such an equation can be written in the form

o0
a(r) =rk chrf
=0

on some neighborhood of » = 0, for some K € R and some ¢y # 0. Without
loss of generality, we can take ¢y = 1: because the equation is linear, dividing
by ¢ yields another solution. Because power series converge uniformly on
any closed subset of their domains of convergence, we can switch'? the order
of differentiation and summation after plugging the series expression for «
into Equation 8.17 to obtain

h2
o (K(K —1) 42K — £(£ 4+ 1)) 72 + higher order terms = 0.
m

Hence we have
(K-—0OK+L+1)=K(K-—-1)+2K—-¢(+1)=0,

which holdsonly if K = orif K = —¢ — 1.
Neither of these solutions give convergence of Integral 8.18. Consider first
the solution with K = —¢ — 1. Near r = 0 we have

|(X(r)|2 r2 ~ r2K—2’
so Integral 8.18 will converge at the lower limit only if 2K + 2 > —1, i.e,,
only if K > —3/2. But we have assumed that £ > 1,s0 K = —¢ — 1 <
—2 < —3/2. So the solution with K = —{¢ — 1 does not correspond to
a square integrable eigenfunction of the Schrodinger operator. On the other

10The point is that it is not always possible to switch infinite summations and differentia-
tions. In a rigorous mathematical proof, such manipulations must be carefully justified.
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hand, if we take K = ¢, we have problems with convergence as r goes to oo.
A straightforward maximization calculation (see Exercise 8.17) shows that if
¢ > /me?/h/—2E, then for every r > 0 we have

2 2+ DHR?
r 2mr?

It follows that at any critical point r, i.e., any point such that &’ (ry) = 0, the
real numbers «(rg) and a”(ry) must have the same sign. Hence there are no
local maxima of « at points where the value of « is positive. Near the origin
(r = 0) we have a(r) ~ r*, so there must be a point r; such that &’(r1) > 0
and a(r;) > 0. Hence for all » > ry, we have a(r) > «a(r); otherwise there
would have to be a local maximum between r; and r, in a region where « is
positive. So Integral 8.18 cannot converge at the upper limit. In other words,
a does not yield an L?(R?)-eigenfunction of the Schrodinger operator either.

‘We have shown thatif £ > 1 and ¢ > Jﬁez /hia/—2E, then there is no
eigenfunction in L?(R?) of the Schrédinger operator with eigenvalue E. Since
£ must be a nonnegative integer, it follows that for any fixed £ < 0O there are
only a finite number of corresponding eigenfunctions. O

Because of the spherical symmetry of physical space, any realistic physical
operator (such as the Schrodinger operator) must commute with the angular
momentum operators. In other words, for any g € SO(3) and any f in the
domain of the Schrédinger operator H we must have Ho p(g) = p(g) o H,
where p denotes the natural representation of SO(3) on L?(R?). In Exer-
cise 8.15 we invite the reader to check that H does indeed commute with
rotation. The commutation of H and the angular momentum operators is the
infinitesimal version of the commutation with rotation; i.e., we can obtain
the former by differentiating the latter. More explicitly, we differentiate the
equation

1 0 0 X
H|f 0 cosf —sin6 y
0 sinf cosd Z
1 0 0 X
= HSf) 0 cosf# —sinf y
0 sinf® cosf z
with respect to the real variable 6 and evaluate at & = 0 to deduce that

HL;f = LiHf. So [H,L;] = 0 and, by a cyclic argument, [H, L;] =
[H, L] = 0 as well. By the linearity of the Lie algebra homomorphism L,
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it follows that for any q € su(2), we have[H, Lq] = 0. By Proposition 8.5
we conclude that Lg preserves the eigenspaces of H. We can summarize by
saying that the angular momentum operators restricted to a single eigenspace
of the Schrodinger operator H form a representation of su(2).

We can put these representations (one for each eigenvalue of the Schro-
dinger operator) together to form a representation of s« (2) on the vector space
of bound states of the hydrogen atom. We will see in Section 8.6 that there is
a physically natural representation of the larger Lie algebra so(4) = su(2) &
su(2) on the set of bound states of the hydrogen atom.

8.6 The Hydrogen Representations of so(4)

We can use the representation theory of the Lie algebra so(4) along with the
stunning fact that there is a representation of so(4) on the space of bound
states of the Schrodinger operator with the Coulomb potential to make a sat-
isfying prediction about the dimensions of the shells of the hydrogen atom
and the energy levels of these shells.

In Section 8.5 we saw that the angular momentum operators commute with
the Schrodinger operator. There is another, more obscure, set of operators
commuting with the Schrodinger operator —by analogy with the classical
two-body problem, these may be called the Runge—Lenz operators.'! The
Runge-Lenz operators are defined only on the bound states of the Schrédin-
ger operator, and their useful properties depend on the explicit functional
form of the Coulomb potential. Amazingly enough, on the vector space of
bound states we can combine the Runge-Lenz and angular momentum oper-
ators to form a representation of so(4). The construction of the Runge-Lenz
operators was first published by Pauli [P].

We consider one eigenspace of the Schrodinger operator at a time. Fix an
eigenvalue E < 0 of the Schrodinger operator. Let Vg denote the eigenspace
corresponding to E. From Proposition 8.5 we know that there is a representa-
tion of su(2) on the eigenspace V. We will extend this to a representation of
su(2) @ su(2). To this end we introduce three more operators on Vg. Define

U Por an introduction to the Runge-Lenz vectors in the classical context, see [Mi].
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the Runge-Lenz operators:

R " (19 491 — Lo — oL 2me’x
i = ~mE kdy + dyLlk — Lo, — zJ+h2 ﬁz-i—yz-i—zz
ih 2me’y
Rj := —— | Lid; + 9.L; — Lyd, — 0, L +
—8mE R2/x2 + y2 + 22
R — " (Lo 4oL — Lo — oL+ 2"e2
k -— /——SmE jUx x ] 1Yy yi h2 ,—xz T yz T 22 .

Note that this collection of formulas is cyclic.

To see how these operators will play a role in building our representation
of su(2) @ su(2), we calculate their Lie brackets. In this section we give
formulas without proof, leaving the details for Section 8.7. First we note that

[Ri. Rj] = Ly (8.19)

on the E-eigenspace of the Schrodinger operator. The calculation relies on
the fact that the operator H — E is O on the eigenspace. By cyclic reasoning,
we have also [Rj, Rk] = L; and [Ry, R;] = L;. Next we have, as a purely
algebraic consequence of the definitions,

[Li, Rj] = [R;, Lj] = Ry, (8.20)

and hence, cyclically, we have [Lj, Ri] = [Lx, Rij] = Rj and [R;, Lg] =
[Rk, Li] = R;. Another algebraic calculation yields

[Li, Ri] =0 (8.21)

and hence [L;, R;] = [Li, Rg] = 0.
We will find it helpful to know that

R-L:=RL; + Rij + RiLx = 0. (8.22)
Similarly, we have
L - R :=LiR; + LR + LyRy = 0. (8.23)

The proofs of these two equalities are algebraic computations and do not
require the Schrodinger eigenvalue equation.
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However, we will need the Schrodinger eigenvalue equation to calculate

me*

L>’+R*:=L-L+R-R=1+4+—.
2Eh

(8.24)

Now we are ready to introduce the representation of so(4). Define

Ai = (Li +Ry)/2 B; .= (Li — Ry)/2
Aj = (LJ + RJ)/Z Bj = (LJ - RJ)/2
Ag = (Lx +Ry)/2 By := (Lx — Ry)/2.

It follows easily from Equations 8.19 and 8.20 and the fact that L is a repre-
sentation that
[Ai, Aj] = = (ILi, Ljl + [Ry, Rj] + [Li, Rj] + [Ry, L)

(2Lk + 2Rg) = Ak

EE R S

and likewise [Aj, Ax] = A;j and [Ay, Aj] = A;. So the A’s form a represen-
tation of su(2). We will call this the diagonal su(2) representation, referring
to the diagonal subgroup {(q, q): q € su(2)} inside su(2) ®su(2). Similarly,
we have

[Bi, Bj] = — ([Li, L;] + [Ry, Rj] — [Li, Rj] — [Ri, Lj])

e Y

= Z(ZLk — 2Ry) = By,
In addition, each A commutes with each B. For example,
1
[Ai, Bi] = 1 ([Li, Li] — [R;, Ri] + [R;, Li] — [L;, R;]) =0,

by Equations 8.21 and

[Ai, Bj] = [Li, Lj] — [R;, Rj] = [Ry, L] + [L, Rj]
=Lk —Lyk—Rk+Rx=0

by Equations 8.19 and 8.20. So we have a representation of so(4).
Let us calculate the value of the Casimir operator for each of the represen-
tations of su(2). Because L - R = R - L = 0, we have

(L2+R2)=1<1+ me4).

A’=B’=
4 2ER?

1
4
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Recall that the value of the Casimir operator determines an irreducible rep-
resentation of su(2). From Section 8.4, we know that the value of the Casimir
must be —él—t(n2 + 2n), where n is a nonnegative integer. So

me*

2ER?

and hence each eigenvalue E of the Schrodinger operator must be of the form

—n*+2n) =1+

—me*

E=_—5—09
2h°(n + 1)2

for some nonnegative integer n. We remind the reader that m denotes the mass
of the electron and e is the charge on the electron. Note that among the con-
sequences of Equation 8.25 is the fact that the only bona fide eigenspaces for
the Schrodinger operator are those corresponding to negative energy levels.
Furthermore, if we fix a nonnegative integer 7, the eigenspace correspond-
ing to the eigenvalue E = —(me*)/2(n + 1)> must be made up only of ir-
reducible representations (of so(4)) isomorphic to P* ® P”". In particular,
because the dimension of the eigenspace is finite (by Proposition 8.14) the
dimension of the eigenspace must be an integer multiple of the dimension
(n + 1)? of P* ® P". Thus the lowest possible eigenvalue is —me*/2 and
the dimension of its eigenspace must be divisible by 1, while the second low-
est possible eigenvalue is —me*/8, and the dimension of its eigenspace must
be divisible by 4, and so on. The actual dimension of the eigenspace can be
determined experimentally. We collect the results in a table (Figure 8.4). To

(8.25)

Energy level Dimension Dimension of electronic shell

n  (eigenvalue) of P" (dimension of eigenspace)
0 —me* /2 1 2

1 —me*/8 4 8

2 —me*/18 9 18

3 —me*/32 16 32

Figure 8.4. A comparison of theory with experiment.

put it another way, our representation-theoretic calculation has predicted that
the dimensions of the irreducible representations of so(4) should divide the
multiplicities of the corresponding energy levels of the hydrogen atom. But
this is true: the multiplicities are

2=2x1,8=2x4, 18=2x9 and 32 =2 x 16.
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It is not an accident that the numbers 2, 8, 18, 32 are the lengths of the rows of
the periodic table. See Sections 1.3 and 1.4. As in Section 7.3, the prediction
is off by a factor of two. The factor of two is due to the spin of the electron.
See Section 11.4.

In this section we have presented the celebrated so(4) symmetry of the
hydrogen atom. Thus the hydrogen atom has more symmetry than is evident
from its spatial symmetry. Is this a happy accident or a sign of a deeper sym-
metry in our world? The author does not know. The fourth dimension here is
an abstract theoretical construct, not a physical reality. However — and this is
one of the main points of this text— the abstract symmetry has real physical
consequences.

8.7 The Heinous Details

In this section we collect the calculations omitted in the previous section.
They are straightforward but tedious. Some details have been left to the reader
as exercises.

All calculations in this section involve operators on functions, as explained
in Section 8.1. Thus, for example, [L;, y] = z, since for any differentiable
function f of three real variables we have

[Li, y1f = Li(yf(x,y,2)) — yLif(x, y,2)
= (20, — y3)(f (x,y,2)) — (yzdy — y*0,) f (x, ¥, 2)
=zf(x,y,2).

We will find the following shorthand for part of the Runge—Lenz operators
helpful. Set

M; := (Lgdy + 9,Lx — Lo, — 9.L;)
=2 (yd,0y — x93 4 200, — x07 + dy) .

Thus R; is the sum of the differential operator M; and a multiplication opera-
tor. The cyclic versions of this formula define M and M.
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First we prove Equation 8.19: [R;, Rj] = Li. With the help of Exer-
cises 8.18 and 8.20 we find

2 2me’ X 2me’ y
(R, Rj] = - M; + e Myt ]
m VXT+y +z VX t+y +z

2 2
= g (31 5 (P N M s )

1/ h? 1
L e —L )
E\2m VX242 422
If we restrict our attention to one energy level of the Schrodinger operator,
then the Schrodinger eigenvalue equation (Equation 8.16 ) holds so that

h2

—LkV2 + esz = ELkv
2m

1
VX2 +y2+ 72
and hence
[R;, Rj] = L.

Next we verify Equation 8.20. A relatively straightforward calculation
yields [Li, Mj] = M. By Exercise 8.14 we know that the function

1/v/x2 4 y2 4 22

commutes with the angular momentum operator L;. Hence by the product
rule we have

y 1 1
L, ——=|=|L y+ (Li, y]
Va2 oy 422 Va2 oy 422 Va2 oy 422

1
= ————[Li, ]
NN

S S
Vx4 42

Putting these together we have

b L[L. M;] + V2me? L: Y
2 —E \ /2m v h v /x2 +y2 + 72

j h v/2me’
_ 1 M, + me Z — Ry
2\/—E N/2m h /x2+y2+Z2

[Li, Rj] =
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A similar calculation (left to the reader as Exercise 8.21) shows that
[Ri, Lj] = Rg.
To see that Equation 8.22 is true, note that
MiL; = (2x97 — 2y, 0y — 2200 + 2x97 — 20;) (y9. — 20y)
= 2(xy0;0; — y20,07) + 2(yz0,0; — x20,07)

+ 4(20,0y — y0,0:) + 2(xyd] — x20))
+ (2220,8,9, — 2%8,9,9,).

If we add the three different cyclic versions of the first parenthesized pair of
terms in this last expression we get

(xy070; — yz0,02) + (y2970, — 2x0,07) + (2x9.0y — xyd.0;) = 0.

The sums of the cyclic versions of the other pairs of terms are also equal to
zero. Hence

M;L; + Mij + MLy = 0. (8.26)
Also, we have
X Z
L; + > L; + Ly
Va2 2 VATt yr 422 Va4 yr 422

1
= ——— (xz0y — xy0; + yx0, — yz0x + zyd, — zxd,) = 0.

VX2 +y2+ 72

Since R; is a linear combination of M; and x //x2 + y2 + z2, etc., we con-
clude that Equation 8.22 holds:

RiL; + Rij + RxLx = 0.

A similar argument shows that Equations 8.21 and 8.23 hold true. First we
have
LiM; = (y0, — zdy) (2x0; — 2y0,9y — 220,0; + 2x0; — 20,
= 2(xy0;0: — y20,07) + 2(xyd] — x20,°)
+ 2(yz0,0; — x20,07) 4 2(2> — ¥%)00,9;
+4(z%8,8y — y%0,9,) = MiL;,
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so by Equation 8.26 we know that LiM; + L;M; + LMy = 0. Second, we
have
X _ 1
Vi Pt
1
= ——————(y0; — z0x)x

VX2 +y2+ 72

1
= —x2 o (xyd;, — xz0y)
T
VX2 +y2+ 72
1
= \/ﬁ(xzay — xyaz),

whose cyclic version is equal to 0. We conclude that [L;, R;] = 0 and

LiR; + LjR; + LyRy = 0.

Lix

To verify Equation 8.24, we first calculate the operator
L> =L +L; +L;
= (20y — y8)® + (x9; — 28:) + (ydy — x8,)°
= (2 + 20 + (7 + 332 + (& + 2)0;
—2y20,0; — 2x70,0; — 2xy0,0y — 2x0, — 2yd, — 220,
=+ + V= (18, + ¥y +28.)% — (x3, + ¥d, + 29.).

To calculate R?, begin by noting that

2
h V2me?
A/2m hy/x?+ y? + 22
For clarity, we will calculate the squared terms and the cross-terms separately.
For the first squared term we have (up to a constant)

1
MG = (x0] = y0,9, — 20,0 +x32 = 0,)’
= x20y + %0705 + y0;0, + 270707 + 20,0 + x707 + 9]
— 2xy0,9) — 2x8,0; — y0, — 2x20,0,0. — 20,0; + 2x°0;0.
— 2x0,0; — 05 + 2y20;0,0; — 2xy0,0,07 — yd,0> + 2y0;0,
— 2x20,07 — 232 — 2%, + 22979, — 2x3,97 — 32,
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Adding and subtracting the terms x?9% + y28f8§ + 220202 and regrouping
terms, we find that

M= (22— 97— ?)
(207 + 2207 + 120207 + 22020 + 2020202470} + 0207 + 20202)
- (xza;‘ + 120202 + 220207 + 2xy0,97 + 2xyd,, 0>
+ 2xzax83 + 283 + yayaf + x8x83>
— (v0] + 2020, +2x0,02)
+ (2yza§ayaz — 2x20,0%0, — 2x0,0% + 2920,
— 30,02 + 32020 + 020, ).
Straightforward but tedious algebra and cyclic arguments then lead to
%(Mf +M; + M) = (1-1L%) V>
Hence the cyclic version of the first squared term of 4 ER? is

212
~—— (1 -L*»V2 (8.27)
m
The second squared term is
2me*x?2

R*(x2 +y2 422

and its cyclic version is
2me*

h2
To calculate the sum of the cross terms we consider

(8.28)

(Mi o + a Mi)
VE2Hyri42 x4 yr 42

= [Mi, al }+2 al M
VX2 4+y2 472 VX2 +yr+ 72

1
B N
Var+yr4 22
1 X
+X[Mi, ]—I—Z

M
VX2 +y2+ 72 VX2 4+ y2 472
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Let us calculate the cyclic versions of these three terms. First, use Exer-
cise 8.19 to see that

e (
[Mi, x] + [M, y +[Mk,z])
VX2 +y2+ 722 [ ! ]
2
— S (34 2xd, +2y0, +220.).

Var+yr+ 22

Next, we have, also with the help of Exercise 8.19, that

1
[ My + yM; + My, ———— |

Vxr+yr 422

(xz +y* 4+ 27+ x%y0, + y°z0, + 2°x0; + x720;

B 2
(VX2 +y? +z%)?
+y2xd, + Zzyay — x220, — xy?9, — yzzay - xzyay — y%z9, — xz28X>
2

JxIFyi4 2

Finally, we have

2

Vx4 yr 422
4
= \/ﬁ (nyaxay + 2yz0,0; + 2x20,0;
X2+ y*+z

—x?0; — x707 — y*0; — y?02 — 2797 — 270, 4+ x0, + ydy + zaz)

4
= <(anc + yody + ZEJZ)2 —l—xax) .

Adding these three results we obtain
4

+2x20,0;. — x°0; — x°0; — y?97 — y*02 — 2707 — 279;) .

(xMi + yMj + ZMk)

(2 4 2x0x + 2y0y + 220, + 2xy0,0y + 2yz9y0;

It follows that the cyclic version of the sum of the cross terms is
4e*(L> — 1)

Jx2Hyr 42

(8.29)
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Thus R? is equal to ﬁ times the sum of Formulas 8.27, 8.28 and 8.29.
Recalling Formula 8.27 for L? and collecting terms, we find

L?> + R?

1 [2hr? 2me? 4¢?
=L2+—<;(L2—1)V2+ l:f +(L2—1);>

IE JSotrta

5 | e?
=L°|1+ Vi ———
2mE E _x2+y2+Z2

1 (2r%_, 4e? me*
—— | =V + + .
4F m /x2—|-y2—|—Z2 2Eh
If we are on an eigenspace for the eigenvalue £ < 0 for the Schrodinger
operator

then this expression reduces to

2 2 m
LP4+R =1+ _—.
2Eh

Congratulations! By working through this section you have verified the
celebrated so(4) symmetry of the hydrogen atom. A pause for celebration
would be quite appropriate.

8.8 Exercises

Exercise 8.1 Check that the quantity

me*
2h*
has the units of energy.

Exercise 8.2 Find all Lie subalgebras of gq.

Exercise 8.3 Show that the Heisenberg Lie algebra H is isomorphic to
neither the Lie algebra su(2) nor the trivial three-dimensional Lie algebra.
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Exercise 8.4 Show that so(3) is the Lie algebra associated to the Lie group
SO(3).

Exercise 8.5 Show that the Lie group SO (3) is not isomorphic to the Lie
group SU (2). (Hint: consider the center of each group, i.e., the set of group
elements that commute with every other element.) Note that we have shown
in the text that the Lie algebra su(2) is isomorphic to the Lie algebra so(3).
Conclude that Lie algebras do not uniquely determine Lie groups.

Exercise 8.6 For any natural number n the Lie algebra so(n) is defined by
son):={Aegt(R"): A+A*=0,TrA =0}.

Show that the dimension of so(n) as a real vector space is the triangle number

nn—1)/2.

Exercise 8.7 Show that every group element g € SU (2) is of the form exp M
for some algebra element M € su(2).

Suppose (su(2), V, p) is a finite-dimensional Lie algebra representation of
su(2). Define a function o : SU2) — GL (V) by

o (X) = exp(p(M)),

where exp M = X. Show that o is well defined, that the image of o indeed
lies in GL (V) and that o is a group representation. (Remark: The finite di-
mensionality of V is necessary to assure convergence of the exponential of
p(M).) Readers familiar with the definition of the exponential map on an
arbitrary Lie algebra should prove the corresponding generalization.

Exercise 8.8 Suppose V is a vector space. Is the vector space gt (V) a group
under composition of linear transformations?

Exercise 8.9 Construct a Lie algebra representation (su(2), V, p) with two
highest weight vectors vy and v, such that their corresponding eigenvalues
Ao and Ay (respectively) are not equal.

Exercise 8.10 In this exercise we construct infinite-dimensional irreducible
representations of the Lie algebra su(2). Suppose A is a complex number such
that A # in for any nonnegative integer n. Consider a countable set S :=
{vg, v, V2, ...} and let V denote the complex vector space of finite linear
combinations of elements of S. Show that V can be made into a complex
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scalar product space. Define three linear operators A, X,Y: V — V by
setting, for any nonnegative integer k,

A
Avg = (5 — lk) Uk

- ()\« —ik—l—i)vk,], k 75 0
Xvk —{ 0, k=0

Yvp := (ik + i)vgsq.
Next show that the linear transformation p : su(2) — g€ (V) defined by
p) = A,

1
p) =5 (X+7),
p(K) :=§(X —Y)

is a representation of su(2). Finally, show that V is infinite dimensional and
irreducible. (Hint: For irreducibility, show that for every subrepresentation
W must contain the vector vy.)

Exercise 8.11 Find an example of a reducible (i.e., not irreducible) represen-
tation (su(2), V, p) such that the Casimir operator is a scalar multiple of the
identity on V. (This implies that the converse of Proposition 8.11 is false.)

Exercise 8.12 Show that the function py ® I + I ® p, from Definition 8.10
satisfies the definition of a Lie algebra representation.

Exercise 8.13 Show that [0, g(x,y,2)] = g—f Is this an equation of func-
tions or an equation of operators?

Exercise 8.14 Suppose f € T, i.e., suppose that f € L*>(R®) and f is invari-
ant under rotations. Show that f is a cyclic formula. Show that f commutes
with the angular momentum operators, i.e., show that [Li, f]1 = [L;, f] =
[Lx] = 0.

Exercise 8.15 (Used in Section 8.5) Show that the operator H commutes
with the natural representation of SO (3) on L*(R?).

Exercise 8.16 Consider a free quantum particle in one dimension, i.e., con-
sider the system whose state space is L (R) and whose energy operator is
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—(h?/2m)V? = —(h*/2m)d>%. Show that this operator has no eigenfunctions
in L* (R). On the other hand, consider the function

2
Vix) =i / e“dw.
1

Show that ¥ € L? (R) and that any energy measurement of a particle in the
state  will yield a positive result; in fact, it will yield a result in the interval

[A2/2m, 2A%/m].

Exercise 8.17 Suppose E < 0 and e > 0. Show that if
¢ > J/me?/hv/-2E,

then for every r > 0 the quantity

2 L+ DHAR?
¢ _J’_E_L

r 2mr?

is negative.

Exercise 8.18 (Used in Section 8.7) In this exercise, both equations are
equations of operators. Show that for any natural number n,

1 —nx
A, _| = —.
(verysa)d (verrea)

Show also that

X y _0
VEFy 422 Py + 22

Exercise 8.19 (Used in Section 8.7) In this exercise, all equations are equa-
tions of operators. Show that

(x — yLi + 21y) ,

1 2
M;, =
/x2+y2+Z2 ( /x2+y2+Z2)3
that
[M;, x] = 2 + 2y, + 220,

and that
[M;, z] = 220, — 4x0,.
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Exercise 8.20 (Used in Section 8.7) Verify the following equations of oper-
ators:

[M;, Mj] = 4L, V7,

1
M, —2 |+ | ————— M | =4 —————
/x2+y2+22 /x2+y2_|_z2 /x2+y2+22
Exercise 8.21 (Used in Section 8.7) Verify the following equations of oper-
ators:
[Ri, Lj] = Ry
[R;, Li] = 0.

Exercise 8.22 Is there anything in group representations of SU (2) or SO (3)
analogous to the Casimir operator for Lie algebra su(2)?
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The Group SO(4) Symmetry of the
Hydrogen Atom

But first I pray yow, of youre curteisye,
That ye n’ arette it nat my vileynye,
Thogh that I pleynly speke in this mateere,
To telle yow hir wordes and hir cheere,
Ne thogh I speke hir wordes proprely.
For this ye knowen al so wel as I,
Whoso shal telle a tale after a man,
He moot reherce as ny as evere he kan
Everich a word, if it be in his charge,
Al speke he never so rudeliche and large,
Or ellis he moot telle his tale untrewe,
Or feyne thyng, or fynde wordes newe.
He may nat spare, althogh he were his brother;
He moot as wel seye o word as another.
— Geoffrey Chaucer, The Canterbury Tales [Ch, lines 725-38]

In this chapter we present Fock’s construction of a representation of the group
SO (4) on L*(R?), the phase space of the hydrogen atom. This representation
commutes with the Schrodinger operator (otherwise known as the energy op-
erator), and hence it is a physical symmetry of the hydrogen atom.

In one sense the group S O(4) symmetry is no better than the algebra so(4)
symmetry, as both lead to the same conclusion about the dimensions of ele-
mentary states of the hydrogen atom. However, the group symmetry is more
powerful than the algebra symmetry. From a strictly logical point of view,
one can deduce the algebra symmetry from the group symmetry, but not vice
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versa. More impressively, the group symmetry yields a different proof of the
finite dimension of the energy levels (Proposition 8.14).

Since the group symmetry is more powerful, it is not surprising that it re-
quires stronger analytical technology. Instead of developing this technology,
we put the burden on the reader to find it elsewhere. This chapter begins with
prerequisites for Fock’s argument in Section 9.1. We omit many proofs, in-
stead giving a sketch of some key ingredients and references for the necessary
ideas and techniques. In Section 9.2 we translate the original article by Fock.

9.1 Preliminaries

Fock’s argument rests on the theory of the Fourier transform. In particular,
he uses the momentum-space version of the Schrodinger equation. We let f
denote the Fourier transform of f € L?(R?).

Proposition 9.1 Suppose f € L*(R?) satisfies the position-space Schri-
dinger equation (Equation 8.16). Then the Fourier transform f of f satisfies
the momentum-space Schrodinger equation

nooag [2 [ Ffydp _
PP f(p) =€\ /= | ——5=Ff(p).
Zm m Jrs |p — pl
If f satisfies the momentum-space Schrodinger equation then f satisfies the
position-space Schrodinger equation.

The proof is a straightforward application of the fundamental properties of the
Fourier transform, namely, its linearity, and how it intertwines differentiation,
multiplication and convolution. This material is available in any introduction
to Fourier transforms; for example, see [DyM, Chapter 2]. The only tricky
part is the calculation of the Fourier transform of the Coulomb potential. See
Exercise 9.3.

Some of Fock’s terminology may be mysterious to the modern reader.
In particular, degenerate energy levels are energy eigenvalues whose eigen-
spaces are reducible (i.e., not irreducible) representations.

In four dimensions, as in three dimensions, the restrictions of homogeneous
harmonic polynomials of degree n to the unit sphere are called spherical har-
monic functions of degree n. The analysis in four dimensions proceeds much
as it did in three dimensions, although the dimension counts change.

Definition 9.1 Let Hj denote the complex vector space of homogeneous har-
monic polynomials of degree n in four variables. Let Y, denote the complex
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vector space spanned by the restrictions of elements of [ to the unit sphere
S3 in R*. Finally, define

Y= Jyr
n=0

Anticipating Fock’s notation, let us call our variables x;, x5, x3 and x4. An
example of a homogeneous harmonic polynomial of degree four is

(x1 +ix?)(x3 —ixhH%
note that

Vi +ix2)%(xz — ixh)?

= (07 + 97, + 07, 4 05,) (x1 4 ix*)*(x3 — ix*)* = 0.
The results of Chapter 7 can be modified to the four-dimensional case.

Proposition 9.2 For any nonnegative integer n, the natural representation of
SO4) on H is irreducible. The dimension of this representation is (n + 1)

The key to the proof of Proposition 9.2 is a classification (analogous to Propo-
sition 6.16) of the representations of SO (4), along with a tool (analogous to
Proposition 6.17) for identifying representations. Most of the work has been
done in Proposition 8.13; to get information about group representations from
the classification of Lie algebra representations requires the insight that any
Lie group representation on a vector space V induces a Lie algebra repre-
sentation on V, obtained by differentiating the group representation on paths
through the origin of the group. In other words, any Lie group representation
has infinitesimal generators; the infinitesimal generators of the group repre-
sentation form the algebra representation. See, for example, Brocker and tom
Dieck [BtD, Section I1.9].

Proposition 9.3 For any nonnegative integer n, the natural map (restriction)
from H) to V) is an isomorphism of complex vector spaces. The set Y, spans
the complex scalar product space L*(S?).

The proofs in Chapter 7 apply to Proposition 9.3 as well, mutatis mutandis.

Fock uses a stereographic projection from the three-sphere S* to Euclidean
space R®. To serve his purposes, this projection must depend on a parameter;
he calls the parameter «.
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Definition 9.2 Suppose « is a strictly positive real number. Define S, : S° —

R? by
X1
X
X2 o ! 3
Se: = x| e R°.
X3 1+ x4 x
X4 3

The reader can check in Exercise 9.1 that S, is invertible.

9.2 Fock’s Original Article

In this section we present an English translation of V. Fock’s original article,
“Zur Theorie des Wasserstoffatoms” [F].

On the theory of the hydrogen atom.!

From V. Fock in Leningrad.
(Received August 5, 1935.)

The Schrodinger equation for the hydrogen atom in momentum space is
shown to be identical to the integral equation for the spherical harmonics of
four-dimensional potential theory. Hence the transformation group of the hy-
drogen atom is the four-dimensional rotation group; this explains the degen-
eracies of the energy levels of hydrogen for the azimuthal quantum number £.
The consequences of the potential theory interpretation of the Schrodinger
equation (such as the addition theorem) permit many physical applications.
The method allows one to evaluate, almost without calculation, infinite sums
appearing in the theory of the Compton effect on bound electrons and related
problems. On the foundation of a simplified model of the atom one can hope
to build explicit expressions for the density matrix in momentum space, for
atom form factors, for the shielding potentials, and so on.

It has long been known that the the energy levels of the hydrogen atom are
degenerate with respect to the azimuthal quantum number £; one speaks oc-
casionally of an “accidental” degeneracy. But any degeneracy of eigenvalues
is linked to the transformation group of the relevant equation: e.g., the degen-
eracy with respect to the magnetic quantum number m is allied to the usual
rotation group. However, until now, the group corresponding to the “acciden-
tal” degeneracy of the hydrogen levels was unknown.

I ecture given on February 8, 1935, in the theory seminar at Leningrad University. Com-
pare V. Fock, Bull. de I’ac. des sciences de I’URSS, 1935, no. 2, 169.
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In this work we will show that this group is equivalent to the four-dimen-
sional rotation group.

1. It is known that the Schrodinger equation in momentum space takes the
form of an integral equation:

1 d
v - o [ L)y, .1
m

2712h
where (dp") = dp,dp;dp’, denotes the volume element in momentum space.
Next we look at the point spectrum and let py denote the mean quadratic

momentum
po=~-—-2mE. (9.2)

We want to divide the components of the momentum vector by py and think
of the result as coordinates on a hyperplane, which we project stereographi-
cally onto the unit sphere in four-dimensional Euclidean space. The Cartesian
coordinates on the sphere are

2

& = zpopxz = sina sinf cos ¢,
py+p
2 :

n= zpopyz = sin« sin @ sin ¢,
py+p

9.3)

2

.= ZPL‘DZZ = sin« cos @,
pot+p

D el S
Py + p?

The angles «, 6, ¢ are spherical coordinates on the sphere; clearly 6 and ¢
are the usual spherical coordinates on momentum space. The surface element
on the unit sphere

dQ = sin’ « dosinf d d¢ (9.4)

is related to the volume element in momentum space via

1
(dp) = dpydp,dp. = p*dpsin® do de = F(p% +pH¥dQ.  (95)
Po

Let us define the abbreviation

= = 9.6
hpo h/—2mE ©-6)
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and introduce a new function

7 —5/2
V(a,0,¢) = \/g (Pg + P’ (). 9.7

Then the Schrédinger equation (9.1) can be written

A [ W09 de
Vi 0,¢) =5 (“4sm¢) (9.8)
2

The denominator 4sin? w/2 in the integrand is the square of the four-
dimensional distance between the points «, 6, ¢ and o/, 6’, ¢’ on the sphere:

Mm—— E-EV4+m—0)+@C =)+ x—x) (9.9)

Thus the number w is the arclength of the great circle arc connecting the two
points. We have

cosw = cosa cosa’ + sina sina’ cos y, (9.10)
where cos y has the usual meaning:
cosy = cosf cosf + sinf sin O’ cos(¢p — ¢'). (9.10%)

The constant factor in (9.7) is chosen so that the normalization condition for
U is satisfied:

1
Zﬁﬁwwﬁ¢WdQ=/%+p|wmu@> ﬁw@IMM—l

2 2
9.7%)
Since the surface of a four-dimensional sphere has the value 2772, the function
W = 1 in particular satisfies this normalization condition.

2. We would now like to show that equation (9.8) is nothing but the integral
equation for the four-dimensional spherical harmonic functions.
We set
X1=r§; xa=rn, x3=¢;, Xxag=rx 9.11)

and consider the Laplace equation

0%u . 9%u n 9%u n 9%u _0 9.12)
Bxlz 8x§ 8x32 HxZ o ’
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The function

1 1
=+ (9.13)
2R?  2R?

G
with
R2=r>—2rr'cosw+r" RI=1-—2rr"cosw+rir" 9.14)

can be seen as a “Green’s Function of the Third Kind”; on the sphere this
function satisfies the boundary condition

0G
or’

+G=0 for ¥ =1. (9.15)

A function u(x1, x,, x3, X4) harmonic on the interior of the unit sphere can be
expressed in terms of the boundary values of du/dr + u by Green’s Theorem
as follows:

1 [ (0
U(x1, X2, X3, X) = —— (—5+u) Gd.  (9.16)
2 ar’ Vel

For a harmonic polynomial of degree n — 1
u=r""W(a,0,¢) m=12,...) 9.17)

one has

(& )
— 4 u =nu =nV¥Y,(a, 0, ¢). (9.18)
or r=1

If one uses this expression in (9.16) and uses (9.13) and (9.14) for »’ = 1, one
finds that

asy. 9.19
—2rcosw + r? ( )

n—1 _ n \pn(a/a 9/7 ¢/)
r \pn(a799¢)_ﬁ\/ 1

This equation holds for » = 1 also, in which case it coincides with the
Schrodinger equation (9.8) when the parameter A is equal to the whole num-
ber n; it is

Zme?

h—mE
which clearly is the principal quantum number.

Thus we have shown that the Schrodinger equation (9.1) or (9.8) can be
solved with four-dimensional spherical harmonic functions. At the same time
the transformation group of the Schrodinger equation has been found: this
group is obviously identical to the four-dimensional rotation group.

A= (9.20)
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3. We choose the following representation for the four-dimensional spherical
harmonics. We set

Waem (o, 0, ¢) =Ty (n, ) Yem (6, 9), 9:21)

where ¢ and m have their usual meanings of the azimuthal and magnetic
quantum numbers, respectively, and Y, (8, ¢) denotes the usual spherical
harmonic function normalized by

1 T 2
— / / |Yem (0, @) sin@ db d¢p = 1. (9.22)
47[ 0 0

For brevity, one sets

My = /2> —1)--- (n2 — £2); (9.23)

then one can consider a function I, (n, o), normalized by the condition
2 (7 )
— ;(n, o) sin“ o da = 1, (9.24)
T Jo

and defined by one of the two equations

M o _ 4
M, ) = —pis / cosnp P 'COS“) dB (9.25)
sin“" o Jo 2!
or e, g0+l
sin“ o d“7 (cos na)
e(n, @) = . 9.25%
(. @) M, d(cosa)‘t! ( )
For £ = 0 we have )
Mo(n, @) = =t (9.26)
sin o

Note that the defining equations (9.25) and (9.25%*) hold true also for complex
values of n (the continuous spectrum). The function I, satisfies the relations

drl,
— +lctgall, = n?2 — (€ + 1)1,y (9.27)
o

dTl
d—e+(z+ 1) ctg all, = vn2 — €2T1,_4, (27%)
(07
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which lead to the differential equation®

d*1l dll, ¢ +1
Cege®@ _HEH D e, —o. (9.28)
do? da sin «

4. We proceed to establish the addition theorem for four-dimensional spheri-
cal harmonics. Equation (9.19) is an identity with respect to r. Expanding the
integrand in powers of

Z i ke 9.29)

1—2rcosa)+r2 sin @

and setting the coefficients equal, one finds that

sin kw

v, (o', 0, ¢>) dQ/ = 0 Wn(c, 0, @). (9.30)

2T 2

Now n*zre sinne - oonsidered as a function of o/, 6’ and ¢, is a four-dimensional

spherlcal harmonlc, which can be expanded in the W,,,,,, (&', €', ¢')’s. The co-
efficients of this expansion can be calculated from (9.30) (with k = n). In this
way one finds the addition theorem

. n—1 +¢
e SN By 0. ) W @, 0, ). (9.31)
sin w =0 m——t

Making use of the usual addition theorem for three-dimensional spherical
harmonics and using the expression (9.21) for W,,, one can rewrite (9.31)

as
sin nw

= Zﬂg(n,oz)l'[g(n,o/)(%—i— 1)Py(cosy), (9.32)
£=0

n—;

sinw

where P, denotes the Legendre polynomial and cos y is defined by (9.10%).

Here we have written the upper limit of the summation as £ = oo; we wish

to indicate thereby that formula (9.32) is valid in this form also for complex

values of n and «. If n is a whole number, the sum obviously ends with the
term £ =n — 1.

2In his work on the wave equation of the Kepler problem in momentum space (ZS. f.
Phys. 74, 216, 1932), E. Hellras has derived a differential equation [Equations (9g) and (10b)
in his article] which — after a simple transformation — can be understood as the differential
equation of the four-dimensional spherical harmonics in stereographic projection. [With the
gracious approval of E. Helleras, we correct the following misprints in his article: the number
E that appears in the last term of his equations (9f) and (9g) should be multiplied by 4.]
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5. We have given the geometric meaning of the integral equation (9.1) in the
case of the point spectrum. In the case of the continuous spectrum (E >
0) one must study, instead of the hypersphere, a two-sheeted hyperboloid in
pseudo-Euclidean space. The region 0 < p < +/2mE corresponds to one
sheet and the region ~/2mE < p < oo corresponds to the other. In this
case one can write the Schrodinger equation (9.1) as a system of two integral
equations coupling the values of the desired function on the two sheets of the
hyperboloid.

One can describe the state of affairs without reference to the fourth dimen-
sion as follows. In the case of the point spectrum the geometry of Riemann
(constant positive curvature) reigns in momentum space, while in the case of
the continuous spectrum the geometry of Lobatschewski (constant negative
curvature) applies.

The geometrical meaning of the Schrodinger equation (9.1) is not as con-
crete in the case of the continuous spectrum as it is in the case of the point
spectrum. Therefore, in applications it is better to derive formulas first for
the point spectrum and only at the end allow the principal quantum num-
ber n to take pure imaginary values. This procedure allows one to see that the
[T¢(n, a)’s are analytic functions of n and « that, for pure imaginary values of
n and «, differ from the corresponding functions of the continuous spectrum
by only a constant factor.’

6. Now we will briefly indicate the problems that can be usefully treated with
the above “geometric” theory of the hydrogen atom.* In many applications,
such as the theory of the Compton effect in a bound electron® and in the in-
elastic matter theory of atoms® it is a question of determining the norm of the
projection of a given function ¢ on the subspace of Hilbert space determined
by the principal quantum number n.” This norm is defined by the sum

V= [inopdr =Y
tm

2
(9.33)

/ v_/nﬁm ¢d‘[

3Compare V. Fock, Foundations of Quantum Mechanics, Leningrad 1932 (Russian).

4A more detailed treatment of these problems is planned and will appear in the Phys. ZS.
d. Sowjetunion.

5G. Wentzel, ZS f. Phys. 58, 348, 1929; F. Bloch, Phys. Rev. 46, 674, 1934.

H. Bethe, Ann. d. Phys. 5, 325, 1930.

3. v. Neumann, Mathematische Grundlagen der Quantenmechanik. Berlin, J. Springer,
1932.
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The summation over £ usually poses great difficulties, especially when there
is an infinite summation (continuous spectrum). Although the introduction of
parabolic quantum numbers allows one to evaluate the sum in some cases, the
calculations are still very complicated.

In comparison, if one uses the transformation group of the Schrodinger
equation as well as the addition theorem (9.31) for the eigenfunctions, the
summation is easy to carry out; the whole summation (9.33) is easier to cal-
culate than one single term.

Our theory brings analogous simplifications to the calculation of the norm
of the projection of an operator L on the nth subspace, that is, to the evalua-
tion of the double sum

NL) = 33 [Fin Lnemdr | 9.34)

m O'm’

Expressions of the form (9.34) enter, for example, in the calculation of atom
form factors, where the operator L has the form

L=e%: Ly(p)=yp—* (9.35)

in momentum space. To evaluate (9.33) and (9.34) one uses the fact that
these expressions are independent of the choice of orthogonal system ¢,
on the subspace. An orthogonal substitution of the variables &, n, ¢, x (four-
dimensional rotation) introduces only a new orthogonal system, and so does
not change the values of the sums (9.33) and (9.34). This rotation can be
chosen so that the integrals in (9.33) and (9.34) simplify substantially or even
vanish.® Thus one can, for example, essentially decompose the operator L de-
fined by (9.35), which shifts the coordinate origin in momentum space, into
a product of four-dimensional rotations, a reflection and a change of scale
p — Ap. This last operation gives rise to a sum that is much easier to calcu-
late, as ¥ (Ap) has the same dependence on the angles 6 and ¢ (usual spherical
harmonics) as ¥ (p).

7. The projection P,¢ appearing in (9.33) of the function ¢ onto the subspace
n of the Hilbert space is equal to

D E ) (9.36)
tm

8In the expression (9.34) the 1,4, s and the ¥,,/,,,/’s can be replaced with two different
rotations.
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In momentum space the kernel of projection operator P, has the form

Pu (' 0) = Y Vntm () Vnem (p)- (9.37)
tm

Here we can express the 1,4, ’s in terms of four-dimensional spherical har-
monics via (9.7). Because of the dependence on the principal quantum num-
ber, we now denote the mean quadratic momentum py by p,. So we have,
instead of (9.7),

%pns/%pﬁ + 2D Yem (). (9.38)

Plugging (9.38) into (9.37) and using the addition theorem (9.31) one obtains

Woom (Ot, 0, ¢) =

8p> sin nw

., /’ n . - 9.39
1% (p p) + nz(p,% + p2)2(p’% + p/2)2 n sin w ( )

and in the special case p’ = p

8pon?
(0, I o S 9.40
Hence the integral
4:1/ p(p, p)p’dp = n® (©.41)
0

equals the dimension of the subspace.

8. The great success of Bohr’s model of Mendeleev’s periodic table of the
elements and the applicability of the Ritz formula for the energy levels show
that treating the electron in an atom as if it were in a Coulomb field is a
reasonable approximation.

It is therefore reasonable to consider the following model of the atom. The
electrons in the atom can be assigned to “large strata”: all electrons with prin-
cipal quantum number n belong to the nth large stratum. Now electrons in
the nth large stratum can be described only with hydrogen-like wave func-
tions with the nuclear charge Z,. Instead of Z, one can introduce the mean
quadratic momentum p,, related to Z,, by

Z, = npn% (a hydrogen radius). (9.42)

Under these assumptions one can calculate the energy of an atom as a func-
tion of the nuclear charge Z and the parameter p, and determine the value of
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pn from the minimum condition. Thus one can notice that under the given
assumptions, the wave functions of the electrons in a large stratum are indeed
orthogonal to one another, but not to the functions of another large stratum
[sic]. Therefore it is consistent to neglect the exchange energy between elec-
trons belonging to different large strata and to consider only the exchange
energy inside each large stratum.

This procedure yields very satisfying results when applied to atoms with
two large strata. For Na™ (Z = 11) one finds, e.g., (in atomic units):

p1=10.63; p, =345 (Z=11) 9.43)
and for AI™*" (Z = 13) one finds that
p1 =12.62; p, =445 (Z =13). (9.43%)

By this method one obtains a simple analytic expression for the shielding
potential. With the above values of p; and p, this expression is hardly dif-
ferent from Hartree’s “self-consistent field” calculated via incomparably dif-
ficult numerical techniques, and is even perhaps a bit more exact, as it lies
between the “self-consistent field” with and without exchange in the case of
the sodium atom.’

An analogous calculation went through for atoms with three large strata,
namely, for Cu™ (Z = 29) and for Zn*" (Z = 30). It gave

p1 =28.59; p,=10.64; p3 =547 (Z=29) (9.44)
p1 =29.59; p,=11.09; p3;=5.84 (Z =30). (9.44%)

The discrepancy between the shielding potential and the one calculated by
Hartree is a bit bigger for Cu™ (three strata) than for Na* and A" (two
strata), but the discrepancy does not surpass 1% of the entire value.

The exactness of the model proposed here seems — for atoms that are not
too heavy — to satisfy fairly high standards.

To the extent that our model holds true, one can use the sum of the ex-
pressions (9.39) in the case of the large strata of the atom on hand for the
density matrix of the atom in momentum space. But the knowledge of the
density matrix allows one — as Dirac!® especially has pointed out—to an-
swer all questions about the atom, in particular the calculation of the atom
form factors.

9Compa&re V. Fock and Mary Petrashen, Phys. ZS. d, Sowjetunion 6, 368, 1934.
10p A.M. Dirac, Proc. Cambr. Phil. Soc. 28, 240, 1931, Nr. IL
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As an example we cite here the atom form factor F, for the nth biggest
large stratum. In atomic units we have

F, = feie’tpn(t, vdrt =/pn(P7P — )(dp). (9.45)

If one plugs in the expression from (9.39), the integral is expressible in closed
form. Abbreviating

4 2 k2
x=Pn (9.46)
4p2 + k2
one obtains
1
Fy = Fy(x) = WT/n(x)(l +x)*{P'y(x) + Py 1 ()}, 9.47)
where T’, (x) denote the derivative of the Tschebyschef polynomial
T,(x) = cos(n arccos x) (9.48)

and P’,(x) denotes the derivative of the Legendre polynomial P,(x). For
k =0 wehave x = 1 and F, (1) = n°.

The sum of the expressions (9.40) over the large strata in the atom at hand
is proportional to the charge density in momentum space. One can compare
these quantities with the charge densities calculable from the Fermi-statistic
model of the atom from which one sees that the latter model is less exact. For
the atoms Ne (Z = 10) and Na™ (Z = 11) one finds a good agreement for
large p, while for small p (about p < 2 atomic units) the Fermi model gives
charge density values that are much too high.

In conclusion, remark that our method, which on application to atoms with
filled large strata yields exceptional simplifications, can probably be used as
a foundation for handling atoms with large strata that are not full.

9.3 Exercises

Exercise 9.1 Show that S, ! is given by the formula

1

(P1. P2, p3) > ———5 (2ap, 2ap), 2aps, o’ —|pP),
o +pl

where |p|* := p+pi+ p%. Check in particular that the image of a point p €

R3 under this function has length one in R*. Is S, a linear transformation? Is

S ! a linear transformation?
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Exercise 9.2 Show that

(1 — x4)a?
S, = ———
|Sq ()] T x
and
2 2
So = .
o + |8y (x)] T

Exercise 9.3 (For students of the Fourier transform) Calculate the Four-
ier transform of the Yukawa potential, e **! /| x|, where k > 0. Take a limit to
show that the Fourier transform of 1/|x| is 41 /| p|*.
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Projective Representations and Spin

Somewhere in the east: early morning: set off at dawn, travel round in front of
the sun, steal a day’s march on him. Keep it up for ever never grow a day older
technically.

— James Joyce, Ulysses [Joy, p. 57]

It is a bit of a lie to say, as we did in previous chapters, that complex scalar
product spaces are state spaces for quantum mechanical systems. Certainly
every nonzero vector in a complex scalar product space determines a quantum
mechanical state; however, the converse is not true. If two vectors differ only
by a phase factor, or if two vectors normalize to the same vector, then they will
determine the same physical state. This is one of the fundamental assumptions
of quantum mechanics. The quantum model we used in Chapters 2 through 9
ignored this subtlety. However, to understand spin we must face this issue.

10.1 Complex Projective Space

Mathematically, we collect the ambiguity of the phase factor into an equiv-
alence relation (see Definition 1.3 of Section 1.7). In the current section we
introduce the necessary equivalence relation and use it to define complex pro-
Jjective spaces. We acquaint ourselves in some detail with the complex pro-
jective space P(C?). Finally, we show that linear transformations survive the
equivalence.
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Suppose V is a complex scalar product space used in the study of a partic-
ular quantum mechanical system. (For example, consider V = L?(RR?), the
space used in the study of a mobile particle in R?.) If v and w are nonzero vec-
tors in V, and if there is a nonzero complex number A such that v = Aw, then
v and w correspond to the same state of the quantum system: since v = Aw,

we have
v Aw

ol Al flwll”

so the normalized vectors “—5” and ﬁ
complex scalar IATI of modulus one. So we define a physically natural equiva-
lence relation on V \ {0}: we say that v ~ w if and only if there is a (nonzero)
complex scalar A such that v = Aw. The proof that ~ is an equivalence rela-
tion is identical to the argument necessary to resolve Exercise 1.23. One can
think of the modulus |A| as the normalization factor and the directional part
A/|A| as the phase factor. Note that because A /|| lies on the unit circle, there

is an o € R such that

differ by a phase factor, namely the

A
2]
If we want to have a mathematical space in which each point corresponds

to exactly one state of the quantum mechanical system, we must construct a
space of equivalence classes.

i

Definition 10.1 Suppose V is a complex vector space. We define the projec-
tivization of V by
PWV):=V/~,

where ~ is the equivalence relation defined above.

The set P(V) is sometimes called the projective space over V, complex pro-
Jjective space or, simply, projective space.

The simplest interesting complex projective space is P(C?). Let us write
(co, c1) for an element of C. It is customary to denote the equivalence class
of (cop, ¢1) by [co:c1]. For example,

[:]=[1:—il=[2+i:1—-2i]={@{x, 1) e C*: 0 £ L1 €C}.

The colon in the middle might remind you of the old-fashioned division sign,
or ratio sign. The point is that whenever the ratios c¢;/cy and b, /by are equal
we have

by
—(co, ¢1) = (bo, by)
Co
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Figure 10.1. The drawstring approach to P(C?).

and hence [cy:c1] = [bg:b1]. In other words, the corresponding points in pro-
jective space are equal. Here by, by, ¢y and ¢ are all complex numbers. One
might be tempted to conclude that the projective space P(C?) is the set of all
possible ratios; but for a small technicality, one would be right. The techni-
cality is that although it is common practice to say that “1/0 = 00,” division
by zero is strictly illegal. In the rigorous mathematical treatment of projective
space, we call the point [0:1] the point at infinity. We accept the intuition of
thinking of [0:1] as infinite in some sense, but we also avoid the ambiguities
that an undefined “oc0” can create.

It turns out that P(C?) looks like the two-sphere S2. To see this, think of
P(C?) as C U {[0:1]}, i.e., as a set of ratios including the infinite ratio 1/0.
Loosely speaking, one can imagine the complex numbers C as an infinite
plane. Imagine sewing a drawstring into an infinitely large circle on the plane
and then tightening it to form a sphere that is missing one point, the point at
infinity. Put the point at infinity in and, voila, it’s a sphere. See Figure 10.1.

More precisely, we can use stereographic projection to find an injective,
surjective function from the projective space P(C?) to the sphere S2, via the
plane of ratios. Stereographic projection is a function F from the xy-plane in
R? into the unit sphere in R®. We define

2x 2y x24+yr—1

Fxy) =\ S o val 2r e :
x>ty +1 x*+y-+1 x*+y"+1

See Figure 10.2. Some properties stereographic projection are given in Ex-

ercise 10.5. In particular, the north pole (0,0, 1) is the only point omitted
from the image; i.e., it is the only point on the sphere that does not corre-

(10.1)
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- F()C, y)

- - (x y)
~

Figure 10.2. Stereographic projection. The formula for F(x, y) is given in Equation 10.1.

spond to a point on the plane. We saw above that except for [0:1], each point
[corc1] € P(C?) corresponds to the point ¢/cy € C, which corresponds to

the point
L[ Cl C1
(&) ()
Co Co

on the xy-plane. So the one-to-one correspondence between P(C?) and S? is

given by
1 1
lcv:er] > F (m <_) (_))
Co Co

[0:1] — (0,0, 1),

where F denotes stereographic projection. Note that [1:0] is the south pole
of the sphere, while [0:1] is the north pole. For a more explicit formula, see
Exercise 10.6.

The projective space P(C?) has many names. In mathematical texts it is of-
ten called one-dimensional complex projective space, denoted CP'. (Students
of complex differential geometry may recognize that the space P(C?) is one-
dimensional as a complex manifold: loosely speaking, this means that around
any point of P(C?) there is a neighborhood that looks like an open subset
of C, and these neighborhoods overlap in a reasonable way.) In physics the
space appears as the state space of a spin-1/2 particle. In computer science,
it is known as a qubit (pronounced “cue-bit”), for reasons we will explain in
Section 10.2. In this text we will use the name “qubit” because “CP'” has
mathematical connotations we wish to avoid.'

IThe most important of these connotations comes from complex geometry, where com-
plex conjugation is not a natural function on CP!. In quantum mechanics, however, complex
conjugation is a natural function. See Section 10.5.
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For each natural number 7, there is a projective space P(C"*!), also known
as CP". Each element of P(C"*!) is an equivalence class

[coicr -t cnl i={A(co, ¢ty oo ohn): 0 £ X € CY,

where ¢y, ¢y, ..., ¢, are complex numbers. We can think of a large portion of
these elements as a copy of C": if ¢y # 0, then we have

C1 Cn
[coccr i -l =[1i— -1 —].

€o €o
In other words, just as most of P(C?) corresponded to the complex plane
because we could think of each equivalence class (except for [0:1]) as a bona
fide ratio, each equivalence class in P(C"*!) with ¢y # 0 corresponds to an
n-tuple of ratios.

Can we extend our drawstring picture (Fig. 10.1) to an arbitrary P(C"*!)?
We visualized P(C?) as a sphere, constructed by taking a plane and adding a
point at infinity ([0:1]). For an arbitrary P(C"*!), there is more than just one
point with ¢y = 0. In fact, there is a whole P(C") worth of them, as the reader
may show in Exercise 10.4. In Section 10.4 we will see that P(C"*!) is the
state space for a particle of spin (n + 1)/2.

Whenever we consider a set of equivalence classes, it behooves us to ask
what survives the equivalence. Note what does not survive: if dim V > 2, the
set P(V) is not a complex vector space: addition does not descend. For any
element v € V \ {0}, there must be a w € V \ {0} such that the set {v, w}
is linearly independent, by the assumption on dimension. By the definition of
linear independence, it follows that for every ¢ € C we have

v+ w # c(v+ 2w).
In other words, while v ~ v and w ~ 2w, it is not true that v + w ~ v 4 2w.
Hence the sum “[v] 4+ [w]” is not well defined. Hence expressions such as
1
V2

which appear frequently in physics books, do not correspond to vector addi-
tion. In Section 10.3 we give a rigorous mathematical interpretation of such
expressions.

However, the notion of a linear subspace descends to projective space.

Definition 10.2 If W is a linear subspace of V, we define
(W] :={[w]: we W,w #0}.
Such a subset of P(V) is called a linear subspace of P(V) .

(1) +ily)).
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Note that the empty set (J is a linear subspace of P(V), since ¢ = [{0}].

Any invertible linear transformation of V descends to a function from P(V)
to itself that preserves subspaces. If the operator T were not invertible, there
would be a nonzero v such that Tv = 0, in which case [Tv] = ( is not an
element of P(V).

Proposition 10.1 Suppose T : V — V is an invertible linear operator. Then
a function [T]: P(V) — P(V) can be uniquely defined by requiring

[T][v] :=[Tv]

forall v € V such that v # 0. The function [T] is called the projectivization
of T. This function preserves linear subspaces, i.e., if [W] is an arbitrary
linear subspace of P(V), then the image of [W] under [T] is also a linear
subspace. Finally, a linear subspace W of V is an eigenspace of T for some
nonzero eigenvalue A if and only if [W] consists entirely of fixed points of [T ].

Proof. To show that [T'] is well defined, we must show that if [w] = [v], then
[Tw] = [Tv]. But [w] = [v] if and only if there is a nonzero complex scalar
¢ such that w = cv, in which case Tw = ¢T v and hence [Tw] = [T v].

Now let [W] denote an arbitrary linear subspace of P(V'). Then the image
of [W] under [T'] is the set

{I[Tw]: we W}=P({Tw: we W}).

Since T is a linear transformation, the image of W under T is a linear sub-
space of V, and hence the image of [W] under [7T] is a linear subspaces of
P(V).
Finally, if there is a complex number A 7 0 such that Tw = A, w for each
w € W, then
[T][w] = [Tw] = [Aw] = [w]

so [W] consists entirely of fixed points for [T']. On the other hand, suppose
[T]lw] = [w] for any vector w € W. Then for each w € W there is a
complex number A,, such that 7w = Aw. For any two linearly independent
vector wy, wr, € W we have

Awy4w, (W1 + w2) = T(wy + wr) = Ay, wi + Arwo,

and hence A, = Ay, 4w, = Ay,. It follows that every element of W is an
eigenvector for T with eigenvalue A, . O
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For example, consider the linear transformation 7': C?> — C? given by the

matrix
1 0
0 v )’

where « is real number. The projectivization [T] satisfies, for any [z0:z1] €
P(C?),

[T1([z0:z1]) = [z0:€"*z1].
Notice that both the north pole ([0:1]) and the south pole ([1:0]) are fixed
by [T']. This projectivization corresponds to the rotation of the two-sphere
around the vertical axis through an angle of «.

Not every linear-subspace-preserving function on projective space de-
scends from a complex linear operator. However, when we consider the uni-
tary structure in Section 10.3 we find an imperfect but still useful converse —
see Proposition 10.9.

At last, after several chapters of pretending that the state space of a quan-
tum system is linear, we can finally be honest. The state space of each quan-
tum system is a complex projective space. The reader may wish to review
Section 1.2 at this point to see that while we were truthful there, we omit-
ted to mention that unit vectors differing by a phase factor represent identical
states. (In mathematics, as in life, “truthful” and “honest” are not synonyms.)
In the next section, we apply our new insight to the spin state space of a
spin-1/2 particle.

10.2  The Qubit

In this section we introduce the space of spin states of a spin-1/2 particle,
such as an electron. In quantum computation (the investigation of comput-
ers whose basic states are quantum, not deterministic), this space of states
is called a qubit, pronounced ‘“cue-bit.” Just as a bit (a choice of 0 or 1) is
the smallest unit of information in a deterministic computer, a qubit is the
smallest unit of information in a quantum computer.

The usual presentation of a spin-1/2 particle starts with two physically dis-
tinguishable states. These states are usually labeled by kets, such as |[4+z) and
|—2z) (in physics texts) or |1) and |0) (in quantum computing texts). The name
and asymmetrical notation connote the right half of the complex scalar prod-
uct (also known as a bracket) used in descriptions of quantum systems, (-|-).
One posits that every quantum state can be written as a superposition of kets:

Ccy|4zZ) +c_|—2z), (10.2)
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Preferred axis
[ Spin
up
I P
beam of particles SG machine | ——
(various spin directions) Spin
down

Figure 10.3. A schematic picture of a Stern—Gerlach machine and a beam of spin-1/2 particles.

where c1 are complex numbers such that |c+|2 +le_*>=1.

There is a piece of laboratory equipment that can take in a beam of elec-
trons and put out two beams, one of electrons in the |+z) state and one of
electrons in the |—z) state. This machine is called a Stern—Gerlach machine.”
and depends on the reaction of a charged particle to a magnetic field that
decreases along one axis. Such a magnetic field is sometimes called a non-
homogeneous magnetic field. Thus a Stern—Gerlach machine has a preferred
axis; if one orients the machine so that the preferred axis is parallel to the
z-axis, the machine will split a beam of spin-1/2 particles into a beam of
spin-up (in the direction of the positive z-axis) particles and a beam of spin-
down (in the direction of the negative z-axis) particles. See Figure 10.3. The
condition on the coefficients in (10.2) comes from the physical interpretation
of the c: if one puts a beam of particles in the state given by (10.2) through a
Stern—Gerlach machine, the fraction of particles coming out in the |+z) state
is |c+|2, while the fraction of particles coming out in the |—z) state is le_|?.
The fact that every particle comes out in one or the other state means that the
sum of these two fractions should be 1. To put it another way, we must have
les > + |c_|* = 1, since the first summand is the probability that a particle
will come out spin up, the second summand is the probability that the particle
will come out spin down, and there are no other possible outcomes.

At this point it is useful to conduct a thought experiment. Consider a sys-
tem for which the only possible measurement is by a Stern—Gerlach machine
oriented along the z-axis. In other words, assume that once the probability
for coming out of the machine spin up is known, every physically predictable
feature of the state is known. Then the pair (c;,c_) € C? would contain
more information than is necessary. Only |c.|* and |c_|* would have physi-
cal meaning, and because of the condition |c+|2 + |c_|* = 1, even these two
real numbers are dependent. Thus the phase space of this hypothetical system

2For more about the physics of Stern—Gerlach machines, see the Feynman Lectures [FLS,
11-5].
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[+2) |+2)

[+2)

(a) (b)

Figure 10.4. (a) A hypothetical phase space. (b) Four copies of the hypothetical phase space,
glued together at the endpoints.

has one real dimension, and might be pictured as in Figure 10.4. We mention
this hypothetical phase space because it is often pictured in computer sci-
ence texts as a schematic drawing of a qubit. Caveat emptor! There is more
to be known about the spin state of an electron than just its probability for
emerging spin up from a z-axis Stern—Gerlach machine. For example, there
are many different states corresponding to probability 1/2 for a spin-up exit:
for example, both

1 1
ﬁ(H—z) + |—2) ) and 7
fit the bill, but these two states are physically distinguishable (Exercise 10.13).
In fact there is a whole circle’s worth of physically distinguishable points cor-
responding to this probability:

(I+z) +il—z))

1
—(1+2z) + 1 |-2)),

/2

for any A in the unit circle. Even in a quantum computation where the final
step of the algorithm involves measuring whether a particle is spin up or spin
down along the z-axis, there are intermediate steps involving interactions of
more than one particle, and these interactions constitute a more complicated
experiment whose outcome depends on more than just the probabilities for
z-axis spin measurements. The drawing in Figure 10.4 can be misleading,
since all but two points on the line stand for an infinite number of states of
the qubit.

In order to define the correct state space for a qubit, one must determine
the range of possible physical measurements. It turns out that one can pre-
dict the outcomes of experiments with Stern—Gerlach machines oriented any
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[1:0] = |+2)
|-y =[1:—i] [L:d] = |+y)
[0:1]= |-2)
Figure 10.5. The qubit, a.k.a., the state space for a spin-1/2 particle, otherwise known as

P(C?).

old way from the outcomes with machines oriented along the x-, y- and z-
axes. In other words, the spin state of a spin-1/2 particle is determined by the
probabilities associated to spin up vs. spin down along the three coordinate
axes.

The natural model for a spin-1/2 particle, a model that incorporates all
the possible spin experiments, is the projective space P(C?). We will wait
for Section 10.3 to describe precisely how to predict experimental results
from this model; in the meantime we hope the reader will be content with an
appealing picture. We set |[+z) := [0:1] and |—z) := [1:0]. In other words,
the north pole is the spin-up state for a Stern—Gerlach machine oriented along
the z-axis (i.e., the z-spin-up state), while the south pole is the z-spin-down
state. Next, set |[+x) := [1:1] and |—x) := [1: — 1]. These are the x-spin-up
and x-spin-down states, respectively, i.e., the up and down states for a Stern—
Gerlach machine oriented along the x-axis. Finally, set |[+y) := [1:i] and
|—y) := [1:—i]. These are the y-spin-up and y-spin-down states, respectively.
See Figure 10.5.

In this model, the probability of emerging spin up (resp., down) from a
Stern—Gerlach machine oriented along the z-axis is governed by the distance
from the point |+z) (resp., |—z)). For example, any point on the equator of the
sphere labels a state of the spin-1/2 particle that has equal probability of being
spin up or down along the z-axis. In particular, it is known experimentally that
a particle coming out of a x-axis Stern—Gerlach machine is just as likely to
be z-spin up as z-spin down after passing through a second Stern—Gerlach
machine oriented along the z-axis. This experimental fact is encoded in the
location of |[+x) and |—x): on the equator, equidistant from the points |+z)
and |—z).
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We can reconcile the spherical picture with Figure 10.4(a) by noting that
while the labeled points each refer to exactly one state of the qubit, each of
the unlabeled points corresponds to a whole circle’s worth of states, one circle
of constant latitude on the sphere P(C?).

If P(C?) is indeed the right model for a qubit, how is it related to expres-
sions such as (10.2)?7 What does the expression

co|—z) + ¢ |+z)

mean? In the standard physics-style presentation, one assumes that two super-
positions describe the same state if and only if they differ by overall multipli-
cation by a phase factor. In other words, if e’* is any phase, i.e., any complex
number of modulus one, then the two superpositions

ecy |+z) + e%c_ | —z)
et |+2z) + e |-z)

correspond to the same quantum state. However, if two superpositions are not
related by a phase, then they stand for two different states of the particle. The
nonuniqueness suggests an equivalence relation: define the symbol >~ by

(cx I42) + e |-2)) = (&4 |4+2) + - |-2))
if and only if there is a complex number A of modulus one such that
(577 5+) = ()\,C,, )"C+)'

(Denoting the phase factor by “A” instead of “e’®” is slightly cleaner nota-
tion.) The reader should verify that this is indeed an equivalence relation.
Thus the mathematical state space of the qubit implicit in the standard pre-
sentation is the set of all possible pairs (cy, c—) such that |c+|2 +le_P =1
modulo the equivalence relation ~~. Notice that the set of all satisfactory c’s
is just the unit three-sphere S* inside C2. Because the equivalence comes
from an action of the group T on this S°, we call the state space

S3/T.

In fact, the space S°/T suggested by the standard physics presentation is
the same® as P(C?). To prove this, consider the function h: S° — P(C?)

3 At this point the sophisticated reader will wonder what we mean by “the same.” As we
have seen, there are many different types of isomorphisms. To be precise, we should say that
we will construct a topological isomorphism, i.e., an injective, surjective continuous function
whose inverse is also continuous. We invite readers to show in Exercise 10.8 that the function
H and its inverse H ! are both continuous.
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defined by

h(cy,c-) :=[cqic_].
Notice that if (¢4, c_) =~ (¢4, c_), then h(cy,c_) = h(cy,c_). So h de-
scends to a function H on equivalence classes.

Let us show that the function H is injective. To this end, we suppose that
H(cy,c_) = H(by,b_) and argue that (c;,c_) >~ (by,b_). If H(cy,c_) =
H(by,b_) then [c.:c_] = [by:b_]. By the definition of P(C?), we know
that there is a complex number A such that (cy,c_) = (Aby, Ab_). Since
(cy,c), (by,b ) € S3, we know that

A2 = A2 (165 + 16-7) = les [P+ le- > = 1.

Since A has modulus one, it follows that (¢4, c_) ~ (b4, b_). So H is injec-
tive.

The function H: §3/T — P(C?) is surjective as well. Suppose [co : ¢;] is
an arbitrary element of P(C?), i.e., that (0, 0) # (co, ¢;) € C?. Set

Ai=+/lcol* +lei* # 0.

Then A~ !(co, c1) € S* and we have f(A~!(co, c1)) = [co:ci]. The image of
H is equal to the image of &, so H is surjective.

Since the function H : §3/T — P(C?) is well defined, injective and surjec-
tive, the sets §3/T and P(C?) are indeed equivalent. With the function H in
our bag of tools, we are free to consider the qubit either way: as the complex
projective space P(C?) or as superpositions c,. |[+z) + c¢_ |—z) modulo phase
factors. We will take advantage of this flexibility in the sections that follow,
often assuming without loss of generality that the entries in a point [cp:c]
satisfy |co|* + |e1]? = 1.

The reader familiar with the presentation of the state space of a spin-1/2
particle as §3/T (i.e., the set of normalized pairs of complex numbers modulo
a phase factor) may wonder why we even bother to introduce P(C?). One
reason is that complex projective spaces are familiar to many mathematicians;
in the interest of interdisciplinary communication, it is useful to know that
the state space of a spin-1/2 particle (and other spin particles, as we will
see in Section 10.4) are complex projective spaces. Another reason is that
in order to apply the powerful machinery of representation theory (including
eigenvalues and superposition), there must be a linear space somewhere in
the background; by considering a projective space, we make the role of the
linear space explicit. Finally, as we discuss in the next section, the effects of
the complex scalar product on a linear space linger usefully in the projective
space.
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10.3 Projective Hilbert Spaces

It is natural to ask which operations descend from V to P(V). Is P(V) a com-
plex vector space? Usually not. If V has a complex scalar product, does P(V)
have a complex scalar product? No. But, as we will see in this section, a com-
plex scalar product on V does endow P(V) with a useful notion of orthogo-
nality. Furthermore, using the complex scalar product on V we can measure
angles in P(V). At the end of the section we apply this new technology to the
qubit P(C?).
Physics books on quantum mechanics are full of expressions such as

1 i
I+y) = ﬁ|+z>+ﬁ| z).
If the kets label individual states, i.e., points in projective space, and if ad-
dition makes no sense in projective space, what could this addition mean?
The answer lies with the unitary structure (i.e., the complex scalar prod-
uct) on V and how it descends to P(V). If V models a quantum mechanical
system, then there is a complex scalar product (-, -) on V. Naively speak-
ing, the complex scalar product does not descend to an operation on P(V).
For example, if v,w € V \ {0} and (v, w) # 0 we have v ~ 2v but
(v, w) # 2 (v, w) = (2v, w). So the bracket is not well defined on equiv-
alence classes. Still, one important consequence of the bracket survives the
equivalence: orthogonality.
The notion of orthogonality descends to projective space.

Definition 10.3 Suppose V is a complex scalar product space. Two elements
[v], [w] € P(V) are orthogonal if (v, w) = 0.

Note that this definition does not depend on the choice of v and w inside their
equivalence classes. If (v, w) = 0, then for any ¥ ~ v and w ~ w we have
nonzero complex numbers ¢, and c,, such that

(U, W) = (cyv, cpw) = ey (v, w) =0.

So it does make sense to say that two equivalence classes, i.e., two points of
projective space, are orthogonal.
Now we can define an orthogonal basis of a projective space.

Definition 10.4 Suppose V is a complex scalar product space and P(V) is
its projectivization. An orthogonal basis of P(V) is a subset B C P(V) whose
members



312 10. Projective Representations and Spin

1. are mutually orthogonal, i.e., if by and b, are two distinct elements of
B then by and b, are orthogonal;

2. span 'V, ie, BL = @, i.e., no element of P(V) is orthogonal to every
element of B.

Physically, a basis for a quantum mechanical system is a list of mutually
exclusive states, a list long enough to capture all physically distinguishable
properties of the system. Mutual exclusivity is the physical meaning of mu-
tual orthogonality: if | (b}, b,)| = 0, then the probability that a particle in state
|b1) will be measured in state |b;) is zero. The spanning requirement of the
definition ensures that the list of states in the basis will be long enough. One
way to find a basis for a physical system is to consider a particular measure-
ment (say, spin up along the z-axis) and make a list of pure states for that
measurement, i.e., states that are certain to yield a given value when mea-
sured. (States that are not pure are called mixed states for the measurement.)
For the list of pure states to span, the measurement should be fine enough.
Trouble arises when one or more values of the measurement have multiplic-
ities, i.e., when there is more than one pure state corresponding to that value
of the energy. For example, the measurement of electron energy in the hy-
drogen atom has multiplicities, i.e., several different states can have the same
energy. One cannot distinguish between two different states of, for example,
a p-orbital (i.e., a three-dimensional orbital corresponding to the spherical
harmonics of degree one) by measuring energy. However, for any quantum
system, one can always find measurements without multiplicities.

For example, consider a particle of spin 1/2. We can build a basis of the
corresponding projective space by considering spin along the z-axis. There
are only two certain spin states, up and down. These are mutually exclusive:
if a particle is spin up, then it will not exit spin down from a z-axis Stern—
Gerlach machine, and vice versa. But is this set of states large enough? Do
either of these states have multiplicities? In other words, is there some mea-
surement that can distinguish between two pure spin-up particles, or between
two pure spin-down particles? The answer is no. As far as experiments have
been done, any two z-spin-up (resp., spin-down) spin-1/2 particles are abso-
lutely identical. So the list

{spin up, spin down}

is a basis the quantum model of a spin-1/2 particle.
Let us express this situation mathematically: the set {[1:0], [0:1]} (a.k.a.
{|-2), |+2z)}, ak.a. {|0), |1)}) is an orthogonal basis of IP(C?). First, because
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the equivalence class [1:0] contains the point (1, 0) € C? and [0:1] contains
the point (0, 1), the calculation ((1, 0), (0, 1)) = 0 shows that [1:0] and [0:1]
are mutually orthogonal. Second, every point of P(C?) is of the form [cy:c;]
for some nonzero (co, c;) € C2. If ¢y # 0, then [co:c;] is not orthogonal to
[1:0], since
((1,0), (co, c1)) = co # 0.

But if ¢o = O then, by the definition of projective space, ¢; # 0 and hence, by
a similar argument, [cy:c1] is not orthogonal to [0:1]. So {[1:0], [0:1]} spans
P(C?). Thus {[1:0], [0:1]} satisfies the criteria of Definition 10.4.

Orthogonality in P(C?) is quite different from Euclidean orthogonality
in three-space. In other words, although the projective space P(C?) can be
thought of as the sphere S2, as indicated in Figure 10.5, the two points [1:0]
and [0:1], which are orthogonal as elements of the projective space, corre-
spond to two points on the sphere that are antipodal, not orthogonal, in the
Euclidean sense.

Still, the right angles in Euclidean space do have meaning in our model.
The three standard axes in the R? in which the sphere sits correspond to three
different orthogonal bases of P(C?). Along the x-axis we have the two points
[1: & 1], corresponding to the two states |+x). Along the y-axis we have
the two points [1: & i], corresponding to the states |£y). Each of these pairs
of states forms an orthogonal basis for P(C?). The fact that the x-axis is at
right angles to the y-axis shows up in the fact that a particle in state |+x)
has probability 1/2 of emerging y-spin up from a Stern—Gerlach machine
oriented along the y-axis.

Furthermore, every state of a spin-1/2 system is the pure spin-up or -down
state for a Stern—Gerlach machine along some axis. We will not prove this
assertion, just as we did not prove that [1:1] corresponds to the positive
x-axis. But we can think of the sphere P(C?) as sitting inside the physical
three-space. See Figure 10.6. Then each point [cy:c;] on the sphere deter-
mines an axis, as well as a choice of positive direction along that axis. Parti-
cles exiting a Stern—Gerlach machine oriented along that axis will be either
spin up, i.e., in the state [cy:c;] or spin down, i.e., in the orthogonal state
[—cT:cil. In Exercise 10.7 we encourage the reader to show that [—c]:cj] is
the antipodal point to [cy:c;]. It follows that any pair of antipodal states (states
on the same straight line through the origin) are mutually exclusive.

A good model must allow the user to express the outcome of any exper-
iment (at least in theory). The only possible physical measurements of a
spin-1/2 particle boil down to finding the probability that a particle in any
given state will exit spin up from any given Stern—Gerlach machine. In other
words, we can orient our Stern—Gerlach machine any way we like, shoot a



314 10. Projective Representations and Spin

Z
[1:0] = |+2)
[-1:1]= |- x)
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X
[0:11=|-2)

Figure 10.6. A correspondence between directions in RR3 and the state space P(C?).

beam of particles in any known state through the machine, and count the
fraction exiting spin up (or, equivalently, the fraction exiting spin down).
For example, we might use one Stern—Gerlach machine oriented along the
z-axis to create a beam of z-spin-up particles and then send them through
a y-oriented Stern—Gerlach machine. Here is the calculation that predicts
the fraction of particles exiting y-spin up from the second Stern—Gerlach
machine: take any point (yo, y;) in the three-sphere S 3 inside C? such that
[yo:y1] = |+y). Likewise, take any point (zo, z;) in the three-sphere S in-
side C? such that [z¢:z;] = |+z). The fraction of particles exiting y-spin up
will be |{((yo, ¥1), (20, 2 )%, Note that this expression does not depend on
our choices of (yg, y1) and (zg, z1): different choices would have differed by
a phase factor, but because the phase factor has modulus one, it would not
affect the final answer. We choose (yg, y;) = %2(1, i) and (zo,z1) = (0, 1)
to find the probability

1 S
[tz o) <[
Note the importance of the normalization factor 1/ «/E: We could not have
used (1, i) because it does not lie in the sphere S°, and it would have given
a different answer. We can use this method to calculate any experimental
outcomes. See for example Exercise 10.10.

To emphasize the difference between the upstairs bracket (on V') and the
downstairs bracket (on P(V)), we define special notation for the downstairs
bracket.

2
=
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Definition 10.5 Suppose V is a complex scalar product space with complex
scalar product (-, -). We define the absolute bracket on the projective space

P(V) by
(1w | = ’<L w >': | (v, w) |

ol flw ol fwll”

We have chosen the notation to match the physicists’ convention. The reader
should check that the absolute bracket is well defined, i.e., that its value does
not depend on the choice of v and w in their respective equivalence classes.

The angle between two arbitrary points [co:ci] and [bg:b;] on the sphere
in Figure 10.6 determines the probability that a particle originally in the state
[bo:b1] will end up in the [cy:c1] state upon exiting a Stern—Gerlach machine
oriented along the axis corresponding to [co:c;]. This angle can be calculated
from the bracket.

Proposition 10.2 The angle 6 between two vectors A and B in the unit
sphere in R? satisfies

14 cosé

[([ao, ailllbo, biD)|* = o

where [ag:ai] and [by:b1] are the corresponding points in P(C?) (via stereo-
graphic projection).

In particular, two points [ag:a;] and [bg:b;] satisfy

=3

|([ao, a11l[bo. b1])

if and only if cos# = 0, i.e., if and only if the two corresponding points on
the unit sphere in R? are orthogonal as vectors in R.

Proof. The proof is by calculation. Without loss of generality, we may assume
that |ag|> + |a1]*> = |bo|* + |b1)*> = 1. By Exercise 10.6 we have explicit
formulas for the two corresponding points, and cos 6 is equal to their inner
product (a.k.a. dot product, a.k.a. real scalar product),

(2% (a5ar), 23(agar), lai|* — laol®) - (2R (Bib1), 23(bgbr), 1611 — |bol*)
= 4N (aja)R(bgb) + 43(aga)IBib1) + (lail* — laol?) (16117 — |bol?)
= 4N (agaibob}) + lai|* 1b11* + laol* 1bol* — laol? b1|* — lai]* |bol*

=2 |agbo + aibr|” — (1ao* + lai ) (1bol® + 1b1]?)

= 2 [{[ao, ar]l[bo, bi])[* — 1.
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We conclude that cos 8 = 2 |{[ag, a1]|[bg, b1]) |> — 1, from which the propo-
sition follows easily. O

As far as experiments have been done, the state of a spin-1/2 particle is
completely determined by its probabilities of exiting x-, y- and z-spin up
from Stern—Gerlach machines oriented along the coordinate axes. This fact is
consistent with the mathematical model for a qubit, as the following proposi-
tion shows.

Proposition 10.3 The point on the sphere S* C R? corresponding to
[co:c1] € P(C?) via stereographic projection is

2[([1:10leo, ar])|* = 1
2011, illleo, arl)|* — 1
20410, 1llco, a1 1)|* — 1
Conversely, the three absolute brackets
([0, 1l[co. ex )|, [{[1, lLco, e1])],

determine the point [cy:c1].

([1:i]l[co, c1]) |

k]

Once one visualizes the sphere and circles of constant angle from a given
point, it is intuitively clear that the three brackets should determine the point.
If you cannot conjure the sphere accurately in your imagination, try an orange
and a pen.

Proof. The coordinates of a point on the unit sphere in R? are
(cos By, cos By, cosb;),

where 6, denotes the angle between the radius from the origin to the point
in question and the positive x-axis, while the angles 6, and 6, are the angles
with the positive y- and z-axes, respectively. See Figure 10.7. Because [1:1]
lies on the positive x-axis, [1:i] lies on the positive y-axis and [0:1] lies on
the positive z-axis, it follows from Proposition 10.2 that

cos 6, = 2{[1:1]|[co:er])|* = 1;
cos 0y = 2|([L:illleco:er])|” — 1
cos 6, = 2|([0:11][co:e1 ]| — 1.

Because stereographic projection is an injective function, the point [cy:c;]
is completely determined by the three values of the angles, which in turn are
completely determined by the three absolute brackets. O
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Figure 10.7. The x-coordinate of the point p is cos 6.

Orthogonal bases can help us understand superpositions of kets. For exam-
ple, the superposition
c_|—z) +cq |+2z) .

is physicists’ notation for the element [c_:c,] in P(C?). To make sense of
superpositions, let us first consider expressions such as

(+z| +y),

which are common in physics textbooks. Can we make sense of such quan-
tities without the absolute value? For example, some might guess that the
bracket

(+zllcozer])

takes a value, namely c;. Others might guess that the value is determined only
up to multiplication by a phase factor. The truth is in between. It turns out that
the pair

(¢-2lleoier)), (+allcoery) (10.3)

is determined up to a phase factor. In other words, the magnitudes of
(+z|[co:c1]) and (—z|[co:c1]), as well as the phase difference between them,
are physically meaningful quantities. In other words, the pair in (10.3) is a
point in P(C?), namely

[(=zllco:c1]) = (+zllco:er])] = [coen].

The superposition notation makes the following calculations natural: up to an
overall phase (i.e., multiplying both equations by the same phase factor), we
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have

(—zl(c- |-2) + s |42) =c_(—z| —2) + ¢4 (2| +2) = c_,
(+z| (c- |-2) + ¢y |42) = c_ (+2| —2) + ¢4 (+2[ +2) = c,.

To put it another way, the expression c_ |—z) 4+ c |+2) is a list of normalized
coefficients for a ket in the orthogonal basis {|—z) , |[+Zz)}. These normalized
coefficients are unique up to an overall phase.

More generally, in any quantum mechanical system, any superposition of
mutually orthogonal kets can be interpreted as an expansion in an orthog-
onal basis. However, superpositions of nonorthogonal kets are meaningless.
Indeed, all of the ket superpositions given in the standard physics references
involve only mutually orthogonal kets.

In this section we have studied the shadow downstairs (in projective space)
of the complex scalar product upstairs (in the linear space). We have found
that although the scalar product itself does not descend, we can use it to define
angles and orthogonality. Up to a phase factor, we can expand kets in orthog-
onal bases. We will use this projective unitary structure to define projective
unitary representations and physical symmetries.

10.4 Projective Unitary Irreducible Representations
and Spin

In this section we define irreducible projective representations and find the
irreducible projective representations of SO (3). These turn out to correspond
to the different kinds of spin elementary particles can have, namely, 0, 1/2, 1,
3/2,....

We start by defining the projective unitary representations. Recall the uni-
tary group U (V) of a complex scalar product space V from Definition 4.2.
The following definition is an analog of Definition 4.11.

Definition 10.6 Suppose V is a complex scalar product space. The projective
unitary group of V is
PUV):=UV)/~,

where U (V) is the group of unitary operators from' V. — V and T) ~ T, if
and only if Ty Tzf1 is a scalar multiple of the identity.

Proposition 10.4 Suppose V is a complex scalar product space. Then the
projective unitary group PU (V') is indeed a group, with the multiplication of
equivalence classes that descends from the group multiplication on U (V).
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Proof. First we must check that the multiplication on ¢/ (V) descends to the
equivalence classes. That is, we must check that if 7,7, ' and 75T, ' are both
scalar multiples of the identity then so is 7} T3(7>T;)~'. Recalling that scalar
multiples of the identity commute with every element of I/ (V'), we find that

TTy(TT) ™ = T/(GT YT =TT, ' I,

which is the product of two scalar multiples of the identity and hence is a
scalar multiple of the identity. So multiplication is well defined on PU/ (V).
The identity element in PU{ (V) is the set of scalar multiples of the identity in
U (V). Finally, the group axioms (listed in Definition 4.1 follow easily from
the fact that ¢/ (V) is a group. O

Definition 10.7 Suppose G is a group and V is a complex scalar product
space. Then the triple (G, V, p) is called a projective unitary representation
if and only if p is a group homomorphism from G to PU (V).

Sometimes, to stress the distinction between unitary group representations
as defined in Chapter 4 and projective unitary representations, we will call
the former linear unitary representations. Any (linear) unitary representation
descends to a projective unitary representation. More specifically, suppose G
is a group, suppose V is complex scalar product space and suppose p: G —
U (V) is a (linear) unitary representation. Then we can define a projective
unitary representation p: G — P(V) by

p(g) == 1[p(@] e PUV).

Not every projective representation arises in such a simple way. For ex-
ample, set G := SO(3) and set V := C2. Recall the group homomorphism
®: SU2) - SO(3) defined in Section 4.3. Recall that this group homomor-
phism is two-to-one: if ®(U) = ®(U) € SOQB), then U = £U € SU(2),
so [U] = [U] € PU (C?). Hence for any element g € SO(3), we can set,
without ambiguity,

pi(g) :=[U] € BU(C?),

where U € SU(2) satisfies ®(U) = g. Note that pL: SO0Q3) - PU ((Cz).
We must show that p 1 is a group homomorphism. Fix any g1, g2 € SO(3)
and let Uy, U, € SU(2) be such that ®(U,) = g and ®(U,) = g,. Then
@ (U, U,) = g182, 80

r1(8182) = [U1Uz] = [Uil[U2] = p1(g1) 0 p1(82).
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So p ! is a projective unitary representation of SO(3). In fact, p1 is a bona
fide projective Lie group representation, i.e,. it is a differentiable function, as
we will show in Proposition 10.5. However, p1 does not descend from any
linear unitary representation of SU (2) (Exercise 10.20).

The representation p ! is called the spin-1/2 representation. It arises from
the rotation of three-dimensional physical space and its effect on the qubit.
In other words, experiments show that if two observers differ by a rotation
g, then their observations of states of the qubit differ by a projective unitary
transformation [U] such that ®(U) = g. For example, consider a rotation Xy
of angle 6 around the x-axis. By Exercise 4.38, we have

e 192
ngcb( 0 ei9/2)'

-i6)2
p1(Xg) = [( ¢ 0 iR )}

Physically, as an observer rotates around the x-axis, the corresponding equiv-
alence class in P(C?) rotates at one-half the speed of the observer. Rotat-
ing a vector at half speed would get us into trouble, for we need p 1 Xp) =
Pl (X5,). But our state is not a vector; it is an equivalence class of vectors.
Note that [¢g : ¢1] = [—co : —c1]. So

o= [(§ )] )]

The existence of spin-1/2 particles is evidence that the projective-space model
is correct. For a description of the relevant experiments with Stern—Gerlach
machines, see the Feynman Lectures [FLS, Vol. III, Chapter 6].

Notice that the representation p; is reminiscent of a push-forward repre-
sentation (see Section 5.6). It is inherently problematic to push forward along
a two-to-one function; however, because of the projective equivalence, the
push-forward turns out to be well defined in this case. We can use this trick
to define a whole family of projective representations of SO (3). These repre-
sentations arise in the study of spin angular momentum.

Not all particles are spin 1/2 like electrons and neutrinos. Some, such as pi-
ons, are spin-0 particles, some, such as photons, are spin-1 particles. We can
speak of the spin of aggregates of particles too: the silver atoms used by Stern
and Gerlach in their original experiments were spin 1/2 ([To, Section 1.1]); a
tennis ball is essentially spin 0. Note that the word “spin” here does not refer

Hence
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to any kind of turning in three-space, except for the hypothetical turning of
a hypothetical observer. You can certainly put topspin on a tennis ball, but
that tennis ball is still a spin-0 particle in the quantum-mechanical sense. The
topspin is an example of orbital spin. The word “spin” is used in quantum
mechanics because the mathematics reminded the discoverers of the mathe-
matics of angular momentum; one might even go so far as to say that “spin”
is a synonym for “representation of SO (3)”.

All the irreducible linear Lie group representations of SU (2) correspond
to spin representations of particles, i.e., to irreducible projective representa-
tions. The definition is quite natural.

Definition 10.8 Suppose G is a group, V is a complex scalar product space
and p: G — PU (V) is a projective unitary representation. We say that p is
irreducible if the only subspace W of V such that [W] is invariant under p is
V itself.

In other words, if p is irreducible and a subspace W # 0 of V satisfies
p(g@)([w]) e [W]forallg € G,then W = V.

From the irreducible (linear) representations of the Lie group SU(2) we
can construct a family of irreducible projective representations of the Lie
group SO(3). Recall the (linear) representations (SU (2), P", R,) (for n =
0,1,...) from Section 4.6. The projective unitary representation pz defined
in Proposition 10.5 corresponds to a particle of spin n/2.

Proposition 10.5 Suppose n is a nonnegative integer. Define a function py :
SO@3) — PU (P") by

p(g) == [R,(U)],
where U € SU (2) satisfies P(U) = g. Then py is an irreducible projective
unitary Lie group representation of SO (3).

Our proof uses some differential geometry from Appendix B. One can replace
the theory by a concrete calculation of the derivative of ®.

Proof. We saw in Section 10.4 that when n = 2 the function P is a well-
defined homomorphism despite the ambiguity in choice of U. The same ar-
gument works for arbitrary n, since [R,(—U)] = [(—1)"R,(U)] = [R,(U)]
for any U € SU (2) by Exercise 4.35.

Next we show that pz is a Lie group representation, i.e., that it is a differen-
tiable function from SO (3) to P/ (P"). To this end, consider Figure 10.8. By
Proposition 4.5 we know that @ is surjective. So given an arbitrary element
A € SO(3), there is an element g € SU (2) such that ®(g) = A. By Proposi-
tion B.1, we know that @ is a local diffeomorphism (Definition B.2). Hence
there is a neighborhood N of g such that ®|y has a differentiable inverse. By
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R
SUQ)—————U(P")

O T

n

SO(3) ——=—— PU(P")

Figure 10.8. A commutative diagram for the proof of Proposition 10.5.

hypothesis p is a Lie group representation, and hence it is differentiable. Fi-
nally, from Theorem B.3 we know that 7 is a differentiable function. Hence

the function .
=mopo (Cb‘ )
N N

is differentiable. So pu is differentiable at A. But A was arbitrary, so pz is
differentiable. Since py is also a group homomorphism, it must be a Lie group
homomorphism.

Finally, we must show that pz is irreducible. Suppose W 7 0 is an invari-
ant subspace of P invariant under pz. Then, for any w # 0 € W and any
g € SU(2) we have

Py

[Rn(g)w] = [Ry(&)][w] € [W].

Hence R, (g)w € W, so W is invariant under R,. But R, is an irreducible
representation. So W = V. We have shown that py is irreducible. O

It is customary to think of the projective vector space of the spin-n/2 rep-
resentation as P(C"*') instead of P”. In a sense, this is a distinction without
a difference, as the two vector spaces are isomorphic, and it is possible to
choose an isomorphism that preserves the complex scalar product. See Exer-
cise 10.21.

It is useful to know that these spin representations have no multiplici-
ties. Recall from Proposition 10.1 that multiplicities of eigenvalues on linear
spaces correspond to dimensions of linear subspaces of fixed points of the
projectivization. For example, the points {[1 : 0], [0 : 1]} are the only fixed
points of p ! (Xy) (for 6 ¢ mZ). They form a basis of P(C?). Similarly, in
any spin representation the eigenstates of rotations around any one axis have
isolated fixed points that form a basis for the state space.

Particles of integer spin (e.g., spin 1 or spin 0) are called bosons. Particles
with half-integer spin (e.g., 1/2, or 3/2) are fermions. The fact that wave func-
tions differing by a phase factor label the same physical state of the particle



10.5. Physical Symmetries 323

makes fermions possible. Bosons and fermions behave very differently. For
example, the Pauli exclusion principle applies only to fermions. On the other
hand, a curious phenomenon in photon emission is due to the bosonic nature
of the photon: the probability that an atom will emit a photon in a particular
state increases if there are already photons in that particular state. See the
Feynman Lectures [FLS, II1.15].

It is natural to wonder whether we have missed any irreducible projec-
tive unitary representations of SO (3). Are there any others besides those that
come from irreducible linear representations? The answer is no.

Proposition 10.6 The irreducible projective unitary representations of the
Lie group SO (3) are in one-to-one correspondence with the irreducible (lin-
ear) unitary representations of the Lie group SU (2).

The proof, which requires a knowledge of differential geometry beyond the
prerequisites of the text, is in Appendix B.

The results of this section are another confirmation of the philosophy
spelled out in Section 6.2. We expect that the irreducible representations of
the symmetry group determined by equivalent observers should correspond to
the elementary systems. In fact, the experimentally observed spin properties
of elementary particles correspond to irreducible projective unitary represen-
tations of the Lie group SO (3). Once again, we see that representation theory
makes a testable physical prediction.

10.5 Physical Symmetries

In Section 10.4 we studied projective unitary representations, important
because they are symmetries of quantum systems. It is natural to wonder
whether projective unitary symmetries are the only symmetries of quantum
systems. In this section, we will show that complex conjugation, while not
projective unitary, is a physical symmetry, i.e., it preserves all the physically
relevant quantities. The good news is that complex conjugation is essentially
the only physical symmetry we missed. More precisely, each physical sym-
metry is either projective unitary or it is the composition of a projective uni-
tary symmetry with complex conjugation. This result (Proposition 10.10) is
known as Wigner’s theorem on quantum mechanical symmetries. The original
proof can be found in the appendix to Chapter 20 in Wigner’s book [Wi].
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In this section we will freely interchange row and column vectors. To be

precise, the expression
<0
L\ 21

denotes the element [z, : z;] € P(C?). For example, we have

(3 2) (2 )-[( 2)] -t

A symmetry of a quantum system, also known as a physical symmetry, is a
function from P(V') to P(V) that preserves the absolute bracket |(-|-)].

Definition 10.9 Suppose V is a complex vector space with a complex scalar
product {-, -). A function S: P(V) — P(V) is a physical symmetry of P(V)
if for every [v], [w] in P(V) we have

[(lllw])] = [(STeDISTwD) |-

It follows easily from the definition that the composition of two physical sym-
metries is a physical symmetry and that every physical symmetry is injective
(see Exercise 10.24).

As a first example, consider the state space of the qubit, P(C?). Let « be
any real number. Then the function

Zy: P(CH — P(C?
[20 : 211 = [20 : €“21]

is well defined and, for any [z : z;] and [Z : Z;] we have (assuming without
loss of generality that |zo|? + 211> = |20]* + Z1]* = 1)
. a2 ~ -2 ~ ; fa~ | |2
[([z0 = 21]l[Z0 : 21| = | 2620 + 2iZ1]” = | 2520 + (€"21)"(*Z)))|
- - 2
= |(Za(lz0 : 21D1Za([Z0 = Z1D)| "

The function Z, preserves the absolute value of the bracket and hence Z, is
a physical symmetry of the state space. This transformation corresponds to
rotating the sphere in Figure 10.6 through an angle of « around the vertical
axis (Exercise 10.16). The function Z, descends from a linear transformation

on C?, namely,
1
=3 2)(3)]
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for any (zg, z1) € C%.
Complex conjugation is another physical symmetry of the qubit.* We will
find the following nomenclature useful.

Definition 10.10 Suppose n is a natural number. The function

7:C"—= C"
U1 Uy
. . :
U, vk

is called the conjugation function on C”".

The function T descends to equivalence classes in P(C"), so in particular we
can write

7 P(C?) = P(C?
[zo0 : z1] = [z : 7]

For any [zo : z;] and [Zo : Z1] we have (assuming without loss of generality
that |20l + |z11* = Zol* + 211> = 1)

(20 : z111[Z0 : Zl])|2 = |z%0 +ZT21}2 = |z0Zf + zli’f)|2

= |(lz§ : 2} 1IIZ5 E’f])|2 = [(z([z0 : z1DI7([Z0 : 21])>|2-
So the function t preserves the absolute value of the bracket and hence com-
plex conjugation is a physical symmetry of the state space. This transfor-
mation corresponds to reflecting the sphere in Figure 10.6 in the xz-plane
(Exercise 10.16). Complex conjugation does not descend from a (complex)
linear transformation; however, we have

©([z0, z1]) = [( (1) (1) ) ( i(}: )]
1

for any (zo, z1) € C%.
The first result in this section is a useful tool in uniqueness arguments.

4Students of complex geometry should note that complex conjugation is not an automor-
phism of PP(C2), which has a natural complex structure inherited from C2.
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Proposition 10.7 Suppose S is a physical symmetry of the qubit such that

S(1:1D =1[1:1],
S(1:i]) =[1:i],
S([0:1) =1[0:1].

Then S is the identity, i.e., for every [co : ¢i] € P(C?) we have
S([eo : e1]) = [co : 1]

Proof. Consider an arbitrary point [c( : ¢;] € P(C?). Because S is a physical
symmetry and S fixes [1 : 1], we have

[([1: 1118 co : e1DY| = (ST = IDIS (Lo = er]))| = [{[1 = Ullco = e1])].

Similarly, we have

1= ilS o : i)
1= i1IS o : erD)

(0= Nlleo = enl)],
([1: lfeo : )]

But by Proposition 10.2, these three brackets determine a point in P(C?).
Hence S([cq : ¢1]) = [¢p : c1]. O

The next proposition classifies the physical symmetries of the qubit. As
promised in the introduction to this section, these symmetries consist of the
projective unitary symmetries (rotations) and compositions of projective uni-
tary symmetries with complex conjugation (reflections). It follows easily
from Proposition 10.1 that for any unitary operator 7 € U (C?) both [v] >
[Tv] and [v] — [T(Mv — iJv)] are well-defined physical symmetries of
P(C?). In fact, every physical symmetry of the qubit is of this form.

Proposition 10.8 Suppose S: P(C?) — P(C?) preserves |(-, -)|. Then there
is an element T of U ((CZ), i.e, there is a two-by-two unitary matrix T and a
function k : C* — C2?, equal either to the identity or the conjugation function,
such that

Svl = [Tk ()]

for any v € C?. The function « is unique, and the unitary matrix T is unique
up to multiplication by a complex number of modulus one.

It follows from this proposition that every physical symmetry of the qubit is
surjective.
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+iA

—iA

A
Figure 10.9. If A, 1 € T and u*A € T is pure imaginary, then p = %iA.

Proof. First we show that any physical symmetry fixing the north pole
[0 : 1] is of the desired form. Then we extend the result to arbitrary phys-
ical symmetries.

Suppose S is a physical symmetry of P(C?) such that S([0 : 1]) = [0 : 1].
Then by the injectivity of S (Exercise 10.24) we have S([1: 1] A [0 : 1]. So
there is a complex number A such that S([1 : 1]) = [1 : A]. Because S is a
physical symmetry we have

|Al?
14 A

and hence |A| = 1. A similar argument shows that we can write S([1 : i]) =
[1: ] with || = 1. Then we must also have

1
P = [0 11,111 =

= [([0: 1], [1:4]) X

11+ w*al?
4

and hence p*A must be pure imaginary. It follows that © = %i A, i.e., we have
S([1:i]) =[1: %xiA]. See Figure 10.9. We take two cases.
In the first case, © = i A, consider the unitary 2 x 2 matrix

(4 9)

and define a function S := [T~!] 0 S. Note that
SA0: 1) =[T""1o8q0: 1) =[T711([0: 1)) =[0: A*] =[0: 1]
3([1 1) = [Tﬁl] oS([1:1]) = [Tﬁl]([l A =[1:A"A]=[1:1]
S :iD) = [T NoS(1:i]) = [T~ (1 :ir] =[1:r%A] =[1:1i].

1
= [0 A = (i ) = 5
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By Proposition 10.7, the physical symmetry function S must be the identity.
Hence S = [T].

In the second case we have © = —iA. In this case define S by S [z0: 1] :=
Slzg : z7]. Then S, the composition of two physical symmetries, is itself a
physical symmetry. Furthermore, S fixes [0 : 1], while

S1:1D)=1[1:2] and S(1:i])=[1:ixr].

Hence, by the first case, S = [T], where

T:=((1) g)

It follows that S[v] = [T« (v)] forall v € V, where x denotes the conjugation
function.

The last task in the proof of the first statement is to generalize to an arbi-
trary physical symmetry S. Set [co : ¢;] := S([0 : 1]), where we assume
without loss of generality that lcol? 4 |e1|> = 1. Consider the unitary matrix

1 —Co
U := ( o ot )
0 1

Then [U] o S([0: 1]) = [0 : 1], so we can apply the first part of the proof to
find a unitary linear transformation T such that [U]oS(v) = [Tx(v)] for all
v € C?, where « is either the identity function or the conjugation function.
Set7T := UT.Then T is unitary and we have S(v) = [T« (v)], as required.

Finally, we must show that « is unique and 7 is unique up to multiplica-
tion by a scalar of modulus one. Suppose Ti, k; and T, k; both satisfy the
requirements of the proposition. We must show that x; = «; and there is a
real number 6 such that 7 = ¢! T,. We know that for any element v € C? we
have [Tk (v)] = [Tak2(v)]. Applying the physical symmetry [Tl_l] to both
sides we find that

L ()] = [T} Taka (0)].

Now if v € R? C C?, then k; (v) = k(v) = v. So for every v € R? we have
[v] = [T ' Tov]

and hence there is a complex number ¢ such that T1_1 T, = cI. Because both
T, and T, are unitary, we have

lc|* = |det(cD)| = |det(T; ' )| = 1,
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so |c| = 1. So the matrices 77 and 75 are equal, up to multiplication by a
complex number of modulus one. Thus for any v € C? (not necessarily real)
we have [v] = [k 1/cz(v)], which implies that x; = ;. We have shown
that given a physical symmetry S, the unitary operator T is unique up to
multiplication by a scalar of modulus one, and « is unique. O

To extend this result to projective space of arbitrary finite dimension we
will need the technical proposition below. Since addition does not descend to
projective space, it makes no sense to talk of linear maps from one projec-
tive space to another. Yet something of linearity survives in projective space:
subspaces, as we saw in Proposition 10.1. The next step toward our classifi-
cation is to show that physical symmetries preserve finite-dimensional linear
subspaces and their dimensions.

Proposition 10.9 Suppose U and V are complex scalar product spaces and
S: P(U) — P(V) preserves the absolute value of the bracket. Suppose U is
finite-dimensional. There is a linear subspace Vs of V such that [Vs] is the
image of [U) under S. Furthermore, dim Vs = dim U.

Proof. Setn := (dimU) — 1, sodim U = n + 1. We proceed by induction on
n. The case n = O is trivial: set Vs := S([u]) for any u in the one-dimensional
space U.

The case n = 1 will help us with the inductive step. Choose an orthonormal
basis {ug, u;} of U. For j = 0, 1, define v; € V to be a vector of length
one such that [v;] = S([u;]). Let Vs denote the subspace of V spanned by
{vo, v1}. Note that {vg, v;} is an orthonormal basis of Vs. We will show that
[Vs] is the image of [U] under S.

First we show that the image of [U] under S lies inside [Vs]. Let u be an
arbitrary element of U and let v be a vector of length one (||v] = 1) such
that [v] = S([u]). Since Vg is finite-dimensional, the orthogonal projection
IT, := IIy. onto the subspace VSL perpendicular to Vs exists, by Proposi-
tion 3.5. Since {ug, u;} and {vg, v,} are orthonormal bases, we have

(v, T )* =1 — [{vo, v)|* — [{vy, v)]?

=1 — [(SuoDISTuD)* — {S[uiDIS[uD)|?

=1 — [{[uol|[u])[* — [{[u1]|[u])*
=0.

Hence IT, v = 0, so S([u]) € [Vs]. Since u was an arbitrary element of U, it
follows that the image of U under S is a subset of [Vs].
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Next we show that [ Vs] lies inside the image of [U] under S. Since Vs is
two-dimensional, there is a function f: [Vs] — P(C?), defined by

f 1 [covo + c1v1] = [co @ c1].
Similarly, there is a function g: P(C?) — [U] defined by
g: [co i c1] = [coug + cruq].

Since {ug, u1} and {vg, v} are orthonormal bases, both these functions are
injective and preserve absolute values of brackets. Therefore the function f o
S o g: P(C* — P(C?) preserves absolute values of brackets. Since the
image of S o g lies in the domain of f, the domain of f oS o g is all of P(C?).
Hence f o S o g is a physical symmetry of the qubit. By Proposition 10.8,
the physical symmetry f o S o g is surjective. Hence S must be surjective
onto the domain of f, namely, [Vs]. In particular, [Vs] lies inside the image
of [U] under S.

Putting our two results together, we conclude that [Vs] is the image of U
under S. This proves the proposition in the special case dim U = 2.

Finally, we must prove the inductive step. Suppose n > 2, suppose
dimU = n + 1, and suppose that the statement is known to be true for
subspaces of dimension n and fewer. Fix any uy € U such that ||ug| = 1.
Then the subspace [uo]* of U has dimension n. By the inductive hypothesis,
there is a subspace V, of V such that [V}] is the image of [up]* under S and
dim Vi, = n. Choose vy € V such that [vg] = S([ug]). Set

Vs := Vo @ [wol.

By definition, this Vs is a linear subspace of V. Since S preserves brackets,
v is orthogonal to Vjy. Hence

dimVs=n+1=dimU.

Let us show that for any u € U we have S([u]) € [Vs]. If u is a scalar
multiple of ug, then the proof is trivial: S([u]) = S([uo]l) = [vo] € Vs.
Similarly, if u € [ug]*, then the proof is trivial. So assume u is neither a scalar
multiple of u#( nor an element of [uo]*. Then we can write u = x¢+ x,, where
0 # xo € [ug] and 0 # x; € [ug]*. Let X denote the subspace of U spanned
by {xo, x1}. Note that because X is two-dimensional, we know that the image
of X under S is a two-dimensional subspace of V. Furthermore, this two-
dimensional image space is spanned by the two distinct lines S([xo]) = [vo]



10.5. Physical Symmetries 331

and S([x;]) C Vi. Hence the image of X is a subspace of of Vs = Vy @ [vo].
In particular, since u € X we find S([u]) € [Vs]. So the image of [U] under
S is a subset of [Vs].

To finish the inductive step, let us show that for any v € Vs thereisau € U
such that S([u]) = v. If either v € [vg] or v € Vj, then the conclusion holds,
either because S([up]) = [v] or by induction. So assume v ¢ [vg] and v ¢ V.
Then we can write v = wy + w;, where 0 #= wy € [vg] and 0 # w; € V.
Now S([ug]l) = [wo] and, by induction, there is a u; € [uo]* such that
S([u1]) = [w]. Consider the two-dimensional subspace of U spanned by
the set {ug, u;} and the image of that set under S. The image is of the form
[W] for some two-dimensional subspace W of V. Since both wy, w; € W,
we have v € W. Hence by the special case n = 2, there must be an element
u in the span of {ug, u,} satisfying S([u]) = [v]. Note that [u] € [U]. Thus
[Vs] is a subset of the image of [U] under S.

Thus by construction dim Vs = dim U, and we have shown that [ Vs] is the
image of [U] under S. This completes the inductive step and the proof. O

With Proposition 10.8 and the technical result Proposition 10.9 in hand, we
are ready to classify the physical symmetries of complex projective spaces of
arbitrary finite dimension.

Proposition 10.10 Suppose n is a natural number and (-, -) is the standard
complex scalar product on C". Suppose S: P(C") — P(C") is a physical
symmetry. Then there is a unitary operator T : C" — C" and a function «,
equal to either the identity or the conjugation function, such that

S[v] = [Tk (v)]

forany v € C". The function k is unique, and the unitary operator T is unique
up to scalar multiplication by a complex number of modulus one.

Proof. We proceed by induction on n. For the base case (n = 1), consider
P(C). By Exercise 10.1, P(C) consists of a single point. So & must be the
identity function, in which case the desired unitary transformation of V is the
identity linear operator (or any modulus-one complex multiple of the identity
operator) and the function « is the identity.

The next case (n = 2) is the content of Proposition 10.8.

For the inductive step, fix a natural number n > 2. Suppose that the propo-
sition is known for all C* with k < n. Suppose S: P(C"*!) — P(C"*!) is
a physical symmetry. We must find a function « and a unitary transforma-
tion T satisfying the conclusion of the proposition and show uniqueness up
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A €n

)%
=

E,

Figure 10.10. The vector e, is orthogonal to the subspace Ej, in the complex scalar product
space C".

to scalar multiplication of 7. We first consider a special case and then deduce
the general case.

Define
0
e, =]+ | eCt!
0
1
Vo
E, = | 3 eC"™:vi= (vg, ..., v,-1) €C"
Up—1
0

Note that E, = e;-, as illustrated in Figure 10.10.

Consider the special case where S([e,,]) = [e,] and S([v]) = [v] for every
v € E,. We will show that S has the form given in Equation 10.4 below. Fix
any element v € E, such that [v] # [v*] and consider the two-dimensional
subspace V of C"*! spanned by v and e,. By Proposition 10.9, the image of
this subspace under S is a two-dimensional subspace. Because of our special
assumptions on S, this subspace must contain both v and e,,. Hence the image
of V under S is V. By Proposition 10.8, the restriction of S to the set V de-
scends from a unitary operator (possibly preceded by complex conjugation).
In other words, there is a function «,, equal either to the identity function
or the conjugation function, and a 2 x 2 unitary matrix M, : C*> — C? (de-
termined up to a scalar multiple) such that for any (co, c;) € C?> we have
S([cov + cre,]) = [cov + C1e,], where ¢y and ¢, are defined by

(Cjo)::MUKU(C()).
C1 C1

Since the function S fixes the points [v] and [e,], the matrix M, must be
diagonal; because M, is unitary and unique up to constant multiplication,
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there must be a real number 6, € [0, 277) such that
Vico : c1] € P(C?), S(lcov + cren]) = [, (co)v + € kcy (cr)ey].

We will show that every «, must be the identity, and that we can make
one choice of 6 that works for all choices of v # 0. This will establish the
conclusion of the proposition in the special case of a function S fixing [e,]
and every element of [E,,].

Consider any two linearly independent elements v, v € E,. Then, for any
nonzero scalars a and a we have

S([v +ae,)) = [v+ ek, (a)e,],
S([0 + de, ) = [v + €%k (@)e,].

Now we let W denote the two-dimensional subspace of C"*! spanned by
{v+ ae,, v+ ae,}. It is useful to consider the vector

Wy z:=av—av=a(v+ae,) —al®+ae,) € E,NW.

Because S preserves linear subspaces and dimensions (by Proposition 10.9),
the image X of W under S is two-dimensional and is spanned by the lines
S([v + ae,]) and S([v + ae,]). Hence, the line S([w, z]) = [wq.a], which
lies in E,, must also lie in the subspace X. Since a # 0, the subspace X
does not lie entirely in E,; hence the two-dimensional subspace X must in-
tersect the n-dimensional subspace E, in a one-dimensional subspace. The
intersection must be the subspace [w, ;]; on the other hand, we can calcu-
late the intersection explicitly from the basis of X. Since v and v are linearly
independent, we can construct a nonzero element of E,, N X:

X 3%k (@) (v + ek (@)e,) — ey (a) (@ + iz (a)en)
= '@ — e i (a)D € E,.

Since this vector and the vector w, ; both lie in the one-dimensional set E, N
X we find that
e kg(@) — ek, (a)D] = [wa.q] = [av — ab).

Since v and v are linearly independent and a, a are arbitrary nonzero scalars,
it follows that for any nonzero a, a € C we have

[a: —a] = [%k;@@) 1 —ePky(a)].
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For any real number a, a we have «;(a) = a and «x,(a) = a, so we conclude

that ¢/® = ¢'%. Because 6,, 05 € [0, 27), it follows that 6, = 6;. Further-

more, if we set a := 1 and a := i we find that

oty = < 4

K,(1) a

Hence «; is the identity; similarly, we can show that k, is the identity. Thus

there is one value of 6 such that for all nonzero v € E, and all [cy, 1] €
P(C?) we have

S(lcov + cre,]) = [cov + cre].

In other words, for any z € C"*! we have

1 0 0 --- 0
o 1 0 --- 0
Slz] = : : z|. (10.4)
O -~ 0 1 O
[ \0 -~ 0 O e'? 1

Note that the matrix in this formula is unitary. This completes the proof in the
special case where S fixed the point [e,] and every element of [E,,].

Now we must prove the general case. Let vy denote a length-one vector
in S([e,]). Because vy is of unit length, it is possible to construct a unitary
transformation T, on C"*! such that Tovy = e,. Then [T,] o S is a physical
symmetry fixing [e,]. Hence [Tp] o S also takes points in [E,] to (possibly
different) points in [ E,]. By induction, there is a unitary operator M,,: E, —
E, and a function «,, equal to the identity or to conjugation, such that for
every [v] € E, we have

[To] o S([v]) = [Mykn(v)].

Let T;: C"*! — C"*! denote the unitary transformation that agrees with M,
on E, and that takes e, to itself. Then the physical symmetry

ki 0 [T 1o [Tyl oS

satisfies the hypotheses of the special case above. So there is a unitary op-
erator T»: C"*! — C"*! such that «, o [Tl_l] o [To] o S([v]) = [Trv] for
all v € C"*!. But then S([v]) = [Ty ' T1 Tak (v)] for all v € C"*!. In other
words, the first conclusion of the theorem is satisfied for T := T~ ' 7} T» and
K = Ky.

The proof that ¥ and T are unique up to multiplication of T by a scalar of
modulus one is exactly the same as in the proof of Proposition 10.8. O
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In this section we have classified the physical symmetries of a finite-dimen-
sional quantum system. Half of these symmetries are projective unitary trans-
formations; the other half are projective unitary transformations preceded by
complex conjugation. This result means that by studying projective unitary
transformations and complex conjugation, one can understand all physical
symmetries.

10.6 Exercises

Exercise 10.1 (Used in Proposition 10.10) Ler 0 denote the zero-dimen-
sional vector space. Is P(0) a vector space? Is P(C) a vector space? What is
the cardinality of these two sets, i.e., how many points do they have?

Exercise 10.2 (For students of differential geometry) Show that for any
natural number n, the set P(C"*') is a real manifold of dimension 2n.

Exercise 10.3 Suppose V is a complex vector space and [A] and [B] are
projective linear operators on P(V). Show that [A] o [B] = [AB].

Exercise 10.4 Consider the function f: C* — P(C"*!) defined by
fleryoooyen)i=[1icy:--- eyl
Find a natural injective function from P(C") onto
P(C"*1)\ {Image f},
i.e., onto the points at infinity.

Exercise 10.5 Show that Equation 10.1 corresponds to the picture in Fig-
ure 10.2. In other words, show that for any (x, y), the points (1,0,0), (x,y,0)
and F(x, y) are collinear and || F (x, y)|| = 1. Show that F is injective and
that its image is S* \ {(0, 0, 1)}.

Exercise 10.6 (Used in Proposition 10.2) Show that stereographic projec-
tion (the correspondence between P(C?) and the unit sphere in R? defined
in Section 10.1) is given by

(co:ei] s 2R (cyen) 23(cger)  lerl* = leol?
* 1 ) ) .
ler)? + leol? ler* + leol* ler|* + leol?

Show that this function is injective.
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Exercise 10.7 (Used in Sections 10.3 and 11.2) Suppose [cy:c1] is a point
on P(C?). Let p denote the corresponding point on the two-sphere in R>.
Show that the antipodal point to p (i.e., the point that lies on the opposite
end of the diameter containing p and the center of the sphere) corresponds
to [—cy:cil. Show that

{[co:c1], [—cicpl}
is an orthonormal basis of P(C?).

Exercise 10.8 (For students of topology) Consider the topology on S*/T
inherited from the Euclidean topology on S° and the topology on P(C?) in-
herited from the norm topology on C?. Show that the function F defined in
Section 10.2 and its inverse F~' are both continuous functions with respect
to these topologies.

Exercise 10.9 Suppose V is a complex scalar product space and v, w € V.
Show that [v] = [w] € P(V) if and only if |([v]|[w]) |2 =1

Exercise 10.10 Consider a particle in the state [2 + i:1] € P(C?). Find its
probability of exiting z-spin up from a Stern—Gerlach machine oriented along
the z-axis. Find its probability of exiting y-spin up from a Stern—Gerlach
machine oriented along the y-axis. Find its probability of exiting x-spin up
from a Stern—Gerlach machine oriented along the x-axis.

Find the same three probabilities for an arbitrary point [cy, c¢;] € P(C?).

Exercise 10.11 Consider the ket |¢) := \/% (|+z) + |+x)). Evaluate:

(+x]9), {(+yl®) . (+zl9).

Exercise 10.12 Consider the kets of a spin-1/2 system. Any ket c, |+z) +
c_ |—2z) can be expressed in terms of the x-axis basis. That is, there are com-
plex numbers by and b_ such that ¢, |4+z) + c_ |—z) and by |+X) + b_ |—X)
designate the same state. Is the function from P(C?) to P(C?) taking [c,:c_]
to [bo:b_] a projective linear transformation? (Compare Exercise 2.16.)

Exercise 10.13 Design an experiment with a Stern—Gerlach machine to dis-

tinguish these two states:

1 1
7 |+z) + 7 |—z)

1 i
E |+z) + E |—z) .
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Exercise 10.14 What is wrong with the following argument?
Since states are equivalent up to multiplication by a phase factor, |+z) =
i |+z). Hence

|+z) + L |—z) .

i
V2 V2
Hence [%-%1 = [%-%1 It follows that [1:1] = [i:1], so 1 = i.
Exercise 10.15 Show that for any element
[co:c1] = co |—2) + c1 [+2)

of P(C?) we have

[(=xllco:e1]) = (+xllco:e1l)] =lco + crico — 1]

[(=¥llco:er]) = (+zllco:er])] =leo + icizco —ici].
Exercise 10.16 Show that the function

P(C?) — P(C?), [zo:z1] +> [z0:€¢”z1]

corresponds to rotating the sphere in Figure 10.6 through an angle of 0
around the z-axis. Show that the function

P(C? — P(C?), [z0:21] > [z5:2}]

corresponds to reflecting the sphere in Figure 10.6 in the xz-plane.
Find an explicit formula for the physical symmetry of P(C?) that corre-
sponds to a rotation through an angle of 6 around the y-axis.

Exercise 10.17 Suppose pi, p» and ps3 are points on the unit sphere in R3
that do not lie on one common great circle. (A great circle is the intersection
of the unit sphere with a plane through the origin in R>.) Show that every point
p on the sphere is uniquely defined by its distances from the three points py,
P2, p3. Interpret great circles in P(C?) physically; i.e., give a definition in
terms of experiments and probabilities.

Exercise 10.18 (For students of topology) Show that there is a topology on
P(C"*') whose basic open sets are of the form

{21 € P 1= [(2lilzon)| < €],
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where [z9] € P(C"") and € > 0. Show that any [z] in P(C"') can be
approximated in this topology by elements of the form [y 4 ae,], where [y] #
[y*] and a # 0. Show that any physical symmetry F: P(C't!') — P(C"t!)
is continuous in this topology.

Exercise 10.19 Is PU (V) =PWU (V))?

Exercise 10.20 Show that the projective unitary representation p ! of SO(3)
does not descend from any linear unitary representation of SO (3).

Exercise 10.21 Find an isomorphism of complex scalar product spaces be-
tween C'*! (with the standard scalar product) and P" (with the scalar prod-
uct space defined in Proposition 4.7).

Exercise 10.22 Find a group isomorphism between S O (3) and a subgroup of
the physical symmetries of the qubit. Use Proposition 10.1 to find a nontrivial
group homomorphism from SU (2) into the group of physical symmetries of
the qubit. Finally, express the group homomorphism ®: SU(2) — SO(3)
from Section 4.3 in terms of these functions.

Exercise 10.23 Find out what the Hopf fibration of the sphere is and relate
it to the contents of this chapter.

Exercise 10.24 (Injectivity used in Proposition 10.8) Show that the com-
position of two physical symmetries is a physical symmetry. Show that ev-
ery physical symmetry is injective and surjective.

Exercise 10.25 Show that the group of physical symmetries of the qubit is
isomorphic to the group O (3).

Exercise 10.26 (For students of topology) Suppose G is a connected Lie
group, V is a finite-dimensional complex scalar product space and

p: G — Physical symmetries of P(V).

is a Lie group homomorphism. Show that p is a projective unitary represen-
tation.
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Independent Events and
Tensor Products

Die Quantenmechanik ist sehr achtung-gebietend. Aber eine innere Stimme
sagt mir, dal das doch nicht der wahre Jakob ist. Die Theorie liefert viel,
aber dem Geheimnis des Alten bringt sie uns kaum néher. Jedenfalls bin ich
tiberzeugt, daf} der nicht wiirfelt. Wellen im 3n-dimensionalen Raum, deren
Geschwindigkeit durch potentielle Energie (z. B. Gummibinder) reguliert
wird. . .. Ich plage mich damit herum, die Bewegungsgleichungen von als Sin-
gularitdten aufgefaflten materiellen Punkten aus den Differentialgleichungen
der allgemeinen Relativitiit abzuleiten.

— Albert Einstein, in a letter to Max Born [BBE, 4.12.26]

Quantum mechanics is certainly imposing. But an inner voice tells me that it
is not yet the real thing. The theory says a lot, but does not really bring us any
closer to the secret of the ‘old one.’ I, at any rate, am convinced that He is not
playing at dice. Waves in 3n-dimensional space, whose velocity is regulated
by potential energy (for example, rubber bands). ... I am working very hard at
deducing the equations of motion of material points regarded as singularities,
given the differential equation of general relativity.
— Albert Einstein, in a letter to Max Born,
translated by Irene Born [BBE', 4 December 1926]

In this chapter we investigate an appropriate mathematical framework for
treating quantum systems with several particles, or with a single particle of
several attributes. In classical mechanics, the phase space of a system of many
particles is the Cartesian sum of the phase spaces of the individual particles.
The situation in quantum mechanics is different. Even if there are no forces
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between the particles, there are still some states of the system where mea-
surements of one particle can affect measurements of another particle. These
are called entangled states. The empirical verification of the existence of en-
tangled states (most famously in the Einstein—Podolsky—Rosen paradox, dis-
cussed in Section 11.3) implies that the Cartesian sum is not the right mathe-
matical tool. Instead, the phase space of the system of many particles should
be the tensor product of the phase spaces of the individual particles, as we
will see in Section 11.1. In Section 11.2 we discuss the quantum mechanics
of partial measurements. Section 11.3 introduces physical entanglement and
its simplest mathematical counterpart. Finally, in Section 11.4, we apply these
insights to the hydrogen atom in order to incorporate the spin of the electron
into our model. The reward is a much-desired factor of two.

11.1 Independent Measurements

In this section we show that a tensor product of state spaces is the proper
mathematical formulation for a system with independent measurements. Each
measurement has a corresponding complex scalar product space whose pro-
jectivization is the state space for that measurement; the projectivization of
the tensor product of the complex scalar product spaces is the state space for
all of the measurements together. We work with one example, leaving gener-
alization to the reader.

Consider a quantum system consisting of the spin state of two particles,
one of spin 1/2 (a fermion) and one of spin 1 (a boson). How do we model the
two of them together? The (experimentally justified) prescription in quantum
mechanics is to find a basis of states and build a projective space out of them,
as we discussed briefly in Section 10.3. In this section we will show that the
set

{100 1400, 1) 1=, 1= 00, 1=}

is a basis, where we introduce the notation |ab) to denote the state of the
system where the spin-1/2 particle is in state a (where @ = + or a = —) and
the spin-1 particle is in state b (where b = 4 or b = 0 or b = —). Of course,
we must specify axes along which to measure the spins; we will measure
spins in the direction of the positive z-axis for both particles. We will use this
basis to describe the spin state space of a system comprised of one fermion
and one boson.
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First we verify that the states in the set are mutually exclusive. For instance,
the two states |[++) and |—+) have mutually exclusive states for the spin-1/2
particle, and hence must be mutually exclusive. Similarly, in any pair either
the spin-1/2 or the spin-1 particle states are mutually exclusive.

Next we must verify that the list is long enough. If we measure the z-spins
of both particles, we must find one of the six listed states. Also, none of these
states have multiplicities because the spin states of the two individual particles
have no multiplicities. Hence the set of six ordered pairs above is a basis for
the quantum system consisting of one spin-1/2 and one spin-1 particle.

Notice how the independence of the two particles came into the analysis:
because the state of one particle is not restricted by the state of the other par-
ticle, all six of the listed states are indeed possible. More fundamentally, the
expression of the states as pairs joined by “and” is possible only because mea-
suring the state of the spin-1 particle does not affect future measurements of
the spin-1/2 particle, and vice versa. In the typical physics-style presentation
of this material, this idea might be stated in the form J ] fl = f1 J 1 where the

J’s are the operators corresponding to spin around the z-axis. In other words,
we can measure the z-spin states of the two particles simultaneously. In con-
trast, it is impossible to measure both the x- and z-spins of a single particle
simultaneously; nor is it possible to measure both the position and the mo-
mentum of a dynamical particle simultaneously, by Heisenberg’s uncertainty
principle. The independence of our two measurements is crucial.

To model the two-particle system mathematically we need to find a mathe-
matical projective space whose basis corresponds to the list of six states. We
want more than just dimensions to match; we want the physical representa-
tions on the individual particle phase spaces to combine naturally to give the
physical representations on the combined phase space. The space that works
is

P(C* ® C).
Recall from Section 10.4 that if an observer undergoes a rotation of g (with
g € SO(3), the spin-1/2 state space P(C?) transforms via the linear operator
Pl (g), while the spin-1 state space P(C?) transforms via p;(g). Hence the

corresponding transformation of a vector v ® w in C?> ® C? is

[(pstev) @ (pi(ew)].

Note that because p;(g) is well defined and p ! (g)v is well defined up to a
scalar multiple, the displayed expression is a well-defined element of
P(C? ® C?). This is precisely the tensor product representation.
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More concretely, a basis for the state space of the spin-1/2 particle is
{|4+),|—)}, while a basis for the state space of the spin-1 particle is
{|4+),10), |—)}. The state space for the system of two particles is the tensor
product, for which the kets

) ®1+) =1++), [FH)RI0)=[+0), [H®-)=I[+-)

=)@+ =1-+), [2)®10)=[-0), [-)®[-)=I[--)

form a basis. For an example of the group action, recall that a physical rotation
through an angle 6 around the spin axis corresponds to the actions

(co 1)+ 1m) o (72, 14y + e "R |-))
and
(ar 14) + a0 10) +a =) > (e“as 1+) +ao10) +e ™ a|-)).

It follows that the action of such a rotation of the physical space on the state
space of the two-particle system takes a state

Cot [+H) + o [H0) + e =) Fey [=F) o [-0) +c— [——)

to the state

2 )+ ey [40) + e |H=) + ey |—+)
+e 2 |-0) + 732 c__ |——).

The construction in this section generalizes. Any time there are two (or
more) independent quantum-mechanical measurements, a tensor product is
appropriate. We will see another example in Section 11.4, where we consider
the independent measurements of position and spin of an electron.

11.2 Partial Measurement

When we discussed the physics of one quantum particle, we did not explic-
itly confront one of the deepest mysteries of quantum mechanics, sometimes
called the collapse of the wave function. Recall that a spin-1/2 particle exit-
ing a z-axis Stern—Gerlach machine must be in either the state |+z) or |—z).
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If the entering particle was in a mixed state (relative to the z-spin measure-
ment), then the act of measurement changes the state of the particle. No one
understands how this happens, but it is an essential feature of the quantum me-
chanical model. For example, this phenomenon contributes to Heisenberg’s
uncertainty principle, whose most famous implication is that one cannot mea-
sure both the position and the momentum of a particle exactly. The point is
that a position measurement changes the state of the particle in a way that
erases information about the momentum, and vice versa.

In the case of a spin measurement on a single particle, the final states are
all pure states, without multiplicities. In this case there is only one state cor-
responding to each possible result of the measurement. But what if the mea-
surement has multiplicities? In other words, what if we make only a partial
measurement? Then there are several states corresponding to one particular
result of the measurement; which state is the final state for the measured par-
ticle?

To answer this question, we must first introduce the quantum mechanical
model for measurement. First we discuss measurement on finite-dimensional
phase spaces, to avoid mathematical complications. Then we say a few words
about the infinite-dimensional case.

One assumption of the model is that each measurable quantity A (also
known as an observable) of a finite-dimensional quantum system P(V') deter-
mines a decomposition of the vector space V into orthogonal subspaces, with
a measurement value corresponding to each subspace. In other words, there

is a set {W, j=1,..., n} of mutually orthogonal subspaces, where n € N,
such that

Dwi=v.

j=l1
and a set of numbers {Kj: j=1,..., n} such that if w € W;, then mea-

suring the state [w] is sure to yield the value A ;. Typically, the information
about the orthogonal subspaces and measurement values is encoded in a lin-
ear operator A on the vector space V. The A;’s are the eigenvalues, and the
W;’s are the corresponding eigenspaces. This information completely deter-
mines the operator A corresponding to the observable A. Since the eigenval-
ues are real and the eigenspaces are orthogonal to one another, the operator A
is Hermitian-symmetric with respect to the standard complex scalar product
on V, as the reader may check in Exercise 11.1. Conversely, because every
Hermitian-symmetric linear operator on a finite-dimensional vector space can
be diagonalized (by the Spectral Theorem for Hermitian-symmetric matrices,
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Exercise 11.2), every such operator corresponds to an observable of the quan-
tum system.

The second assumption of the quantum mechanical model is that we can
calculate the probabilities of various outcomes of the measurement A on an
arbitrary state [v] from the W;’s and the A ;’s . Specifically, the probability of
an outcome of A ; for the measurement A on the state [v] is

[{Tw,v. v)
vl

Recall from Proposition 3.5 that given any finite-dimensional linear subspace
W of a scalar product space V, there is an orthogonal projection [Ty on V
whose kernel is W+. Note that the expression giving the probability does not
depend on the choice of vector in the equivalence class [v].

We can argue for the plausibility of this second assumption by working out
an example. Consider a spin-1/2 particle in the state

[(cr.c)]=cq |42) +c- [=2),

where we assume without loss of generality that |c, P+lc_|>=1.We expect
that the probability for finding such a particle to be spin up after a measure-
ment of z-axis spin should be |c|?. In this case the subspace W correspond-
ing to a spin-up measurement is C @ {0} C C?. Thus our second assumption
implies that the probability is

|((C+»0), (e, c,))|

_ 2
|C+|2 + |C%| - |C+| ’

as expected.

To specify the final state of a measured particle, we need one more tool,
orthogonal projection in projective space. We would like to consider the “pro-
jectivization” of ITy, but since ITy is not necessarily invertible, we cannot
apply Proposition 10.1. To evade this technical difficulty we restrict the do-
main of Ty . Recall the notation for set subtraction: A\B := {x € A: x ¢ B}.

Definition 11.1 Suppose V is a complex scalar product space and W is a
linear subspace of V. Then we define an operator Tyy: P(V) \ P(W!) —
P(V) such that for all [v] € P(V) \ P(W+1), we have

H[W][U] = [va].

We call Ty the orthogonal projection onto [W].
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Finally we have the tools to state the answer to our original question: what
is the final state of a measured particle? Consider a measurement A on a
finite-dimensional vector space V, possibly with multiplicities. Suppose that
a particle enters the measuring device in a state [v] and the measurement
yields the result 1. Let W, denote the subspace of states whose measurement
is sure to yield A. Note that [v] ¢ [Wkl] because there is a nonzero chance
of the measurement result A. Hence [v] is in the domain of TTjy,; the third
assumption of the model is that the state of the particle on exit is H[WA]_][U].

Consider, for example, the measurement of the spin of a spin-1/2 particle
via a Stern—Gerlach machine oriented along an arbitrary axis. Let [cy : ¢1]
be the point in projective space corresponding to the positive axis of the
Stern—Gerlach machine. Then a spin-up measurement corresponds to the one-
dimensional subspace Wyp of C? spanned by (co, 1), while a spin-down
measurement corresponds (by Exercise 10.7) to the one-dimensional sub-
space Wyown spanned by (—c7, ¢;). Note that both [Wup] and [Wyown] consist
of single points, [co : ¢i] and [—c] : ¢j], respectively. So any particle that ex-
its the machine spin up will be in the pure spin-up state, namely [cy : c1],
while any particle exiting spin down will be in the pure spin-down state,
[—cT : ¢il. The same phenomenon occurs whenever the measurement has
no multiplicities: the end result of a measurement is a particle in the single
pure state corresponding to the result of the measurement.

For the next example, consider an arbitrary state of the two-particle system
from Section 11.1:

Cot [+H) + o [H0) + i [H=) + ey [=F) + 0 [-0) +c— |——),

where [cy i cro:cy_ eyt c_g:c__] € P(C®. Suppose we measure the
z-axis spin of the fermion (i.e., the spin-1/2 particle) and find it to be spin up.
To find the final state of the the system, we must first identify the subspace of

C® corresponding to this result: it is C x C x C x {0} x {0} x {0}. Then we
project orthogonally onto this subspace. Hence the final state is

Cry |++) +cr0 [H0) + - |+-) .

(Note that we have not taken the trouble to normalize the coefficients, prefer-
ring to think of them as a point in P(C x C x C x {0} x {0} x {0}).) Similarly,
the final state of a particle exiting spin down is

oy l=H) +co=0) + e |——).

The situation for infinite-dimensional quantum-mechanical systems is sim-
ilar, but the mathematics is more subtle. The operators that carry the informa-
tion about observables are known as self-adjoint operators. We saw several
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examples of such operators (some missing a factor of i) in Chapter 8: H,
the Ry’s, the Lg’s, etc. There is a Spectral Theorem for operators on infinite-
dimensional scalar product spaces, but even the correct generalization of Her-
mitian symmetry is a technical challenge. Readers interested in the mathemat-
ical details (“‘continuous spectrum,” “spectral projections,” “dense subspaces”
and more) should consult a book on functional analysis, such as Reed and Si-
mon [RS].

Note that in this section we have introduced three assumptions of the quan-
tum mechanical model. We recall them here and add a fourth.

1. Each observable A of a finite-dimensional quantum system P(V) de-
termines a decomposition of the vector space V into orthogonal sub-
spaces, with a measurement value corresponding to each subspace.

2. The probability of an outcome of A for the measurement A on the state
[v]is
(v, ITv)|
lol?
where IT is the orthogonal projection onto the subspace W, of states
which are sure to yield the result A for the measurement A. (Note that
if v is a unit vector then the expression simplifies to |(v, [Tv) 12

3. After a particle in a state [v] is subjected to the measurement A and
yields a value A, the particle will be in the state [[Tv], where IT is the
orthogonal projection onto the subspace W, as in Assumption 2

4. Given any two distinct states of a quantum system, there is a measure-
ment that distinguishes them.

This last assumption is natural: if there is no measurement that distinguishes
two states, then there is no meaningful physical difference between the two
states, i.e., they are not distinct. The quantum mechanical assumptions about
measurement introduced in this section will allow us to discuss entanglement
in the next section.

11.3 Entanglement and Quantum Computing

One of the strange phenomena of quantum mechanics, with no counterpart in
classical mechanics, is entanglement. Consider the state

1
— I++) +

11.1
NG ) (1.1

R
/2
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of the quantum system introduced in Section 11.1. This is a perfectly legiti-
mate quantum state. However, a pair of particles in this state behave counter-
intuitively — that is, counter to the intuition of the author and many others,
including Albert Einstein. Imagine measuring the z-axis spin of the fermion
(i.e., the spin-1/2 particle). If the result is spin up, then the pair of particles
must be in the state |[++). It follows that the boson (i.e., the spin-1 particle)
is also spin up, even though we never measured it directly. In other words,
the states of the two particles are entangled: it is possible to get informa-
tion about one by measuring the other. Entanglement is possible even if the
particles exert no force on one another.

This bizarre prediction, known as the Einstein—Podolsky—Rosen paradox,
has been verified many times in the laboratory. The most famous version
involves two electrons manipulated into a mixed state with combined spin
of 0. The electrons are separated in space before the spin of one (and only
one) electron is measured, say, in a Stern—Gerlach machine. If that electron
is found to be spin up, then by conservation of spin angular momentum,
the other electron must be spin down, and vice versa. This holds true even
if the ratio of the distance between the measurements to the time between
the measurements is greater than the speed of light. See the discussion in
Townsend [To, Sections 5.4 and 5.5] and the references therein.

Note that entanglement occurs independently of any classical interaction
of the particles. In other words, entanglement occurs for free particles as well
as for particles exerting forces on one another. To put it yet another way, the
possibility of entanglement arises from the quantum mechanical state space
itself, not from any differential equation or differential operator used to de-
scribe the evolution of the system.

Not every state of the system is entangled. Consider, for example, the state

1 n i

V2 V2
A pair of particles in this state has the property that the boson is sure to be
found spin up, while the fermion is equally likely to be spin up as spin down.
Measuring the spin of the fermion gives us no new information about the
boson — for example, if the fermion is found to be spin up, then the system
is in the |++) state, so we know that the boson is spin up, but we knew that
before. And measuring the boson’s state yields no information at all, since it
is sure to be spin up.

Of course, it is not enough to consider z-axis spin measurements alone.
Perhaps a spin measurement around another axis would show entanglement.

[++) |—+) .
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In fact, no measurement would show entanglement, as we shall prove once we
have found a convenient mathematical description of entanglement in Propo-
sition 11.1.

We need mathematical notation for measuring one or more particles in a
multiparticle system; more generally, if a quantum system V is a combination
of several quantum systems Vi, ..., V,,ie., if

V.= ® Vk,
k=1

we need to express mathematically the notion of a measurement limited to
some of the several quantum systems. Because both the probabilities of vari-
ous measurement outcomes and the state of the measured system after mea-
surement can be calculated in terms of projections, our criterion is stated
in terms of projections. Readers accustomed to thinking of an observable
as a Hermitian operator should note that a Hermitian operator on a finite-
dimensional complex scalar product space is determined by its eigenspaces
and eigenvalues. Hence actual measurements correspond to eigenspaces or,
equivalently, projections onto eigenspaces.
For any K := {ky, ..., kn} C{1,..., K}, we define

m
Vi = Q) Vi, -
j=1

It will be useful to have notation for the complement of K; we let K denote
the unique set such that

KUK ={l,...,K}, KNK=0.

For example, if n = 5 and K = {1, 4} then K = {2, 3, 5}. By Exercise 11.3
we know that the vector space V is unitarily isomorphic to the vector space
Vk ® V. Now suppose IT is a projection operator on Vi and let I denote the
identity operator on V. We will use the notation 1 for the linear operator on
V corresponding to the operator

With this notation in hand, we are now ready to define entangled and un-
entangled states.
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Definition 11.2 Suppose Vi, ..., V, are complex vector spaces, and con-
sider their tensor product:
n
V.= ® Vk.
k=1

A state [x] € P(V) is entangled if and only if there is a set K C {1, ...,n}
and nonzero orthogonal projections T1;: Vg — Vg and Tly: Vp — Vg,
with Tlyx # 0O, such that

|(ﬁ1x,x>| |<ﬁ1ﬁ2x,ﬁ2x>|
2 ~ 2
] | Tox |

(11.3)

A state that is not entangled is unentangled.

This definition matches the common use of “entangled” in the literature. If
there are projections I1; and Il, making Inequality 11.3 true, then we can
find measurements A; and A, whose results on a system in state x depend
on the order of the measurement. The image of I1; (resp., I1y) is, for some
possible value A; (resp., A,), the set of states for which the measurement A
(resp., Ap) is sure to yield the value A; (resp., A,).

Note that the definition of entanglement depends on a choice of factors for
the tensor product. That is, a state [v] € V might be entangled with respect
to one factorization V = V; ® --- ® V, but not with respect to a different
factorization V = W; ® - - - ® W,,. This distinction is especially important in
the proof of Proposition 11.1.

Now recall the definition of an elementary tensor (Definition 2.15). It turns
out that elementary tensors always correspond to unentangled states, and vice
versa.

Proposition 11.1 Suppose Vy, ..., V, are complex vector spaces, and con-
sider a nonzero element of their tensor product:

xeV .= ®Vk
k=0

The state [x] € P(V) is entangled if and only if x is not an elementary tensor.

In the proof we will use various tensor products and entanglement with re-
spect to these various tensor products. Where we do not specify the tensor
product we mean entanglement with respectto Vy ® --- Q V.

Proof. First, consider an elementary tensor, i.e., a vector of the form x :=
v ® - - - ®v,. We will show that the state [x] is not entangled. Suppose K is a
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subset of {0, ..., n} and that IT;: V; — V; and I1,: Vy — Vj are arbitrary
nonzero orthogonal projections. We will write

Vg :=®vk and vy :=®vj.
kek j¢k

Recall from Section 5.3 that the natural complex scalar product on a tensor
product is obtained by multiplying the individual complex scalar products of
the factors. Letting (-, -); and (-, -), denote the complex scalar products on
the factors Vg and V3, respectively, we find

Moo, v (0. )

=
(UK’ UK) <UK’ UK)2
(Hlﬁzx, ﬁzx) = (Hvi, UK>1(H21)12, szk)z
||ﬁ2x ||2 = K<UK, UK>1<H2UIQ, HzUk)z.
These equations imply that
<ﬁ1x, x) (Hvi, UK>1 . <ﬁ1ﬁ2)€, ﬁ2x>

- (UK,UK>1 B Hﬁ2x||2

Hence the state x is not entangled.

Next we suppose that a state [x] is not entangled and show that it is ele-
mentary. We proceed by induction on n, the number of factors in the tensor
product. The base case is trivial: if » = 1, then any x € V] is elementary.

We may assume, without loss of generality, that every one of the vector
spaces Vj is finite dimensional, due to the following argument. Because x is
an element of the tensor product, it must be a finite sum of elementary tensors:

=Z<®xk,-), (11.4)
j=0

k=1

where each x;; € Vi. Without loss of generality, we may replace each Vj
by the span of the set {xkj eVirk=1,..., m} These spans are all finite-
dimensional.

It remains to prove the inductive step. Suppose that » is a natural number
and suppose that the proposition holds true for tensor products with n factors.
Suppose

n
V=QVi=V® Vg,
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where K := {1, ..., n}. Suppose [x] € P(V) is not entangled. We must show
that x is an elementary tensor.

We will exploit the vector space isomorphism between the scalar product
space Vy ® Vi and the scalar product space Hom(V{', V), introduced in
Proposition 5.14 and Exercise 5.22. (Note that (V*)* = V by Exercise 2.15.)
Instead of working directly with x # 0, we will work with the corresponding
linear transformation X # 0. We will show that X : Vj — Vi has rank one
and that its image is generated by an elementary element of the tensor product
Vi ® --- ® V,. Then we will deduce that x itself is elementary in the tensor
product i ® Vi ® - - ® V,,.

We would like to show that X itself has rank one. Because X # 0 €
Hom(V, Vk) there is a rank-one projection I1g: Vx — Vi such that
[gX # 0 € Hom(Vy, Vk). Hence, recalling the adjoint transformation
X* € Hom(Vk, V{) from Definition 3.9 and the complex scalar product on
Hom(Vk, V) from Section 5.5, we have

0 # Mg X|| = Tr(X* T T X) = Tr(X*TIx X),

and the rank of X*ITx X must be at least one. On the other hand, ITx has rank
one, so X *I1g X has rank at most one. We conclude that

rank(X*TIg X) = 1.

Let Q: V§ — V" be the orthogonal projection onto the kernel of X*Ix X.
Define a corresponding orthogonal projection P: Vy, — V, by

P:=‘I:_1oQo‘L’,

where 7 is the natural function from Vj to V' defined in Equation 5.3. By
Exercise 11.5, P is an orthogonal projection and

(Qa)v = a(Pv)

forevery o € Vj and every v € V.
Since [x] is unentangled we have

[(Px.x)l _ [(PTLex, x)
{2

=1 [ Tliex

We use Exercise 11.6 to rewrite this equation in terms of the complex scalar
product space Hom(V;", Vg). We obtain

ITr(X*X Q)| B |Tr(X*TIx X Q)| o

Tr(X*X) Tr(X*MgX)
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since the image of Q is the kernel of X*I1x X. Hence by Proposition 2.10
X0l = Tr(QX*X Q) = Tr(X*X Q%) = Tr(X*X Q) = 0.

So the kernel of X contains the image of Q. But the image of Q is the kernel
of X*I1X, which has dimension (dim V) — 1. Hence the rank of X is at most
one. Because X # 0, we conclude that the rank of X exactly one.

Because the rank of X is one, Exercise 5.14 implies that x is elementary
in the tensor product Vy ® V. In other words, there are vectors xo € Vj and
xg € Vg such that x = x¢p ® xg. It remains to show that xg is elementary.

By the inductive hypothesis, it suffices to show that [xg] is not entangled
with respect to the tensor product Vg = V| ® - - - ® V,,. Consider any subset
J C{l,...,n}.Let P;: V; — V; and P,: V; — V; be arbitrary orthogo-
nal projections. Let Py, Py: Vg — Vi denote the corresponding orthogonal
projections on Vg, while 131 and 132 denote, as usual, the corresponding or-
thogonal projections on V. We have

<fA’1xK,xK)‘ _ (X(),X()xﬁlxl(,xlg) _ <If’1x,x>

s

where the third equality follows because X and P; X are rank one and w L
ker(X); similarly, if P,xx # O we have

ok |

e

|<ﬁ1ﬁ2)€1{, ﬁzXKH . \(ﬁ]ﬁz.x, ﬁzX)|

O A

Because [x] is not entangled, these equations imply that [xk | is not entangled.
By the inductive hypothesis, the vector xx € Vi must be elementary in Vg =
Vi ® V,. Hence there are vectors x; € V;, for j =1, ..., n such that

X=X QXK =X QX1 Q- & Xp.

In other words, x is an elementary vectorin V = V@ Vi ® --- Q V.. O

Let us illustrate this proposition by showing that the example state from
Formula 11.1 at the beginning of the section is indeed unentangled. Because
we can write

1 i
— )+ —= ) =

NG NG +) ® |+) +

i
E =) ® [+)

(1 +i19)) ® 1),

Sl= Sl



11.3. Entanglement and Quantum Computing 353

Proposition 11.1 ensures that this state is unentangled. Recall that our one
calculation on this state (comparing measurement of the z-axis spins of the
two particles) indicated only that the state might not be entangled. Proposi-
tion 11.1 removes all doubt.

Quantum computation exploits entanglement. The simplest kind of quan-
tum computer is an n-qubit register, i.e., a system of n electrons. Each elec-
tron is a spin-1/2 particle so, by the analysis we did in Section 10.2, the state
space is

P(®62> —P(C®-- ®C),

where there are n factors in the tensor product on the right-hand side. The
subset of unentangled states is

P(C?) x --- x P(C?).

Note that this subset is not a subspace.

To see how entanglement can be used in quantum computation, consider
Shor’s algorithm for factoring a product N of two prime numbers. At the heart
of the algorithm is a periodic function f: Z/N — 7Z/N whose period one
must calculate in order to find the two prime factors of N. The phase space
for computation is a pair of registers of size L, where 2/:7! < N < 2L, In
other words, the state space for the quantum computer is

P<(§62)®(§C2>). (11.5)

We can use binary expansions to define a convenient basis for this state space.
For any integer k between 0 and 2° — 1, we let |k) denote the element

L1
® 1bj),
=0

where the binary expression for k is by _1b;_; - - - b1 by. For example, if L = 3
and k = 6, we would have |6) = [1) ® |1) ® |0). Then the set

{lky®1€): k, £ € Z,0 <k, € < 2"}
is a basis for the state space 11.5. A crucial step of the algorithm encodes the
function f into an entangled state of the system, namely,

2L

1
TILEINOR
k=0
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where we abuse notation slightly by letting f (k) denote the element of the
equivalence class f (k) that lies between 0 and 2¢ — 1. Without entanglement,
Shor’s algorithm would not be possible. For more details of Shor’s algorithm
and a more comprehensive introduction to quantum computing, see [Bare,
Section 6].

In this section we have presented a mathematical foundation for entangle-
ment of quantum systems. This foundation lies behind most modern discus-
sions of quantum computing, as well as the Einstein—Podolsky—Rosen para-
dox.

11.4 The State Space of a Mobile Spin-1/2 Particle

The electron in a hydrogen atom moves, but it also has spin. In previous
chapters we have shown how to model the dynamics and how to model the
spin, but how do we model them both together? In this section we will use
a tensor product to find the factor of two we need to make our model of the
mobile electron correspond to the experimental results.

Because position measurements and spin measurements commute (i.e.,
measuring position and then spin yields the same result as measuring spin
first and then position), the state space of a mobile electron (or any mobile
spin-1/2 particle) is

P(L*(R*) ® C?).

Elements of L?(R?) ® C? are C?-valued functions on R>. Once we have cho-
sen a basis for C2, every element of the tensor product L*(R3) ® C? has the

form
Jotx,y,2) ) _ 1 0
( fi(x,y,2) ) _fO(x’y’Z)( 0 >+f1(X,y,z)< | )

where fo, fi € L*(R?). The complex scalar product on this space is

Jo(x, y,2) go(x, y,2) / x .
, = , 11.6
<( filx,y,2) g1(x,y,2) R (fogi + fis1) (11.6)
as the reader can verify in Exercise 11.9.
Let us check that in at least one case, position and spin measurements com-
mute. Suppose we build a machine that can measure whether the electron lies

in the unit cube U in R? (see Figure 1.1). Also suppose we can measure the
z-axis spin regardless of position (with some technology far more advanced
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than a Stern—Gerlach machine, which is located at a particular position). Sup-
pose that the state of the particle is given by (fy, fi1)7, where we assume
without loss of generality that

f (AP + 1AP) = 1.
R3

Then the probability that we first find the particle in the unit cube U and
afterwards find it to be spin up is
[ 5
U

([ ()

:(10) =
fol

=\[ (v (7))

which is precisely the probability that we find the particle to be spin up and
afterwards find it to be in the unit cube U. The other three cases (in the cube
spin down, out of the cube spin up, out of the cube spin down) can be verified
in a similar manner. We leave it to the reader to generalize to all position
measurements and spin measurements in Exercise 11.8.

Our next task is to identify the projective representation of SO (3) on the
state space. This representation is determined by the representations on the
factors, but the projection must be handled carefully. The spin-1/2 projective
representation of SO (3) on P(C?) descends from the linear representation p 1

on C2. The natural representation of SO (3) on L?(R?) (Section 4.4) descends
to a projective representation of SO (3) on P(L?(R?)). To put these together,
we pull the natural representation of SO(3) on L*(R?) back to a representa-
tion of SU (2) under the two-to-one group homomorphism @ (Section 4.3).
Let us call the resulting representation o. Then, by the natural tensor product
of representations (Section 5.3) we have a representation

2
2

2

’

o®p1: SUR) — GL(L’R) @ C?).

Let I denote the identity matrix in SU (2). Then —I € SU(2) and, for any
f € L>(R?) and any c € C?, we have

(C@rp=D)(f@c) = (o(=Df)&(py(~Dc) = f&(=0) = —f &e.

Hence on the projective space we have

(o @ p=D)lf @l =1f ®cl.
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so the linear representation of SU (2) on L*(R*) ®C? descends to a projective
representation of SO (3) on P(L*(R?) ® C?).

Physically natural states of the system correspond to invariant subspaces
of P(L*(R?) ® C?). Each electronic shell with principal quantum number
n corresponds to a subrepresentation V of L?(R?) of dimension n?, as we
saw in Section 8.6. That same electronic shell will correspond (in the tensor
product model we are considering in this section) to the subspace V ® C? of
L*(R?) ® C?. Note that

dim(V ® C?) = 2dim V = 2n°.

Similarly, within any one electronic shell, the set of orbitals with azimuthal
quantum number £ corresponds to a subspace V of L?(R®) of dimension
2¢ + 1, as we saw in Section 7.3. Hence in this new model such a set of
orbitals corresponds to the set V ® C2, which has dimension 2(2¢ + 1).

Thus the new model, incorporating the spin state of the electron, predicts
the right number of electrons. What is more, one can use this state space to
model the spin-orbit coupling, a relativistic effect, with an operator that uses
both differentiation in L?(R®) and 2 x 2 Pauli matrices acting on C?. The
resulting equation is called the Pauli equation (see [BeS, Sections 12, 13]).
However, even without further investigation, the tensor product model in-
troduced in this section correctly predicts the experimental observations of
Sections 1.3 and 1.4.

11.5 Conclusion

Here ends our story of the hydrogen atom. The author hopes that this story
will encourage readers, as they go their separate ways, to continue to make
the effort to connect ideas from different disciplines. Crossing boundaries is
difficult, important, rewarding work. Languages and goals differ in subtle,
unmarked ways. Yet the underlying phenomena and major ideas are often
similar. In this age of specialization, we need to clarify similarities and build
bridges. You can contribute. Go to it!

11.6 Exercises

Exercise 11.1 (Used in Section 11.2) Suppose V is a finite-dimensional
complex scalar product space and A: V. — V is a linear transformation
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whose eigenvalues
{Aj: j= 1,...,n}

are all real and whose eigenspaces are mutually orthogonal. Suppose further
that the eigenspaces {Wj: j=1,..., n} span 'V, i.e.,

V == é Wj.
j=1

Then A is Hermitian-symmetric. (Recall Definition 3.10).

Exercise 11.2 (Used in Section 11.2) Suppose M is a Hermitian-symmetric,
finite-dimensional matrix (as defined in Exercise 3.25). Show that there exists
a real diagonal matrix D and a unitary matrix B (see Definition 3.5) such
that

M = B~'DB.

This is the Spectral Theorem for Hermitian-symmetric matrices. (Hint: Use
induction on the number of distinct eigenvalues of M.)

Exercise 11.3 Suppose that n € N. Show that, for any permutation o of n
elements and any vector spaces Vi, ..., V, we have

n n
Q) Vi = Q) Vouy
k=1 k=1

as complex scalar product spaces.

Exercise 11.4 Can you exploit the Einstein—Podolsky—Rosen paradox to send
information faster than the speed of light?

Exercise 11.5 (Used in Exercise 11.6 and Proposition 11.1) Ler V be a
finite-dimensional complex scalar product space and suppose V* is its dual
space. Suppose Q: V* — V* is an orthogonal projection. Define a function
P:V > Vby

P:=t"0 Qor,

where T denotes the natural function from V to V*. Show that P is an or-
thogonal projection and, for every a € V* and every v € V we have

(Qa)v = a(Pv).
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Exercise 11.6 (Used in Proposition 11.1) Suppose V and W are finite-
dimensional vector spaces and let T: V ® W — Hom(V*, W) denote the
isomorphism from the proof of Proposition 5.14. Suppose I1: W — W is an
orthogonal projection and consider x € V @ W. Set X := T (x). Show that

T([x) = [1X € Hom(V*, W),

where 1 is defined in Formula 11.2.
Next suppose Q: V* — V* is a orthogonal projection. Define P as in
Exercise 11.5. Show that

T(Px) = XQ € Hom(V*, W).

Exercise 11.7 For each nonnegative integer £, decompose the representation
of SU(2) on P* ® C? into a Cartesian sum of its irreducible components.
Conclude that this representation is reducible. Is there a meaningful physical
consequence or interpretation of this reducibility?

Exercise 11.8 Show that if H is any operator on L*>(R?) and p is any di-
rection in R3, then measurement of H and measurement of the spin in the
p-direction commute on the state space of a mobile particle with spin 1/2.

Exercise 11.9 Show that the complex scalar product on the tensor product
L*(R*) ® C?, defined in terms of the complex scalar products on L*(R?)
and C? from Equation 5.2, agrees with the complex scalar product given in
Equation 11.6.



Appendix A

Spherical Harmonics

The goal of this appendix is to prove that the restrictions of harmonic polyno-
mials of degree £ to the sphere do in fact correspond to the spherical harmon-
ics of degree £. Recall that in Section 1.6 we used solutions to the Legendre
equation (Equation 1.11) to define the spherical harmonics. In this appendix
we construct bona fide solutions P, ,, to the Legendre equation; then we show
that each of the span of the spherical harmonics of degree ¢ is precisely the
set of restrictions of harmonic polynomials of degree ¢ to the sphere.

Physicists and chemists know the Legendre functions well. One very useful
explicit expression for these functions is given in terms of derivatives of a
polynomials.

Definition A.1 Let ¢ be a nonnegative integer and let m be an integer satis-
fying 0 < m < L. Define the £, m Legendre function by

=D"
212t

Py () := (1 —Hm2m @ — 1t

For each £, the function Py is called the Legendre polynomial of degree £.

Note that the so-called Legendre polynomial is in fact a polynomial of degree
£, as it is the £th derivative of a polynomial of degree 2¢. Legendre functions
with m # 0 are often called associated Legendre functions.
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Recall the Legendre equation (Equation 1.11):

2

m
(1—-1?)

(1 —1)P"(t) —2tP'(t) + (E(Z +1)— > P() =0. (A.1)
Proposition A.1 The Legendre functions of Definition A.1 satisfy the Legen-
dre equation.

There are many ways to prove this proposition. Our proof is straightfor-
ward, elementary and rather ugly. For a more elegant proof via the “Rodrigues
formula,” see [WW, Chapter XV] or [DyM, Section 4.12].

Proof. First we will show that the Legendre polynomial of degree ¢ satisfies
the Legendre equation with m = 0. Then we will deduce that for any m =
1,..., ¢, the Legendre function P, ,, satisfies the Legendre equation.

When m = 0 the Legendre equation reduces to

(1 —tHP"(t) —2tP'(t) + L(L + 1) P(t) = 0. (A.2)

We use the binomial expansion to find the coefficients of the Legendre poly-
nomial of degree £. For convenience, we multiply through by 2¢!:

QUNPyo(r) = ' (r* — 1)°

k=0
. (@)H)H CLI
k=(l+€)/2 k 2k —O)!

Differentiating once we find

d [/ (2k)!
l4 / _ R A S ANy |
QNP (1) = H;;Em (k)< D T L

and, differentiating again,

¢
12 2k)!
QNP (1) = Z ( )(_1)€—k (2k) 't2k—l—2’
ket i@re2 \K 2k =€ -=2)!

where € = 0 if £ is even and € = 1 if £ is odd. Hence to show that

(1 — £)P] (1) — 2P (1) + £(L + DP; (1) =0,
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it suffices to show the vanishing of the following expression:

¢ (E) (— D)k (2k)! Y

k=1 i@ron K/ 2k —£=2)!

¢ (e) (= 1)k (2k)! e

k=1+(t+€)/2 k) 2k —£—2)!

_, : (@) (=D @R 5

=l o2 k) 2k —¢—1)!

4 _1\¢—k
+ee+1 Yy (6)—( D! e,

k=(L+e€)/2 k 2k = o)!

We will show that the coefficient of each power of ¢ is zero. The coefficient
of t*is
20)! 20)! 20)!
_ e, @Y +£(€+1)—( )
€ —-2)! -1 £

D (—(t—=1) =24 (+1))=0.

The coefficients of 1¢~! through ¢ take the form (with an appropriate choice
of k, and ignoring an overall factor of (—1)¢7*):

0\ Qk+2)! (¢ (2k)! 5( (2K)!
B (k) Qk—10)! (k) Qk—€—2)! (k) 2k — € — 1)!

V4 (2k)!
—Ff(54—1)(k>z§zjjzﬁ

()0 (L D
_(k)(Zk—E)!( 206 = k)2k +1) = 2k — £ = 1)(2k — ©)

20k —0) + £(€ + 1)) —0.

There is one more term: ! if £ is odd and ¢ if £ is even. We will leave the
even case to the reader. If ¢ is odd, then the coefficient of ¢! is

)@4f?w+sﬂ—z<

+e(e+1)(

¢
NG
(z+1)/2>( 1) £+ 1)

)(—1)“—“/2(5 + 1!

( ¢
(L +3)/2

L+1)/2

¢
= ! _ _
<<z+ 1)/2)(e+ DI +2)(+1)+2—£(¢+1)) =0.
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The calculation for the case of even £ is similar. So we have shown that the
Legendre polynomial P, of degree ¢ satisfies the Legendre equation with
m = 0.

Next we fix an integer m with 1 < m < ¢ and show that P, ,, satisfies
the Legendre equation (Equation A.1). Since the function Py satisfies Equa-
tion A.2, we have

- tz)PZO(t) —2tP, o (t) + £(€ + 1Py o(z) = 0.
Differentiating m times with respect to ¢, we find that
((1—zz)a;"+2—2(m+1)za;"+l+(1z(e+1)—m(m+1))a;")Pg,o(t) —0. (A3)
Define ¢ := (—1)"/(£!2%). From Definition A.1 we know that ¢ 0" Py o(t) =

(1 — 7P, (7). Differentiating this expression twice in a row we obtain

mt )
P (0 + P, 0)

m (m + 2)t*
1 -2 (1—12):2

1 — 2\(—=%) 2mt P P’
+ (1= ACD(EPL 0 + PL0),

¢ Py = (1 = ) (

c o) = (1= D )Pen(®

Here we have used the fact (easily verified by induction) that for any suffi-
ciently differentiable function f(z) we have

WA =) f@) == f +2mtd" " (1) + m(m — DI f(1).

Plugging these expressions into Equation A.3, multiplying by c(1 — ¢2)/?
and simplifying we find that

0= (1—AP,, (1) — 2P, (1) + (m +1) = Tt2> P ().

In other words, the function P, ,, satisfies the Legendre equation (Equation
A.l). O

It is natural to wonder whether there are any other solutions to Legendre’s
equation. Since the equation is linear (in P, P’ and P”), there should be two
solutions for each value of m?. For m? # 0 there are indeed two solutions:
P; .,,. The case m? = 0 is discussed in detail in Simmons’ undergraduate text
on ordinary differential equations [Sim, Sections 28, 29 and 44]. The point is
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that a solution corresponds to a continuous function on the sphere only if it is
bounded near + = %1 and only one of the solutions to the Legendre equation
is bounded near ¢ = £1.

Now we are ready to define the spherical harmonic functions. In Sec-
tion 1.6 we gave examples for £ = 0, 1, 2; here is the general definition.

Definition A.2 Let ¢ be a nonnegative integer and let m be an integer satisfy-
ing —¢ < m < L. Define the £, m spherical harmonic function Yy ,,: [0, 7] &
(—=m,7] — Cby

Yen(©, @) := comPem|(cos)e™?,

where the the constant cy , takes the value

€ —m'Q2e+1)
C+mldr

For each ¢, linear combinations of the vectors
{Yg,m: m = —E,...,E}

are spherical harmonics of degree £.

In fact, every spherical harmonic function is the restriction to the sphere
S? in R? of a harmonic polynomial on R*. Recall the vector space )¢ of
restrictions of harmonic polynomials of degree ¢ in three variables to the
sphere S? (Definition 2.6).

Proposition A.2 Suppose £ is a nonnegative integer. Then the span of the set
Yoo, Yoo} is VO

Proof. First we will show that the set {Y(’m m=—L,..., E} is linearly in-
dependent. Next we will show it is a subset of ). The proof ends with a
dimension count.

To show linear independence, consider an arbitrary linear combination
equalling zero:

14
0= ) CuPpm(cosh)e™.

m=—{

We must show that each C,, = 0. By Exercise 2.2, the set

{eim('):m=—ﬁ,...,€},
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where ¢ [0, 7] —» C,x — €™, is linearly independent, so we can
conclude that for each m we have C,,P;,, = 0. Hence we will be done with
the proof of linear independence if we can show that for each m, the function
P; ., (cos0) is not the zero function. Now (—1)"/ 212% is a nonzero constant,
and (1 — cos®(1/2))™/? # 0, so it suffices to show that 3™ (t> — 1)* is not
the zero polynomial. But (> — 1)¢ is a polynomial of degree 2¢ in , so its
first 2¢ derivatives are nonzero. Since m < ¢, it follows that Py ,, is not the
zero function. We have shown the required linear independence.

A longer argument is required to show that {Yg’mi m=—£,..., E} C
V¢, We begin by showing that for any nonnegative integer k the expression
dk(t>—1)" is a polynomial in the variables o := 1 —? and B := t. According
to the chain rule for partial derivatives we have 9, = 289, + 9dg, so applying
d; to any polynomial in o and § yields a polynomial in o and 8. Consider
(t> — 1)* = o, which is a polynomial in & and 8. Hence, by induction on k,
we can conclude that 9% (#2 — 1)¢ is a polynomial in o and .

Another induction on k shows that for any nonnegative integer k the ex-
pression 9 (> — 1) is a homogeneous polynomial of degree 2¢ — k in the

variables v/ and B. The key to the inductive step is that (¢ — 1)¢ = /a*',
a polynomial of degree 2¢, while applying 0, = 289, + g lowers the degree

(in /o and B) by one.
The point is that if t = cos 8, then we have

rPa =r*(1 —1?) =r’sin’ 0 = x* + y?
rB =rcosf = z.

So a polynomial of degree d in 4/« and B that is also a polynomial in & will
be homogeneous of degree d in x, y and z. Setting k = £ + m and applying
the results of our inductions above, we find that

rﬁ—ma[(-ﬁ-m(l,z _ 1)@
is a polynomial of degree £ — m in x, y, and z. Also,
P (1 — 12)"2eEmP — M gin™ @ (cos ¢ £ i sin @)™ = (x £ iy)",

which is a homogeneous polynomial in x and y of degree m when m > 0.
Note that 6 € [0, 7], so sin& > 0. Hence the function

r[(l _ t2)m/28té+m (t2 _ l)zeim(p

is a polynomial of degree ¢ in x, y and z; by inspection, it is homogeneous.
We know from Equation 1.12 and Proposition A.1 that if we evaluate this
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function at + = cosf we obtain a harmonic function. Restricting this ho-
mogeneous polynomial to the sphere we obtain P, . Hence Py, € V* for
m=0,1,...,¢.

Next we show that the harmonic function from Equation 1.12 is a polyno-
mial in x, y and z of degree £ even when m < 0. To see this, note that (by yet
another induction, this time on —m and left to the reader), for any nonnega-
tive integer £ and any integer m with —¢ < m < 0 there is a polynomial g of
two variables such that g («, B8) has degree £ + m in \/o and B8 and

3t — 1) = a"g(a. B).

Note that 7" ¢q(a, B) is a polynomial of degree £ + m in x, y and z. Hence,
for m < 0 we have

ré(l _ t2)m/28t€+m(t2 _ 1)€eim¢ — rfa—m/Z(e—ld))—mq(a, ,3)
= (x =iy "r""q(, B),

which is a polynomial of degree —m + £ +m = £ in x, y and z. This polyno-
mial is clearly homogeneous, and by Equation 1.12 it is harmonic. Restricting
this homogeneous polynomial to the sphere we obtain P ,,. Hence P, € )*
form = —¢,..., —1. Thus we have shown that each function P, ,, is the
restriction to the sphere S? of a harmonic polynomial of degree £ on R>. In
other words, {Ye,mi m=—L,.. .,Z} c V.

Finally, since the Y, ,,’s are linearly independent, they span a (2¢ + 1)-
dimensional subset of J‘. But we know by Proposition 7.1 that Y* has di-
mension at most (2¢ + 1). Hence )’ is equal to the span of the Y, ,’s. O

The following proposition justifies the reliance on spherical harmonics
in spherically symmetric problems involving the Laplacian. To state it suc-
cinctly, we introduce the vector space C; C L?(R?) of continuous functions
whose first and second partial derivatives are all continuous.

Proposition A.3 Suppose D is a differential operator of the form
D =V +u(r),
where u is a real-valued function of r. Then the vector space
K :={feL*R: f € C;and Df =0}

of solutions to the differential equation Df = 0 is spanned by solutions of the
form a @ Yy, where oo € L, £ is a nonnegative integer and m is an integer
such that |m| < £.
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The technical conditions on f are quite reasonable: if a physical situation
has a discontinuity, we might look for solutions with discontinuities in the
function f and its derivatives. In this case, we might have to consider, e.g.,
piecewise-defined combinations of smooth solutions to the differential equa-
tion. These solutions might not be linear combinations of spherical harmon-
ics.

Proof. Let V denote the set of solutions in L?(R?) obtained by multiplying a
spherical harmonic by a spherically symmetric function:

Vi={a®YmecI®Y:aeCand Da® Y, =0}.

It suffices to show that K N (V+) = 0. So suppose that f € K N (V71), ie.,
suppose that f and its first and second partial derivatives are continuous, that
Df = 0 and that f is orthogonal to every solution obtained by separation of
variables. We will show that f = 0.

By Fubini’s Theorem (Theorem 3.1), the function || f|| s> defined by

| fllge:r \//S2 | f(r, 0, )| sind dod¢

lies in Z because f € L?(R*). Now for any nonnegative integer £ and any
integer m with |m| < ¢, the function Y, ,, f is measurable and

/ Yo (0, ) f(r,0,)| r>dr sin6 dode < oo
R3

because Y;,,, is bounded and f € L?(RR?). Again by Fubini’s Theorem,
o m(r) i= /2 Yom(©,$)f(r,0,9) sind dod¢ = (Yo, f(r,- )
s

defines a measurable function o ,, on R=’. Note that by the Schwarz Inequal-
ity (Proposition 3.6) on L*(S?%) we have

2
||’ = ‘ / Yen(®,9) f(.0,9)sin0d0d¢| < |Yeu|sllf1% .
SZ

. 2 .
Since H Yom H does not depend on r and || f||s2 € Z, it follows that oy, € L.

Next we introduce some convenient notation. By Exercise 1.12 we know
that V> = V2 4 Vj ,, where we set

2
VZ2i=92+ -9,
r

I, cosf 1 )
= — - o + 8¢.
ST 27 T 126000 r2sin% 6

0
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Note that Vgﬁ » 1s Hermitian-symmetric on L?(S?) by Exercise 3.26.
Since Df = 0 we have (Vr2 +u)f = —Vgﬂd,f. Hence for r € (0, 0c0) we
have

(V4 waem() = (You, (VF+u) f(r, )

= - (Yf,m’ Vg#;f(r’ *y ')>Sz

- - (ng,(ﬁYZ,my f(r7 *y )>

= K(e + 1) (Y(,mv f(ra ) ))

=L+ Do (r).
Here the first equality follows from the fact that f € C,. The technical con-
tinuity condition on f and its first and second partial derivatives allows us to
exchange the derivative and the integral sign (disguised as a complex scalar
product). See, for example, [Bart, Theorem 31.7]. The third equality follows

from the Hermitian symmetry of VQZ’ Iy It follows that ay ,, Y¢  is an element
of the kernel of D = V2 + u, as we can verify:

(V2 + )t (1) Y 0, @) = (V] + w)atgu(r)) Yo (O, $)
+ 2 (r)Vg 4 Yem (0, ¢)
= L(C + Datgm(r) Ym0, )
— (ML + DY, (0, ¢)
=0.

Hence oy, ® Y¢.,n € V. Next we examine the norm of oy, = 0 and recall
that f € V* by hypothesis:

o0
oty = e e Pl = [ [ i
0 Js2
= <aé,m Yom, f)R3
=0.
Hence oy ,, = 0. But this implies that forany 7 ® Y € (Z ® )) we have
o0
h®Y, flgs = / (Y, f(r,- Nger?dr = (h, apm)geo = 0.
0

But, by Proposition 7.5, Z ® ) spans L?(R?). Hence f = 0. O



368 Appendix A. Spherical Harmonics

Note that the application of Fubini’s Theorem here mirrors the argument
in Proposition 7.7. Also note that this proposition could easily be generalized
to differential operators of the form

V40,

where O is a differential operator depending only on ». One would need ap-
propriate technical hypotheses on f. Specifically, if we let n denote the mini-
mum of 2 and the order of the differential operator O, then f and all its partial
derivatives up to the nth order would have to be continuous.
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Proof of the Correspondence between
Irreducible Linear Representations of

SU(2) and Irreducible Projective
Representations of SO(3)

In this appendix we prove Proposition 10.6 from Section 10.4, which states
that the irreducible projective unitary Lie group representations of SO (3) are
in one-to-one correspondence with the irreducible (linear) unitary Lie group
representations of SU (2). The proof requires some techniques from topology
and differential geometry.

Let us start by stating the definitions and theorems we use from topology.
We will use the notion of local homomorphisms.

Definition B.1 Suppose that M and N are topological spaces, and suppose
that f: M — N is a continuous function. Suppose m € M. Then f is alocal
homeomorphism at m if there is a neighborhood M containing m such that
[y is invertible and its inverse is continuous. If f is a local homeomorphism
at eachm € M, then f is a local homeomorphism.

We need a theorem about covering spaces.

Theorem B.1 Suppose X, Y and Z are topological spaces. Suppose w: Y —
X is a finite-to-one local homeomorphism.' Suppose Z is connected and sim-
ply connected. Suppose f: Z — X is continuous. Then there is a continuous
function f: Z — Y such that f =m o f.

LA function such as 7 is known as a covering function, while a space such as Y is called a
covering space for X.
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For a proof, see [Hat, Proposition 1.30] or [Mas, Theorem 5.1].
Next we introduce the relevant concepts and theorems from differential
geometry. First we define local diffeomorphisms.

Definition B.2 Suppose that M and N are differentiable manifolds® of the
same dimension, and suppose that f: M — N is a differentiable function.
Suppose m € M. Then f is a local diffeomorphism at m if there is a neigh-
borhood M containing m such that f| i1 18 invertible and its inverse is dif-
ferentiable. If f is a local diffeomorphism at each m € M, then f is a local
diffeomorphism.

We will appeal to the Inverse Function Theorem.

Theorem B.2 (Inverse Function Theorem) Suppose that M and N are
manifolds of the same dimension, and suppose that f: M — N is a dif-
ferentiable function. Suppose m € M. Suppose the linear transformation
df(m): T,M — TN is invertible. Then f is a local diffeomorphism
at m.

See Boothby [Bo, I1.6] or Bamberg and Sternberg [BaS, p. 237] for a proof of
the inverse function theorem on R". The corresponding theorem for manifolds
follows by restricting to coordinate neighborhoods of m and f(m). We will
use the following theorem about group actions on differentiable manifolds.

Theorem B.3 Suppose M is a differentiable manifold, G is a compact Lie
group and (G, M, o) is a group action. Suppose further that

1. The action is free, i.e., if g € G, m € M and (o(g)) (m) = m, then
g=1
2. The action is smooth, i.e., for each g € G, the function
o(g): M - M
is an infinitely differentiable function.

Then the quotient space M /G (defined in Exercise 4.43) is a differentiable
manifold, and the natural projection w: M — M /G is a differentiable func-
tion.

A proof of this theorem can be found in [AM, Proposition 4.1.23].
Next, recall the Lie group homomorphism ®: SU(2) — SO (3) defined in
Section 4.3.

2 Also known as C® manifolds or smooth manifolds.
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Proposition B.1 The function ® is a local diffeomorphism. In other words,
for any g € SU(Q), there is a neighborhood N containing g such that the
restriction ®|y is invertible and its inverse is differentiable.

Proof. First we show that ® is a local diffeomorphism at I € SU(2). We use
Equation 4.2 to calculate the derivative of ® at I: for x, y and z near 0 we
have, up to first order in x, y and z,

c1>(1+< e yf”)):cb(””f y+fz)
—-y+iz ix —y+iz 1—ix

1 2y -2z 0 2y -2
=1 —2y 1 2x =I+1 -2y O 2x
2z —2x 1 2z —2x O
Hence
. . 0 2y =2z
dd>(1)( L ) oy
Y 2z —2x 0

The kernel of the linear transformation d® (/) from the three-dimensional
vector space 7;SU (2) to the three-dimensional vector space 7, SO (3) is triv-
ial, so d®([) is invertible. Hence by the Inverse Function Theorem (Theo-
rem B.2), ® is a local diffeomorphism at /.

Next we consider an arbitrary go € SU (2) and show that @ is a local diffeo-
morphism at go. Now let N denote a neighborhood of I € SU (2) on which
the restriction ®|5 has a differentiable inverse. Since left multiplication by
& !'is a continuous function on SU (2), the set

goN :={gog: g € N}

is a neighborhood of gg. For any gon € goN we have ®(gon) = ®(g)P(n).
Hence
O]

=Lq>y Oq)‘ s
N (80) N

where Lg,: SO(3) — SO(3) denotes left multiplication by ®(go). Hence

the inverse function is
_ q>( ) oL, 1.
2N ( N ®(g, )

(o
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Since SU(2) is a Lie group, the function ch(go—l) is differentiable; by our

choice of N, the function (P ~) ! is differentiable. Hence ®|,,n has a differ-
entiable inverse, i.e., ® is a local diffeomorphism at gy. But gy was arbitrary;
hence @ is a local diffeomorphism. m|

Because finite quotients are easier to handle than infinite quotients, it is
useful to think of Pl (V) as a finite quotient of the group SU (V), the set of
unitary transformations from V to itself with determinant 1 (Definition 4.2).

Proposition B.2 Suppose V is a complex scalar product space of finite di-
mension n € N. Consider the equivalence relation on the group SU(V) de-
fined by A ~ B if and only if there is a complex number X\ such that \" = 1
and A = AB. Then SU(V)/ ~ is a group and there is a Lie group isomor-
phism

PU (V)= SUV)/ ~.

Proof. First we must show that the group operation on SU (V') survives the
equivalence. Because we are accustomed to using [A] to denote an element
of PU (V), we will write elements of SU(V)/ ~ as {A}, where A € SU (V).
Note that if Ay = ApAs and By = AgBy, with Ay = A = 1, then A B =
(AaAp)As By, where (AqAp)" = 1. So group multiplication survives the
equivalence. It follows easily that SU (V)/ ~ is a group.

Next we define a function ¥: (SU(V)/ ~) — PU (V) and show it is a
group isomorphism. For any {A} € SU(V)/ ~, we define

v({AD = [A]l

Note that W ({A}) is well defined since any two equivalent elements of SU (V)
yield the same element of P/ (V). The function W is a group homomorphism
because, for any A, B € SU(V) we have

V({A}B}) = W({AB}) = [AB] = [A][B] = WV({ADW({B}).

To see that W is injective, consider W~![I].If A € SU(V) and W ({A}) = [1],
then there must be a complex number A such that A = A[. Notice that

At =det(Al) = det(A) =1,

because A € SU(V).Hence A ~ I, 1i.e., {A} = {I}. So WV is injective. To see
that W is surjective, consider [B] for any B € U (V). Set ¢ := det(B) # 0.
Then det(c™B) = 1,s0c¢™"B € SU(V). We have

V({c"B}) =[c"B]l =[B].
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SU(V) ———— (v

T 1%}
SOV~ —F PU(V)

Figure B.1. A commutative diagram for the proof of Proposition B.2. The functions 7| and
7, are the natural projection functions. The function i is the inclusion function: any element
of SU(V) is automatically an element of U (V).

Hence W is surjective. Since W is an injective and surjective group homomor-
phism, it is a group isomorphism.

Next we show differentiability. Consider Figure B.1. By construction, the
function 7r; is surjective. So given an arbitrary element ¢ € SU (V)/ ~, there
is an element A € SU (V) such that 7;(A) = ¢. By Theorem B.3, we know
that 7 is a local diffeomorphism. Hence there is a neighborhood N of A such
that 7y |y has a differentiable inverse. The inclusion function is automatically
differentiable. Finally, from Theorem B.3 we know that ; is a differentiable
function. Hence the function

—1
v =7'[20io<71'1| )
N N

is differentiable. So W is differentiable at c. But ¢ was arbitrary, so W is
differentiable. O

Here is the proof of Proposition 10.6.

Proof. (of Proposition 10.6) First we suppose that (SU (2), V, p) is a linear
irreducible unitary Lie group representation. By Proposition 6.14 we know
that p is isomorphic to the representation R, for some n. By Proposition 10.5
we know that R, can be pushed forward to an irreducible projective represen-
tation of SO (3). Hence [ p] can be pushed forward to an irreducible projective
Lie group representation of SO(3).

Conversely, suppose that (SO (3), P(V), o) is a finite-dimensional projec-
tive unitary representation. We want to show that o is the pushforward of the
projectivization of a linear unitary representation o of SU (2). In other words,
we must show that there is a Lie group representation p that makes the dia-
gram in Figure B.2 commutative, and that this p is a Lie group representation.

Consider the function o o ®: SU(2) — SU(P")/ ~. This function is
continuous, and its domain SU (2) is simply connected, by Exercise 4.27. Let
us show that SU(2) is also connected. Since S is path-connected (any two
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?
SUQ2)— — P -SU(V)

) T

S03)—2— SUV)/~

Figure B.2. Commutative diagram for proof that every projective unitary representation of
S0 (3) comes from a linear representation of SU (2).

points in S? lie on a plane through the origin that intersects S° in a circle) and
SU(2) is topologically equivalent to S*, we know that SU (2) is connected.

Since the function 7 is a finite-to-one covering, we can apply Theorem B.1
to conclude that there is a continuous function p: SU(2) — SU(P") that
makes the diagram in Figure B.2 commutative. Note that p (1) = ¢/¥/>7("+D
for some integer k. Without loss of generality, we can assume that £k = 0: if
not, replace p by e~ IK/ZT(1+D

Next we will show that p is a group homomorphism. Since ® and o
are group homomorphisms, we know that 7 o p is a group homomorphism.
Hence, for any g1, g, € SU(2) we have

ik
p(g182) = e p(g1)p(g2),

for some k € Z. In fact, we can use this equation to define k as a function of
the pair (g1, g2). In other words, consider the function K : SU (2) x SU (2) —
SU (V) defined by

K (g1, g) = p(g182)p(2) ' o(g) ™"

Since the function p is continuous, so is the function K. Since the domain
SU(2) x SU(2) of K is connected, the range of K must be connected. But
the range is a subset of the integer multiples of 7, and we know that [ lies
in the range of K because K (I, I) = I. So the range must be equal to {/}.
Hence, for any (g1, g2) € SU(2) x SU(2) we have

p(g182) = p(g1)p(g2).

Hence p is a group homomorphism.

Let us show that p is differentiable. Consider Figure B.2. Consider arbi-
trary ¢ € SU(2). Because m is a local diffeomorphism, there is a neigh-
borhood N of p(g) € SU(V) such that 7|y has a differentiable inverse. By
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Proposition B.2, the set 7 [ N] must be a neighborhood of the point o p(g) =
oo®(g). Let N denote the preimage in SU (2) of the set [N ] under the func-
tion o o ®. Then N is neighborhood of g. On the neighborhood N we have

-1
p‘~=(n‘> oo o®,
N N

where all three functions on the right-hand side are differentiable. Hence p|
is differentiable, which implies that p is differentiable at g. But g was arbi-
trary; hence p is differentiable on all of SU (2).

We have shown that the projective representation o is the pushforward of
the representation p, completing the proof. O



Appendix C
Suggested Paper Topics

e Selection rules and Clebsch—Gordan coefficients.
e Fourier transforms and momentum space.
o Classification of representations of the symmetric group S".

e Representations of the Poincaré group and their relation to mass and
spin.

e The Peter—Weyl theorem.

e Maximal tori and conjugacy classes of compact groups.

e The Q™ particle.

e Spin-orbit coupling.

e The hyperfine splitting in hydrogen.

e The crystallographic groups.

e Quarks and representations of SU (3).

e Hilbert spaces (in the mathematical sense).

e The history of the use of hydrogen in modern physics (see Rigden [Ri]).

e Any topic from Lie Groups and Physics [St] or Variations on a Theme
by Kepler [GS].
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Glossary of Symbols and Notation

a defining equality, 26

complement of K in {1, ..., n}, 348
the imaginary part of a complex number, 21

the real part of a complex number, 21
composition of the functions f and g, 19
the restriction of the function f to the set S, 19

the partial derivative of the function f with respect to the variable
v, 20

natural isomorphism from a complex scalar product space to its
dual, 107, 165

complex conjugation on C", 325
sign of the permutation o, 75

element of the projective space P(C?), 300

-2 ¢,] element of the projective space P(C"*!), 303

Fourier transform of f, 26
the Laplacian operator, 21
angstrom, i.e., 10719 meters , 9

Planck’s constant, 9
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H the Schrodinger operator , 11

E, the n-th energy eigenvalue of the Schrodinger operator for the
electron in the hydrogen atom , 12

Ve eigenspace of the Schrodinger operator corresponding to energy
level E , 267

e charge of the electron, 12

m mass of the electron, 12

y/ constant factor in Schrédinger operator, 16

|0}, |1) basis of kets of a qubit (a.k.a. spin-1/2 particle), 305
|+2z), |—z) basis of kets for the state space of a spin-1/2 particle, 305
[T, I1_ spin up and spin down projection operators, 49

|+z) (+z| spin up projection operator, 49

L azimuthal quantum number, 11
m magnetic quantum number, 11
n principal quantum number, 10
s spin quantum number, 11

s, p,d, f labels for states of the electron, 11

52 the unit two-sphere in R3, 23
53 the unit three-sphere in R?, 25
C complex scalar product space of continuous square-integrable

functions on R* whose first and second partial derivatives are all
continuous, 365

V4 complex scalar product space of spherical harmonics on the
three-sphere S3, 285
Vi complex scalar product space of spherical harmonics of degree n on

the three-sphere S°, 284

W>(R3) complex scalar product space of infinitely differentiable functions
with all derivatives in L?(R?), 243

A complex scalar product space of rotation-invariant functions in
L*(R%), 158

C[—1, 1] complex scalar product space of continuous complex-valued
functions on [—1, 1], 45

L*(R*) complex scalar product space of square-integrable functions on R?,
80
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L?>(R=% complex scalar product space of square-integrable functions on

L2(32)
L*(S)
H

H/é

Q

the nonnegative real axis, 158

complex scalar product space of square-integrable functions on the
two-sphere, 84

complex scalar product space of square-integrable functions on a
set S, 84

complex scalar product space of complex-valued harmonic
polynomials in three real variables, 52

vector space of homogeneous harmonic polynomials of degree ¢ in
three variables, 53

complex scalar product space of homogeneous polynomials of
degree n in two real variables, 47

complex scalar product space of homogeneous harmonic
polynomials of degree n in four variables, 284

complex scalar product space of homogeneous polynomials of
degree ¢ in three real variables, 47

complex scalar product space of restrictions of harmonic
polynomials of degree £ on R? to the two-sphere S2, 53

complex scalar product space of restrictions of harmonic
polynomials on R? to the two-sphere S2, 54

the algebra of quaternions, 25

{1,1, j, k} abasis for the quaternions, 25

PZ,m
Ry,

On

‘pnﬁm

('9 )
[l

S0Q2)
SO@3)

Legendre function, 29

representation of SU (2) on homogeneous polynomials of degree n,
137

representation of SO (3) on homogeneous polynomials of even
degree n in two variables, pushforward of R,,, 202

spherical harmonic function on S°, 290
spherical harmonic function on §2, 30
complex scalar product, 82

norm, 94

circle group, 112

group of rotations of the plane, 112

group of rotations in three-dimensional Euclidean space, 117
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SO(4) group of rotations of four-dimensional Euclidean space, 120
T x --- x T the n-torus, an n-fold Cartesian product of circles, 206
T(S,S) group of all invertible functions from a set S to itself, 113

GL (V) group of invertible linear operators on a vector space V, 113

U (V) unitary group, i.e., group of unitary operators on a complex scalar
product space V, 114

SU(2) special 2 x 2 unitary group, 118

SU (V) special unitary group, i.e., group of unitary operators of determinant
one on a finite-dimensional scalar product space V, 114

(G, V, p) arepresentation p of a group G on a vector space V, 127

Xp character of the representation p, 141

) surjective Lie group homomorphism from SU (2) to SO(3), 123
f SUQ) f(g)dg invariant, volume-one integral on SU (2), 189

g Lie algebra, 230

[+, -] Lie bracket, 230

gl(n,C) (real) Lie algebra of n x n matrices with complex entries, 232
99 Lie algebra of quaternions spanned by i, j, k, 231

H Heisenberg Lie algebra, 239

gl (V) Lie algebra of all linear operators on the vector space V, 241
so(n) Lie algebra of n x n skew-symmetric real matrices, 247

su(2) 2 x 2 special unitary algebra, 232

L total angular momentum operator, 243

U angular momentum operator on polynomials in two real variables,
246

X raising operator for the representation U, 247
Y lowering operator for the representation U, 248
X, raising operator for the representation p, 249
Y, lowering operator for the representation p, 249
Ri, Rj, Ry Runge-Lenz operators, 268

C Casimir operator, 255

V = W the representations on the vector spaces V and W are isomorphic,
132

T* the adjoint of the linear transformation 7, 89
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o the representations p and p are isomorphic, 132

kerT  kernel of the linear transformation 7', 52

wt the subspace complementary to W inside another vector space, 86
A"V alternate tensor product of n copies of the vector space V, 75
Sym" V' symmetric tensor product of n copies of V, 75

P(V) projective space over V, 300

IIw;  orthogonal projection onto the subspace [ W] of projective space,

344

(W] linear subspace of a projective space P(V'), where W is a subspace
of vV, 303

[T] projectivization of the linear operator 7', 304

PU (V) projective unitary group of the vector space V, 318

S/~ the set of equivalence classes in S modulo the equivalence relation
~,33

(-, ), ~ complex scalar product on the dual of a complex scalar product
space, 107, 165

v dual vector space to V, 72, 164
0 dual to the representation p, 166

Homg (V, W) fixed points of the natural representation on Hom(V, W),
169

V @& W Cartesian sum of vector spaces V and W, 62

V ® W tensor product of vector spaces V and W, 67

0 @ p Cartesian sum of representations p and p, 159

0 ® p tensor product of the representations p and p, 160

T projection onto the k-th summand of a Cartesian sum, 63

Hom(V, W) complex scalar product space of linear transformations from
Vto W, 73, 169

unirrep unitary irreducible representation, 195
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C® manifold, 370
gl(n, C), 232
L?-approximation, 99
n-qubit register, 353
S0(1,3), 148
SO(3), 134, 180, 202
S0@4), 120

SU(2), 118, 141
so(4), 230

su(2), 232

C[—1, 1], 45, 83, 201
Hom, 73, 107, 169, 183, 192
Homg, 192

H¢, 53

L*(R%), 77, 80

absolute bracket, 315
adjoint, 88

action, 56, 123
algebra, 57
alkali atom, 10, 13, 16, 17
alternate tensor product, 75

angular momentum operators, 243
annihilated, 52
ansatz, 27
anti-Hermitian, 233
antidifferentiation, 33
antipodal points, 313
approximation, 96

in the norm, 218
associated eigenvector, 60
associated Legendre function, 359
associative multiplication, 38
azimuthal quantum number, 356

basis, finite, 46
Bergmann spectrum, 9
Bessel functions, 103
bosons, 322

bound states, 263
bounded sets, 100

Cartesian product, 145
of sets, 63



392 Index

Cartesian sum, 62, 239, 339
Casimir operator, 255
center, 123, 278
character, 59, 141
characteristic polynomial, 61, 121
circle group, 112, 187
classification, 200
closed, 100

under operations, 42
coefficients, 44
colatitude, 24
collapse of the wave function, 343
commutative diagram, 157, 183
commutator, 230
compactness, 100, 109, 120
complementary subspace, 86
complete set of base states, 6
complex

conjugation, 49, 323, 325

inner product, 81

line, 43

orthonormal basis, 87

projective space, 300, 302

scalar product, 81, 82, 118

space, 77, 82

vector space, 42
composition, 19, 114
conjugation

of matrices, 57

of quaternions, 26, 207
consistency condition, 50
continuous spectrum, 346
Coulomb potential, 12, 262
counterclockwise, 59
covering function, 369
covering space, 369
cyclic calculation, 232
cyclic formulas, 231

decomposable tensors, 69

deep mystery, 342

degenerate energy levels, 284

degree, 44

dense subspaces, 198, 346

density, 96

determinant, 37, 60

diagonal su(2) representation,
269

diagonal matrices, 57

diagonal subgroup, 269

differential geometry, 64

diffuse spectrum, 9, 10

dimension, 45, 46

Dirac equation, 44

Dirac spinors, 44

direct product, 64

domain, 48

double cover, 121

dual representation, 164, 166

dual space, 72

dual vector space, 72, 107, 164

dummy variable, 18

eigenfunctions, 12
eigenspace, 73
eigenvalues, 60
eigenvectors, 60
Einstein—Podolsky—Rosen
paradox, 347
electron, 46
elementary states, 186
elementary tensors, 69, 349
energy eigenstates, 263
energy eigenvalues, 263
energy levels, 229, 263
entangled states, 340, 349
entanglement, 346



equivalence, 78, 131
class, 33
relation, 33, 299
error, 96
Euclidean space, 47
Euclidean structure, 86
Euler angles, 117, 207
Euler’s formula, 37

fermions, 322
field axioms, 40
finite, 34
groups, 227
representations of, xii
dimension, 46
Fourier series, 26
Fourier transform, 79
free group action, 370
functional analysis, 121, 198, 346
fundamental spectrum, 9, 10
Fundamental Theorem of
Algebra, 61
Fundamental Theorem of Linear
Algebra, 52

general linear (Lie) algebra, 232

generating function, 139

geometry, 57

global vs. local, 246

group action, 128

group, 111

group homomorphism, 127, 128,
134, 172

group isomorphism, 115

group theory, 1

Hamiltonian operator, 61

harmonic, 45, 53
function, 21
polynomials, 52

Index 393

Heisenberg algebra, 239
Heisenberg’s uncertainty
principle, 341
Hermitian, 239
inner product, 81
operator, 90
symmetric, 82, 123
Hermitian-symmetric matrix, 108
operator, 90
hidden symmetries, 2, 61, 173
highest weight vector, 250
Hilbert space, 78
homogeneous function, 20
homogeneous harmonic
polynomials, 53, 203
homogeneous polynomials, 47,
137
homomorphism of
representations, 131

identity function, 18
image, 19, 52
inclusion map, 150
indefinite integration, 33
induced representation, 129
infinite dimensional, 46
infinitesimal, 266
elements, 233
generators, 285
injective, 19
inner electrons, 16
integer lattice points, 47
intertwine, 131
invariant, 68
integral, 188, 192
integration, 187
subspace, 180, 244
inverse function, 19
ionization energy, 12
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irreducible invariant subspace,
181
irreducible projective
representation, 321
irreducible representations, 180,
181, 244
of SO(3) ff, 202
of SU(2), 199
irreducible subspace, 181
isomorphism of representations,
131, 132
isotype, 196
isotypic decomposition, 194, 196

Jacobi identity, 230

kernel, 52, 114
kets, 44, 46, 72, 305

Laplace’s equation, 21, 27
Laplacian, 21, 52, 146, 263
in spherical coordinates, 24
Lebesgue dominated convergence
theorem, 79
Lebesgue equivalence, 79
Lebesgue integral, 79
Legendre equation, 29
functions, 29
polynomial, 359
Lie algebra, 230
homomorphism, 237
isomorphism, 237
Lie bracket, 230
Lie group, 116, 120, 123
homomorphism, 116
isomorphism, 116
Lie subalgebra, 232
linear
independence, 46
operator, 55, 118

structure, 113
subspace, 303
transformation(s), 48, 113
unitary representations, 319
linearly independent subspaces,
62
local, 246
diffeomorphism, 369, 370
lowering operator, 248

manifold,
complex, 302
differentiable, 116
smooth, 370
measurable function, 79
microfine splitting, 262
Minkowski space, 136
mixed degree, 20
mixed states, 312
modulus, 94
momentum-space Schrodinger
equation, 284
multiplication operator, 242
multiplicities, 196, 312, 343

natural complex scalar product on
V*, 107

natural representation, 131

neutrino, 320

noble gases, 13

nondegenerate bracket, 82

nonhomogeneous magnetic field,
306

norm, 94

observables, 5, 343

orbital spin, 321

orthogonal basis, 311

orthogonal projection, 91, 93,
184, 219, 344



orthogonality in projective space,
311
outer electron, 16

partial differential equation, 27
partial differential operators, 21
Pauli equation, 356
exclusion principle, 7, 48,
323
matrices, 356
periodic table, 13, 48
perpendicular space, 86
phase, 309
factor, 81
photon, 320
physical symmetry, 324
pion, 320
Planck’s constant, 9, 12
Poincaré group, 136, 227, 377
point at infinity, 301
polynomial rings, 45
polynomials, 44
positive definite bracket, 82
precision, 96
preimage, 19
principal quantum number, 356
principal spectrum, 9, 10
probability distribution, 3
projection operator, 49, 59, 63,
107
projective
space, 300
unitary group, 318
unitary representation, 319
unitary structure, 318
vector space, 81
projectivization, 300
pullback, 172, 174
pure states, 312

Index 395

pushforward, 173, 202

quadratic formula, 121
quantum computation, 353
quantum number, 257
azimuthal, 11
magnetic, 11
principal, 10, 13
spin, 11
quaternions, 25, 71, 148, 150
qubit, 44, 302, 305
quotient space, 152

radial functions, 158
raising operator, 247
rank, 52
rank-nullity theorem, see
Fundamental Theorem
of Linear Algebra, 52
ray equivalence, 81
rays, 81
reducible representations, 181
relativistic effects, 262
representation theory, 1
restriction, 19, 155
Riesz Representation Theorem,
165
Rodrigues formula, 360
rotation-invariant functions, 158
Runge-Lenz
operators, 12, 267
vector, 12

scalar multiplication, 42

Schrodinger eigenvalue equation,
263

Schrodinger operator, 11, 262

Schur’s lemma, 180

Schwarz inequality, 95

self-adjoint operator, 90, 345
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separation of variables, 27, 217
sharp spectrum, 9, 10
shell, 16
shielding force, 17
skew-Hermitian, 233
smooth group action, 370
span, 46, 87, 144
special functions, 103
special orthogonal group, 117
special relativity, 136
special unitary group, 118
spectral projections, 346
Spectral Theorem, 125, 357
spectroscopy, 8
spectrum of hydrogen, 8
speed of light, 9
spherical coordinates, 63
spherical harmonics, 27, 29, 363

functions, 284
spin, 46, 137

of the electron, 223
spin 1/2, 46, 305, 320
spin-orbit coupling, 356
square-integrable, 80
standard basis, 117
stereographic projection, 285, 301
Stern—Gerlach machine, 11, 44,

46, 306, 345
Stone—Weierstrass theorem, 100
strictly positive, 34
subgroup, 150
subspace, 45
superposition, 5, 158, 186, 263,
305, 318

surjective, 19
survive an equivalence, 35
symmetric tensor product, 75

target space, 48
tensor product, 64, 340

of Lie algebra

representations, 259

topological isomorphism, 309
torus, 206
total angular momentum, 243
trace, 58, 141
translation action, 129
triangle inequality, 94
trigonometric polynomials, 96
trivial Lie bracket, 238
trivial representation, 147
trivial subspace, 45
trivial vector space, 43

unentangled, 349

uniform approximation, 99, 218
unirreps, 184

unit quaternions, 26, 150

unitary
basis, 87
group, 114

isomorphisms, 133

operator, 86

representations, 132, 135

structure, 81, 82, 113, 311
universal enveloping algebra, 255

vector subspace, 45
volume-one, 188

wave function, 3
weight vectors, 204
weights, 204

Wigner’s theorem, 323

Yukawa potential, 297
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Frazier: An Introduction to Wavelets
Through Linear Algebra.

Gamelin: Complex Analysis.

Gordon: Discrete Probability.

Hairer/Wanner: Analysis by Its History.

Readings in Mathematics.

Halmos: Finite-Dimensional Vector
Spaces. Second edition.

Halmos: Naive Set Theory.

Hammerlin/Hoffmann: Numerical
Mathematics.

Readings in Mathematics.

Harris/Hirst/Mossinghoff:
Combinatorics and Graph Theory.

Hartshorne: Geometry: Euclid and
Beyond.

Hijab: Introduction to Calculus and
Classical Analysis.

Hilton/Holton/Pedersen: Mathematical
Reflections: In a Room with Many
Mirrors.

Hilton/Holton/Pedersen: Mathematical
Vistas: From a Room with Many
Windows.

Tooss/Joseph: Elementary Stability
and Bifurcation Theory. Second
edition.

Irving: Integers, Polynomials, and Rings:

A Course in Algebra.

Isaac: The Pleasures of Probability.
Readings in Mathematics.

James: Topological and Uniform
Spaces.

Jéanich: Linear Algebra.

Janich: Topology.

Jéanich: Vector Analysis.

Kemeny/Snell: Finite Markov Chains.

Kinsey: Topology of Surfaces.

Klambauer: Aspects of Calculus.

Lang: A First Course in Calculus.
Fifth edition.

Lang: Calculus of Several Variables.
Third edition.

Lang: Introduction to Linear Algebra.
Second edition.

Lang: Linear Algebra. Third edition.

Lang: Short Calculus: The Original
Edition of “A First Course in
Calculus.”

Lang: Undergraduate Algebra. Third
edition.

Lang: Undergraduate Analysis.

Laubenbacher/Pengelley: Mathematical
Expeditions.

Lax/Burstein/Lax: Calculus with
Applications and Computing.
Volume 1.

LeCuyer: College Mathematics with
APL.

Lidl/Pilz: Applied Abstract Algebra.
Second edition.

Logan: Applied Partial Differential
Equations. Second edition.

Logan: A First Course in Differential
Equations.

Lovasz/Pelikan/Vesztergombi: Discrete
Mathematics.

Macki-Strauss: Introduction to Optimal
Control Theory.

Malitz: Introduction to Mathematical
Logic.

Marsden/Weinstein: Calculus I, II, III.
Second edition.

Martin: Counting: The Art of
Enumerative Combinatorics.

Martin: The Foundations of Geometry
and the Non-Euclidean Plane.

Martin: Geometric Constructions.

Martin: Transformation Geometry: An
Introduction to Symmetry.

Millman/Parker: Geometry: A Metric
Approach with Models. Second
edition.

Moschovakis: Notes on Set Theory.

Owen: A First Course in the
Mathematical Foundations of
Thermodynamics.

Palka: An Introduction to Complex
Function Theory.

Pedrick: A First Course in Analysis.

Peressini/Sullivan/Uhl: The Mathematics
of Nonlinear Programming.
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Prenowitz/Jantosciak: Join Geometries.

Priestley: Calculus: A Liberal Art.
Second edition.

Protter/Morrey: A First Course in Real
Analysis. Second edition.

Protter/Morrey: Intermediate Calculus.
Second edition.

Pugh: Real Mathematical Analysis.

Roman: An Introduction to Coding and
Information Theory.

Roman: Introduction to the Mathematics
of Finance: From Risk Management to
Options Pricing.

Ross: Differential Equations: An
Introduction with Mathematica®.
Second edition.

Ross: Elementary Analysis: The Theory
of Calculus.

Samuel: Projective Geometry.

Readings in Mathematics.

Saxe: Beginning Functional Analysis.

Scharlau/Opolka: From Fermat to
Minkowski.

Schiff: The Laplace Transform: Theory
and Applications.

Sethuraman: Rings, Fields, and Vector
Spaces: An Approach to Geometric
Constructability.

Sigler: Algebra.

Silverman/Tate: Rational Points on
Elliptic Curves.

Simmonds: A Brief on Tensor Analysis.
Second edition.

Singer: Geometry: Plane and Fancy.

Singer: Linearity, Symmetry, and
Prediction in the Hydrogen Atom.

Singer/Thorpe: Lecture Notes on
Elementary Topology and Geometry.

Smith: Linear Algebra. Third edition.

Smith: Primer of Modern Analysis.
Second edition.

Stanton/White: Constructive
Combinatorics.

Stillwell: Elements of Algebra: Geometry,
Numbers, Equations.

Stillwell: Elements of Number Theory.

Stillwell: The Four Pillars of Geometry.

Stillwell: Mathematics and Its History.
Second edition.

Stillwell: Numbers and Geometry.
Readings in Mathematics.

Strayer: Linear Programming and Its
Applications.

Toth: Glimpses of Algebra and
Geometry. Second edition.
Readings in Mathematics.

Troutman: Variational Calculus and
Optimal Control. Second edition.

Valenza: Linear Algebra: An
Introduction to Abstract Mathematics.

Whyburn/Duda: Dynamic Topology.

Wilson: Much Ado About Calculus.
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