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Foreword

Beginning in the spring of 2000, a series of four one-semester courses
were taught at Princeton University whose purpose was to present, in
an integrated manner, the core areas of analysis. The objective was to
make plain the organic unity that exists between the various parts of the
subject, and to illustrate the wide applicability of ideas of analysis to
other fields of mathematics and science. The present series of books is
an elaboration of the lectures that were given.

While there are a number of excellent texts dealing with individual
parts of what we cover, our exposition aims at a different goal: pre-
senting the various sub-areas of analysis not as separate disciplines, but
rather as highly interconnected. It is our view that seeing these relations
and their resulting synergies will motivate the reader to attain a better
understanding of the subject as a whole. With this outcome in mind, we
have concentrated on the main ideas and theorems that have shaped the
field (sometimes sacrificing a more systematic approach), and we have
been sensitive to the historical order in which the logic of the subject
developed.

We have organized our exposition into four volumes, each reflecting
the material covered in a semester. Their contents may be broadly sum-
marized as follows:

I. Fourier series and integrals.
I1. Complex analysis.
III. Measure theory, Lebesgue integration, and Hilbert spaces.

IV. A selection of further topics, including functional analysis, distri-
butions, and elements of probability theory.

However, this listing does not by itself give a complete picture of
the many interconnections that are presented, nor of the applications
to other branches that are highlighted. To give a few examples: the ele-
ments of (finite) Fourier series studied in Book I, which lead to Dirichlet
characters, and from there to the infinitude of primes in an arithmetic
progression; the X-ray and Radon transforms, which arise in a number of
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problems in Book I, and reappear in Book III to play an important role in
understanding Besicovitch-like sets in two and three dimensions; Fatou’s
theorem, which guarantees the existence of boundary values of bounded
holomorphic functions in the disc, and whose proof relies on ideas devel-
oped in each of the first three books; and the theta function, which first
occurs in Book I in the solution of the heat equation, and is then used
in Book II to find the number of ways an integer can be represented as
the sum of two or four squares, and in the analytic continuation of the
zeta function.

A few further words about the books and the courses on which they
were based. These courses where given at a rather intensive pace, with 48
lecture-hours a semester. The weekly problem sets played an indispens-
able part, and as a result exercises and problems have a similarly im-
portant role in our books. Each chapter has a series of “Exercises” that
are tied directly to the text, and while some are easy, others may require
more effort. However, the substantial number of hints that are given
should enable the reader to attack most exercises. There are also more
involved and challenging “Problems”; the ones that are most difficult, or
go beyond the scope of the text, are marked with an asterisk.

Despite the substantial connections that exist between the different
volumes, enough overlapping material has been provided so that each of
the first three books requires only minimal prerequisites: acquaintance
with elementary topics in analysis such as limits, series, differentiable
functions, and Riemann integration, together with some exposure to lin-
ear algebra. This makes these books accessible to students interested
in such diverse disciplines as mathematics, physics, engineering, and
finance, at both the undergraduate and graduate level.

It is with great pleasure that we express our appreciation to all who
have aided in this enterprise. We are particularly grateful to the stu-
dents who participated in the four courses. Their continuing interest,
enthusiasm, and dedication provided the encouragement that made this
project possible. We also wish to thank Adrian Banner and Jose Luis
Rodrigo for their special help in running the courses, and their efforts to
see that the students got the most from each class. In addition, Adrian
Banner also made valuable suggestions that are incorporated in the text.
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We wish also to record a note of special thanks for the following in-
dividuals: Charles Fefferman, who taught the first week (successfully
launching the whole project!); Paul Hagelstein, who in addition to read-
ing part of the manuscript taught several weeks of one of the courses, and
has since taken over the teaching of the second round of the series; and
Daniel Levine, who gave valuable help in proof-reading. Last but not
least, our thanks go to Gerree Pecht, for her consummate skill in type-
setting and for the time and energy she spent in the preparation of all
aspects of the lectures, such as transparencies, notes, and the manuscript.

We are also happy to acknowledge our indebtedness for the support
we received from the 250th Anniversary Fund of Princeton University,
and the National Science Foundation’s VIGRE program.
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Preface to Book 1

Any effort to present an overall view of analysis must at its start deal
with the following questions: Where does one begin? What are the initial
subjects to be treated, and in what order are the relevant concepts and
basic techniques to be developed?

Our answers to these questions are guided by our view of the centrality
of Fourier analysis, both in the role it has played in the development of
the subject, and in the fact that its ideas permeate much of the present-
day analysis. For these reasons we have devoted this first volume to an
exposition of some basic facts about Fourier series, taken together with
a study of elements of Fourier transforms and finite Fourier analysis.
Starting this way allows one to see rather easily certain applications to
other sciences, together with the link to such topics as partial differential
equations and number theory. In later volumes several of these connec-
tions will be taken up from a more systematic point of view, and the ties
that exist with complex analysis, real analysis, Hilbert space theory, and
other areas will be explored further.

In the same spirit, we have been mindful not to overburden the begin-
ning student with some of the difficulties that are inherent in the subject:
a proper appreciation of the subtleties and technical complications that
arise can come only after one has mastered some of the initial ideas in-
volved. This point of view has led us to the following choice of material
in the present volume:

e Fourier series. At this early stage it is not appropriate to intro-
duce measure theory and Lebesgue integration. For this reason
our treatment of Fourier series in the first four chapters is carried
out in the context of Riemann integrable functions. Even with this
restriction, a substantial part of the theory can be developed, de-
tailing convergence and summability; also, a variety of connections
with other problems in mathematics can be illustrated.

e Fourier transform. For the same reasons, instead of undertaking
the theory in a general setting, we confine ourselves in Chapters 5
and 6 largely to the framework of test functions. Despite these lim-
itations, we can learn a number of basic and interesting facts about
Fourier analysis in R? and its relation to other areas, including the
wave equation and the Radon transform.
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e Finite Fourier analysis. This is an introductory subject par excel-
lence, because limits and integrals are not explicitly present. Nev-
ertheless, the subject has several striking applications, including
the proof of the infinitude of primes in arithmetic progression.

Taking into account the introductory nature of this first volume, we
have kept the prerequisites to a minimum. Although we suppose some
acquaintance with the notion of the Riemann integral, we provide an
appendix that contains most of the results about integration needed in
the text.

We hope that this approach will facilitate the goal that we have set
for ourselves: to inspire the interested reader to learn more about this
fascinating subject, and to discover how Fourier analysis affects decisively
other parts of mathematics and science.
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]. The Genesis of Fourier
Analysis

Regarding the researches of d’Alembert and Euler could
one not add that if they knew this expansion, they
made but a very imperfect use of it. They were both
persuaded that an arbitrary and discontinuous func-
tion could never be resolved in series of this kind, and
it does not even seem that anyone had developed a
constant in cosines of multiple arcs, the first problem
which I had to solve in the theory of heat.

J. Fourier, 1808-9

In the beginning, it was the problem of the vibrating string, and the
later investigation of heat flow, that led to the development of Fourier
analysis. The laws governing these distinct physical phenomena were
expressed by two different partial differential equations, the wave and
heat equations, and these were solved in terms of Fourier series.

Here we want to start by describing in some detail the development
of these ideas. We will do this initially in the context of the problem of
the vibrating string, and we will proceed in three steps. First, we de-
scribe several physical (empirical) concepts which motivate correspond-
ing mathematical ideas of importance for our study. These are: the role
of the functions cost, sint, and e* suggested by simple harmonic mo-
tion; the use of separation of variables, derived from the phenomenon
of standing waves; and the related concept of linearity, connected to the
superposition of tones. Next, we derive the partial differential equation
which governs the motion of the vibrating string. Finally, we will use
what we learned about the physical nature of the problem (expressed
mathematically) to solve the equation. In the last section, we use the
same approach to study the problem of heat diffusion.

Given the introductory nature of this chapter and the subject matter
covered, our presentation cannot be based on purely mathematical rea-
soning. Rather, it proceeds by plausibility arguments and aims to provide
the motivation for the further rigorous analysis in the succeeding chap-
ters. The impatient reader who wishes to begin immediately with the
theorems of the subject may prefer to pass directly to the next chapter.
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1 The vibrating string

The problem consists of the study of the motion of a string fixed at
its end points and allowed to vibrate freely. We have in mind physical
systems such as the strings of a musical instrument. As we mentioned
above, we begin with a brief description of several observable physical
phenomena on which our study is based. These are:

e simple harmonic motion,
e standing and traveling waves,
e harmonics and superposition of tones.

Understanding the empirical facts behind these phenomena will moti-
vate our mathematical approach to vibrating strings.

Simple harmonic motion

Simple harmonic motion describes the behavior of the most basic oscil-
latory system (called the simple harmonic oscillator), and is therefore
a natural place to start the study of vibrations. Consider a mass {m}
attached to a horizontal spring, which itself is attached to a fixed wall,
and assume that the system lies on a frictionless surface.

Choose an axis whose origin coincides with the center of the mass when
it is at rest (that is, the spring is neither stretched nor compressed), as
shown in Figure 1. When the mass is displaced from its initial equilibrium

Yy 0 Yy 0 y(t)

Figure 1. Simple harmonic oscillator

position and then released, it will undergo simple harmonic motion.
This motion can be described mathematically once we have found the
differential equation that governs the movement of the mass.

Let y(t) denote the displacement of the mass at time t. We assume that
the spring is ideal, in the sense that it satisfies Hooke’s law: the restoring
force F' exerted by the spring on the mass is given by F = —ky(¢). Here
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k > 0 is a given physical quantity called the spring constant. Applying
Newton’s law (force = mass x acceleration), we obtain

_ky(t> = my” (t)a

where we use the notation y” to denote the second derivative of y with
respect to t. With ¢ = y/k/m, this second order ordinary differential
equation becomes

(1) y"(t) + c*y(t) = 0.
The general solution of equation (1) is given by
y(t) = acosct+bsinct,

where a and b are constants. Clearly, all functions of this form solve
equation (1), and Exercise 6 outlines a proof that these are the only
(twice differentiable) solutions of that differential equation.

In the above expression for y(t), the quantity ¢ is given, but a and b
can be any real numbers. In order to determine the particular solution
of the equation, we must impose two initial conditions in view of the
two unknown constants a and b. For example, if we are given y(0) and
y'(0), the initial position and velocity of the mass, then the solution of
the physical problem is unique and given by

y'(0)

C

sinct .

y(t) = y(0) cos ct +

One can easily verify that there exist constants A > 0 and ¢ € R such
that

acosct + bsinct = Acos(ct — ¢).

Because of the physical interpretation given above, one calls A = Va2 + b2
the “amplitude” of the motion, ¢ its “natural frequency,” ¢ its “phase”
(uniquely determined up to an integer multiple of 27), and 27 /c the
“period” of the motion.

The typical graph of the function Acos(ct — ), illustrated in
Figure 2, exhibits a wavelike pattern that is obtained from translating
and stretching (or shrinking) the usual graph of cost.

We make two observations regarding our examination of simple har-
monic motion. The first is that the mathematical description of the most
elementary oscillatory system, namely simple harmonic motion, involves
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Figure 2. The graph of Acos(ct — )

the most basic trigonometric functions cost and sint. It will be impor-
tant in what follows to recall the connection between these functions
and complex numbers, as given in Euler’s identity e* = cost + isint.
The second observation is that simple harmonic motion is determined as
a function of time by two initial conditions, one determining the position,
and the other the velocity (specified, for example, at time ¢ = 0). This
property is shared by more general oscillatory systems, as we shall see
below.

Standing and traveling waves

As it turns out, the vibrating string can be viewed in terms of one-
dimensional wave motions. Here we want to describe two kinds of mo-
tions that lend themselves to simple graphic representations.

e First, we consider standing waves. These are wavelike motions
described by the graphs y = u(z,t) developing in time ¢ as shown
in Figure 3.

In other words, there is an initial profile y = p(x) representing the

wave at time ¢ = 0, and an amplifying factor ¢ (¢), depending on ¢,
so that y = u(z,t) with

u(@,t) = p(x)(t).

The nature of standing waves suggests the mathematical idea of
“separation of variables,” to which we will return later.

e A second type of wave motion that is often observed in nature is
that of a traveling wave. Its description is particularly simple:
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Figure 3. A standing wave at different moments in time: ¢ =0 and

t=to

there is an initial profile F'(z) so that u(x,t) equals F(x) when
t = 0. As t evolves, this profile is displaced to the right by ct units,
where ¢ is a positive constant, namely

u(x,t) = F(xz — ct).

Graphically, the situation is depicted in Figure 4.

Figure 4. A traveling wave at two different moments in time: ¢ = 0 and

t = to

Since the movement in ¢ is at the rate ¢, that constant represents the
velocity of the wave. The function F'(xz — ct) is a one-dimensional
traveling wave moving to the right. Similarly, u(z,t) = F(z + ct)
is a one-dimensional traveling wave moving to the left.



6 Chapter 1. THE GENESIS OF FOURIER ANALYSIS

Harmonics and superposition of tones

The final physical observation we want to mention (without going into
any details now) is one that musicians have been aware of since time
immemorial. It is the existence of harmonics, or overtones. The pure
tones are accompanied by combinations of overtones which are primar-
ily responsible for the timbre (or tone color) of the instrument. The idea
of combination or superposition of tones is implemented mathematically
by the basic concept of linearity, as we shall see below.

We now turn our attention to our main problem, that of describing the
motion of a vibrating string. First, we derive the wave equation, that is,
the partial differential equation that governs the motion of the string.

1.1 Derivation of the wave equation

Imagine a homogeneous string placed in the (z,y)-plane, and stretched
along the z-axis between x =0 and z = L. If it is set to vibrate, its
displacement y = u(z,t) is then a function of x and ¢, and the goal is to
derive the differential equation which governs this function.

For this purpose, we consider the string as being subdivided into a
large number N of masses (which we think of as individual particles)
distributed uniformly along the z-axis, so that the n*" particle has its
z-coordinate at z, = nL/N. We shall therefore conceive of the vibrat-
ing string as a complex system of N particles, each oscillating in the
vertical direction only; however, unlike the simple harmonic oscillator we
considered previously, each particle will have its oscillation linked to its
immediate neighbor by the tension of the string.

Yn+1
Yn—1 Yn
| | |
I I I
Tn—1 Tn Tn41
h

Figure 5. A vibrating string as a discrete system of masses
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We then set y,(t) = u(z,,t), and note that x,+; — z, = h, with h =
L/N. If we assume that the string has constant density p > 0, it is
reasonable to assign mass equal to ph to each particle. By Newton’s law,
phy!(t) equals the force acting on the n'™ particle. We now make the
simple assumption that this force is due to the effect of the two nearby
particles, the ones with z-coordinates at z,_1 and z,41 (see Figure 5).
We further assume that the force (or tension) coming from the right of
the n'® particle is proportional to (y,+1 — ¥»)/h, where h is the distance
between x,41 and x,; hence we can write the tension as

T

<E) (Yn+1 = Yn),

where 7 > 0 is a constant equal to the coefficient of tension of the string.
There is a similar force coming from the left, and it is

(7) @1 = a).

Altogether, adding these forces gives us the desired relation between the
oscillators y, (t), namely

-

(2) Phyn(8) = 2 {Yn41(8) + Y1 (1) = 2yn(1)} -

On the one hand, with the notation chosen above, we see that
Ynt1(t) + yn—1(t) — 2yn(t) = w(zy + hyt) + u(x, — h,t) — 2u(zy, ).

On the other hand, for any reasonable function F'(x) (that is, one that
has continuous second derivatives) we have

F(x+h)+ F(x —h) — 2F(x)

2 — F"’(z) ash—0.

Thus we may conclude, after dividing by h in (2) and letting A tend to
zero (that is, N goes to infinity), that

0%u 0%u
R —
Porz =7 o2
or
1 0%u 0% .
cfzﬁ:@, with ¢ = T/p

This relation is known as the one-dimensional wave equation, or
more simply as the wave equation. For reasons that will be apparent
later, the coefficient ¢ > 0 is called the velocity of the motion.



8 Chapter 1. THE GENESIS OF FOURIER ANALYSIS

In connection with this partial differential equation, we make an im-
portant simplifying mathematical remark. This has to do with scaling,
or in the language of physics, a “change of units.” That is, we can think of
the coordinate z as * = aX where a is an appropriate positive constant.
Now, in terms of the new coordinate X, the interval 0 < x < L becomes
0 < X < L/a. Similarly, we can replace the time coordinate ¢ by ¢ = bT,
where b is another positive constant. If we set U(X,T) = u(x,t), then

ou ou 02U 5 0%u

ox ~ “ox’ ox2 ~ " 922’

and similarly for the derivatives in ¢. So if we choose a and b appropri-
ately, we can transform the one-dimensional wave equation into

U 98U

aor2 — §X2’

which has the effect of setting the velocity c equal to 1. Moreover, we have
the freedom to transform the interval 0 < 2 < Lto 0 < X < 7. (We shall
see that the choice of 7 is convenient in many circumstances.) All this
is accomplished by taking a = L/m and b= L/(cm). Once we solve the
new equation, we can of course return to the original equation by making
the inverse change of variables. Hence, we do not sacrifice generality by
thinking of the wave equation as given on the interval [0, 7] with velocity
c=1.

1.2 Solution to the wave equation

Having derived the equation for the vibrating string, we now explain two
methods to solve it:

e using traveling waves,

e using the superposition of standing waves.

While the first approach is very simple and elegant, it does not directly
give full insight into the problem; the second method accomplishes that,
and moreover is of wide applicability. It was first believed that the second
method applied only in the simple cases where the initial position and
velocity of the string were themselves given as a superposition of standing
waves. However, as a consequence of Fourier’s ideas, it became clear that
the problem could be worked either way for all initial conditions.
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Traveling waves

To simplify matters as before, we assume that ¢ = 1 and L = 7, so that
the equation we wish to solve becomes

0%u B 0%u

otz Ox?
The crucial observation is the following: if F' is any twice differentiable
function, then u(x,t) = F(z +t) and u(z,t) = F(x —t) solve the wave
equation. The verification of this is a simple exercise in differentiation.
Note that the graph of u(x,t) = F(z —t) at time ¢ = 0 is simply the
graph of I, and that at time ¢ = 1 it becomes the graph of F' translated
to the right by 1. Therefore, we recognize that F(x —t) is a traveling
wave which travels to the right with speed 1. Similarly, u(x,t) = F(x +t)
is a wave traveling to the left with speed 1. These motions are depicted
in Figure 6.

on0<zx<m.

F(w +1t) F(x) F(x —t)

Figure 6. Waves traveling in both directions

Our discussion of tones and their combinations leads us to observe
that the wave equation is linear. This means that if u(x,t) and v(z,t)
are particular solutions, then so is au(x,t) + fv(z,t), where o and 3
are any constants. Therefore, we may superpose two waves traveling in
opposite directions to find that whenever F' and G are twice differentiable
functions, then

u(z,t) =F(z+t) +G(x —1t)

is a solution of the wave equation. In fact, we now show that all solutions
take this form.

We drop for the moment the assumption that 0 < x < 7, and suppose
that u is a twice differentiable function which solves the wave equation
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for all real z and t. Consider the following new set of variables £ = x + t,
n = —t, and define v(§,n) = u(x,t). The change of variables formula
shows that v satisfies

0%

85877:0'

Integrating this relation twice gives v(§,n) = F(§) + G(n), which then
implies

u(z,t) = F(z+t)+ Gz — 1),

for some functions F' and G.

We must now connect this result with our original problem, that is,
the physical motion of a string. There, we imposed the restrictions 0 <
x <, the initial shape of the string u(z,0) = f(x), and also the fact
that the string has fixed end points, namely «(0,t) = u(w,t) = 0 for all
t. To use the simple observation above, we first extend f to all of R by
making it odd! on [—m, 7], and then periodic? in x of period 27, and
similarly for u(z,t), the solution of our problem. Then the extension u
solves the wave equation on all of R, and u(z,0) = f(z) for all x € R.
Therefore, u(z,t) = F(x +t) + G(x — t), and setting ¢t = 0 we find that

F(z)+ G(z) = f(z).

Since many choices of F' and G will satisfy this identity, this suggests
imposing another initial condition on u (similar to the two initial condi-
tions in the case of simple harmonic motion), namely the initial velocity
of the string which we denote by g(z):

U (1,0) = g(a).

ot
where of course g(0) = g(m) = 0. Again, we extend g to R first by mak-
ing it odd over [—m, 7], and then periodic of period 2. The two initial
conditions of position and velocity now translate into the following sys-
tem:

|
&h

{ F(z) + G(2) = f(a),
F/(2) - G'(2) = g(a).

LA function f defined on a set U is odd if —x € U whenever z € U and f(—z) = — f(z),
and even if f(—z) = f(z).
2A function f on R is periodic of period w if f(z + w) = f(x) for all z.
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Differentiating the first equation and adding it to the second, we obtain
2F'(z) = f'(z) + g().

Similarly
2G'(z) = f'(z) — g(),

and hence there are constants C; and Cy so that

1

Fa) =3 [F@)+ [ swag] +cn

and

Gla) = 3 [70) = [ swas] + ca.

Since F(z) + G(z) = f(x) we conclude that C; + Cy = 0, and therefore,
our final solution of the wave equation with the given initial conditions
takes the form

1

T+t
fa++se=t+5 [ sy

N~

u(x,t) =

The form of this solution is known as d’Alembert’s formula. Observe
that the extensions we chose for f and g guarantee that the string always
has fixed ends, that is, u(0,t) = u(m,t) = 0 for all t.

A final remark is in order. The passage from ¢ > 0 to ¢t € R, and then
back to t > 0, which was made above, exhibits the time reversal property
of the wave equation. In other words, a solution u to the wave equation
for t > 0, leads to a solution u~ defined for negative time ¢ < 0 simply
by setting u~ (z,t) = u(x, —t), a fact which follows from the invariance
of the wave equation under the transformation ¢ — —t. The situation is
quite different in the case of the heat equation.

Superposition of standing waves

We turn to the second method of solving the wave equation, which is
based on two fundamental conclusions from our previous physical obser-
vations. By our considerations of standing waves, we are led to look for
special solutions to the wave equation which are of the form ¢(z)y(t).
This procedure, which works equally well in other contexts (in the case
of the heat equation, for instance), is called separation of variables
and constructs solutions that are called pure tones. Then by the linearity
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of the wave equation, we can expect to combine these pure tones into a
more complex combination of sound. Pushing this idea further, we can
hope ultimately to express the general solution of the wave equation in
terms of sums of these particular solutions.

Note that one side of the wave equation involves only differentiation
in x, while the other, only differentiation in ¢t. This observation pro-
vides another reason to look for solutions of the equation in the form
u(z,t) = p(x)(t) (that is, to “separate variables”), the hope being to
reduce a difficult partial differential equation into a system of simpler
ordinary differential equations. In the case of the wave equation, with u
of the above form, we get

p(@)y"(t) = " (2)b(t),
and therefore

P _ ¢"(x)

b(t)  plx)

The key observation here is that the left-hand side depends only on ¢,
and the right-hand side only on x. This can happen only if both sides
are equal to a constant, say A\. Therefore, the wave equation reduces to
the following

() — Ab(t) = 0
) { (@) — Nol() = 0.

We focus our attention on the first equation in the above system. At
this point, the reader will recognize the equation we obtained in the
study of simple harmonic motion. Note that we need to consider only
the case when \ < 0, since when A > 0 the solution v will not oscillate
as time varies. Therefore, we may write A = —m?, and the solution of
the equation is then given by

¥(t) = Acosmt + Bsinmdt.
Similarly, we find that the solution of the second equation in (3) is
o(z) = Acosmaz + Bsinmz.
Now we take into account that the string is attached at z = 0 and z = 7.
This translates into ¢(0) = ¢(7) = 0, which in turn gives A =0, and

if B0, then m must be an integer. If m = 0, the solution vanishes
identically, and if m < —1, we may rename the constants and reduce to
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the case m > 1 since the function siny is odd and cosy is even. Finally,
we arrive at the guess that for each m > 1, the function

U (2, t) = (Ay, cosmt + By, sinmt) sin mz,

which we recognize as a standing wave, is a solution to the wave equa-
tion. Note that in the above argument we divided by ¢ and %, which
sometimes vanish, so one must actually check by hand that the standing
wave 1, solves the equation. This straightforward calculation is left as
an exercise to the reader.

Before proceeding further with the analysis of the wave equation, we
pause to discuss standing waves in more detail. The terminology comes
from looking at the graph of w,,(z,t) for each fixed t. Suppose first that
m =1, and take u(z,t) = costsinx. Then, Figure 7 (a) gives the graph
of u for different values of ¢.

Figure 7. Fundamental tone (a) and overtones (b) at different moments
in time

The case m = 1 corresponds to the fundamental tone or first har-
monic of the vibrating string.

We now take m =2 and look at u(z,t) = cos2tsin2z. This corre-
sponds to the first overtone or second harmonic, and this motion is
described in Figure 7 (b). Note that u(7/2,t) = 0 for all . Such points,
which remain motionless in time, are called nodes, while points whose
motion has maximum amplitude are named anti-nodes.

For higher values of m we get more overtones or higher harmonics.
Note that as m increases, the frequency increases, and the period 27w /m
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decreases. Therefore, the fundamental tone has a lower frequency than
the overtones.

We now return to the original problem. Recall that the wave equation
is linear in the sense that if 4 and v solve the equation, so does au + (v
for any constants a and 8. This allows us to construct more solutions
by taking linear combinations of the standing waves w,,. This technique,
called superposition, leads to our final guess for a solution of the wave
equation

(4) u(z,t) = Z (A, cosmt + B, sinmt) sin mz.

m=1

Note that the above sum is infinite, so that questions of convergence
arise, but since most of our arguments so far are formal, we will not
worry about this point now.

Suppose the above expression gave all the solutions to the wave equa-
tion. If we then require that the initial position of the string at time
t = 0 is given by the shape of the graph of the function f on [0, 7], with
of course f(0) = f(m) =0, we would have u(x,0) = f(z), hence

i A sinmz = f(x).

m=1

Since the initial shape of the string can be any reasonable function f, we
must ask the following basic question:

Given a function f on [0,7] (with f(0) = f(7) = 0), can we
find coefficients A,, so that

(5) f(z) = Z Ay, sinmaz ?

m=1

This question is stated loosely, but a lot of our effort in the next two
chapters of this book will be to formulate the question precisely and
attempt to answer it. This was the basic problem that initiated the
study of Fourier analysis.

A simple observation allows us to guess a formula giving A,, if the
expansion (5) were to hold. Indeed, we multiply both sides by sinnz
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and integrate between [0, 7]; working formally, we obtain

/ f(x)sinnx dx :/ (Z Amsinmx> sinnx dz
0 0

m=1

o0 T T
= E Am/ sinmz sinnx dx = A, - —,
m=1 0 2

where we have used the fact that

/ sinmx sinnxdx—{ 0 it m # n,
0

w/2 if m=n.

Therefore, the guess for A,,, called the n'" Fourier sine coefficient of f,
is

(6) A, = 72r/07r f(x)sinnzx dx.

We shall return to this formula, and other similar ones, later.

One can transform the question about Fourier sine series on [0, 7] to
a more general question on the interval [—m,7]. If we could express f
on [0, 7] in terms of a sine series, then this expansion would also hold on
[—m, 7] if we extend f to this interval by making it odd. Similarly, one
can ask if an even function g(x) on [—m, 7| can be expressed as a cosine
series, namely

g(x) = Z Al cosmax.
m=0

More generally, since an arbitrary function F' on [—, 7| can be expressed
as f + g, where f is odd and g is even,® we may ask if F' can be written
as

F(z) =Y Apsinmz+ Y _ Al cosmaz,

m=1 m=0

or by applying Euler’s identity e'® = cosx + isinx, we could hope that
F takes the form

F(z)= Z A €™,

m=—0oQ

3Take, for example, f(z) = [F(z) — F(—z)]/2 and g(z) = [F(z) + F(—x)]/2.
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By analogy with (6), we can use the fact that

1 s
27 J_x

eimxe—inazdm: 0 lfn#m
1 ifn=m,

to see that one expects that

1 (" .
ap = — F(x)e™"* dx.
2 J_ .

The quantity a,, is called the n'" Fourier coefficient of F.
We can now reformulate the problem raised above:

Question: Given any reasonable function F' on [—, 7], with
Fourier coefficients defined above, is it true that

(7) F(z) = Z U €™ ?

m=—0oQ

This formulation of the problem, in terms of complex exponentials, is
the form we shall use the most in what follows.

Joseph Fourier (1768-1830) was the first to believe that an “arbitrary”
function F' could be given as a series (7). In other words, his idea was
that any function is the linear combination (possibly infinite) of the most
basic trigonometric functions sinmz and cos mx, where m ranges over
the integers.* Although this idea was implicit in earlier work, Fourier had
the conviction that his predecessors lacked, and he used it in his study
of heat diffusion; this began the subject of “Fourier analysis.” This
discipline, which was first developed to solve certain physical problems,
has proved to have many applications in mathematics and other fields as
well, as we shall see later.

We return to the wave equation. To formulate the problem correctly,
we must impose two initial conditions, as our experience with simple
harmonic motion and traveling waves indicated. The conditions assign
the initial position and velocity of the string. That is, we require that u
satisfy the differential equation and the two conditions

ou
u(z,0) = f(x) and E(x,O) = g(x),

4The first proof that a general class of functions can be represented by Fourier series
was given later by Dirichlet; see Problem 6, Chapter 4.
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where f and g are pre-assigned functions. Note that this is consistent
with (4) in that this requires that f and g be expressible as

fz) = Z Apsinmz and  g(x) = Z mBy, sinmz.
m=1 m=1

1.3 Example: the plucked string

We now apply our reasoning to the particular problem of the plucked
string. For simplicity we choose units so that the string is taken on the
interval [0, 7|, and it satisfies the wave equation with ¢ = 1. The string is
assumed to be plucked to height h at the point p with 0 < p < 7; this is
the initial position. That is, we take as our initial position the triangular
shape given by

% for0<z<p
p
flz) = .
hr=2) ep<e<n,
T—p
which is depicted in Figure 8.
h _____
|
|
|
|
I
0 D T

Figure 8. Initial position of a plucked string

We also choose an initial velocity g(z) identically equal to 0. Then, we
can compute the Fourier coefficients of f (Exercise 9), and assuming that
the answer to the question raised before (5) is positive, we obtain

2h sinmp

flx) = A, sinmzx  with A, = ———.
@ =2 m? p(m — p)

m=1
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Thus
(8) u(z,t) = Z A, cosmt sinmz,
m=1

and note that this series converges absolutely. The solution can also be
expressed in terms of traveling waves. In fact

flz+t)+ f(x—1)
5 .

(9) u(a:,t) =

Here f(x) is defined for all = as follows: first, f is extended to [—m, 7] by

making it odd, and then f is extended to the whole real line by making

it periodic of period 2, that is, f(x + 27k) = f(x) for all integers k.
Observe that (8) implies (9) in view of the trigonometric identity

1
cosvsinu = B [sin(u + v) + sin(u — v)].

As a final remark, we should note an unsatisfactory aspect of the so-
lution to this problem, which however is in the nature of things. Since
the initial data f(z) for the plucked string is not twice continuously dif-
ferentiable, neither is the function u (given by (9)). Hence w is not truly
a solution of the wave equation: while u(x,t) does represent the position
of the plucked string, it does not satisfy the partial differential equation
we set out to solve! This state of affairs may be understood properly
only if we realize that u does solve the equation, but in an appropriate
generalized sense. A better understanding of this phenomenon requires
ideas relevant to the study of “weak solutions” and the theory of “dis-
tributions.” These topics we consider only later, in Books IIT and IV.

2 The heat equation

We now discuss the problem of heat diffusion by following the same
framework as for the wave equation. First, we derive the time-dependent
heat equation, and then study the steady-state heat equation in the disc,
which leads us back to the basic question (7).

2.1 Derivation of the heat equation

Consider an infinite metal plate which we model as the plane R?, and
suppose we are given an initial heat distribution at time ¢ = 0. Let the
temperature at the point (z,y) at time ¢ be denoted by u(z,y,t).
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Consider a small square centered at (zg,yo) with sides parallel to the
axis and of side length h, as shown in Figure 9. The amount of heat
energy in S at time ¢ is given by

H(t)za//su(x,y,t)d:rdy,

where o > 0 is a constant called the specific heat of the material. There-
fore, the heat flow into S is

oH ou
E—U//Sadﬂcdy,

which is approximately equal to

UhZ 87(1‘07 Yo, t)7

ou

t
since the area of S is h?. Now we apply Newton’s law of cooling, which
states that heat flows from the higher to lower temperature at a rate
proportional to the difference, that is, the gradient.

h + I

(z0,%0) (o + h/2,y0)

Figure 9. Heat flow through a small square

The heat flow through the vertical side on the right is therefore

ou
—rkh — h/2 t
K am(m0+ / » Yo, )a

where k > 0 is the conductivity of the material. A similar argument for
the other sides shows that the total heat flow through the square S is
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given by

ou ou
%(xo +h/2,y0,t) — %(xo —h/2,90,1)

Kkh

0 0
+ a%(xy +h/2,t) — FZ(?" —h/2,8)].

Applying the mean value theorem and letting h tend to zero, we find
that

ocdu O*u 0%u

P TR T el
this is called the time-dependent heat equation, often abbreviated
to the heat equation.
2.2 Steady-state heat equation in the disc

After a long period of time, there is no more heat exchange, so that
the system reaches thermal equilibrium and du/0t = 0. In this case,
the time-dependent heat equation reduces to the steady-state heat
equation

Ou  Pu_

(10) 7 o =0

The operator 9% /9x? + 82 /0y? is of such importance in mathematics and
physics that it is often abbreviated as A and given a name: the Laplace
operator or Laplacian. So the steady-state heat equation is written as

Au =0,

and solutions to this equation are called harmonic functions.

Consider the unit disc in the plane
D ={(z,y) e R? : 2® + 4% < 1},

whose boundary is the unit circle C. In polar coordinates (r,6), with
0 <rand0 <6< 2w, we have

D={(r0):0<r<1} and C={(r60):r=1}

The problem, often called the Dirichlet problem (for the Laplacian
on the unit disc), is to solve the steady-state heat equation in the unit
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disc subject to the boundary condition © = f on C'. This corresponds to
fixing a predetermined temperature distribution on the circle, waiting a
long time, and then looking at the temperature distribution inside the
disc.

u(l,0) = f(0)

Figure 10. The Dirichlet problem for the disc

While the method of separation of variables will turn out to be useful
for equation (10), a difficulty comes from the fact that the boundary
condition is not easily expressed in terms of rectangular coordinates.
Since this boundary condition is best described by the coordinates (r, 6),
namely u(1,0) = f(0), we rewrite the Laplacian in polar coordinates. An
application of the chain rule gives (Exercise 10):

0u  10u 1 0%u

Au=gEt o TR

We now multiply both sides by 72, and since Au = 0, we get

a0 oo
or? or 092’

Separating these variables, and looking for a solution of the form

u(r,0) = F(r)G(6), we find

r2F"(r) +rF'(r) _ _G”(@)
F(r) G(0)




22 Chapter 1. THE GENESIS OF FOURIER ANALYSIS

Since the two sides depend on different variables, they must both be
constant, say equal to \. We therefore get the following equations:

{ G"(0)+ \G(0) =0,
r2F"(r) +rF'(r) — AF(r) = 0.

Since G must be periodic of period 27, this implies that A > 0 and (as
we have seen before) that A = m? where m is an integer; hence

G(0) = Acosmb + Bsinmé.
An application of Euler’s identity, e* = cosx + isinx, allows one to
rewrite G in terms of complex exponentials,

G(#) = Ae'™? 4 Be~ '™,

With A = m? and m # 0, two simple solutions of the equation in F' are
F(r)=r"and F(r) = r~"™ (Exercise 11 gives further information about
these solutions). If m = 0, then F(r) =1 and F(r) = logr are two solu-
tions. If m > 0, we note that »~" grows unboundedly large as r tends
to zero, so F(r)G(#) is unbounded at the origin; the same occurs when
m =0 and F(r) =logr. We reject these solutions as contrary to our
intuition. Therefore, we are left with the following special functions:

U (r,0) = FI™let™ e 7.

We now make the important observation that (10) is linear, and so as
in the case of the vibrating string, we may superpose the above special
solutions to obtain the presumed general solution:

> .
u(r,0) = Z amr! ™™

m=—0o0

If this expression gave all the solutions to the steady-state heat equation,
then for a reasonable f we should have

u(1,6) = i ame’™ = £(8).

We therefore ask again in this context: given any reasonable function f
on [0,27r] with f(0) = f(27), can we find coefficients a,, so that

f(o) = i ame™? 7

m=—0oQ
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Historical Note: D’Alembert (in 1747) first solved the equation of the
vibrating string using the method of traveling waves. This solution was
elaborated by Euler a year later. In 1753, D. Bernoulli proposed the
solution which for all intents and purposes is the Fourier series given
by (4), but Euler was not entirely convinced of its full generality, since
this could hold only if an “arbitrary” function could be expanded in
Fourier series. D’Alembert and other mathematicians also had doubts.
This viewpoint was changed by Fourier (in 1807) in his study of the
heat equation, where his conviction and work eventually led others to a
complete proof that a general function could be represented as a Fourier
series.

3 Exercises

1. If z =z + iy is a complex number with z,y € R, we define
|2 = (&% +¢%)"/2

and call this quantity the modulus or absolute value of z.

(a) What is the geometric interpretation of |z|?
(b) Show that if |z| = 0, then z = 0.

(c) Show that if XA € R, then |Az| = |A||z|, where |A| denotes the standard
absolute value of a real number.

(d) If z; and 2y are two complex numbers, prove that

|z122] = |21]l22]  and  |z1 + 22| < |21 + |22].

(e) Show that if z # 0, then |1/z| = 1/|z|.

2. If z=x 41y is a complex number with z,y € R, we define the complex
conjugate of z by

zZ=x —1y.
(a) What is the geometric interpretation of zZ?
(b) Show that |z|> = 2z.

(¢) Prove that if z belongs to the unit circle, then 1/2 = Z.
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3. A sequence of complex numbers {w, }>2 ; is said to converge if there exists
w € C such that

lim |w, —w|=0,

n—oo
and we say that w is a limit of the sequence.
(a) Show that a converging sequence of complex numbers has a unique limit.

The sequence {w, }22 ; is said to be a Cauchy sequence if for every € > 0 there
exists a positive integer IV such that

|wyp, — wpm| <€ whenever n,m > N.

(b) Prove that a sequence of complex numbers converges if and only if it is a
Cauchy sequence. [Hint: A similar theorem exists for the convergence of a
sequence of real numbers. Why does it carry over to sequences of complex
numbers?]

A series ZZOZI zpn, of complex numbers is said to converge if the sequence formed
by the partial sums

N
SN = E Zn
n=1

converges. Let {a,}22; be a sequence of non-negative real numbers such that
the series ) a, converges.

(c) Show that if {z,}°2, is a sequence of complex numbers satisfying
|zn| < ay, for all n, then the series ) z, converges. [Hint: Use the Cauchy
criterion.

4. For z € C, we define the complex exponential by

oo
z Zn
e = E —_—.
n!
n=0

(a) Prove that the above definition makes sense, by showing that the series
converges for every complex number z. Moreover, show that the conver-
gence is uniform® on every bounded subset of C.

(b) If 21, 23 are two complex numbers, prove that e*1e® = e¢*17#2. [Hint: Use
the binomial theorem to expand (z1 + 22)™, as well as the formula for the
binomial coefficients.]

®A sequence of functions {fn(2)}% ; is said to be uniformly convergent on a set S if
there exists a function f on S so that for every e > 0 there is an integer N such that
|fn(2) — f(2)| < e whenever n > N and z € S.
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()

Show that if z is purely imaginary, that is, z = iy with y € R, then
e = cosy +isiny.
This is Euler’s identity. [Hint: Use power series.]
More generally,
et = e"(cosy + isiny)
whenever z,y € R, and show that

|e® Y| = 2.

Prove that e* =1 if and only if z = 27ki for some integer k.
Show that every complex number z = x + iy can be written in the form

z=re",

where r is unique and in the range 0 < r < 0o, and 0 € R is unique up to
an integer multiple of 2. Check that

r=|z| and 0= arctan(y/z)
whenever these formulas make sense.

In particular, ¢ = €/™/2. What is the geometric meaning of multiplying a

complex number by i? Or by €% for any 6 € R?

Given 0 € R, show that

it 4 —if o0 —i0
cosf = — and sinf =

These are also called Euler’s identities.
Use the complex exponential to derive trigonometric identities such as
cos(f + ) = cos f cos ) — sin O sin 9,

and then show that

2sinfsin cos(f — ) — cos(0 + @),
2sinfcosp = sin(f+ @) + sin(f — ¢).

This calculation connects the solution given by d’Alembert in terms of
traveling waves and the solution in terms of superposition of standing
waves.
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5. Verify that f(x) = €' is periodic with period 27 and that

1 ine gy _ {1 ifn=0,
or ) T 0 iftn#o

Use this fact to prove that if n,m > 1 we have

1 s .
/ cosmccosmxd:z:—{o if n 7 m,

T —T 1 n:m7

and similarly

1 U .
7/ sinnz Sinmxdm—{ 0 ifnz#m,
T

1 n=m.

—T

Finally, show that

s
/ sinnz cosmaxdr =0  for any n,m.

—T
[Hint: Calculate €"®e™ "% 4 "™%e"™* and e'"e™ "M — M%7 ]

6. Prove that if f is a twice continuously differentiable function on R which is
a solution of the equation

fI(#) +f(t) =0,
then there exist constants a and b such that
f(t) = acosct + bsin ct.

This can be done by differentiating the two functions g(t) = f(¢) cosct — ¢! f'(¢) sin ct
and h(t) = f(t)sinet + c~Lf/(t) cos ct.

7. Show that if @ and b are real, then one can write
acosct + bsinct = Acos(ct — ¢),

where A = va? + b2, and ¢ is chosen so that

b
VET R

cos p = and sing =

a
VE TR

8. Suppose F is a function on (a,b) with two continuous derivatives. Show that
whenever = and x + h belong to (a,b), one may write

Flo+h) = Fla) + hF'(@) + = P(@) + 12 (h).
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where ¢(h) — 0 as h — 0.
Deduce that

F(z +h)+ F(x — h) — 2F(z)

% — F'(z) ash—0.

[Hint: This is simply a Taylor expansion. It may be obtained by noting that

z+h
e+ h) - F(z) = / F(y) dy.

and then writing F'(y) = F'(x) + (y — =) F"(z) + (y — )Y (y — x), where ¢(h) —
0ash—0]

9. In the case of the plucked string, use the formula for the Fourier sine coeffi-
cients to show that

_ 2h sinmp
m? p(m —p)’
For what position of p are the second, fourth, ... harmonics missing? For what
position of p are the third, sixth, ... harmonics missing?

10. Show that the expression of the Laplacian

0? 0?
T oy

A

is given in polar coordinates by the formula

2 10 1 o?
A +o—

T o2 ror ' r2oer
Also, prove that
oul”  |ouf _|ouf 1 |ouf
ox oyl ~ |or r2 | 00

11. Show that if n € Z the only solutions of the differential equation
r2F"(r) +rF'(r) — n?F(r) = 0,

which are twice differentiable when r > 0, are given by linear combinations of
r™ and r~™ when n # 0, and 1 and logr when n = 0.

[Hint: If F solves the equation, write F(r) = g(r)r™, find the equation satisfied
by g, and conclude that r¢’(r) + 2ng(r) = ¢ where ¢ is a constant.]
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1 u=f1
u=20 Au=0 u=20
0 u= fo T

Figure 11. Dirichlet problem in a rectangle

4 Problem

1. Consider the Dirichlet problem illustrated in Figure 11.

More precisely, we look for a solution of the steady-state heat equation
Au =0 in the rectangle R = {(z,y) : 0 <z <m, 0<y <1} that vanishes on
the vertical sides of R, and so that

u(z,0) = fo(z) and wu(z,1)= fi(z),

where fo and f; are initial data which fix the temperature distribution on the
horizontal sides of the rectangle.
Use separation of variables to show that if fy and f; have Fourier expansions

o0 o0
fo(z) = Z Apsinkz  and  fi(z) = Z By sinkz,
k=1 k=1

then

B >N (sinh k(1 — y) sinh ky .
u(z,y) = ; ( bk A + = By | sinkzx.

We recall the definitions of the hyperbolic sine and cosine functions:

ez xT —x
sinhx = % and coshx = %

Compare this result with the solution of the Dirichlet problem in the strip ob-
tained in Problem 3, Chapter 5.



2 Basic Properties of Fourier
Series

Nearly fifty years had passed without any progress on
the question of analytic representation of an arbitrary
function, when an assertion of Fourier threw new light
on the subject. Thus a new era began for the de-
velopment of this part of Mathematics and this was
heralded in a stunning way by major developments in
mathematical Physics.

B. Riemann, 1854

In this chapter, we begin our rigorous study of Fourier series. We set
the stage by introducing the main objects in the subject, and then for-
mulate some basic problems which we have already touched upon earlier.

Our first result disposes of the question of uniqueness: Are two func-
tions with the same Fourier coefficients necessarily equal? Indeed, a
simple argument shows that if both functions are continuous, then in
fact they must agree.

Next, we take a closer look at the partial sums of a Fourier series. Using
the formula for the Fourier coefficients (which involves an integration),
we make the key observation that these sums can be written conveniently
as integrals:

o [ Dyl =)@y

where {Dy} is a family of functions called the Dirichlet kernels. The
above expression is the convolution of f with the function Dy. Convo-
lutions will play a critical role in our analysis. In general, given a family
of functions {K,}, we are led to investigate the limiting properties as n
tends to infinity of the convolutions

L K (z —y)f(y)dy.

2T
We find that if the family {K,,} satisfies the three important properties
of “good kernels,” then the convolutions above tend to f(x) as n — oo
(at least when f is continuous). In this sense, the family {K,} is an
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“approximation to the identity.” Unfortunately, the Dirichlet kernels
Dy do not belong to the category of good kernels, which indicates that
the question of convergence of Fourier series is subtle.

Instead of pursuing at this stage the problem of convergence, we con-
sider various other methods of summing the Fourier series of a function.
The first method, which involves averages of partial sums, leads to con-
volutions with good kernels, and yields an important theorem of Fejér.
From this, we deduce the fact that a continuous function on the circle
can be approximated uniformly by trigonometric polynomials. Second,
we may also sum the Fourier series in the sense of Abel and again en-
counter a family of good kernels. In this case, the results about convo-
lutions and good kernels lead to a solution of the Dirichlet problem for
the steady-state heat equation in the disc, considered at the end of the
previous chapter.

1 Examples and formulation of the problem

We commence with a brief description of the types of functions with
which we shall be concerned. Since the Fourier coefficients of f are
defined by

1 [k :
ap, = —/ f(x)e 2™ ™=/l qy for n € Z,
L Jo

where f is complex-valued on [0, L], it will be necessary to place some in-
tegrability conditions on f. We shall therefore assume for the remainder
of this book that all functions are at least Riemann integrable.! Some-
times it will be illuminating to focus our attention on functions that
are more “regular,” that is, functions that possess certain continuity or
differentiability properties. Below, we list several classes of functions in
increasing order of generality. We emphasize that we will not generally
restrict our attention to real-valued functions, contrary to what the fol-
lowing pictures may suggest; we will almost always allow functions that
take values in the complex numbers C. Furthermore, we sometimes think
of our functions as being defined on the circle rather than an interval.
We elaborate upon this below.

ILimiting ourselves to Riemann integrable functions is natural at this elementary stage
of study of the subject. The more advanced notion of Lebesgue integrability will be taken
up in Book III.
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Everywhere continuous functions

These are the complex-valued functions f which are continuous at every
point of the segment [0, L]. A typical continuous function is sketched in
Figure 1 (a). We shall note later that continuous functions on the circle
satisfy the additional condition f(0) = f(L).

Piecewise continuous functions

These are bounded functions on [0, L] which have only finitely many
discontinuities. An example of such a function with simple discontinuities
is pictured in Figure 1 (b).

0 L =z 0 L x

(@ (b)

Figure 1. Functions on [0, L]: continuous and piecewise continuous

This class of functions is wide enough to illustrate many of the the-
orems in the next few chapters. However, for logical completeness we
consider also the more general class of Riemann integrable functions.
This more extended setting is natural since the formula for the Fourier
coefficients involves integration.

Riemann integrable functions

This is the most general class of functions we will be concerned with.
Such functions are bounded, but may have infinitely many discontinu-
ities. We recall the definition of integrability. A real-valued function f
defined on [0, L] is Riemann integrable (which we abbreviate as in-
tegrable?) if it is bounded, and if for every e > 0, there is a subdivision
O0=xz9<x1 <+ <xy_1 <zy =L of the interval [0, L], so that if U

2Starting in Book III, the term “integrable” will be used in the broader sense of
Lebesgue theory.
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and L are, respectively, the upper and lower sums of f for this subdivi-
sion, namely

U=>" csup f(2)](z; — aj-1)

and

N
L= il S ),
j=1

r;_1<x<z;

then we have U — L < e. Finally, we say that a complex-valued function
is integrable if its real and imaginary parts are integrable. It is worthwhile
to remember at this point that the sum and product of two integrable
functions are integrable.

A simple example of an integrable function on [0,1] with infinitely
many discontinuities is given by

1 if1/(n+1) <z <1/nand nis odd,
f(x) =40 ifl/(n+1) <z <1/nand n is even,
0 ifxz=0.

This example is illustrated in Figure 2. Note that f is discontinuous
when z = 1/n and at z = 0.

0

N
W= T
= =
—

(S

Figure 2. A Riemann integrable function

More elaborate examples of integrable functions whose discontinuities
are dense in the interval [0,1] are described in Problem 1. In general,
while integrable functions may have infinitely many discontinuities, these
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functions are actually characterized by the fact that, in a precise sense,
their discontinuities are not too numerous: they are “negligible,” that is,
the set of points where an integrable function is discontinuous has “mea-
sure 0.” The reader will find further details about Riemann integration
in the appendix.

From now on, we shall always assume that our functions are integrable,
even if we do not state this requirement explicitly.

Functions on the circle

There is a natural connection between 27-periodic functions on R like the
exponentials e’ functions on an interval of length 27, and functions on
the unit circle. This connection arises as follows.

A point on the unit circle takes the form e, where 6 is a real number
that is unique up to integer multiples of 27. If F' is a function on the
circle, then we may define for each real number 6

f(8) = F(e"),

and observe that with this definition, the function f is periodic on R of
period 27, that is, f(8 + 27) = f(0) for all . The integrability, continu-
ity and other smoothness properties of F' are determined by those of f.
For instance, we say that F' is integrable on the circle if f is integrable
on every interval of length 27. Also, F' is continuous on the circle if f
is continuous on R, which is the same as saying that f is continuous on
any interval of length 27. Moreover, F' is continuously differentiable if f
has a continuous derivative, and so forth.

Since f has period 27, we may restrict it to any interval of length 2,
say [0, 27] or [—m, 7], and still capture the initial function F on the circle.
We note that f must take the same value at the end-points of the interval
since they correspond to the same point on the circle. Conversely, any
function on [0, 27] for which f(0) = f(27) can be extended to a periodic
function on R which can then be identified as a function on the circle.
In particular, a continuous function f on the interval [0, 27] gives rise to
a continuous function on the circle if and only if f(0) = f(2n).

In conclusion, functions on R that 27-periodic, and functions on an
interval of length 27 that take on the same value at its end-points, are
two equivalent descriptions of the same mathematical objects, namely,
functions on the circle.

In this connection, we mention an item of notational usage. When
our functions are defined on an interval on the line, we often use x as
the independent variable; however, when we consider these as functions
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on the circle, we usually replace the variable z by 6. As the reader will
note, we are not strictly bound by this rule since this practice is mostly
a matter of convenience.

1.1 Main definitions and some examples

We now begin our study of Fourier analysis with the precise definition of
the Fourier series of a function. Here, it is important to pin down where
our function is originally defined. If f is an integrable function given on
an interval [a,b] of length L (that is, b — a = L), then the n*" Fourier
coefficient of f is defined by

b
f(n) = %/ flx)e 2mine/Lgy e

The Fourier series of f is given formally® by

i f(n)€27rinm/L_

n=-—oo

We shall sometimes write a,, for the Fourier coefficients of f, and use the
notation

f(.’L‘)N Z an627rinm/L

n=—oo

to indicate that the series on the right-hand side is the Fourier series of
I

For instance, if f is an integrable function on the interval [—m, 7], then
the nt" Fourier coefficient of f is

f(n) = ay, B f(@e mdg, nez,

o .
and the Fourier series of f is
© .
f(0) ~ Z ane™.
n=—oo

Here we use 0 as a variable since we think of it as an angle ranging from
—7 to 7.

3 At this point, we do not say anything about the convergence of the series.
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Also, if f is defined on [0,27], then the formulas are the same as
above, except that we integrate from 0 to 27 in the definition of the
Fourier coefficients.

We may also consider the Fourier coefficients and Fourier series for a
function defined on the circle. By our previous discussion, we may think
of a function on the circle as a function f on R which is 2m-periodic.
We may restrict the function f to any interval of length 27, for instance
[0,27] or [—m, 7], and compute its Fourier coefficients. Fortunately, f is
periodic and Exercise 1 shows that the resulting integrals are independent
of the chosen interval. Thus the Fourier coefficients of a function on the
circle are well defined.

Finally, we shall sometimes consider a function g given on [0, 1]. Then

1 [eS)
Q(n) =, = / g(m)e‘Q’me dx and g(x) ~ Z an€2ﬂ'inm'
0

n=—oo

Here we use z for a variable ranging from 0 to 1.

Of course, if f is initially given on [0, 27], then g(x) = f(27x) is defined
on [0,1] and a change of variables shows that the n'® Fourier coefficient
of f equals the n'* Fourier coefficient of g.

Fourier series are part of a larger family called the trigonometric se-
ries which, by definition, are expressions of the form 300 ¢, e?minz/L
where ¢, € C. If a trigonometric series involves only finitely many non-
zero terms, that is, ¢, = 0 for all large |n|, it is called a trigonometric

polynomial; its degree is the largest value of |n| for which ¢,, # 0.

The N partial sum of the Fourier series of f, for N a positive
integer, is a particular example of a trigonometric polynomial. Tt is
given by

N

Sn(f)@)= Y flm)ermne/r,

n=—N

Note that by definition, the above sum is symmetric since n ranges from
—N to N, a choice that is natural because of the resulting decomposition
of the Fourier series as sine and cosine series. As a consequence, the
convergence of Fourier series will be understood (in this book) as the
“limit” as N tends to infinity of these symmetric sums.

In fact, using the partial sums of the Fourier series, we can reformulate
the basic question raised in Chapter 1 as follows:

Problem: In what sense does Sy (f) converge to f as N — 0o ?
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Before proceeding further with this question, we turn to some simple
examples of Fourier series.

EXAMPLE 1. Let f(0) = 0 for —m < 6§ < 7. The calculation of the Fourier
coefficients requires a simple integration by parts. First, if n # 0, then

f(n) x Be= "% dp

:271' .

_ L —ﬁe‘mg ' + 1. /7r e~ dp
2 | in . 2min J_,

(_1)n+1

)

m
and if n = 0 we clearly have
o 1 T
f(0)=— 6do = 0.

~or .

Hence, the Fourier series of f is given by

FO)~> ﬂe“ﬁ =2 i(_l)nﬂw.
n=1

m n
n#0

The first sum is over all non-zero integers, and the second is obtained by
an application of Euler’s identities. It is possible to prove by elementary
means that the above series converges for every 6, but it is not obvious
that it converges to f(#). This will be proved later (Exercises 8 and 9
deal with a similar situation).

EXAMPLE 2. Define f(6) = (m —6)?/4 for 0 < 6 < 27. Then successive
integration by parts similar to that performed in the previous example
yield

2 oo

£(O) ~ £+Z COS?’LG'
n=1

n2

EXAMPLE 3. The Fourier series of the function

£(6) = — it
sin o
on [0, 27] is
o0 inf
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whenever « is not an integer.

EXAMPLE 4. The trigonometric polynomial defined for = € [—m, 7] by
N .
DN (x) — Z eine
n=—N

is called the N*" Dirichlet kernel and is of fundamental importance in
the theory (as we shall see later). Notice that its Fourier coefficients a,,
have the property that a,, = 1 if |[n| < N and a,, = 0 otherwise. A closed
form formula for the Dirichlet kernel is

sin((N + %)x)

D) = sin(x/2)

This can be seen by summing the geometric progressions
N

1
Zw" and Z w™
n=—N

n=0

with w = €. These sums are, respectively, equal to

1— N+l w N1
— and ———
1—w 1—w

Their sum is then

wN N+ ymN=1/2 _  N+1/2 gin((N + L))

l-w w22 sin(x/2)

giving the desired result.

EXAMPLE 5. The function P,(0), called the Poisson kernel, is defined
for @ € [—m,w] and 0 < r < 1 by the absolutely and uniformly convergent
series

P.(0) = Z rlnlein?,

n=-—oo

This function arose implicitly in the solution of the steady-state heat
equation on the unit disc discussed in Chapter 1. Note that in calcu-
lating the Fourier coefficients of P.(f) we can interchange the order of
integration and summation since the sum converges uniformly in 6 for
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each fixed r, and obtain that the nt" Fourier coefficient equals ™. One
can also sum the series for P,(f) and see that

- 1 —r?

1 —2rcosf 412’

P (0)
In fact,

P.(0) = Z w"+ Z w"  with w = re®,
n=0 n=1

where both series converge absolutely. The first sum (an infinite geomet-
ric progression) equals 1/(1 — w), and likewise, the second is @w/(1 — ).
Together, they combine to give

l-w+(1-ww 1-|w? 1—1r2
1-w)(1-©) |l—w]2 1-—2rcosf+r?’

as claimed. The Poisson kernel will reappear later in the context of Abel
summability of the Fourier series of a function.

Let us return to the problem formulated earlier. The definition of
the Fourier series of f is purely formal, and it is not obvious whether it
converges to f. In fact, the solution of this problem can be very hard,
or relatively easy, depending on the sense in which we expect the series
to converge, or on what additional restrictions we place on f.

Let us be more precise. Suppose, for the sake of this discussion, that
the function f (which is always assumed to be Riemann integrable) is
defined on [—m, 7). The first question one might ask is whether the partial
sums of the Fourier series of f converge to f pointwise. That is, do we
have

(1) A}gnoo Sn(f)(0) = f(#) for every 07

We see quite easily that in general we cannot expect this result to be
true at every 6, since we can always change an integrable function at one
point without changing its Fourier coefficients. As a result, we might
ask the same question assuming that f is continuous and periodic. For
a long time it was believed that under these additional assumptions the
answer would be “yes.” It was a surprise when Du Bois-Reymond showed
that there exists a continuous function whose Fourier series diverges at
a point. We will give such an example in the next chapter. Despite this
negative result, we might ask what happens if we add more smoothness
conditions on f: for example, we might assume that f is continuously
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differentiable, or twice continuously differentiable. We will see that then
the Fourier series of f converges to f uniformly.

We will also interpret the limit (1) by showing that the Fourier series
sums, in the sense of Cesaro or Abel, to the function f at all of its points
of continuity. This approach involves appropriate averages of the partial
sums of the Fourier series of f.

Finally, we can also define the limit (1) in the mean square sense. In
the next chapter, we will show that if f is merely integrable, then
L ISn(f)(0) — f(0)]*d) — 0 as N — oc.
2r J_x

It is of interest to know that the problem of pointwise convergence of
Fourier series was settled in 1966 by L. Carleson, who showed, among
other things, that if f is integrable in our sense,* then the Fourier series
of f converges to f except possibly on a set of “measure 0.” The proof
of this theorem is difficult and beyond the scope of this book.

2 Uniqueness of Fourier series

If we were to assume that the Fourier series of functions f converge to f
in an appropriate sense, then we could infer that a function is uniquely
determined by its Fourier coefficients. This would lead to the following
statement: if f and g have the same Fourier coefficients, then f and ¢
are necessarily equal. By taking the difference f — ¢, this proposition
can be reformulated as: if f(n) =0 for all n € Z, then f = 0. As stated,
this assertion cannot be correct without reservation, since calculating
Fourier coefficients requires integration, and we see that, for example,
any two functions which differ at finitely many points have the same
Fourier series. However, we do have the following positive result.

Theorem 2.1 Suppose that f is an integrable function on the circle with
f(n) =0 for alln € Z. Then f(6y) = 0 whenever f is continuous at the
point 6.

Thus, in terms of what we know about the set of discontinuities of in-
tegrable functions,® we can conclude that f vanishes for “most” values
of 6.

Proof. ~ We suppose first that f is real-valued, and argue by con-
tradiction. Assume, without loss of generality, that f is defined on

4Carleson’s proof actually holds for the wider class of functions which are square inte-
grable in the Lebesgue sense.
5See the appendix.



40 Chapter 2. BASIC PROPERTIES OF FOURIER SERIES

[—7, 7], that 6y = 0, and f(0) > 0. The idea now is to construct a fam-
ily of trigonometric polynomials {px} that “peak” at 0, and so that
S pk(0)f(0)dd — 0o as k — co. This will be our desired contradiction
since these integrals are equal to zero by assumption.

Since f is continuous at 0, we can choose 0 < § < 7/2, so that f(6) >
f(0)/2 whenever |6] < . Let

p(0) = €+ cos @,

where € > 0 is chosen so small that |p(6)| < 1 —€/2, whenever § < |0| <
m. Then, choose a positive n with 7 < d, so that p(f) > 1+ ¢€/2, for
|6| < n. Finally, let

and select B so that |f(6)] < B for all §. This is possible since f is
integrable, hence bounded. Figure 3 illustrates the family {pi}. By

P1s

Pe

Figure 3. The functions p, pg, and p15 when € = 0.1

construction, each pj is a trigonometric polynomial, and since f (n)=0
for all n, we must have

f(0)pr(0)do =0  for all k.

However, we have the estimate

/ F(O)pr(6) 8] < 27 B(1 — ¢/2)".
5<|0]
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Also, our choice of § guarantees that p(f) and f(#) are non-negative
whenever |0| < ¢, thus

Finally,

[, somo =2t Da oy

Therefore, [ pr(0)f(0)dfd — 0o as k — oo, and this concludes the proof
when f is real-valued. In general, write f(0) = u(0) + iv(f), where u and

v are real-valued. If we define f(6) = f(6), then

wiey— SO+ T0)

|+

and v(f) =

and since f(n) = f(—n), we conclude that the Fourier coefficients of u
and v all vanish, hence f =0 at its points of continuity. = The idea

of constructing a family of functions (trigonometric polynomials in this
case) which peak at the origin, together with other nice properties, will
play an important role in this book. Such families of functions will be
taken up later in Section 4 in connection with the notion of convolution.
For now, note that the above theorem implies the following.

Corollary 2.2 If f is continuous on the circle and f(n) =0 for all
n € 7, then f =0.

The next corollary shows that the problem (1) formulated earlier has a
simple positive answer under the assumption that the series of Fourier
coefficients converges absolutely.

Corollary 2.3 Suppose that f is a continuous function on the circle and
that the Fourier series of f is absolutely convergent, >->° | f(n)] < oo.
Then, the Fourier series converges uniformly to f, that is,

lim Sn(f)(0) = f(0) wuniformly in 6.

— 00
Proof. Recall that if a sequence of continuous functions converges
uniformly, then the limit is also continuous. Now observe that the
assumption Y. |f(n)| < oo implies that the partial sums of the Fourier



42 Chapter 2. BASIC PROPERTIES OF FOURIER SERIES

series of f converge absolutely and uniformly, and therefore the function
g defined by

00 N
90) = 3 fn)e = lm > fln)e?
n=—N

n=—oo

is continuous on the circle. Moreover, the Fourier coefficients of g are
precisely f (n) since we can interchange the infinite sum with the integral
(a consequence of the uniform convergence of the series). Therefore, the
previous corollary applied to the function f — g yields f = g, as desired.

What conditions on f would guarantee the absolute convergence of its

Fourier series? As it turns out, the smoothness of f is directly related
to the decay of the Fourier coefficients, and in general, the smoother the
function, the faster this decay. As a result, we can expect that relatively
smooth functions equal their Fourier series. This is in fact the case, as
we now show.

In order to state the result concisely we introduce the standard “0O”
notation, which we will use freely in the rest of this book. For exam-
ple, the statement f(n) = O(1/|n|?) as |n| — oo, means that the left-
hand side is bounded by a constant multiple of the right-hand side;
that is, there exists C' > 0 with |f(n)| < C/|n|? for all large |n|. More
generally, f(z) = O(g(z)) as * — a means that for some constant C,
|f(z)] < Clg(z)| as = approaches a. In particular, f(z) = O(1) means
that f is bounded.

Corollary 2.4 Suppose that f is a twice continuously differentiable func-
tion on the circle. Then

f(n) =0(1/Inf*)  as|n| — oo,

so that the Fourier series of f converges absolutely and uniformly to f.
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Proof. The estimate on the Fourier coefficients is proved by integrating
by parts twice for n # 0. We obtain

or f(n) = OQW f(B)e "0 do

—inf 2m 27

— 1 )

‘ +— [ f(6)e " do
m

0

mn

[f (0) -

1 2m )
- f/(e)e—znO do

Z"I’LO

_ ,—inb 2 27 )
.i [fl(a) ) 6. ] + (Zi)Z /O f//(e)e—znﬂ do
0

m

0

-1 °m " —inf
= (0)e de.
0

n2

The quantities in brackets vanish since f and f’ are periodic. Therefore

. 27 ) 27
aalnlfol < | [ e as] < [Tirola <c,

where the constant C' is independent of n. (We can take C' = 27 B where
B is a bound for f”.) Since Y 1/n? converges, the proof of the corollary
is complete.

Incidentally, we have also established the following important identity:
f'(n) =inf(n), forallneZ.

If n # 0 the proof is given above, and if n = 0 it is left as an exercise to the
reader. So if f is differentiable and f ~ " a,e™?, then ' ~ 3" a,ine’™?.
Also, if f is twice continuously differentiable, then f” ~ 3 a,,(in)?e™?,
and so on. Further smoothness conditions on f imply even better decay
of the Fourier coefficients (Exercise 10).

There are also stronger versions of Corollary 2.4. It can be shown, for
example, that the Fourier series of f converges absolutely, assuming only
that f has one continuous derivative. Even more generally, the Fourier
series of f converges absolutely (and hence uniformly to f) if f satisfies
a Holder condition of order «, with o > 1/2, that is,

sup |f(0+1t) — f(0)] < Alt|*  for all ¢.
0

For more on these matters, see the exercises at the end of Chapter 3.
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At this point it is worthwhile to introduce a common notation: we say
that f belongs to the class C* if f is k times continuously differentiable.
Belonging to the class C* or satisfying a Holder condition are two possible
ways to describe the smoothness of a function.

3 Convolutions

The notion of convolution of two functions plays a fundamental role in
Fourier analysis; it appears naturally in the context of Fourier series but
also serves more generally in the analysis of functions in other settings.

Given two 27-periodic integrable functions f and g on R, we define
their convolution f % g on [—7, 7| by

) (F+9)@) =5 [ f@)ote—v)dy

The above integral makes sense for each x, since the product of two
integrable functions is again integrable. Also, since the functions are
periodic, we can change variables to see that

(Fr9)@) =5 [ e v)av)dy

Loosely speaking, convolutions correspond to “weighted averages.” For
instance, if g = 1in (2), then f * g is constant and equal to % [T fly)dy,
which we may interpret as the average value of f on the circle. Also, the
convolution (f * g)(z) plays a role similar to, and in some sense replaces,
the pointwise product f(z)g(z) of the two functions f and g.

In the context of this chapter, our interest in convolutions originates
from the fact that the partial sums of the Fourier series of f can be
expressed as follows:

N ~ .
Sn(f)@)= Y fln)e™

I
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where Dy is the N*!' Dirichlet kernel (see Example 4) given by

So we observe that the problem of understanding Sy (f) reduces to the
understanding of the convolution f * Dy.

We begin by gathering some of the main properties of convolutions.

Proposition 3.1 Suppose that f, g, and h are 2mw-periodic integrable
functions. Then:

(i) f*(g+h)=(f*g)+(f*h)

(i) (cf)*g=c(f*g)=fx*(cg) for any c € C.
(iii) frg=g*f.

(iv) (f*g)xh=fx(gxh).

(v) f =g is continuous.

—

(vi) f#g(n) = f(n)j(n).

The first four points describe the algebraic properties of convolutions:
linearity, commutativity, and associativity. Property (v) exhibits an im-
portant principle: the convolution of f * g is “more regular” than f or g.
Here, f * g is continuous while f and g are merely (Riemann) integrable.
Finally, (vi) is key in the study of Fourier series. In general, the Fourier
coefficients of the product fg are not the product of the Fourier coeffi-
cients of f and g. However, (vi) says that this relation holds if we replace
the product of the two functions f and g by their convolution f * g.

Proof. Properties (i) and (ii) follow at once from the linearity of the
integral.

The other properties are easily deduced if we assume also that f and
g are continuous. In this case, we may freely interchange the order of
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integration. For instance, to establish (vi) we write

—— 1 7T

f*g(n)zg (f*g)() T dy

_ ( / FWg(z —y)d )e—mdx
:% Hwe (;ﬁ / gl ds ) dy
1
27

1 f( Jeiny (;ﬂ /_ 7; g(z)en dm) dy
= f(”)g(”)~

To prove (iii), one first notes that if F' is continuous and 27-periodic,
then
s s

F(y)dy = F(z —y)dy for any xz € R.

—T —T

The verification of this identity consists of a change of variables y — —y,
followed by a translation y — y — x. Then, one takes F'(y) = f(y)g(x — y).
Also, (iv) follows by interchanging two integral signs, and an appro-

priate change of variables.
Finally, we show that if f and g are continuous, then f * g is continu-
ous. First, we may write

(Fr)n) = (T2 0)e) = o [ F@)loler — )~ glas —v) dy

27
Since g is continuous it must be uniformly continuous on any closed
and bounded interval. But ¢ is also periodic, so it must be uniformly
continuous on all of R; given € > 0 there exists § > 0 so that |g(s) —
g(t)] < € whenever |s —t| <. Then, |21 — x2| < implies |(z1 —y) —
(x2 —y)| < 0 for any y, hence

(Fg)en) = ()@l < oo | [ F0)loter =) — g(o2 = )] dy
<o [ 17wt ) ~ gl — )l dy
< i ZIf(y)Idy
< - 21 B,

27
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where B is chosen so that |f(z)| < B for all . As a result, we conclude
that f % g is continuous, and the proposition is proved, at least when f
and g are continuous.

In general, when f and g are merely integrable, we may use the re-
sults established so far (when f and g are continuous), together with
the following approximation lemma, whose proof may be found in the
appendix.

Lemma 3.2 Suppose f is integrable on the circle and bounded by B.
Then there ezists a sequence {fr}7>, of continuous functions on the
circle so that

sup  |fi(x)| < B forallk=1,2,...,

z€[—m,7]

and
/_7T |f(x) = fr(z)|de — 0 ask — oco.

Using this result, we may complete the proof of the proposition as
follows. Apply Lemma 3.2 to f and g to obtain sequences { fx} and {gx}
of approximating continuous functions. Then

frg—fexge=(f—fe)*g+ fu*(g—gr)

By the properties of the sequence { %},

(F= £ 9@ < oo [ 1= 9) = fule = o)l dy

1 T
<o sup lg(y)l » |f(y) — fu(y)| dy

—0 ask — oo.

Hence (f — fx) * g — 0 uniformly in z. Similarly, fx * (¢ — gx) — 0 uni-
formly, and therefore fi * g tends uniformly to f * g. Since each fi * gi
is continuous, it follows that f x g is also continuous, and we have (v).

Next, we establish (vi). For each fixed integer m we must have
m(n) — f/>:q(n) as k tends to infinity since fi * g converges uni-
formly to f * g. However, we found earlier that ﬁ(n)ﬁ(n) = m(n)
because both fi and g are continuous. Hence

1f(n) — fr(n)| = % /_:(f(x) — (@) da
<[ |f(x) — fr(x)| dr,

T 2m J_,
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and as a result we find that f,(n) — f(n) as k goes to infinity. Similarly
gr(n) — g(n), and the desired property is established once we let k tend
to infinity. Finally, properties (iii) and (iv) follow from the same kind of
arguments.

4 Good kernels

In the proof of Theorem 2.1 we constructed a sequence of trigonometric
polynomials {py} with the property that the functions py peaked at the
origin. As a result, we could isolate the behavior of f at the origin. In
this section, we return to such families of functions, but this time in a
more general setting. First, we define the notion of good kernel, and
discuss the characteristic properties of such functions. Then, by the use
of convolutions, we show how these kernels can be used to recover a given
function.

A family of kernels { K, (z)}22,; on the circle is said to be a family of
good kernels if it satisfies the following properties:

(a) For all n > 1,
1 s
% . Kn(x) dr =1.

(b) There exists M > 0 such that for all n > 1,
/ K ()| dae < M.
(c) For every § > 0,

/ |K,(z)|de — 0, asn — oo.
6<|z|<m

In practice we shall encounter families where K, (x) > 0, in which
case (b) is a consequence of (a). We may interpret the kernels K, (z)
as weight distributions on the circle: property (a) says that K, assigns
unit mass to the whole circle [—7, 7], and (c) that this mass concentrates
near the origin as n becomes large.® Figure 4 (a) illustrates the typical
character of a family of good kernels.

The importance of good kernels is highlighted by their use in connec-
tion with convolutions.

6In the limit, a family of good kernels represents the “Dirac delta function.” This
terminology comes from physics.
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@ (b)

Figure 4. Good kernels

Theorem 4.1 Let {K,,}72, be a family of good kernels, and f an inte-
grable function on the circle. Then

lim (f * K,)(x) = f(x)

n—oo

whenever f is continuous at x. If f is continuous everywhere, then the
above limit is uniform.

Because of this result, the family {K,} is sometimes referred to as an
approximation to the identity.

We have previously interpreted convolutions as weighted averages. In
this context, the convolution

(P K@) = o [ flo = p)Ea)dy

is the average of f(x — y), where the weights are given by K, (y). How-
ever, the weight distribution K, concentrates its mass at y =0 as n
becomes large. Hence in the integral, the value f(x) is assigned the full
mass as n — oo. Figure 4 (b) illustrates this point.

Proof of Theorem 4.1. If ¢ > 0 and f is continuous at x, choose § so
that |y| < d implies |f(z —y) — f(z)| < e. Then, by the first property of
good kernels, we can write

(f * Ku) (@) — flz) = :Kn(y)f(fv —y)dy — f(x)

2m J_
o [ Eal@)lf@ ) - 1@ dy
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Hence,

|(f + Kn)(x) — f(2)

2 | Eallfo )~ )] dy
[ K1)~ f@)] dy

= om ly|<6
1
o [ Kn(W)| 1 f(x —y) — f(x)|dy
o<|y|<m
e [T 2B
< K, (y)|d +7/ K, (y)| dy,
5 _ﬂ\ (y)| dy 5 5§|y|§77| (y)| dy

where B is a bound for f. The first term is bounded by eM /27 because
of the second property of good kernels. By the third property we see
that for all large n, the second term will be less than e. Therefore, for
some constant C' > 0 and all large n we have

|(f * Kn)(z) = f(2)] < Ce,

thereby proving the first assertion in the theorem. If f is continuous
everywhere, then it is uniformly continuous, and J can be chosen in-
dependent of z. This provides the desired conclusion that f x K,, — f
uniformly.

Recall from the beginning of Section 3 that

Sn(f)(x) = (f * Dn)(x),

where Dy (z) = YN € is the Dirichlet kernel. It is natural now for

us to ask whether Dy is a good kernel, since if this were true, Theorem 4.1
would imply that the Fourier series of f converges to f(x) whenever f is
continuous at z. Unfortunately, this is not the case. Indeed, an estimate
shows that Dy violates the second property; more precisely, one has (see
Problem 2)

/ |Dy(z)|dx > clog N, as N — oco.

However, we should note that the formula for Dy as a sum of exponen-
tials immediately gives

L " pu(@)de =1

— r)dr =1,

2r J_, N
so the first property of good kernels is actually verified. The fact that the
mean value of Dy is 1, while the integral of its absolute value is large,
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is a result of cancellations. Indeed, Figure 5 shows that the function
Dy (z) takes on positive and negative values and oscillates very rapidly
as N gets large.

/\ A
VATV

Figure 5. The Dirichlet kernel for large N

This observation suggests that the pointwise convergence of Fourier
series is intricate, and may even fail at points of continuity. This is
indeed the case, as we will see in the next chapter.

5 Cesaro and Abel summability: applications to Fourier
series

Since a Fourier series may fail to converge at individual points, we are
led to try to overcome this failure by interpreting the limit

Jim S(f) = f
in a different sense.

5.1 Cesaro means and summation

We begin by taking ordinary averages of the partial sums, a technique
which we now describe in more detail.
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Suppose we are given a series of complex numbers
oo
co+c1+cog+--= E Ck.
k=0

We define the nt" partial sum s,, by

n
Sp = E Ck,
k=0

and say that the series converges to s if lim, .., s, =s. This is the
most natural and most commonly used type of “summability.” Consider,
however, the example of the series

oo
(3) 1—1+41-14--- =) (-1~

k=0
Its partial sums form the sequence {1,0,1,0,...} which has no limit.
Because these partial sums alternate evenly between 1 and 0, one might
therefore suggest that 1/2 is the “limit” of the sequence, and hence 1/2
equals the “sum” of that particular series. We give a precise meaning to
this by defining the average of the first IV partial sums by

S0+ 81+ +SN-1
~ :

The quantity oy is called the N*" Cesaro mean” of the sequence {s;}
or the N*® Cesaro sum of the series > 5o, ck.

If o converges to a limit ¢ as N tends to infinity, we say that the
series Y ¢, is Cesaro summable to o. In the case of series of functions,
we shall understand the limit in the sense of either pointwise or uniform
convergence, depending on the situation.

The reader will have no difficulty checking that in the above exam-
ple (3), the series is Cesaro summable to 1/2. Moreover, one can show
that Cesaro summation is a more inclusive process than convergence. In
fact, if a series is convergent to s, then it is also Cesaro summable to the
same limit s (Exercise 12).

ON —

5.2 Fejér’s theorem

An interesting application of Cesaro summability appears in the context
of Fourier series.

"Note that if the series 220:1 ¢, begins with the term k = 1, then it is common prac-
tice to define oy = (s1 + -+ sny)/N. This change of notation has little effect on what
follows.
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We mentioned earlier that the Dirichlet kernels fail to belong to the
family of good kernels. Quite surprisingly, their averages are very well
behaved functions, in the sense that they do form a family of good ker-
nels.

To see this, we form the N*" Cesaro mean of the Fourier series, which
by definition is

So(f)(x) +--+ SN—l(f)(ff).

ox(f)(x) = .

Since S, (f) = f * Dy, we find that
on(f)(x) = (f * Fn)(2),
where Fy(x) is the N-th Fejér kernel given by

FN(.Q?) _ Do(l') + - N—|— DN,l(x)'

Lemma 5.1 We have

_ 1sin®(Nz/2)
Fnlw) =5 sin?(z/2)

and the Fejér kernel is a good kernel.

The proof of the formula for Fiy (a simple application of trigonometric
identities) is outlined in Exercise 15. To prove the rest of the lemma, note
that Fiy is positive and 5= /7 Fy(z)dz = 1, in view of the fact that a
similar identity holds for the Dirichlet kernels D,,. However, sin®(z/2) >
cs > 0,if 0 < |x| < 7, hence Fiy(z) < 1/(Nes), from which it follows that

/ |Fn(z)|de — 0 as N — oo.
o< |z|<m

Applying Theorem 4.1 to this new family of good kernels yields the
following important result.

Theorem 5.2 If f is integrable on the circle, then the Fourier series of
f is Cesaro summable to f at every point of continuity of f.

Moreover, if f is continuous on the circle, then the Fourier series of
f s uniformly Cesaro summable to f.

We may now state two corollaries. The first is a result that we have
already established. The second is new, and of fundamental importance.
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Corollary 5.3 If f is integrable on the circle and f(n) =0 for all n,
then f =0 at all points of continuity of f.

The proof is immediate since all the partial sums are 0, hence all the
Cesaro means are 0.

Corollary 5.4 Continuous functions on the circle can be uniformly ap-
proximated by trigonometric polynomials.

This means that if f is continuous on [—m, 7] with f(—n) = f(7) and
€ > 0, then there exists a trigonometric polynomial P such that

|f(x) = P(z)|<e forall -—m <z <m.

This follows immediately from the theorem since the partial sums, hence
the Cesaro means, are trigonometric polynomials. Corollary 5.4 is the
periodic analogue of the Weierstrass approximation theorem for polyno-
mials which can be found in Exercise 16.

5.3 Abel means and summation

Another method of summation was first considered by Abel and actually
predates the Cesaro method.

A series of complex numbers Y 7 ;¢ is said to be Abel summable
to s if for every 0 < r < 1, the series

A(r) = Z cpr”
k=0

converges, and

lim A(r) = s.

r—1

The quantities A(r) are called the Abel means of the series. One can
prove that if the series converges to s, then it is Abel summable to s.
Moreover, the method of Abel summability is even more powerful than
the Cesaro method: when the series is Cesaro summable, it is always
Abel summable to the same sum. However, if we consider the series

1-2+43-4+5—-- =Y (-1 (k+1),
k=0

then one can show that it is Abel summable to 1/4 since

> 1
A(r) = Z(—l)k(k +1)rk = (FSER

k=0

but this series is not Cesaro summable; see Exercise 13.
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5.4 The Poisson kernel and Dirichlet’s problem in the unit disc

To adapt Abel summability to the context of Fourier series, we define
the Abel means of the function f(0) ~ >>7 a,e™? by

n=—oo

[ee]

A0 = 3 e,

n=—oo

Since the index n takes positive and negative values, it is natural to write
co = ag, and ¢, = ane™® + a_,e”™? for n > 0, so that the Abel means
of the Fourier series correspond to the definition given in the previous
section for numerical series.

We note that since f is integrable, |a,| is uniformly bounded in n, so
that A,.(f) converges absolutely and uniformly for each 0 < r < 1. Just
as in the case of Cesaro means, the key fact is that these Abel means can
be written as convolutions

Ar(£)(0) = (f * P)(0),

where P,.(0) is the Poisson kernel given by

oo

(4) P(0)= Y rimlem?.

n=-—oo

oo

Ar(f)(0) = Z Tlnlaneme

n=—oo

oo 1 - . '
= n| { —ingy in6
P (3 formede) e

1 " - —in(p—
=%fw<ZH%<”ﬂw

n=—oo

where the interchange of the integral and infinite sum is justified by the
uniform convergence of the series.

Lemma 5.5 If 0 <r <1, then

B 1—r2
1 —2rcos@+1r2’

P.(9)
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The Poisson kernel is a good kernel,® as r tends to 1 from below.

Proof. The identity P,.(0) = % has already been derived in
Section 1.1. Note that

1 —2rcosf+7r% = (1—7)%42r(1 — cosb).
Hence if 1/2 <r <1 and § < |f| <, then
1 —2rcosf+7r%>cs>0.

Thus P.(0) < (1 —1r2)/cs when 6 < |0] <, and the third property of
good kernels is verified. Clearly P,.(f) > 0, and integrating the expres-
sion (4) term by term (which is justified by the absolute convergence of
the series) yields

L pyao =1,

2 J_,

thereby concluding the proof that P, is a good kernel.

Combining this lemma with Theorem 4.1, we obtain our next result.

Theorem 5.6 The Fourier series of an integrable function on the circle
is Abel summable to f at every point of continuity. Moreover, if [ is
continuous on the circle, then the Fourier series of f is uniformly Abel
summable to f.

We now return to a problem discussed in Chapter 1, where we sketched
the solution of the steady-state heat equation Au = 0 in the unit disc
with boundary condition u = f on the circle. We expressed the Laplacian
in terms of polar coordinates, separated variables, and expected that a
solution was given by

(5) u(r,0) = Z amr! ™™

m=—0oQ

where a,, was the m'* Fourier coefficient of f. In other words, we were
led to take

u(ri8) = A,(1)0) = 5 [ HQPO ) do.

We are now in a position to show that this is indeed the case.

8In this case, the family of kernels is indexed by a continuous parameter 0 < r < 1,
rather than the discrete n considered previously. In the definition of good kernels, we
simply replace n by r and take the limit in property (c) appropriately, for example r — 1
in this case.
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Theorem 5.7 Let f be an integrable function defined on the unit circle.
Then the function u defined in the unit disc by the Poisson integral

(6) u(r,0) = (f = P,)(0)
has the following properties:

(i) w has two continuous derivatives in the unit disc and satisfies
Au=0.

(i1) If 0 is any point of continuity of f, then

lirq u(r,8) = f(6).

If f is continuous everywhere, then this limit is uniform.

(iii) If f is continuous, then u(r,0) is the unique solution to the steady-
state heat equation in the disc which satisfies conditions (1) and (ii).

Proof.  For (i), we recall that the function u is given by the series (5).
Fix p < 1; inside each disc of radius r < p < 1 centered at the origin, the
series for u can be differentiated term by term, and the differentiated se-
ries is uniformly and absolutely convergent. Thus u can be differentiated
twice (in fact infinitely many times), and since this holds for all p < 1,
we conclude that u is twice differentiable inside the unit disc. Moreover,
in polar coordinates,

0%u  10u 1 02u

bu=mt e T e

so term by term differentiation shows that Au = 0.

The proof of (ii) is a simple application of the previous theorem. To
prove (iii) we argue as follows. Suppose v solves the steady-state heat
equation in the disc and converges to f uniformly as r tends to 1 from
below. For each fixed r with 0 < r < 1, the function v(r, #) has a Fourier
series

oo ) 1 . ‘
Z an(r)eme where  a,(r) = 27/ v(r,&)e—“w do.
=—00 v —r

Taking into account that v(r, ) solves the equation

0%v 10w 1 0%w

@ ozt o tage =0
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we find that

0 ) + () — "an(r) = 0.

Indeed, we may first multiply (7) by e~ and integrate in . Then,
since v is periodic, two integrations by parts give
T 92
% » %(r, 0)e~"0 dh = —nay,(r).
Finally, we may interchange the order of differentiation and integra-
tion, which is permissible since v has two continuous derivatives; this
yields (8).

Therefore, we must have a,(r) = A,r™ + B,r~" for some constants
A, and B,,, when n # 0 (see Exercise 11 in Chapter 1). To evaluate the
constants, we first observe that each term a,(r) is bounded because v is
bounded, therefore B,, = 0. To find A,, we let r — 1. Since v converges
uniformly to f as r — 1 we find that

A, = i/ f(8)e~ ™ dg.
27 J_ .

By a similar argument, this formula also holds when n = 0. Our con-
clusion is that for each 0 < r < 1, the Fourier series of v is given by the
series of u(r,d), so by the uniqueness of Fourier series for continuous
functions, we must have u = v.

Remark. By part (iii) of the theorem, we may conclude that if u
solves Au = 0 in the disc, and converges to 0 uniformly as » — 1, then
u must be identically 0. However, if uniform convergence is replaced by
pointwise convergence, this conclusion may fail; see Exercise 18.

6 Exercises

1. Suppose f is 27-periodic and integrable on any finite interval. Prove that if

a,b € R, then
b b+2m b—2m
/ f(a:)dx:/ f(x)dxz/ f(z)dx.
a a+2m a—2m

Also prove that

/W flx+a)de = ' f(x)dxz/m f(x)da.

—T —T —m+a
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2. In this exercise we show how the symmetries of a function imply certain
properties of its Fourier coefficients. Let f be a 2m-periodic Riemann integrable
function defined on R.

(a) Show that the Fourier series of the function f can be written as
F0) ~ FO)+ 3 _[f(n) + f(=n)] cosnd +i[f(n) = f(=n)] sinno.
n>1
(b) Prove that if f is even, then f(n) = f(—n), and we get a cosine series.
(¢) Prove that if f is odd, then f(n) = —f(—n), and we get a sine series.

(d) Suppose that f(6 + m) = f(0) for all # € R. Show that f(n) =0 for all
odd n.

(e) Show that f is real-valued if and only if f(n) = f(—n) for all n.

3. We return to the problem of the plucked string discussed in Chapter 1. Show
that the initial condition f is equal to its Fourier sine series

_ 2h sinmp

flx)= A, sinmz  with A,=-——"
o mz—:l m? p(m — p)

[Hint: Note that |A,,| < C/m?2.]

4. Consider the 2m-periodic odd function defined on [0, 7] by f(8) = 6(7 — 0).
(a) Draw the graph of f.
(b) Compute the Fourier coefficients of f, and show that

sin k6
fo=° 3 B

kodd > 1

5. On the interval [—m, 7] consider the function

0 if |0] > 4,
9) =
1) {1|0|/5 if [0] < 4.

Thus the graph of f has the shape of a triangular tent. Show that

o0 17
f(0) = L +2zﬂcosn9.

™ n2mwd

6. Let f be the function defined on [—m, 7] by f(0) = |6].
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(a) Draw the graph of f.

(b) Calculate the Fourier coefficients of f, and show that

m
— ifn=0
5 if n ,

fn) =
14 (=1)"

5 if n #0.

™

(c) What is the Fourier series of f in terms of sines and cosines?

(d) Taking 6 = 0, prove that

1 72 =1 w2
> m=g m ) G=%
n odd >1 n=1

See also Example 2 in Section 1.1.

7. Suppose {a, })_; and {b,})_; are two finite sequences of complex numbers.
k
Let Bk = Z

n—1 bn denote the partial sums of the series > b, with the convention
By =0.

(a) Prove the summation by parts formula

N N-1
E anbn = aNBN - aMBM—l - § (an+1 - an)Bn
n=M n=M

(b) Deduce from this formula Dirichlet’s test for convergence of a series: if the
partial sums of the series Y b, are bounded, and {a,} is a sequence of
real numbers that decreases monotonically to 0, then > a,b,, converges.

1 inx

8. Verify that — > —— 1is the Fourier series of the 27-periodic sawtooth
21 n#0

function illustrated in Figure 6, defined by f(0) = 0, and

Note that this function is not continuous. Show that nevertheless, the series
converges for every x (by which we mean, as usual, that the symmetric partial
sums of the series converge). In particular, the value of the series at the origin,
namely 0, is the average of the values of f(x) as & approaches the origin from
the left and the right.
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/
ME]
/

Figure 6. The sawtooth function

[Hint: Use Dirichlet’s test for convergence of a series Y a,by,.]

9. Let f(x) = X[a,(z) be the characteristic function of the interval [a,b] C
[—7, 7], that is,

(2) = 1 if x € [a,b],
XabtlW¥) =0 otherwise.
(a) Show that the Fourier series of f is given by

—ina __ ,—inb

b—a e e in
)~ 2 + Z 2min o
n#0

The sum extends over all positive and negative integers excluding 0.

(b) Show that if a # —7 or b # m and a # b, then the Fourier series does not
converge absolutely for any z. [Hint: It suffices to prove that for many
values of n one has |sinnfy| > ¢ > 0 where 6y = (b — a)/2.]

(¢) However, prove that the Fourier series converges at every point . What
happens if a = —7 and b = 77

10. Suppose f is a periodic function of period 27 which belongs to the class C*.
Show that

fn) =0@1/In*)  as |n| — oo.

This notation means that there exists a constant C' such If(n)] < C/In|k. We
could also write this as |n|* f(n) = O(1), where O(1) means bounded.

[Hint: Integrate by parts.]

11. Suppose that {f;}32, is a sequence of Riemann integrable functions on the
interval [0, 1] such that

1
/ |fe(z) — f(x)|dr — 0 as k — oo.
0
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Show that fi,(n) — f(n) uniformly in n as k — oc.

12. Prove that if a series of complex numbers Y ¢, converges to s, then > ¢,
is Cesaro summable to s.

[Hint: Assume s,, — 0 as n — 00.]

13. The purpose of this exercise is to prove that Abel summability is stronger
than the standard or Cesaro methods of summation.

(a)

(d)

Show that if the series Y | ¢, of complex numbers converges to a finite
limit s, then the series is Abel summable to s. [Hint: Why is it enough to
prove the theorem when s = 07 Assuming s = 0, show that if sy = ¢; +
.-+ ¢y, then 25:1 e = (1—1) Zf:le Spr™ 4+ syrNtL Let N — o0

to show that
chr" =(1-r) Z Spr™.

Finally, prove that the right-hand side converges to 0 as r — 1.]

However, show that there exist series which are Abel summable, but that
do not converge. [Hint: Try ¢,, = (—1)™. What is the Abel limit of }_ ¢,,7]

Argue similarly to prove that if a series Zf;l ¢, is Cesaro summable to
o, then it is Abel summable to o. [Hint: Note that

oo oo
chr" =(1-r)? Znanr",
n=1

n=1
and assume o = 0.]

Give an example of a series that is Abel summable but not Cesaro summable.
[Hint: Try ¢, = (—1)""'n. Note that if >_ ¢, is Cesaro summable, then
¢n/n tends to 0.]

The results above can be summarized by the following implications about

series:

convergent = Cesaro summable = Abel summable,

and the fact that none of the arrows can be reversed.

14. This exercise deals with a theorem of Tauber which says that under an
additional condition on the coefficients ¢, , the above arrows can be reversed.

(a)

(b)

If > ¢, is Cesaro summable to o and ¢, = o(1/n) (that is, nc, — 0), then
> ¢y, converges to o. [Hint: s, — o = [(n — 1)ep + -+ + ¢o]/n]

The above statement holds if we replace Cesaro summable by Abel summable.
[Hint: Estimate the difference between Zﬁ;l ¢n and ny:l cnr™ where
r=1-1/N]
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15. Prove that the Fejér kernel is given by

Fute) = L)

[Hint: Remember that NFn(x) = Do(z) + -+ Dy—1(x) where D, (z) is the
Dirichlet kernel. Therefore, if w = e** we have

N-1 w " — wn+1

NFy(z) = Z ﬁ']

n=0

16. The Weierstrass approximation theorem states: Let f be a continuous
function on the closed and bounded interval [a,b] C R. Then, for any e > 0,
there exists a polynomial P such that

sup |f(z) — P(z)| <e.
z€[a,b)

Prove this by applying Corollary 5.4 of Fejér’s theorem and using the fact that
the exponential function e® can be approximated by polynomials uniformly on
any interval.

17. In Section 5.4 we proved that the Abel means of f converge to f at all
points of continuity, that is,

lim A, (f)(0) = Lim (P * f)(0) = f(6),  with 0 <r <1,

whenever f is continuous at . In this exercise, we will study the behavior of
A (f)(0) at certain points of discontinuity.
An integrable function is said to have a jump discontinuity at @ if the two
limits
lim f(0+h)=f(0") and lim f(@—h)=f(07)

h — 0 h — 0
h >0 h >0

exist.

(a) Prove that if f has a jump discontinuity at 6, then

o+ 0~
lim A, ()(6) = % with 0 < r < 1.
[Hint: Explain why o= [* P.(6)df = & [T P.(6)d0 = L, then modify
the proof given in the text.]
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(b) Using a similar argument, show that if f has a jump discontinuity at 6,
SO +7(67)
3 )

the Fourier series of f at 6 is Cesaro summable to

18. If P.(0) denotes the Poisson kernel, show that the function

OP,
00’

u(r,0) =

defined for 0 < r < 1 and 0 € R, satisfies:
(i) Au =0 in the disc.
(i) lim,_q u(r,8) =0 for each 6.
However, u is not identically zero.
19. Solve Laplace’s equation Au = 0 in the semi infinite strip
S={(z,y):0<z <1, 0<y},
subject to the following boundary conditions
u(0,y) =0  when 0 <y,
u(l,y) =0  when 0 <y,

u(z,0) = f(x) when0<z<1

where f is a given function, with of course f(0) = f(1) = 0. Write

oS}
E SlIl nm 1‘

and expand the general solution in terms of the special solutions given by
Up(z,y) = e " sin(nrx).
Express u as an integral involving f, analogous to the Poisson integral for-

mula (6).

20. Consider the Dirichlet problem in the annulus defined by {(r,8) : p <7 < 1},
where 0 < p < 1 is the inner radius. The problem is to solve

0%u  10u 1 0%u

a2 Trar o =

subject to the boundary conditions

{ u(1,0) = f(0),
u(p,0) = g(9),
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where f and g are given continuous functions.
Arguing as we have previously for the Dirichlet problem in the disc, we can
hope to write

u(r,0) = ch(r)eme

with ¢, (r) = Apr™ + Bpr~™, n # 0. Set

f(0) ~ Z ane™ and  g(6) ~ Z bpe™.

We want ¢, (1) = a, and ¢,(p) = b,. This leads to the solution

u(r,0)=>" (p_l,,> [((p/r)" = (r/p)"y an + (" = 77", ] €™
n#0
logr

“+ag + (bo —ao)l gp

Show that as a result we have
u(r,0) — (Prx f)(#) - 0  as r — 1 uniformly in 6,
and

u(r,0) — (P, xg)(0) = 0  as r — p uniformly in 6.

7 Problems
1. One can construct Riemann integrable functions on [0, 1] that have a dense
set of discontinuities as follows.

(a) Let f(xz) =0whenz <0, and f(z) = 1if x > 0. Choose a countable dense
sequence {r,} in [0,1]. Then, show that the function

o0

1
)= 5 fa—r)
n=1

is integrable and has discontinuities at all points of the sequence {r,}.
[Hint: F' is monotonic and bounded.]

(b) Consider next

x) = Z 37 "g(x —ry),
n=1

where g(z) =sinl/x when z # 0, and ¢g(0) = 0. Then F is integrable,
discontinuous at each x = r,,, and fails to be monotonic in any subinterval
of [0,1]. [Hint: Use the fact that 37% > 57 _ 37" ]
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(¢) The original example of Riemann is the function

)=y 02

where (z) = z for z € (—1/2,1/2] and (z) is continued to R by periodicity,

that is, (z + 1) = (z). It can be shown that F' is discontinuous whenever
x = m/2n, where m,n € Z with m odd and n # 0.

2. Let Dy denote the Dirichlet kernel

N

_ ko _ Sin((N +1/2)0)
Dy (0) = Z e = T em02)
=N
and define
Ln= -2 [ \Dn(0)] d0
N =5 » N .
(a) Prove that
Ly > clog N

for some constant ¢ > 0. [Hint: Show that |Dy ()| > me‘o%’ change
variables, and prove that

N7 sin 6]
LNzc/ a0+ 00,

kN:11 k(kﬂ)w. To conclude, use the fact that
- ™

v_y 1/k > clogn.] A more careful estimate gives

Write the integral as a sum »

4
Ly = 5 log N +0(1).

(b) Prove the following as a consequence: for each n > 1, there exists a contin-
uous function f,, such that |f,| <1 and |S,(f,)(0)| > ¢ logn. [Hint: The
function g, which is equal to 1 when D,, is positive and —1 when D,, is
negative has the desired property but is not continuous. Approximate g,
in the integral norm (in the sense of Lemma 3.2) by continuous functions
hy satisfying |hg| < 1.]

3.* Littlewood provided a refinement of Tauber’s theorem:
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(a) If 3" ¢y is Abel summable to s and ¢,, = O(1/n), then Y ¢, converges to
s.

(b) As a consequence, if } ¢, is Cesaro summable to s and ¢, = O(1/n), then
> ¢p, converges to s.

These results may be applied to Fourier series. By Exercise 17, they imply that
if f is an integrable function that satisfies f(v) = O(1/|v|), then:

(i) If f is continuous at 6, then

Sn(f)(0) = f(0) as N — oo.

(ii) If f has a jump discontinuity at 6, then

f0F) + £(67)

N .
5 as N — oo

Sn(f)(0) —

(iii) If f is continuous on [—m, 7], then Sy (f) — f uniformly.

For the simpler assertion (b), hence a proof of (i), (ii), and (iii), see Problem 5
in Chapter 4.






3 Convergence of Fourier Series

The sine and cosine series, by which one can repre-
sent an arbitrary function in a given interval, enjoy
among other remarkable properties that of being con-
vergent. This property did not escape the great ge-
ometer (Fourier) who began, through the introduc-
tion of the representation of functions just mentioned,
a new career for the applications of analysis; it was
stated in the Memoir which contains his first research
on heat. But no one so far, to my knowledge, gave a
general proof of it ...

G. Dirichlet, 1829

In this chapter, we continue our study of the problem of convergence
of Fourier series. We approach the problem from two different points of
view.

The first is “global” and concerns the overall behavior of a function
f over the entire interval [0,27]. The result we have in mind is “mean-
square convergence”: if f is integrable on the circle, then

1

27
%/0 1£(0) = Sn(f)(@)2d0 — 0 as N — oo,

At the heart of this result is the fundamental notion of “orthogonal-
ity”; this idea is expressed in terms of vector spaces with inner products,
and their related infinite dimensional variants, the Hilbert spaces. A
connected result is the Parseval identity which equates the mean-square
“norm” of the function with a corresponding norm of its Fourier coeffi-
cients. Orthogonality is a fundamental mathematical notion which has
many applications in analysis.

The second viewpoint is “local” and concerns the behavior of f near a
given point. The main question we consider is the problem of pointwise
convergence: does the Fourier series of f converge to the value f(0)
for a given 7 We first show that this convergence does indeed hold
whenever f is differentiable at 6. As a corollary, we obtain the Riemann
localization principle, which states that the question of whether or not
Sn(f)(0) — f(0) is completely determined by the behavior of f in an
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arbitrarily small interval about 6. This is a remarkable result since the
Fourier coefficients, hence the Fourier series, of f depend on the values
of f on the whole interval [0, 27].

Even though convergence of the Fourier series holds at points where
f is differentiable, it may fail if f is merely continuous. The chapter
concludes with the presentation of a continuous function whose Fourier
series does not converge at a given point, as promised earlier.

1 Mean-square convergence of Fourier series

The aim of this section is the proof of the following theorem.

Theorem 1.1 Suppose f is integrable on the circle. Then

1 27

o 0 |f(9>_SN<f)(9)\2d9—>O as N — oo.

As we remarked earlier, the key concept involved is that of orthogonal-
ity. The correct setting for orthogonality is in a vector space equipped
with an inner product.

1.1 Vector spaces and inner products

We now review the definitions of a vector space over R or C, an inner

product, and its associated norm. In addition to the familiar finite-
dimensional vector spaces R? and C?, we also examine two infinite-
dimensional examples which play a central role in the proof of Theo-
rem 1.1.

Preliminaries on vector spaces

A vector space V over the real numbers R is a set whose elements may be
“added” together, and “multiplied” by scalars. More precisely, we may
associate to any pair X,Y € V an element in V called their sum and
denoted by X 4+ Y. We require that this addition respects the usual laws
of arithmetic, such as commutativity X +Y =Y + X, and associativity
X+Y+2)=(X+Y)+ Z, etc. Also, given any X € V and real num-
ber A, we assign an element AX € V called the product of X by A. This
scalar multiplication must satisfy the standard properties, for instance
A(A2X) = (M A2)X and A(X +Y) = AX + Y. We may instead allow
scalar multiplication by numbers in C; we then say that V is a vector
space over the complex numbers.
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For example, the set R? of d-tuples of real numbers (z1, 2, ..., z4) is
a vector space over the reals. Addition is defined componentwise by

(xla'“axd) + (yla"'ayd) = (l‘l +y17"'axd+yd)a
and so is multiplication by a scalar A € R:

Mz, .y xg) = Az, .o, Axg).

Similarly, the space C? (the complex version of the previous example)
is the set of d-tuples of complex numbers (z1, 22, ..., 24). It is a vector
space over C with addition defined componentwise by

(Zla"'azd)+<w17"'awd) = (Zl +w17~'-7zd+wd)'
Multiplication by scalars A € C is given by

Mz, ey 2a) = (Az1, .00 Azq).

An inner product on a vector space V over R associates to any pair
X,Y of elements in V' a real number which we denote by (X,Y). In
particular, the inner product must be symmetric (X,Y) = (Y, X) and
linear in both variables; that is,

(aX + BY, Z) = (X, Z) + B(Y, Z)

whenever o, 6 € Rand X, Y, Z € V. Also, we require that the inner prod-
uct be positive-definite, that is, (X, X)) > 0 for all X in V. In particular,
given an inner product (-,-) we may define the norm of X by

1X[| = (X, X)'/2.

If in addition || X|| = 0 implies X = 0, we say that the inner product is
strictly positive-definite.

For example, the space R? is equipped with a (strictly positive-definite)
inner product defined by

(X,Y)=21y1 + -+ Zaya

when X = (z1,...,24) and Y = (y1,...,yq). Then

X[ = (X, X)V2 =y Jad + - +ad,
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which is the usual Euclidean distance. One also uses the notation |X|
instead of ||X||.

For vector spaces over the complex numbers, the inner product of two
elements is a complex number. Moreover, these inner products are called
Hermitian (instead of symmetric) since they must satisfy
(X,Y) = (Y, X). Hence the inner product is linear in the first variable,
but conjugate-linear in the second:

(X +pY,Z)=a(X,Z)+5(Y,Z) and

(X,aY +B2)=a(X,Y) + (X, Z).

Also, we must have (X,X) >0, and the norm of X is defined by
| X|| = (X, X)'/2 as before. Again, the inner product is strictly positive-
definite if || X || = 0 implies X = 0.

For example, the inner product of two vectors Z = (z1,...,24) and
W = (wy,...,wy) in C? is defined by

(Z,W) = 2171 + -+ - + 24W0q.

The norm of the vector Z is then given by

121l = (2,2)'% = \[|a1 2 + - + |zal?.

The presence of an inner product on a vector space allows one to define
the geometric notion of “orthogonality.” Let V be a vector space (over R
or C) with inner product (-,-) and associated norm || - ||. Two elements
X and Y are orthogonal if (X,Y) =0, and we write X 1L Y. Three
important results can be derived from this notion of orthogonality:

(i) The Pythagorean theorem: if X and Y are orthogonal, then
IX +Y* = |X]* + Y]
(ii) The Cauchy-Schwarz inequality: for any X,Y € V we have
(X)) < XYL
(iii) The triangle inequality: for any X,Y € V we have

1X + Y < {1 X] -+ Y-
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The proofs of these facts are simple. For (i) it suffices to expand
(X +Y,X +Y) and use the assumption that (X,Y) = 0.

For (ii), we first dispose of the case when [|Y|| =0 by showing that
this implies (X,Y) = 0 for all X. Indeed, for all real ¢t we have

0<||X+tY|?=|X|?+2tRe(X,Y)

and Re(X,Y") # 0 contradicts the inequality if we take ¢ to be large and
positive (or negative). Similarly, by considering || X + itY||?, we find that
Im(X,Y) = 0.

If |Y|| # 0, we may set ¢ = (X,Y)/(Y,Y); then X — ¢Y is orthogonal
to Y, and therefore also to ¢Y. If we write X = X — ¢Y + ¢Y and apply
the Pythagorean theorem, we get

X117 = 1X = Y [* + Y || > |e[*[[Y]*.

Taking square roots on both sides gives the result. Note that we have
equality in the above precisely when X = c¢Y.
Finally, for (iii) we first note that

IX +Y? = (X, X) + (X,Y) + (Y, X) + (V).

But (X, X) = || X||?, (Y,Y) = ||Y|?, and by the Cauchy-Schwarz inequal-
ity

(X, Y) + (Y, X)) < 2| X[ IY],
therefore

IX + Y12 < X[+ 2 X Y]+ 1Y) = A+ YD

Two important examples

The vector spaces RY and C? are finite dimensional. In the context
of Fourier series, we need to work with two infinite-dimensional vector
spaces, which we now describe.

EXAMPLE 1. The vector space £2(Z) over C is the set of all (two-sided)
infinite sequences of complex numbers

(coy Oy ey Q1,00,G1, -y Oy e - -)

such that

Z |an|? < oo;

nez
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that is, the series converges. Addition is defined componentwise, and
so is scalar multiplication. The inner product between the two vectors
A= ( ..,a_1,00,01,.. ) and B = ( .. ,b_l,bo, bl, .. ) is defined by the
absolutely convergent series

B) = ZQ”E

nez

The norm of A is then given by

1/2
1Al = (4, A)V? = (Zlan!2> :

ne”z

We must first check that ¢2(Z) is a vector space. This requires that if
A and B are two elements in ¢2(Z), then so is the vector A+ B. To see
this, for each integer N > 0 we let Ay denote the truncated element

Ay =(...,0,0,a_pn,...,a_1,00,01,...,an,0,0,...),

where we have set a, = 0 whenever |[n| > N. We define the truncated
element By similarly. Then, by the triangle inequality which holds in a
finite dimensional Euclidean space, we have

AN + Bn|| < [[An|[ + BNl < |All + (| B
Thus
> lan +ba* < (Al + |BI)?,

[n|<N

and letting N tend to infinity gives Y, oy lan + by|? < 0o. It also fol-
lows that ||A 4+ B < ||A]| + ||B]|, which is the triangle inequality. The
Cauchy-Schwarz inequality, which states that the sum ) _, anb, con-
verges absolutely and that |(A, B)| < ||A]| ||B||, can be deduced in the
same way from its finite analogue.

In the three examples R¢, C?, and (?(Z), the vector spaces with their
inner products and norms satisfy two important properties:

(i) The inner product is strictly positive-definite, that is, || X|| =0
implies X = 0.

(ii) The vector space is complete, which by definition means that
every Cauchy sequence in the norm converges to a limit in the
vector space.
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An inner product space with these two properties is called a Hilbert
space. We see that R? and C? are examples of finite-dimensional Hilbert
spaces, while £?(Z) is an example of an infinite-dimensional Hilbert space
(see Exercises 1 and 2). If either of the conditions above fail, the space
is called a pre-Hilbert space.

We now give an important example of a pre-Hilbert space where both
conditions (i) and (ii) fail.

EXAMPLE 2. Let R denote the set of complex-valued Riemann integrable
functions on [0,27] (or equivalently, integrable functions on the circle).
This is a vector space over C. Addition is defined pointwise by

(f +9)(0) = f(0) +g(0).

Naturally, multiplication by a scalar A € C is given by

(AF)(O) = A f(6).
An inner product is defined on this vector space by

(1) (f.9)=— [ f6)9(@) db.

2770

The norm of f is then

1= (55 [ 1r@r )

One needs to check that the analogue of the Cauchy-Schwarz and tri-
angle inequalities hold in this example; that is, |(f,9)| < | f|l llg|] and
Ilf+ gl <]l + llgll- While these facts can be obtained as consequences
of the corresponding inequalities in the previous examples, the argument
is a little elaborate and we prefer to proceed differently.

We first observe that 2AB < (A? 4+ B?) for any two real numbers A
and B. If we set A = \'/2|f(0)| and B = A\~/2|g(0)| with A\ > 0, we get

1/2

[F©)g@)] < S ALFO) + A7 g(0)).

| =

We then integrate this in 6 to obtain

2m -
(F.9)l < 5= [ 17O a1 do < SOAIE + A lglP)

Then, put A = [|g]|/|| f]| to get the Cauchy-Schwarz inequality. The tri-
angle inequality is then a simple consequence, as we have seen above.
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Of course, in our choice of A we must assume that || f|| # 0 and ||g|| # 0,
which leads us to the following observation.

In R, condition (i) for a Hilbert space fails, since || f|| = 0 implies only
that f vanishes at its points of continuity. This is not a very serious
problem since in the appendix we show that an integrable function is
continuous except for a “negligible” set, so that || f|| = 0 implies that f
vanishes except on a set of “measure zero.” One can get around the
difficulty that f is not identically zero by adopting the convention that
such functions are actually the zero function, since for the purpose of
integration, f behaves precisely like the zero function.

A more essential difficulty is that the space R is not complete. One
way to see this is to start with the function

0 for 6 =0,
f(0) =
log(1/0) for 0 < 6 < 2.

Since f is not bounded, it does not belong to the space R. Moreover,
the sequence of truncations f,, defined by

fn(e)_{o for 0 <6 <1/n,
f(@) forl/m<6<2rm

can easily be seen to form a Cauchy sequence in R (see Exercise 5). How-
ever, this sequence cannot converge to an element in R, since that limit,
if it existed, would have to be f; for another example, see Exercise 7.

This and more complicated examples motivate the search for the com-
pletion of R, the class of Riemann integrable functions on [0, 27]. The
construction and identification of this completion, the Lebesgue class
L?([0,27]), represents an important turning point in the development of
analysis (somewhat akin to the much earlier completion of the rationals,
that is, the passage from Q to R). A further discussion of these fun-
damental ideas will be postponed until Book III, where we take up the
Lebesgue theory of integration.

We now turn to the proof of Theorem 1.1.

1.2 Proof of mean-square convergence

Consider the space R of integrable functions on the circle with inner
product

1

(F9) = o [ 1O5@ @
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and norm || f|| defined by

1 27
19 = (D=5 [ 15OF .

With this notation, we must prove that ||f — Sy (f)|| — 0 as N tends to
infinity.

For each integer n, let e, (#) = €™? and observe that the family {e, } ez
is orthonormal; that is,

1 ifn=m
(en,em) = .
0 if n#m.

Let f be an integrable function on the circle, and let a,, denote its Fourier
coefficients. An important observation is that these Fourier coefficients
are represented by inner products of f with the elements in the orthonor-
mal set {e, }nez:

1 o —inf _
(fv en) = on ; f(9)€ df = a,,.

In particular, Sy (f) = Zlnlé N @nén. Then the orthonormal property of
the family {e,} and the fact that a,, = (f,e,) imply that the difference
- Z\n\<N anén is orthogonal to e, for all |n| < N. Therefore, we must
have B

(2) (f_ Z anen)J— Z bpen

[n|<N [n|<N

for any complex numbers b,,. We draw two conclusions from this fact.
First, we can apply the Pythagorean theorem to the decomposition

f=r- Z apén + Z An€n,

[n|<N [n|<N

where we now choose b,, = a,,, to obtain

||f||2: If— Z anen”2+|l Z an6n||2-

In|<N In|<N

Since the orthonormal property of the family {e, },cz implies that

| Z an€n||2: Z |an|2,

[n|<N In|<N
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we deduce that

3) AP =1 = Sw(DIP+ D fanl®

In|<N

The second conclusion we may draw from (2) is the following simple
lemma.

Lemma 1.2 (Best approximation) If f is integrable on the circle with
Fourier coefficients a,,, then

1f=SnOI<IF= D caenll

In|<N

for any complex numbers c,. Moreover, equality holds precisely when
Cn = ayp, for all In] < N.

Proof. This follows immediately by applying the Pythagorean theo-
rem to

f_ Z Cnen:f_SN(f)+ Z bnena

In|<N [n|<N
where b,, = a,, — ¢,.

This lemma has a clear geometric interpretation. It says that the
trigonometric polynomial of degree at most N which is closest to f in
the norm || - || is the partial sum Sy (f). This geometric property of the
partial sums is depicted in Figure 1, where the orthogonal projection of
f in the plane spanned by {e_n,...,€p,...,en} is simply Sy (f).

f—=5n(f)

en

Figure 1. The best approximation lemma

We can now give the proof that ||[Sy(f) — f|| — 0 using the best ap-
proximation lemma, as well as the important fact that trigonometric
polynomials are dense in the space of continuous functions on the circle.



1. Mean-square convergence of Fourier series 79

Suppose that f is continuous on the circle. Then, given € > 0, there
exists (by Corollary 5.4 in Chapter 2) a trigonometric polynomial P, say
of degree M, such that

|f(0) — P(9)] <e forall@.

In particular, taking squares and integrating this inequality yields
||f — P|| <€, and by the best approximation lemma we conclude that

lf —Sn(f)|| <e whenever N > M.

This proves Theorem 1.1 when f is continuous.

If f is merely integrable, we can no longer approximate f uniformly
by trigonometric polynomials. Instead, we apply the approximation
Lemma 3.2 in Chapter 2 and choose a continuous function g on the
circle which satisfies

sup [g(0)] < sup [f(0)] = B,

0€0,27] 0e€(0,27]
and
27
|10 = o)1d0 <
Then we get
2 12" 2
If = gl” =5 ; |£(0) — g(0)]° do
1 27
=5 |£(0) — g(O)][£(0) — g(0)]dO
0
2B 27
< = _
<5 [ 156 -l as
< Cé.

Now we may approximate g by a trigonometric polynomial P so that
lg — P|| <e. Then ||f — P|| < C’¢, and we may again conclude by ap-
plying the best approximation lemma. This completes the proof that the
partial sums of the Fourier series of f converge to f in the mean square
norm || - |

Note that this result and the relation (3) imply that if a,, is the n*®
Fourier coefficient of an integrable function f, then the series Y2 |ay,|?
converges, and in fact we have Parseval’s identity

— 00

oo

Y laal> =112

n=—oo
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This identity provides an important connection between the norms in
the two vector spaces ¢2(Z) and R.

We now summarize the results of this section.

Theorem 1.3 Let f be an integrable function on the circle with
[~ ane™®. Then we have:

(i) Mean-square convergence of the Fourier series

1 27

o ) |f(9)_SN(f)(9)|2d9—>O as N — oo.

(ii) Parseval’s identity
nl®=— 0)|= de.
>l =5 [ 170

Remark 1. If {¢,} is any orthonormal family of functions on the
circle, and a,, = (f,e,), then we may deduce from the relation (3) that

(o]

> laal? < IIFIP.

n=—oo

This is known as Bessel’s inequality. Equality holds (as in Parseval’s
identity) precisely when the family {e,} is also a “basis,” in the sense
that || Zl"lSN an€n — f|| — 0 as N — o0o.

Remark 2. We may associate to every integrable function the se-
quence {a,} formed by its Fourier coefficients. Parseval’s identity guar-
antees that {a,} € ¢?(Z). Since (*(Z) is a Hilbert space, the failure of R
to be complete, discussed earlier, may be understood as follows: there
exist sequences {an }nez such that >, la,|? < oo, yet no Riemann in-
tegrable function F has n'" Fourier coefficient equal to a,, for all n. An
example is given in Exercise 6.

Since the terms of a converging series tend to 0, we deduce from Par-
seval’s identity or Bessel’s inequality the following result.

Theorem 1.4 (Riemann-Lebesgue lemma) If f is integrable on the
circle, then f(n) — 0 as |n| — oo.

An equivalent reformulation of this proposition is that if f is integrable
on [0, 27], then

2
f(0)sin(NO)dd — 0 as N — oo
0
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and

27
f(@)cos(NO)dh — 0 as N — oo.
0

To conclude this section, we give a more general version of the Parseval
identity which we will use in the next chapter.

Lemma 1.5 Suppose F and G are integrable on the circle with

F~ Zaneme and G~ aneme.

Then
1 2m o0 o
o F = nOn-
o |, (0)G(6) do n;—ooa b
Recall from the discussion in Example 1 that the series Yo" anby

converges absolutely.

Proof. 'The proof follows from Parseval’s identity and the fact that
1 . . .
(F,G) = 7 [IF+ GI” = |[F = GI* + i (|1F +4G|* - |[F = iG|*)]

which holds in every Hermitian inner product space. The verification of
this fact is left to the reader.

2 Return to pointwise convergence

The mean-square convergence theorem does not provide further insight
into the problem of pointwise convergence. Indeed, Theorem 1.1 by itself
does not guarantee that the Fourier series converges for any 6. Exercise 3
helps to explain this statement. However, if a function is differentiable
at a point 6y, then its Fourier series converges at 6. After proving this
result, we give an example of a continuous function with diverging Fourier
series at one point. These phenomena are indicative of the intricate
nature of the problem of pointwise convergence in the theory of Fourier
series.

2.1 A local result

Theorem 2.1 Let f be an integrable function on the circle which is dif-
ferentiable at a point 6y. Then Sn(f)(0o) — f(00) as N tends to infinity.
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Proof. Define

f(Oo—1t) = f(6o) .
F(t):{ 0 : Y ift#£0and |t| <7

—f(6o) if t = 0.

First, F' is bounded near 0 since f is differentiable there. Second, for
all small ¢ the function F is integrable on [—7, —§] U [J, 7] because f has
this property and [¢t| > & there. As a consequence of Proposition 1.4 in
the appendix, the function F is integrable on all of [—m,7]. We know
that Sy (f)(6o) = (f * Dn)(6p), where Dy is the Dirichlet kernel. Since
5= [ Dy =1, we find that

Sx()(60) = £(60) = 5 [ (60~ 1D (0)dt ~ (80
— 5 [ 1760~ 1)~ f8)Dx ()t
_ % _: F()tDn (t) dt.
We recall that
tDy(t) = Sm(tt/z) sin((N +1/2)¢),

where the quotient m is continuous in the interval [—m, 7]. Since we
can write

sin((N + 1/2)t) = sin(Nt) cos(t/2) + cos(Nt) sin(t/2),

we can apply the Riemann-Lebesgue lemma to the Riemann integrable
functions F'(¢)t cos(t/2)/ sin(t/2) and F(¢)t to finish the proof of the the-
orem.

Observe that the conclusion of the theorem still holds if we only assume
that f satisfies a Lipschitz condition at 6y; that is,

|f(8) — f(0o)| < MO — 6o

for some M > 0 and all . This is the same as saying that f satisfies a
Holder condition of order av = 1.

A striking consequence of this theorem is the localization principle of
Riemann. This result states that the convergence of Sy (f)(6y) depends
only on the behavior of f near 6. This is not clear at first, since forming
the Fourier series requires integrating f over the whole circle.
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Theorem 2.2 Suppose f and g are two integrable functions defined on
the circle, and for some 0y there exists an open interval I containing g
such that

f(0)=g(0) foralldel.

Then Sn(f)(00) — Sn(g)(0o) — 0 as N tends to infinity.

Proof. The function f — ¢ is 0 in I, so it is differentiable at 6y, and
we may apply the previous theorem to conclude the proof.

2.2 A continuous function with diverging Fourier series

We now turn our attention to an example of a continuous periodic func-
tion whose Fourier series diverges at a point. Thus, Theorem 2.1 fails
if the differentiability assumption is replaced by the weaker assumption
of continuity. Our counter-example shows that this hypothesis which
had appeared plausible, is in fact false; moreover, its construction also
illuminates an important principle of the theory.

The principle that is involved here will be referred to as “symmetry-
breaking.”! The symmetry that we have in mind is the symmetry be-
tween the frequencies €’ and e~ which appear in the Fourier expan-
sion of a function. For example, the partial sum operator Sy is defined
in a way that reflects this symmetry. Also, the Dirichlet, Fejer, and
Poisson kernels are symmetric in this sense. When we break the symme-
try, that is, when we split the Fourier series 7 ane™? into the two
pieces 3, <o ane™ and 3", <0 an,e™ we introduce new and far-reaching
phenomena.

We give a simple example. Start with the sawtooth function f which is
odd in # and which equals i(m — §) when 0 < 6 < 7. Then, by Exercise 8
in Chapter 2, we know that

(4) OBDIE-

n#0

Consider now the result of breaking the symmetry and the resulting series

n=—1 1
ezn@

n .
n=—oo

Then, unlike (4), the above is no longer the Fourier series of a Riemann
integrable function. Indeed, suppose it were the Fourier series of an

I'We have borrowed this terminology from physics, where it is used in a very different
context.
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integrable function, say f , where in particular f is bounded. Using the
Abel means, we then have

o]
-> o
n

n=1

which tends to infinity as r tends to 1, because Y 1/n diverges. This
gives the desired contradiction since

AP0 < 5 [ 1FOIR©)d0 < sup |70)

where P,.(0) denotes the Poisson kernel discussed in the previous chapter.

The sawtooth function is the object from which we will fashion our
counter-example. We proceed as follows. For each N > 1 we define the
following two functions on [—m, 7],

eme _ eme
ne)y= > and  fy(0)= >

n
1<|n|<N —N<n<-1

n

We contend that:
(i) |fN(0)| > clog N.
(ii) fn (@) is uniformly bounded in N and 6.

The first statement is a consequence of the fact that ZTJYZI 1/n >
log N, which is easily established (see also Figure 2):

N N-1

1 ntl g dx
E - > E / @ :/ * =log N.
=" n=1"" x 1z

To prove (ii), we argue in the same spirit as in the proof of Tauber’s
theorem, which says that if the series ) ¢, is Abel summable to s and
¢n, = o(1/n), then Y ¢, actually converges to s (see Exercise 14 in Chap-
ter 2). In fact, the proof of Tauber’s theorem is quite similar to that of
the lemma below.

Lemma 2.3 Suppose that the Abel means A, = Y07 | r™¢c,, of the series
>0 | ¢n are bounded as r tends to 1 (with r < 1). If ¢,, = O(1/n), then

the partial sums Sy = 25:1 cn are bounded.
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3=

n n+1

Figure 2. Comparing a sum with an integral

Proof. Let r=1—1/N and choose M so that n|c,| < M. We esti-
mate the difference

N 0
Sy — A, = Z(cn —re,) — Z e,
n=1 n=N-+1
as follows:
N [e’e)
Sn =A< Y el =r 4 3 e
n=1 n=N+1
N o9
§MZ(1—T)+— Z r’
n=1 n=N-+1
M 1
< MN(1 - —
( )+ N1l-—r
=2M,

where we have used the simple observation that
L—r"=0—-r)1+r+---+r")<nl-r).

So we see that if M satisfies both |A,| < M and n|c,| < M, then |Sy| <
3M.
We apply the lemma to the series

ezn@

)

n#0
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which is the Fourier series of the sawtooth function f used above. Here
cn = e n 4 e7M0 /(—n) for n # 0, so clearly ¢, = O(1/|n|). Finally,
the Abel means of this series are A,.(f)(0) = (f * P,)(#). But f is bounded
and P, is a good kernel, so Sy (f)(0) is uniformly bounded in N and 0,
as was to be shown.

We now come to the heart of the matter. Notice that fy and fy
are trigonometric polynomials of degree N (that is, they have non-zero
Fourier coefficients only when |n| < N). From these, we form trigono-
metric polynomials Py and Py, now of degrees 3N and 2N — 1, by
displacing the frequencies of fy and fy by 2N units. In other words,
we define Py (#) = '®N9 fx(9) and Py (0) = 'CN) fr(0). So while fy
has non-vanishing Fourier coefficients when 0 < |n| < N, now the coef-
ficients of Py are non-vanishing for N < n < 3N, n # 2N. Moreover,
while n = 0 is the center of symmetry of fy, now n = 2N is the center
of symmetry of Py. We next consider the partial sums Syy;.

Lemma 2.4
Py if M > 3N,
Su(Pn) =14 Py if M =2N,
0 if M < N.

This is clear from what has been said above and from Figure 3.

In(9)

!N (0) = Pn(0)

San (€N fn)(0)
— 2N f ()
0 N 2N 3N

Figure 3. Breaking symmetry in Lemma 2.4

The effect is that when M = 2N, the operator Sy, breaks the symme-
try of Py, but in the other cases covered in the lemma, the action of Sj,
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is relatively benign, since then the outcome is either Py or 0.
Finally, we need to find a convergent series of positive terms Y ay and
a sequence of integers { N;} which increases rapidly enough so that:

(i) Nkg1 > 3Ny,
(ii) oy log Ny — o0 as k — oo.

We choose (for example) oy, = 1/k% and Ny = 32" which are easily seen
to satisfy the above criteria.

Finally, we can write down our desired function. It is
F(6) = anPr, (0).
k=1

Due to the uniform boundedness of the Py (recall that | Py (0)| = | /v (0)]),
the series above converges uniformly to a continuous periodic function.
However, by our lemma we get

|San,, (f)(0)] > cauylog Ny, + O(1) — 00 as m — oo.

N2

Ni_1 3Np_1 N, T 3N Niy1 3Nk41
IN,,

Figure 4. Symmetry broken in the middle interval (N, 3N)

Indeed, the terms that correspond to N with &k < m or k£ > m con-
tribute O(1) or 0, respectively (because the Py’s are uniformly bounded),
while the term that corresponds to IV, is in absolute value greater than
cauy, log Ny, because |Py ()| = | fa ()] > clog N. So the partial sums of
the Fourier series of f at 0 are not bounded, and we are done since this
proves the divergence of the Fourier series of f at # = 0. To produce a
function whose series diverges at any other preassigned 6 = 6, it suffices
to consider the function f(6 — ).

3 Exercises

1. Show that the first two examples of inner product spaces, namely R¢ and C¢,
are complete.
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[Hint: Every Cauchy sequence in R has a limit.]

2. Prove that the vector space ¢2(Z) is complete.

[Hint: Suppose Ay = {akn}nez with k =1,2,... is a Cauchy sequence. Show
that for each n, {arn}32; is a Cauchy sequence of complex numbers, therefore
it converges to a limit, say b,. By taking partial sums of ||A — Ay || and letting
k' — oo, show that |Ax — B|| — 0 as k — oo, where B = (...,b_1,bo,b1,...).
Finally, prove that B € (?(Z).]

3. Construct a sequence of integrable functions {f;} on [0, 27] such that

) 1 21 )
lim — |f1(0)]°dd =0
0

but limy_, o fx(0) fails to exist for any 6.
[Hint: Choose a sequence of intervals I}, C [0,27] whose lengths tend to 0, and
so that each point belongs to infinitely many of them; then let fi, = xy, .|

4. Recall the vector space R of integrable functions, with its inner product and

norm
1 27
1= (55 [ 1roPa)

(a) Show that there exist non-zero integrable functions f for which || f|| = 0.

1/2

(b) However, show that if f € R with ||f|| =0, then f(z) =0 whenever f is
continuous at .

(¢) Conversely, show that if f € R vanishes at all of its points of continuity,
then || f|| = 0.

5. Let

0 for =0
f0) =
log(1/60) for 0 < 6 < 2,

and define a sequence of functions in R by

fn(9)={0 for0<6<1/n
f(8) for1/n <6 <2m.

Prove that {f,}5%, is a Cauchy sequence in R. However, f does not belong to

R.
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[Hint: Show that f;(log 0)2df — 0if 0 < a < b and b — 0, by using the fact that
the derivative of 6(log6)? — 20log 6 + 20 is equal to (log 8)2.]

6. Consider the sequence {a;}?2 __ defined by

— 00

[ 1k ifk>1
%=Y 0 ifk<o.

Note that {ay} € £2(Z), but that no Riemann integrable function has k** Fourier
coefficient equal to ay for all k.

7. Show that the trigonometric series

1
g sin nx
logn

n>2

converges for every z, yet it is not the Fourier series of a Riemann integrable
function.

The same is true for ) 512# for 0 < a < 1, but the case 1/2 < a < 1 is more
difficult. See Problem 1.

8. Exercise 6 in Chapter 2 dealt with the sums

o0

1 1
Z 2 and e

n odd >1 n=1

Similar sums can be derived using the methods of this chapter.

(a) Let f be the function defined on [—m, 7] by f(0) =1|0|. Use Parseval’s
identity to find the sums of the following two series:

o0

) PILENERI
— (2n+1)* nt’

n=1
In fact, they are 7*/96 and 7*/90, respectively.
(b) Consider the 27-periodic odd function defined on [0, 7] by f(6) = 6(7 — ).

Show that
= 1 70 =1 6
—— =T and — ==
Z_;] 2n+1)6 960 z_:l né 945

Remark. The general expression when k is even for 22021 1/n* in terms of 7"
is given in Problem 4. However, finding a formula for the sum )~ 1/n®, or
more generally > > 1/ n* with k odd, is a famous unresolved question.
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9. Show that for a not an integer, the Fourier series of

™ o
ez(ﬂ' T)a

sin T
on [0, 27 is given by
> inT

e
Z n+a’

n=—oo

Apply Parseval’s formula to show that

> 2

1 T
ZOO (n+a)?  (sinTa)?’

10. Consider the example of a vibrating string which we analyzed in Chapter 1.
The displacement u(z,t) of the string at time ¢ satisfies the wave equation

182u_82u 9
ZoE o C-TIP

The string is subject to the initial conditions

ou

u(z,0) = f(z) and a(x,O) = g(z),

where we assume that f € C' and g is continuous. We define the total energy
of the string by

1 L rou\? 1 L ou\?

The first term corresponds to the “kinetic energy” of the string (in analogy with
(1/2)mw?, the kinetic energy of a particle of mass m and velocity v), and the
second term corresponds to its “potential energy.”

Show that the total energy of the string is conserved, in the sense that E(t)
is constant. Therefore,

L L
E(t) = E(0) = %p/o g(z)?dx + %T/O f/(z)? da.

11. The inequalities of Wirtinger and Poincaré establish a relationship between
the norm of a function and that of its derivative.
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(a) If f is T-periodic, continuous, and piecewise C* with fOT f(t)dt =0, show
that

’ 2 ™ " 2
/!
| wria< o [irora.
with equality if and only if f(¢t)= Asin(2wt/T)+ Bcos(2wt/T).
[Hint: Apply Parseval’s identity.]

(b) Tf f is as above and g is just C! and T-periodic, prove that

2 72 [T T
< [ rwpa / g0 d.
47r2/0 0

(¢) For any compact interval [a, b] and any continuously differentiable function
f with f(a) = f(b) = 0, show that

/If wPa< &= /If (1)[2 dr.

Discuss the case of equality, and prove that the constant (b — a)? /72 can-
not be improved. [Hint: Extend f to be odd with respect to a and periodic
of period T' = 2(b — a) so that its integral over an interval of length T is
0. Apply part a) to get the inequality, and conclude that equality holds if
and only if f(t) = Asin(m{=%)].

12. Prove that / L =T,

0 T 2
[Hint: Start with the fact that the integral of Dy () equals 27, and note that
the difference (1/sin(6/2)) —2/60 is continuous on [—m, 7]. Apply the Riemann-
Lebesgue lemma.]

13. Suppose that f is periodic and of class C*. Show that

f(n) = o(1/[n|"),

that is, |n|¥ f(n) goes to 0 as |n| — co. This is an improvement over Exercise 10
in Chapter 2.

[Hint: Use the Riemann-Lebesgue lemma.]
14. Prove that the Fourier series of a continuously differentiable function f on
the circle is absolutely convergent.

[Hint: Use the Cauchy-Schwarz inequality and Parseval’s identity for f.]

15. Let f be 2m-periodic and Riemann integrable on [—m, 7].
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(a) Show that

fo=—o [ " Je 4 m/n)e i da

—T

hence

Fm) = - / @) — fla+n /e da.

:E -

(b) Now assume that f satisfies a Holder condition of order «, namely
|f(z+h) = f(z)] < Clh|*
for some 0 < o < 1, some C > 0, and all z, h. Use part a) to show that

f(n) = 0(1/In|*).

(¢) Prove that the above result cannot be improved by showing that the func-
tion

f(.’L') — Z Q—kaeika’
k=0

where 0 < « < 1, satisfies
[f(x+h) = f(x)] < C[h|%
and f(N) = 1/N® whenever N = 2F,

[Hint: For (c), break up the sum as follows f(z+h)— f(z) = 22k§1/|h\ +
22k>1/|h\' To estimate the first sum use the fact that |1 — | < || whenever 6

is small. To estimate the second sum, use the obvious inequality |e?® — e?¥] < 2.]

16. Let f be a 2m-periodic function which satisfies a Lipschitz condition with
constant K; that is,

[f(z) = fy)| < Klz —y|  forall z,y.

This is simply the Holder condition with a = 1, so by the previous exercise, we
see that f(n) = O(1/|n|). Since the harmonic series Y 1/n diverges, we cannot
say anything (yet) about the absolute convergence of the Fourier series of f. The
outline below actually proves that the Fourier series of f converges absolutely
and uniformly.
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(a) For every positive h we define g, (x) = f(z + h) — f(z — h). Prove that

1 27 0 R
o | @Pde= 3 dlsinnhP|fP,
0 n=-—o0
and show that
> Isinnh?|f(n)|* < K2h?.
n=-—oo

(b) Let p be a positive integer. By choosing h = 7/2P*1, show that

. K272
Y )P <

2P—1<|n|<2P

(c) Estimate 22p,1<|n‘32p |f(n)|, and conclude that the Fourier series of f
converges absolutely, hence uniformly. [Hint: Use the Cauchy-Schwarz
inequality to estimate the sum.]

(d) In fact, modify the argument slightly to prove Bernstein’s theorem: If f
satisfies a Holder condition of order o > 1/2, then the Fourier series of f
converges absolutely.

17. If f is a bounded monotonic function on [—7, 7|, then

f(n) = O(1/|nl).

[Hint: One may assume that f is increasing, and say |f| < M. First check that
the Fourier coefficients of the characteristic function of [a,b] satisfy O(1/|n|).
Now show that a sum of the form

N
Z O‘kX[ak,ak+1] (1’)

k=1

with —m=a1 <ay <---<ay <anyti1=mand —M < a3 <--- <ay <M has
Fourier coefficients that are O(1/|n|) uniformly in N. Summing by parts one gets
a telescopic sum Y (ag4+1 — ay) which can be bounded by 2M. Now approximate
f by functions of the above type.]

18. Here are a few things we have learned about the decay of Fourier coefficients:

(a) if f is of class C*, then f(n) = o(1/|n|F);
(b) if f is Lipschitz, then f(n) = O(1/|n|);
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(¢) if f is monotonic, then f(n) = O(1/|n|);

(d) if f is satisfies a Holder condition with exponent o where 0 < o < 1, then

f(n) = 0(1/In|*);

(e) if f is merely Riemann integrable, then | f(n)|? < oo and therefore

f(n) = o(1).

Nevertheless, show that the Fourier coefficients of a continuous function can
tend to 0 arbitrarily slowly by proving that for every sequence of nonnegative
real numbers {e,} converging to 0, there exists a continuous function f such
that |f(n)| > €, for infinitely many values of n.

[Hint: Choose a subsequence {e,, } so that ), €,, < co.]

19. Give another proof that the sum ZO<|n|<N e /n is uniformly bounded in
N and z € [—m, 7] by using the fact that

1 e sinnz 1 [7
I AR

0<|n|<N n=1

where Dy is the Dirichlet kernel. Now use the fact that fooo Si?t dt < oo which
was proved in Exercise 12.

20. Let f(z) denote the sawtooth function defined by f(z) = (7 — x)/2 on the
interval (0,27) with f(0) =0 and extended by periodicity to all of R. The
Fourier series of f is

and f has a jump discontinuity at the origin with

f(0%) :; f(Of):—;r, and hence  f(0%) — f(07) = .
Show that
T T sint T
0<I;12;{/NSNU)($) T2 /0 5 -5

which is roughly 9% of the jump 7. This result is a manifestation of Gibbs’s
phenomenon which states that near a jump discontinuity, the Fourier series of a
function overshoots (or undershoots) it by approximately 9% of the jump.

[Hint: Use the expression for Sy (f) given in Exercise 19.]
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4 Problems

1. For each 0 < o < 1 the series

oo .
smmnx

n=1

converges for every x but is not the Fourier series of a Riemann integrable func-
tion.

(a) If the conjugate Dirichlet kernel is defined by

R _ 1 ifn>0
Dy(z) = Z sign(z) ™ where sign(z) = 0 ifn=0
In|<N -1 ifn<0,

then show that

D () = cos(x/2) —SIICI(ZZ(/(;\; + 1/2)1‘)’

and

/ |Dn(z)| dz < clog N.

(b) As a result, if f is Riemann integrable, then
(f * Dn)(0) = O(log N).

(¢) In the present case, this leads to

i}
Zn—a O(log N),

n=1

which is a contradiction.

2. An important fact we have proved is that the family {e™*},,cz is orthonormal
in R and it is also complete, in the sense that the Fourier series of f converges
to f in the norm. In this exercise, we consider another family possessing these
same properties.

On [—1, 1] define

d'fl
dxm

L,(z) = (z2—=1)", n=0,1,2,....

Then L, is a polynomial of degree n which is called the n'* Legendre poly-
nomial.
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(a) Show that if f is indefinitely differentiable on [—1, 1], then

[ @@= [ @ -1 dn

1

In particular, show that L,, is orthogonal to ™ whenever m < n. Hence
{Ln}22, is an orthogonal family.

(b) Show that

1 |)222n+1
Lo = [ |La(@)Pde = @2
Lol = [ Lo e = U2

[Hint: First, note that |L,||*> = (71)”(271)![711(3:2 —1)"dx.  Write
(22 —1)" = (x — 1)"(z + 1)" and integrate by parts n times to calculate
this last integral.]

(c) Prove that any polynomial of degree n that is orthogonal to 1, z, 22, ..., 2"}

is a constant multiple of L.

(d) Let L,, = L,,/||Ly||, which are the normalized Legendre polynomials. Prove
that {£,} is the family obtained by applying the “Gram-Schmidt process”
to{1,x,...,2",...}, and conclude that every Riemann integrable function
f on [-1,1] has a Legendre expansion

Y (L)L

n=0

which converges to f in the mean-square sense.

3. Let a be a complex number not equal to an integer.

(a) Calculate the Fourier series of the 27-periodic function defined on [—m, ]
by f(z) = cos(azx).

(b) Prove the following formulas due to Euler:

3 S v
n2—a2 202 2atan(am)’

For all u € C — 7Z,

1 > U
cotu =~ +2 g _—
i 1u27n2772
-
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(¢) Show that for all & € C — Z we have

o0
am (-1t
=1+207) .
’ n=1 n2—oz2

sin(ar)

(d) For all 0 < a < 1, show that

et 77
dt = — .
o t+1 sin(am)

[Hint: Split the integral as fol + f loo and change variables ¢t = 1/u in the
second integral. Now both integrals are of the form

1ty_1d
—dt, 0<~vy<1,
/0 1+t 7

(=n*

775 - Use part (c) to conclude the

which one can show is equal to Z;OZO
proof.]

4. In this problem, we find the formula for the sum of the series
>k
nk
n=1

where k is any even integer. These sums are expressed in terms of the Bernoulli
numbers; the related Bernoulli polynomials are discussed in the next problem.

Define the Bernoulli numbers B,, by the formula
oo
z B, .,
e D DR
n=0

(a) Show that By =1, By =-1/2, Bo =1/6, B3 =0, By =—1/30, and
Bs = 0.

(b) Show that for n > 1 we have

1 n+1
B, = — B;y..
n—i—lz( k ) k

(¢) By writing
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show that B, = 0 if n is odd and > 1. Also prove that

2 "B
zcotz—l—i—z 2" 22",

(d) The zeta function is defined by

oo

1
C(S):ZE’ for all s > 1.

n=1

Deduce from the result in (c), and the expression for the cotangent func-
tion obtained in the previous problem, that

2m

(o)
2
Tcotx = 1—22 3 m)me'

(e) Conclude that

m—+1 (27.‘.)2m

2(2m) = (-1

B2m

5. Define the Bernoulli polynomials B, (x) by the formula

Oon)n
_Z%(

(a) The functions B, (x) are polynomials in = and

B,(z) = Z (Z) Bja" 7k

k=0

Show that Bo(z) =1, Bi(z)=x—1/2, Bs(z)=2?—2+1/6, and
Bs(z) = a® — 327 + Ju.

(b) If n > 1, then
B(z +1) — B, (z) = na" 1,
and if n > 2, then
B, (0) = B,(1) = B,,.
(c) Define Sy, (n) =1 42™ +--- 4 (n—1)™. Show that

(m+1)Sp(n) = Bpy1(n) — Byt
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(d) Prove that the Bernoulli polynomials are the only polynomials that satisfy

(i) Bo(z) =1,
(ii) By (z) =nBp_1(x) for n > 1,

(iii) fol B, (z)dz = 0 for n > 1, and show that from (b) one obtains

r+1
/ B, (t)dt = z™.

(e) Calculate the Fourier series of Bi(x) to conclude that for 0 < z < 1 we

have
—1 = sin(2rka)
Bi(ax)=z—1/2=—Y 22T
@)=z -1/2=— kgl .

Integrate and conclude that

Ban(z) = (—1)"H! 2(2n)! i cos(2mkx)

(27r)2n — k2n ’
2(2n 4 1)! o= sin(27kz)
_ n+1
BQn+1(CL‘) = (*1) (27T)2n+1 Z k2n+1
k=1
Finally, show that for 0 < x < 1,
n! e27rik.7:

B(z)=——" S &
@) =G R

We observe that the Bernoulli polynomials are, up to normalization, successive
integrals of the sawtooth function.



4 Some Applications of Fourier
Series

Fourier series and analogous expansions intervene very
naturally in the general theory of curves and surfaces.
In effect, this theory, conceived from the point of view
of analysis, deals obviously with the study of arbitrary
functions. I was thus led to use Fourier series in sev-
eral questions of geometry, and I have obtained in this
direction a number of results which will be presented
in this work. One notes that my considerations form
only a beginning of a principal series of researches,
which would without doubt give many new results.
A. Hurwitz, 1902

In the previous chapters we introduced some basic facts about Fourier
analysis, motivated by problems that arose in physics. The motion of a
string and the diffusion of heat were two instances that led naturally to
the expansion of a function in terms of a Fourier series. We propose next
to give the reader a flavor of the broader impact of Fourier analysis, and
illustrate how these ideas reach out to other areas of mathematics. In
particular, consider the following three problems:

I. Among all simple closed curves of length £ in the plane R?, which
one encloses the largest area?

II. Given an irrational number 7, what can be said about the distri-
bution of the fractional parts of the sequence of numbers n~y, for
n=123,...7

III. Does there exist a continuous function that is nowhere differen-
tiable?

The first problem is clearly geometric in nature, and at first sight, would
seem to have little to do with Fourier series. The second question lies on
the border between number theory and the study of dynamical systems,
and gives us the simplest example of the idea of “ergodicity.” The third
problem, while analytic in nature, resisted many attempts before the
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solution was finally discovered. It is remarkable that all three questions
can be resolved quite simply and directly by the use of Fourier series.
In the last section of this chapter, we return to a problem that provided
our initial motivation. We consider the time-dependent heat equation
on the circle. Here our investigation will lead us to the important but
enigmatic heat kernel for the circle. However, the mysteries surrounding
its basic properties will not be fully understood until we can apply the
Poisson summation formula, which we will do in the next chapter.

1 The isoperimetric inequality

Let I" denote a closed curve in the plane which does not intersect itself.
Also, let ¢ denote the length of I', and A the area of the bounded region
in R? enclosed by I'. The problem now is to determine for a given £ the
curve I which maximizes A (if any such curve exists).

large A

Figure 1. The isoperimetric problem

A little experimentation and reflection suggests that the solution should
be a circle. This conclusion can be reached by the following heuristic con-
siderations. The curve can be thought of as a closed piece of string lying
flat on a table. If the region enclosed by the string is not convex (for ex-
ample), one can deform part of the string and increase the area enclosed
by it. Also, playing with some simple examples, one can convince oneself
that the “flatter” the curve is in some portion, the less efficient it is in
enclosing area. Therefore we want to maximize the “roundness” of the
curve at each point.

Although the circle is the correct guess, making the above ideas precise
is a difficult matter.

The key idea in the solution we give to the isoperimetric problem con-
sists of an application of Parseval’s identity for Fourier series. However,
before we can attempt a solution to this problem, we must define the
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notion of a simple closed curve, its length, and what we mean by the
area of the region enclosed by it.

Curves, length and area

A parametrized curve «y is a mapping
7 : [a,b] — RZ.

The image of v is a set of points in the plane which we call a curve and
denote by I'. The curve I' is simple if it does not intersect itself, and
closed if its two end-points coincide. In terms of the parametrization
above, these two conditions translate into v(s1) # y(s2) unless s; = a
and s = b, in which case y(a) = v(b). We may extend ~ to a periodic
function on R of period b — a, and think of « as a function on the circle.
We also always impose some smoothness on our curves by assuming that
7 is of class C'!, and that its derivative ' satisfies 7/(s) # 0. Altogether,
these conditions guarantee that I" has a well-defined tangent at each
point, which varies continuously as the point on the curve varies. More-
over, the parametrization v induces an orientation on I' as the parameter
s travels from a to b.

Any C' bijective mapping s: [c,d] — [a,b] gives rise to another
parametrization of I' by the formula

Clearly, the conditions that I be closed and simple are independent of
the chosen parametrization. Also, we say that the two parametrizations
v and 7 are equivalent if /() > 0 for all ¢; this means that n and ~
induce the same orientation on the curve I'. If, however, s'(t) < 0, then
7 reverses the orientation.

If T' is parametrized by v(s) = (z(s),y(s)), then the length of the
curve I' is defined by
’ ’ 2 2y1/2
= [ WElds = [ @2 i) as
a a
The length of T is a notion intrinsic to the curve, and does not depend
on its parametrization. To see that this is indeed the case, suppose that

~v(s(t)) = n(t). Then, the change of variables formula and the chain rule
imply that

b d d
/a I/ (s)] ds = / Iy (s(E)] [ ()] dt = / (1) dt,
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as desired.

In the proof of the theorem below, we shall use a special type of
parametrization for I'. We say that v is a parametrization by arc-
length if |[y/(s)| = 1 for all s. This means that (s) travels at a constant
speed, and as a consequence, the length of I is precisely b — a. Therefore,
after a possible additional translation, a parametrization by arc-length
will be defined on [0,¢]. Any curve admits a parametrization by arc-
length (Exercise 1).

We now turn to the isoperimetric problem.

The attempt to give a precise formulation of the area A of the region
enclosed by a simple closed curve I' raises a number of tricky questions.
In a variety of simple situations, it is evident that the area is given by
the following familiar formula of the calculus:

1) A= | @iy —yaa)
1 b

)

2

/a (s)y'(s) — y(s)2' (s) ds| ;

see, for example, Exercise 3. Thus in formulating our result we shall
adopt the easy expedient of taking (1) as our definition of area. This
device allows us to give a quick and neat proof of the isoperimetric in-
equality. A listing of issues this simplification leaves unresolved can be
found after the proof of the theorem.

Statement and proof of the isoperimetric inequality

Theorem 1.1 Suppose that I' is a simple closed curve in R? of length
£, and let A denote the area of the region enclosed by this curve. Then
52

A< —,
~ A4r

with equality if and only if I' is a circle.

The first observation is that we can rescale the problem. This means
that we can change the units of measurement by a factor of 6 > 0 as
follows. Consider the mapping of the plane R? to itself, which sends the
point (z,y) to (dz,0y). A look at the formula defining the length of a
curve shows that if ' is of length ¢, then its image under this mapping
has length 0¢. So this operation magnifies or contracts lengths by a
factor of § depending on whether § > 1 or § < 1. Similarly, we see that
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the mapping magnifies (or contracts) areas by a factor of §2. By taking
d = 2w /¢, we see that it suffices to prove that if £ = 27 then A < 7, with
equality only if I' is a circle.

Let v : [0,27] — R? with v(s) = (z(s),y(s)) be a parametrization by
arc—length of the curve T', that is, z/(s)? + 3'(s)? = 1 for all s € [0, 27].
This implies that

1 2m

(2) o [ @y ds=1.

Since the curve is closed, the functions x(s) and y(s) are 2m-periodic, so
we may consider their Fourier series

8) ~ Zanei”s and  y(s) ~ aneins

Then, as we remarked in the later part of Section 2 of Chapter 2, we
have

'(s) ~ E apine™ and  y'(s) ~ E bpine'™®

Parseval’s identity applied to (2) gives

o

3) > Il (lanl® + [6al?) =

n=—oo

We now apply the bilinear form of Parseval’s identity (Lemma 1.5, Chap-
ter 3) to the integral defining A. Since z(s) and y(s) are real-valued, we
have a,, = @, and b,, = b_,,, so we find that

(o]

1 — 0
A= || a(s)y(s) —y(s)a'(s)ds| = nzz_wn (anbn — botr) |
We observe next that
(4) |anm - bn@‘ <2 |an| |bn| < |an|2 + |bn|27

and since |n| < |n|?, we may use (3) to get

A<a > Inl (Janl® + [ba]?)

n=-—oo

<7

— )
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as desired.
When A = 7, we see from the above argument that

z(s) =a_1e7" +ag+are® and  y(s) =b_1e” " + by + bie’

because |n| < |n|? as soon as |n| > 2. We know that z(s) and y(s) are
real-valued, so a_; =a; and b_; = b;. The identity (3) implies that
2 (la1|* 4 |b1]?) =1, and since we have equality in (4) we must have
la1| = |b1] = 1/2. We write

1 . 1 .
a1:§ew‘ and 612581’8.

The fact that 1 = 2|a1b; — ayby| implies that |sin(a — 3)| = 1, hence
o — 3 = kn/2 where k is an odd integer. From this we find that

x(s) =ap +cos(a+s) and y(s)=byLsin(a+s),

where the sign in y(s) depends on the parity of (k —1)/2. In any case,
we see that I' is a circle, for which the case of equality obviously holds,
and the proof of the theorem is complete.

The solution given above (due to Hurwitz in 1901) is indeed very ele-
gant, but clearly leaves some important issues unanswered. We list these
as follows. Suppose I is a simple closed curve.

(i) How is the “region enclosed by I'"” defined?

(ii) What is the geometric definition of the “area” of this region? Does
this definition accord with (1)?

(ili) Can these results be extended to the most general class of sim-
ple closed curves relevant to the problem—those curves which are
“rectifiable”—that is, those to which we can ascribe a finite length?

It turns out that the clarifications of the problems raised are connected
to a number of other significant ideas in analysis. We shall return to
these questions in succeeding books of this series.

2 Weyl’s equidistribution theorem

We now apply ideas coming from Fourier series to a problem dealing
with properties of irrational numbers. We begin with a brief discussion
of congruences, a concept needed to understand our main theorem.
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The reals modulo the integers

If x is a real number, we let [x] denote the greatest integer less than
or equal to z and call the quantity [z] the integer part of z. The
fractional part of = is then defined by (z) =z — [z]. In particular,
(x) €[0,1) for every x € R. For example, the integer and fractional parts
of 2.7 are 2 and 0.7, respectively, while the integer and fractional parts
of —3.4 are —4 and 0.6, respectively.

We may define a relation on R by saying that the two numbers = and
y are equivalent, or congruent, if x —y € Z. We then write

r=ymodZ or x=ymod]l.

This means that we identify two real numbers if they differ by an integer.
Observe that any real number z is congruent to a unique number in
[0,1) which is precisely (z), the fractional part of x. In effect, reducing
a real number modulo Z means looking only at its fractional part and
disregarding its integer part.

Now start with a real number v # 0 and look at the sequence
v, 27, 37, ... . An intriguing question is to ask what happens to this
sequence if we reduce it modulo Z, that is, if we look at the sequence of
fractional parts

Here are some simple observations:

(i) If ~ is rational, then only finitely many numbers appearing in (n-y)
are distinct.

(ii) If ~y is irrational, then the numbers (n7) are all distinct.

Indeed, for part (i), note that if v = p/q, the first ¢ terms in the sequence
are

(r/a), 2p/q), ---, {(¢ = V)p/q), (ap/q) = 0.

The sequence then begins to repeat itself, since

((g+Dp/q) = (1+p/a) = (p/q),

and so on. However, see Exercise 6 for a more refined result.

Also, for part (ii) assume that not all numbers are distinct. We there-
fore have (n1vy) = (ng7y) for some ny # na; then nyy — noy € Z, hence
is rational, a contradiction.
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In fact, it can be shown that if 7 is irrational, then (n+y) is dense in the
interval [0,1), a result originally proved by Kronecker. In other words,
the sequence (n7) hits every sub-interval of [0,1) (and hence it does so
infinitely many times). We will obtain this fact as a corollary of a deeper
theorem dealing with the uniform distribution of the sequence (n-~).

A sequence of numbers &1,&a,...,&,, ... n [0,1) is said to be equidis-
tributed if for every interval (a,b) C [0,1),

i #{1<n<N:&, €(a,b)}

N—oo N —b-a

where #A denotes the cardinality of the finite set A. This means that
for large N, the proportion of numbers &, in (a,b) with n < N is equal to
the ratio of the length of the interval (a,b) to the length of the interval
[0,1). In other words, the sequence &, sweeps out the whole interval
evenly, and every sub-interval gets its fair share. Clearly, the ordering of
the sequence is very important, as the next two examples illustrate.

EXAMPLE 1. The sequence

07 Py 07

2
- 0
2 ) 37 )

Wl =

appears to be equidistributed since it passes over the interval [0,1) very
evenly. Of course this is not a proof, and the reader is invited to give
one. For a somewhat related example, see Exercise 8 with o = 1/2.

EXAMPLE 2. Let {r,}>%, be any enumeration of the rationals in [0, 1).
Then the sequence defined by

¢ = rny2 if mis even,
L if n is odd,

is not equidistributed since “half” of the sequence is at 0. Nevertheless,
this sequence is obviously dense.

We now arrive at the main theorem of this section.

Theorem 2.1 If v is irrational, then the sequence of fractional parts
(1), (27), (37), ... is equidistributed in [0,1).

In particular, (nvy) is dense in [0,1), and we get Kronecker’s theo-
rem as a corollary. In Figure 2 we illustrate the set of points (v), (2v),
(37),...,(N~) for three different values of N when v = v/2.
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N =10

0I I1
N =30

Or Il
N =80

0- I1

Figure 2. The sequence (), (27), (37),...,(N7) when v = v/2

Fix (a,b) C [0,1) and let x(4)(x) denote the characteristic function
of the interval (a,b), that is, the function equal to 1 in (a,b) and 0 in
[0,1) — (a,b). We may extend this function to R by periodicity (pe-
riod 1), and still denote this extension by X(q4)(z). Then, as a conse-
quence of the definitions, we find that

N
#{1 <n<N: <n/}/> € (avb)} = Z X(a,b)(n’Y)v
n=1
and the theorem can be reformulated as the statement that

N 1

1

N Z X(a,b)(n7) — /0 X(a,b) (r)dz, as N — oo.
n=1

This step removes the difficulty of working with fractional parts and
reduces the number theory to analysis.
The heart of the matter lies in the following result.

Lemma 2.2 If f is continuous and periodic of period 1, and ~ is irra-
tional, then

1 & !
an_:lf(n'y)ﬂfof(x)dx as N — oo.

The proof of the lemma is divided into three steps.

Step 1. We first check the validity of the limit in the case when f
is one of the exponentials 1, e?™® . . e27kz If f =1, the limit
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surely holds. If f = e2™% with k # 0, then the integral is 0. Since 7 is
irrational, we have e2™*7 £ 1, therefore

N 2mik 2mik N
1 e T1—e v
Z flny) = 2miky
N — N 1-e 2

which goes to 0 as N — oo.

Step 2. It is clear that if f and g satisfy the lemma, then so does
Af + Bg for any A, B € C. Therefore, the first step implies that the
lemma is true for all trigonometric polynomials.

Step 3. Let e > 0. If f is any continuous periodic function of period 1,
choose a trigonometric polynomial P so that sup,cp | f(z) — P(z)| < €/3
(this is possible by Corollary 5.4 in Chapter 2). Then, by step 1, for all
large N we have

< €/3.

;;P(n’y)—/o P(z)dx

Therefore

1 & 1
v ) = [ s

| XN
< N;UB(”V) — P(ny)|+

+ +

Jirnz_:lP(n’y)—/O P(z)dx

+L+mm—fwnw

and the lemma is proved.

Now we can finish the proof of the theorem. Choose two continuous
periodic functions f and f of period 1 which approximate X(a,b) ()
on [0,1) from above and below; both f and f- are bounded by 1 and
agree with x(q5) (%) except in intervals of total length 2¢ (see Figure 3).

In particular, f~(z) < X(a,p)(2) < f& (), and

1 1
b—a—26§/ fo(x)dx and / fF(z)de <b—a+2e.
0 0

If Sy = % 22;1 X(a,b)(77), then we get

1 1L,
~ 2 fe(my) <SSy <= ) fr(n).
v vENY
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1

b+e 1

Figure 3. Approximations of x4 4) (%)

Therefore

b—a—26§1}\1;ninf Sy and limsup Sy <b—a+ 2e.

N—o0

Since this is true for every € > 0, the limit limy_. ., Sy exists and must
equal b — a. This completes the proof of the equidistribution theorem.

This theorem has the following consequence.

Corollary 2.3 The conclusion of Lemma 2.2 holds for every function
f which is Riemann integrable in [0,1], and periodic of period 1.

Proof. Assume f is real-valued, and consider a partition of the
interval [0,1], say 0 =xz¢g <21 <---<ay =1. Next, define fy(z)=

SUPy. ,<y<a, fly)ifz € [z;_1,25) and fr(x) = inf,,  <y<s, f(y) forz €
(zj_1,7;). Then clearly fr < f < fu and

/01 fr(z)dr < /01 f(z)dx < /01 fu(x) dz.

Moreover, by making the partition sufficiently fine we can guarantee that
for a given € > 0,

/01 fu(x)de — /01 fr(z)dx <e.

However,

N 1
PRy BACTE
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by the theorem, because each fr, is a finite linear combination of charac-
teristic functions of intervals; similarly we have

N 1
]i,nz_:lfU(TW)H/o fu(z)dz.

From these two assertions we can conclude the proof of the corollary by
using the previous approximation argument.

There is an interesting interpretation of the lemma and its corollary,
in terms of a simple dynamical system. In this example, the underlying
space is the circle parametrized by the angle . We also consider a
mapping of this space to itself: here, we choose a rotation p of the circle
by the angle 277y, that is, the transformation p : 0 — 0 + 277.

We want next to consider how this space, with its underlying action
p, evolves in time. In other words, we wish to consider the iterates of p,
namely p, p?, p3, ..., p" where

pt=popo---op:b—0+2mny,

and where we think of the action p™ taking place at the time ¢ = n.

To each Riemann integrable function f on the circle, we can also asso-
ciate the corresponding effects of the rotation p, and obtain a sequence
of functions

£00), f(p(0)), £(0*(9)), -, f(p"(0)), -

with f(p™(0)) = f(0 + 27ny). In this special context, the ergodicity of
this system is then the statement that the “time average”

exists for each 6 and equals the “space average”

1 27

or | SO0,

whenever -y is irrational. In fact, this assertion is merely a rephrasing of
Corollary 2.3, once we make the change of variables § = 27z.

Returning to the problem of equidistributed sequences, we observe that
the proof of Theorem 2.1 gives the following characterization.
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Weyl’s criterion. A sequence of real numbers 1,85 ... in
[0,1) is equidistributed if and only if for all integers k # 0 one
has

N

1 .

~ E 2™ 0, as N — oo.
n=1

One direction of this theorem was in effect proved above, and the con-
verse can be found in Exercise 7. In particular, we find that to understand
the equidistributive properties of a sequence &,, it suffices to estimate
the size of the corresponding “exponential sum” S0 ¢27i*én  For ex-
ample, it can be shown using Weyl’s criterion that the sequence (n2v)
is equidistributed whenever + is irrational. This and other examples can
be found in Exercises 8, and 9; also Problems 2, and 3.

As a last remark, we mention a nice geometric interpretation of the
distribution properties of (n+y). Suppose that the sides of a square are
reflecting mirrors and that a ray of light leaves a point inside the square.
What kind of path will the light trace out?

Figure 4. Reflection of a ray of light in a square

To solve this problem, the main idea is to consider the grid of the
plane formed by successively reflecting the initial square across its sides.
With an appropriate choice of axis, the path traced by the light in the
square corresponds to the straight line P + (¢,7¢) in the plane. As a
result, the reader may observe that the path will be either closed and
periodic, or it will be dense in the square. The first of these situations
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will happen if and only if the slope 7y of the initial direction of the light
(determined with respect to one of the sides of the square) is rational.
In the second situation, when ~y is irrational, the density follows from
Kronecker’s theorem. What stronger conclusion does one get from the
equidistribution theorem?

3 A continuous but nowhere differentiable function

There are many obvious examples of continuous functions that are not
differentiable at one point, say f(z) = |z|. It is almost as easy to con-
struct a continuous function that is not differentiable at any given finite
set of points, or even at appropriate sets containing countably many
points. A more subtle problem is whether there exists a continuous
function that is nowhere differentiable. In 1861, Riemann guessed that
the function defined by

) R(r) =y )
n=1

was nowhere differentiable. He was led to consider this function because
of its close connection to the theta function which will be introduced in
Chapter 5. Riemann never gave a proof, but mentioned this example in
one of his lectures. This triggered the interest of Weierstrass who, in an
attempt to find a proof, came across the first example of a continuous but
nowhere differentiable function. Say 0 < b < 1 and a is an integer > 1.
In 1872 he proved that if ab > 1 4 37 /2, then the function

W(x) = Z b" cos(a"x)

is nowhere differentiable.

But the story is not complete without a final word about Riemann’s
original function. In 1916 Hardy showed that R is not differentiable at
all irrational multiples of 7, and also at certain rational multiples of .
However, it was not until much later, in 1969, that Gerver completely
settled the problem, first by proving that the function R is actually
differentiable at all the rational multiples of = of the form 7p/q with p
and ¢ odd integers, and then by showing that R is not differentiable in
all of the remaining cases.

In this section, we prove the following theorem.
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Theorem 3.1 If0 < a < 1, then the function
fa(x) _ f(l‘) _ Z 2777,0461'2“1
n=0

is continuous but nowhere differentiable.

The continuity is clear because of the absolute convergence of the se-
ries. The crucial property of f which we need is that it has many van-
ishing Fourier coefficients. A Fourier series that skips many terms, like
the one given above, or like W(x), is called a lacunary Fourier series.

The proof of the theorem is really the story of three methods of sum-
ming a Fourier series. First, there is the ordinary convergence in terms
of the partial sums Sy(g) = g * Dy. Next, there is Cesaro summabil-
ity on(g) = g *x Fiy, with Fy the Fejér kernel. A third method, clearly
connected with the second, involves the delayed means defined by

An(g) =20an(g9) — on(g).

Hence An(g) = g * [2Fon — Fn]. These methods can best be visualized
as in Figure 5.

Suppose g(z) ~ 3" ane™®. Then:

e Sy arises by multiplying the term a,e™* by 1 if |n|] < N, and 0 if
In| > N.

e oy arises by multiplying a,,e?™® by 1 — |n|/N for |n| < N and 0 for
In| > N.

e Ay arises by multiplying a,,e™* by 1if |n| < N, by 2(1 — |n|/(2N))
for N < |n| < 2N, and O for |n| > 2N.

For example, note that

So(g)(x) + 51(g)(x) + --- + Sv-1(9)(2)

on(9)(@) = L
1 N-1
ikx
= — Z are
N =0 |k|<¢
1
= (N = [n])ane™*
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—-N 0 N

Partial sums
Sn(g)(x) = Z\nISN ane’™

Cesaro means

on(0)(@) = Zpuren (1= 5) anei®

—2N —-N 0 N 2N

Delayed means
An(9)(z) = 202n(9)(x) — on(9)(2)

Figure 5. Three summation methods
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The proof of the other assertion is similar.

The delayed means have two important features. On the one hand,
their properties are closely related to the (good) features of the Cesaro
means. On the other hand, for series that have lacunary properties like
those of f, the delayed means are essentially equal to the partial sums.
In particular, note that for our function f = f,

(6) Sn(f) =D (f),
where N’ is the largest integer of the form 2* with N’ < N. This is clear
by examining Figure 5 and the definition of f.

We turn to the proof of the theorem proper and argue by contradiction;
that is, we assume that f’(z¢) exists for some x.

Lemma 3.2 Let g be any continuous function that is differentiable at
xo. Then, the Cesaro means satisfy on(g)'(xo) = O(log N), therefore

An(g)'(zo) = O(log N).

Proof. First we have
s s

on(9)(wo) = | Fy(wo—t)g(t)dt = [ Fy(t)g(zo —1t)dt,

—Tr —T

where Fly is the Fejér kernel. Since Fly is periodic, we have [*_F} (t)dt=0
and this implies that

ox(g) (ao) = [ F(tlaoo — 0) ~ glao)] .

From the assumption that g is differentiable at o we get

s

lon(9) (o)l < C | |[En(D)][¢] dt.
Now observe that F'j; satisfies the two estimates
/ 2 / A
|Fn(t)] <AN®  and  |Fy(t)] < e

For the first inequality, recall that Fy is a trigonometric polynomial
of degree N whose coefficients are bounded by 1. Therefore, F}, is a
trigonometric polynomial of degree N whose coefficients are no bigger
than N. Hence |F'(t)] < (2N +1)N < AN?2.
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For the second inequality, we recall that

1 sin®(Nt/2
Fu(t) = S N2)
N sin“(t/2)
Differentiating this expression, we get two terms:

sin(Nt/2) cos(Nt/2) 1 cos(t/2)sin?(Nt/2)
sin®(t/2) N sin®(t/2)

If we then use the facts that |sin(Nt/2)| < CN|t| and |sin(t/2)| > c|t|
(for |t| < ), we get the desired estimates for F (t).
Using all of these estimates we find that

lon(9) (z0)| < C [P (8)] [t] dt + C/ [Py ()] [t] dt
[t|>1/N [t|<1/N
<CA dt + CAN dt
[t|>1/N |t] |t|<1/N
=0O(logN)+ 0(1)
= O(log N).

The proof of the lemma is complete once we invoke the definition of

AN(9)-

Lemma 3.3 If 2N = 2", then
Don(f) = An(f) =27,

This follows from our previous observation (6) because Aoy (f) =

Saon(f) and An(f) = Sn(f).

Now, by the first lemma we have
Do (f) (wo) = An(f) (z0) = O(log N),
and the second lemma also implies
| Do (f) (z0) — An(f) (zo)| = 217 > N7
This is the desired contradiction since N'~% grows faster than log IV.

A few additional remarks about our function f,(z) = > 00 27 "¥ei2"®
are in order.
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This function is complex-valued as opposed to the examples R and W
above, and so the nowhere differentiability of f, does not imply the same
property for its real and imaginary parts. However, a small modification
of our proof shows that, in fact, the real part of f,,

oo

Z 27" cos 2",

n=0

as well as its imaginary part, are both nowhere differentiable. To see
this, observe first that by the same proof, Lemma 3.2 has the following
generalization: if g is a continuous function which is differentiable at xz,
then

An(9) (o +h) = O(log N)  whenever |h| < c¢/N.

We then proceed with F(z) =Y 07 ;27" cos 2"z, noting as above that
Non(F) — An(F) = 27" cos 2™x; as a result, assuming that F' is differ-
entiable at xg, we get that

|2=) gin(2" (2o + h))| = O(log N)

when 2N = 2" and |h| < ¢/N. To get a contradiction, we need only
choose h so that |sin(2™(zo + h))| = 1; this is accomplished by setting
0 equal to the distance from 2"xzy to the nearest number of the form
(k+1/2)7, k € Z (so § < w/2), and taking h = £§/2™.

Clearly, when o > 1 the function f, is continuously differentiable since
the series can be differentiated term by term. Finally, the nowhere dif-
ferentiability we have proved for a < 1 actually extends to « =1 by a
suitable refinement of the argument (see Problem 8 in Chapter 5). In
fact, using these more elaborate methods one can also show that the
Weierstrass function W is nowhere differentiable if ab > 1.

4 The heat equation on the circle

As a final illustration, we return to the original problem of heat diffusion
considered by Fourier.

Suppose we are given an initial temperature distribution at ¢ = 0 on a
ring and that we are asked to describe the temperature at points on the
ring at times ¢t > 0.

The ring is modeled by the unit circle. A point on this circle is de-
scribed by its angle 6 = 27z, where the variable x lies between 0 and 1.
If u(z,t) denotes the temperature at time ¢ of a point described by the
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angle @, then considerations similar to the ones given in Chapter 1 show
that u satisfies the differential equation

ou 0%u

The constant ¢ is a positive physical constant which depends on the
material of which the ring is made (see Section 2.1 in Chapter 1). After
rescaling the time variable, we may assume that ¢ = 1. If f is our initial
data, we impose the condition

u(z,0) = f(x).

To solve the problem, we separate variables and look for special solutions
of the form

u(z,t) = A(x)B(t).
Then inserting this expression for u into the heat equation we get

B() _ A@)
B(t) ~ Alz)

Both sides are therefore constant, say equal to A. Since A must be
periodic of period 1, we see that the only possibility is A\ = —47%n?,
where n € Z. Then A is a linear combination of the exponentials e?7"®
and e~27" and B(t) is a multiple of e=47 7"t By superposing these
solutions, we are led to

8 wlx. t) = - a 6747r2n2t627rinac
9 n )

n=—oo

where, setting ¢ = 0, we see that {a,} are the Fourier coefficients of f.

Note that when f is Riemann integrable, the coefficients a, are
bounded, and since the factor e~47° 7t tends to zero extremely fast, the
series defining u converges. In fact, in this case, u is twice differentiable
and solves equation (7).

The natural question with regard to the boundary condition is the
following: do we have u(z,t) — f(x) as t tends to 0, and in what sense?
A simple application of the Parseval identity shows that this limit holds
in the mean square sense (Exercise 11). For a better understanding of
the properties of our solution (8), we write it as

u(z,t) = (f * He)(x),
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where H; is the heat kernel for the circle, given by

o0

(9) Ht(.I): Z 6—47T2n2t62m’mc’

n=—oo

and where the convolution for functions with period 1 is defined by

(f *9)(z) = /0 f(@ - v)g(y) dy.

An analogy between the heat kernel and the Poisson kernel (of Chapter 2)
is given in Exercise 12. However, unlike in the case of the Poisson kernel,
there is no elementary formula for the heat kernel. Nevertheless, it turns
out that it is a good kernel (in the sense of Chapter 2). The proof is
not obvious and requires the use of the celebrated Poisson summation
formula, which will be taken up in Chapter 5. As a corollary, we will
also find that H; is everywhere positive, a fact that is also not obvious
from its defining expression (9). We can, however, give the following
heuristic argument for the positivity of H;. Suppose that we begin with
an initial temperature distribution f which is everywhere < 0. Then it
is physically reasonable to expect u(z,t) < 0 for all ¢ since heat travels
from hot to cold. Now

u(z, 1) = / f(& — y)Hy(y) dy.

If H; is negative for some xg, then we may choose f < 0 supported near
xo, and this would imply u(zg,t) > 0, which is a contradiction.

5 Exercises

1. Let v : [a,b] — R? be a parametrization for the closed curve T.

(a) Prove that v is a parametrization by arc-length if and only if the length
of the curve from v(a) to v(s) is precisely s — a, that is,

/ |/ (t)| dt = s — a.

(b) Prove that any curve I' admits a parametrization by arc-length. [Hint: If
7 is any parametrization, let h(s) = f: |’ (t)| dt and consider v = 1o h™1.]

2. Suppose 7: [a,b] — R? is a parametrization for a closed curve T, with

V(1) = (x(t), y(1).
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(a) Show that

1

b b b
3 | e v @)= [ ds= = [ (s s

(b) Define the reverse parametrization of v by ~~ :[a,b] — R? with
() =v(b+a—1t). The image of v~ is precisely I', except that the
points v~ (¢) and ~(t) travel in opposite directions. Thus v~ “reverses”
the orientation of the curve. Prove that

/(:cdy—ydm) = —/ery—ydx).

Y v

In particular, we may assume (after a possible change in orientation) that

b

b
A=l / (2(s)y'(5) — y(s)a(s)) ds = / 2(s)y/(s) ds.

a

3. Suppose I' is a curve in the plane, and that there exists a set of coordinates
x and y so that the z-axis divides the curve into the union of the graph of
two continuous functions y = f(x) and y = g(z) for 0 < z < 1, and with f(z) >
g(z) (see Figure 6). Let Q denote the region between the graphs of these two
functions:

Q={(r,y): 0<2<1 and g(x) <y < f(a)}.

y = f(z)

y=g()

Figure 6. Simple version of the area formula

With the familiar interpretation that the integral [ h(z)dz gives the area
under the graph of the function h, we see that the area of (2 is fol flx)dx —
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J: 01 g(z) dx. Show that this definition coincides with the area formula A given in

the text, that is,
1 1
/ f(m)dm—/ g(x)de = ‘—/ydw
0 0 r

Also, note that if the orientation of the curve is chosen so that €0 “lies to the
left” of I', then the above formula holds without the absolute value signs.

= A

This formula generalizes to any set that can be written as a finite union of
domains like §2 above.

4. Observe that with the definition of ¢ and A given in the text, the isoperimetric
inequality continues to hold (with the same proof) even when T is not simple.

Show that this stronger version of the isoperimetric inequality is equivalent
to Wirtinger’s inequality, which says that if f is 27-periodic, of class C!, and
satisfies fo% f(t)dt =0, then

2T 2
2dt < ') d
/0 1) t_/o (0P dt

with equality if and only if f(¢) = Asint + Bcost (Exercise 11, Chapter 3).

[Hint: In one direction, note that if the length of the curve is 27 and ~ is an
appropriate arc-length parametrization, then

2r— A) = / @/ (s) + y(s)] ds + / (W/(s)? — y(s)?) ds.

A change of coordinates will guarantee fo% y(s) ds = 0. For the other direction,
start with a real-valued f satisfying all the hypotheses of Wirtinger’s inequality,
and construct g, 2m-periodic and so that the term in brackets above vanishes.]

5. Prove that the sequence {7,}22,, where ~,, is the fractional part of
1+V5\"
2 )

[Hint: Show that U, = (H'T\ﬁ) + (1_27‘/5) s the solution of the difference

equation U,41 = U, + U,_1 with Uy =2 and U; = 1. The U,, satisfy the same
difference equation as the Fibonacci numbers.|

is not equidistributed in [0, 1].

6. Let 6 = p/q be a rational number where p and ¢ are relatively prime inte-
gers (that is, 6 is in lowest form). We assume without loss of generality that
g > 0. Define a sequence of numbers in [0, 1) by &, = (nf) where () denotes the
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fractional part. Show that the sequence {&1,&s,...} is equidistributed on the
points of the form

0, 1/¢, 2/q, ..., (¢—1)/q.

In fact, prove that for any 0 < a < ¢, one has

#{n: 1<n<N, (nb) =a/q} 1 1
J oy

[Hint: For each integer k& > 0, there exists a unique integer n with k¢ < n < (k +
1)q and so that (nf) =a/q. Why can one assume k = 0? Prove the existence
of n by using the fact! that if p and q are relatively prime, there exist integers
x,y such that xp +yq = 1. Next, divide N by ¢ with remainder, that is, write
N ={g+r where 0 </ and 0 < r < g. Establish the inequalities

(<#{n: 1<n<N, (n)=a/q} <l+1]

7. Prove the second part of Weyl’s criterion: if a sequence of numbers &, o, . ..
in [0, 1) is equidistributed, then for all k € Z — {0}

N
1 )
~ E 2™k 0 as N — oo.

n=1

[Hint: It suffices to show that 4 25:1 f(&) — fol f(x) dz for all continuous f.
Prove this first when f is the characteristic function of an interval.]

8. Show that for any a # 0, and o with 0 < o < 1, the sequence (an?) is equidis-
tributed in [0, 1).

[Hint: Prove that Efj:l e?™in” — O(N?) 4+ O(N'~9) if b # 0.] In fact, note the
following

N N N
E e27mbn _ / e27rzbac de = O E n71+0 )
n=1 1 n=1

9. In contrast with the result in Exercise 8, prove that (alogn) is not equidis-
tributed for any a.

[Hint: Compare the sum 22;1 e2mblogn with the corresponding integral.]

10. Suppose that f is a periodic function on R of period 1, and {&,} is a sequence
which is equidistributed in [0,1). Prove that:

IThe elementary results in arithmetic used in this exercise can be found at the begin-
ning of Chapter 8.
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(a) If f is continuous and satisfies fol f(z)dz =0, then
| X
lim — Z fz+&,) =0 uniformly in z.
o n=1

[Hint: Establish this result first for trigonometric polynomials.]
(b) If f is merely integrable on [0, 1] and satisfies fol f(z)dx =0, then

2
dr = 0.

1
lim
N—oo 0

1 N
n=1

11. Show that if u(x,t) = (f * Hy)(x) where H; is the heat kernel, and f is
Riemann integrable, then

1
/ lu(x,t) — f(z)[*de — 0 ast— 0.
0

12. A change of variables in (8) leads to the solution

u(0,7) = Zaneﬂl%eme = (f=*h)(0)

of the equation

0 0?

a—z:a—;; with 0 < 0 < 27 and 7 > 0,
with boundary condition u(6,0) = f(0) ~ > a,e™?. Here h,(0) =
> o e’ Tem?  This version of the heat kernel on [0,27] is the analogue

of the Poisson kernel, which can be written as P.(6) = Z:ifoo e~ IM7eind with
r=e"7 (and so 0 < r < 1 corresponds to 7 > 0).

13. The fact that the kernel Hi(x) is a good kernel, hence u(x,t) — f(z) at
each point of continuity of f, is not easy to prove. This will be shown in the
next chapter. However, one can prove directly that Hy(z) is “peaked” at z =0
as t — 0 in the following sense:

(a) Show that fiiig |H,(x)|? dx is of the order of magnitude of t=1/2 as t — 0.

More precisely, prove that t!/2 fl/2

e |H;(x)|? dz converges to a non-zero

limit as ¢t — 0.

(b) Prove that fig% 2?|Hy(x)|? dz = O(t'/?) as t — 0.
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[Hint: For (a) compare the sum Y% e~ with the integral s et dy
where ¢ > 0. For (b) use 22 < C(sin7x)? for —1/2 <z <1/2, and apply the

2
mean value theorem to e™¢*"* ]

6 Problems

1.* This problem explores another relationship between the geometry of a curve
and Fourier series. The diameter of a closed curve I' parametrized by
~(t) = (z(t),y(t)) on [—m, 7] is defined by

d= sup |[P—-Q|= sup [|y(t1) —~(t2)l-
P,Qel t1, ta€[—m,7)

If a,, is the n'" Fourier coefficient of v(t) = x(t) + iy(t) and ¢ denotes the length
of I', then

(a) 2|a,| < d for all n # 0.
(b) ¢ < md, whenever T is convex.

Property (a) follows from the fact that 2a, = 5= [" [y y(t+ 7/n)]e” ™ dt.

The equality ¢ = nd is satisfied when T" is a Clrcle, but surprlslngly, this is
not the only case. In fact, one finds that ¢ = 7d is equivalent to 2|a;| = d. We
re-parametrize v so that for each ¢ in [—m, 7] the tangent to the curve makes an
angle ¢ with the y-axis. Then, if a; = 1 we have

V() = e (1+ (1),

where r is a real-valued function which satisfies r(t)+r(t+m) =0, and
|r(t)| < 1. Figure 7 (a) shows the curve obtained by setting 7(t) = cos 5t. Also,
Figure 7 (b) consists of the curve where r(t) = h(3t), with h(s) = -1 if -7 <
s <0and h(s) = 1if 0 < s < 7. This curve (which is only piecewise of class C!)
is known as the Reuleaux triangle and is the classical example of a convex curve
of constant width which is not a circle.

2.* Here we present an estimate of Weyl which leads to some interesting results.

(a) Let Sy = 25:1 e?™/(")  Show that for H < N, one has

=53

h=0

N—h

S ? < 2milf ()= f ()|

E\Z

n=1
for some constant ¢ > 0 independent of N, H, and f.

(b) Use this estimate to show that the sequence (n?y) is equidistributed in
[0,1) whenever « is irrational.
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(a) (b)

Figure 7. Some curves with maximal length for a given diameter

(c) More generally, show that if {£,} is a sequence of real numbers so that
for all positive integers h the difference (£,4+n — &) is equidistributed in
[0,1), then (&,) is also equidistributed in [0, 1).

(d) Suppose that P(z) = c,z™ 4 - - - 4 ¢o is a polynomial with real coefficients,
where at least one of ¢1, ..., ¢, is irrational. Then the sequence (P(n)) is
equidistributed in [0, 1).

[Hint: For (a), let a, = ¢*™/(") when 1 <n < N and 0 otherwise. Then write
HY an= ZkHzl >, antk and apply the Cauchy-Schwarz inequality. For (b),
note that (n + h)?y — n%y = 2nhy + h2+, and use the fact that for each integer
h, the sequence (2nh~) is equidistributed. Finally, to prove (d), assume first that
P(z) = Q(z) + c1x + ¢o where ¢; is irrational, and estimate the exponential sum
ZN—1 e2mkP(n)  Then, argue by induction on the highest degree term which has

n=
an irrational coefficient, and use part (c).]

3.* If 0 > 0 is not an integer and a # 0, then (an?) is equidistributed in [0, 1).
See also Exercise 8.

4. An elementary construction of a continuous but nowhere differentiable func-
tion is obtained by “piling up singularities,” as follows.
On [—1, 1] consider the function

p(x) = |x]

and extend ¢ to R by requiring it to be periodic of period 2. Clearly, ¢ is
continuous on R and |¢(z)| < 1 for all x so the function f defined by

s =3 () et
n=0

is continuous on R.
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(a) Fix zg € R. For every positive integer m, let d,, = j:%él‘m where the
sign is chosen so that no integer lies in between 4™xz¢ and 4™ (zp + o).
Consider the quotient

_ o™ (o + 0m)) — (4" x0)
Vo = 5

Prove that if n > m, then v, =0, and for 0 < n <m one has |y,| < 4"
with |y, | = 4™.

(b) From the above observations prove the estimate

f(xO + 6m) -
Om

)

and conclude that f is not differentiable at x.

5. Let f be a Riemann integrable function on the interval [—m,n]. We define
the generalized delayed means of the Fourier series of f by

SN+ + Snik-1
= :

ONK =
Note that in particular
ooN=0n, On1=5n and onny=Apn,

where Ay are the specific delayed means used in Section 3.

(a) Show that

1

ONK = 3 (N + K)onykx — Non),

and

onx = SN+ > <1 - |”|I; N) fw)e?.

N+1<|y|<N+K—-1

From this last expression for oy g conclude that

ovg —Sul< Y 1fw)

NA41<|v|<N+K-1

foral N <M< N+ K.
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(b) Use one of the above formulas and Fejér’s theorem to show that with
N = kn and K = n, then

Ukn,n(f)(e) i f(e) as n — o

whenever f is continuous at 6, and also

IO+ 60)
2

as n — oo

Okn,n (f) (9)

at a jump discontinuity (refer to the preceding chapters and their exer-
cises for the appropriate definitions and results). In the case when f is
continuous on [—m, ], show that oy, ,(f) — f uniformly as n — oo.

(¢) Using part (a), show that if f(v) = O(1/|v|) and kn < m < (k + 1)n, we
get

= Q

|Tkn,n — Sml| < for some constant C' > 0.

(d) Suppose that f(v) = O(1/|v|). Prove that if f is continuous at 6 then
Sn(f)(0) = f(6) as N — oo,

and if f has a jump discontinuity at 6 then

f01) + £(67)
2

as N — oo.

Sn(f)(0) —

Also, show that if f is continuous on [—m, 7], then Sy(f) — f uniformly.

(e) The above arguments show that if 3 ¢, is Cesaro summable to s and ¢,, =
O(1/n), then Y ¢, converges to s. This is a weak version of Littlewood’s
theorem (Problem 3, Chapter 2).

6. Dirichlet’s theorem states that the Fourier series of a real continuous peri-
odic function f which has only a finite number of relative maxima and minima
converges everywhere to f (and uniformly).

Prove this theorem by showing that such a function satisfies f(n) = O(1/|n|).

[Hint: Argue as in Exercise 17, Chapter 3; then use conclusion (d) in Problem 5
above.|



5 The Fourier Transform on R

The theory of Fourier series and integrals has always
had major difficulties and necessitated a large math-
ematical apparatus in dealing with questions of con-
vergence. It engendered the development of methods
of summation, although these did not lead to a com-
pletely satisfactory solution of the problem.. .. For the
Fourier transform, the introduction of distributions
(hence the space S) is inevitable either in an explicit
or hidden form.... As a result one may obtain all that
is desired from the point of view of the continuity and
inversion of the Fourier transform.

L. Schwartz, 1950

The theory of Fourier series applies to functions on the circle, or equiv-
alently, periodic functions on R. In this chapter, we develop an analogous
theory for functions on the entire real line which are non-periodic. The
functions we consider will be suitably “small” at infinity. There are sev-
eral ways of defining an appropriate notion of “smallness,” but it will
nevertheless be vital to assume some sort of vanishing at infinity.

On the one hand, recall that the Fourier series of a periodic function
associates a sequence of numbers, namely the Fourier coefficients, to
that function; on the other hand, given a suitable function f on R, the
analogous object associated to f will in fact be another function f on R
which is called the Fourier transform of f. Since the Fourier transform
of a function on R is again a function on R, one can observe a symmetry
between a function and its Fourier transform, whose analogue is not as
apparent in the setting of Fourier series.

Roughly speaking, the Fourier transform is a continuous version of the
Fourier coefficients. Recall that the Fourier coeflicients a,, of a function
f defined on the circle are given by

1
(1) an:/o f(z)e 2™ dy,
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and then in the appropriate sense we have

(2) fl@)=>" ane®™".

n=—oo

Here we have replaced 6 by 27z, as we have frequently done previously.

Now, consider the following analogy where we replace all of the discrete
symbols (such as integers and sums) by their continuous counterparts
(such as real numbers and integrals). In other words, given a function f
on all of R, we define its Fourier transform by changing the domain of
integration from the circle to all of R, and by replacing n € Z by £ € R
in (1), that is, by setting

) for = [ st

We push our analogy further, and consider the following continuous ver-
sion of (2): replacing the sum by an integral, and a,, by f(£), leads to
the Fourier inversion formula,

(4) s = [ fee e

Under a suitable hypotheses on f, the identity (4) actually holds, and
much of the theory in this chapter aims at proving and exploiting this
relation. The validity of the Fourier inversion formula is also suggested
by the following simple observation. Suppose f is supported in a finite
interval contained in I = [—-L/2, L /2], and we expand f in a Fourier series
on I. Then, letting L tend to infinity, we are led to (4) (see Exercise 1).

The special properties of the Fourier transform make it an important
tool in the study of partial differential equations. For instance, we shall
see how the Fourier inversion formula allows us to analyze some equations
that are modeled on the real line. In particular, following the ideas
developed on the circle, we solve the time-dependent heat equation for
an infinite rod and the steady-state heat equation in the upper half-plane.

In the last part of the chapter we discuss further topics related to the
Poisson summation formula,

S )= fn),

nez nez

which gives another remarkable connection between periodic functions
(and their Fourier series) and non-periodic functions on the line (and
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their Fourier transforms). This identity allows us to prove an assertion
made in the previous chapter, namely, that the heat kernel H;(x) satisfies
the properties of a good kernel. In addition, the Poisson summation
formula arises in many other settings, in particular in parts of number
theory, as we shall see in Book II.

We make a final comment about the approach we have chosen. In our
study of Fourier series, we found it useful to consider Riemann integrable
functions on the circle. In particular, this generality assured us that even
functions that had certain discontinuities could be treated by the theory.
In contrast, our exposition of the elementary properties of the Fourier
transform is stated in terms of the Schwartz space S of testing functions.
These are functions that are indefinitely differentiable and that, together
with their derivatives, are rapidly decreasing at infinity. The reliance on
this space of functions is a device that allows us to come quickly to the
main conclusions, formulated in a direct and transparent fashion. Once
this is carried out, we point out some easy extensions to a somewhat
wider setting. The more general theory of Fourier transforms (which
must necessarily be based on Lebesgue integration) will be treated in
Book III.

1 Elementary theory of the Fourier transform

We begin by extending the notion of integration to functions that are
defined on the whole real line.

1.1 Integration of functions on the real line

Given the notion of the integral of a function on a closed and bounded
interval, the most natural extension of this definition to continuous func-
tions over R is

o] N
/ f(x)dz = lim / f(x)dx.
— 00 N—oo J_N
Of course, this limit may not exist. For example, it is clear that if
f(x) =1, or even if f(z) =1/(1+ |z|), then the above limit is infinite.
A moment’s reflection suggests that the limit will exist if we impose on
f enough decay as |z| tends to infinity. A useful condition is as follows.

A function f defined on R is said to be of moderate decrease if f
is continuous and there exists a constant A > 0 so that

for all z € R.

@) <
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This inequality says that f is bounded (by A for instance), and also that
it decays at infinity at least as fast as 1/22, since A/(1+ 2?) < A/x?.

For example, the function f(z) = 1/(1 + |z|") is of moderate decrease
as long as n > 2. Another example is given by the function e~®*! for
a > 0.

We shall denote by M(R) the set of functions of moderate decrease
on R. As an exercise, the reader can check that under the usual addition
of functions and multiplication by scalars, M(R) forms a vector space
over C.

We next see that whenever f belongs to M(R), then we may define

®) | swae= g [ sy

where the limit now exists. Indeed, for each N the integral Iy =
fiVN f(z)dx is well defined because f is continuous. It now suffices to
show that {Iy} is a Cauchy sequence, and this follows because if M > N,
then

dx

<A =
N<|z|<M T

SW_)O as N — oo.

Notice we have also proved that f\x\>N f(z)dx — 0 as N — co. At this
point, we remark that we may replace the exponent 2 in the definition
of moderate decrease by 1+ € where € > 0; that is,

A

This definition would work just as well for the purpose of the theory
developed in this chapter. We chose € = 1 merely as a matter of conve-
nience.

We summarize some elementary properties of integration over R in a
proposition.

Proposition 1.1 The integral of a function of moderate decrease defined
by (5) satisfies the following properties:
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(i) Linearity: if f,g € M(R) and a,b € C, then

/_O:O(af(x) +bg(x))dr = a/_o:o f(x) da:—l—b/_o:og(x)dx

(ii) Translation invariance: for every h € R we have

/_O:of(x—h)dx—/_o:of(a:)dm

(ili) Scaling under dilations: if 6 > 0, then

5/_O:Of(5x)dx—/_o:of(x)da:

(iv) Continuity: if f € M(R), then

/°° |f(x —h)— f(x)|de -0 as h— 0.

— 00

We say a few words about the proof. Property (i) is immediate. To
verify property (ii), it suffices to see that

N N
/ f(li—h)dx—/ f(z)dz — 0 as N — oo.
_N _N

Since fivN f(x—h)dz = f N h f(z) dz, the above difference is majorized
by
—N N A’
d dr| <
[ @l [ @] <

for large N, which tends to 0 as N tends to infinity.
The proof of property (iii) is similar once we observe that ¢ fivN f(0x)de =

5N
J _sn (@) dx
To prove property (iv) it suffices to take |h| < 1. For a preassigned € > 0,
we first choose N so large that

/ [f(z)|de < /4 and / F(z — )| dz < /4.
|z|>N |z|>N

Now with N fixed, we use the fact that since f is continuous, it is uni-
formly continuous in the interval [-N —1,N + 1]. Hence
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sup,<n |f(z —h) — f(z)] — 0 as h tends to 0. So we can take h so
small that this supremum is less than e¢/4N. Altogether, then,

| i f@lds< [ |- - fa)|do

— 00

+ /MZN f(x — h)| da

d
+AWMNMw
<e€/24¢€/d+¢€/d =k,

and thus conclusion (iv) follows.

1.2 Definition of the Fourier transform

If f € M(R), we define its Fourier transform for £ € R by
fo= [ et

Of course, |e~27%¢| =1, so the integrand is of moderate decrease, and
the integral makes sense.

In fact, this last observation implies that f is bounded, and moreover,
a simple argument shows that f is continuous and tends to 0 as €] — oo
(Exercise 5). However, nothing in the definition above guarantees that
f is of moderate decrease, or has a specific decay. In particular, it is not
clear in this context how to make sense of the integral ffooo f (€)e2mizE q¢
and the resulting Fourier inversion formula. To remedy this, we introduce
a more refined space of functions considered by Schwartz which is very
useful in establishing the initial properties of the Fourier transform.

The choice of the Schwartz space is motivated by an important prin-
ciple which ties the decay of f to the continuity and differentiability
properties of f (and vice versa): the faster f(£) decreases as |¢| — oo,
the “smoother” f must be. An example that reflects this principle is
given in Exercise 3. We also note that this relationship between f and f
is reminiscent of a similar one between the smoothness of a function on
the circle and the decay of its Fourier coefficients; see the discussion of
Corollary 2.4 in Chapter 2.

1.3 The Schwartz space

The Schwartz space on R consists of the set of all indefinitely differ-
entiable functions f so that f and all its derivatives f’, f”,..., f©, ...,
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are rapidly decreasing, in the sense that

sup |z|*|fO(z)| < 0o for every k,£ > 0.
zER

We denote this space by & = S(R), and again, the reader should verify
that S(R) is a vector space over C. Moreover, if f € S(R), we have

_ 4

f(z) 7z € S(R) and zf(z) € S(R).

This expresses the important fact that the Schwartz space is closed under
differentiation and multiplication by polynomials.

A simple example of a function in S(R) is the Gaussian defined by

flz)=e"",

which plays a central role in the theory of the Fourier transform, as well
as other fields (for example, probability theory and physics). The reader
can check that the derivatives of f are of the form P(z)e™®" where P is
a polynomial, and this immediately shows that f € S(R). In fact, e—az”
belongs to S(R) whenever a > 0. Later, we will normalize the Gaussian
by choosing a = 7.

-1 0 1

Figure 1. The Gaussian e~

An important class of other examples in S(R) are the “bump func-
tions” which vanish outside bounded intervals (Exercise 4).

As a final remark, note that although e~ 1| decreases rapidly at infinity,
it is not differentiable at 0 and therefore does not belong to S(R).
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1.4 The Fourier transform on S

The Fourier transform of a function f € S(R) is defined by

= [ fae s

Some simple properties of the Fourier transform are gathered in the fol-
lowing proposition. We use the notation

fl@) — f(©)
to mean that f denotes the Fourier transform of f.
Proposition 1.2 If f € S(R) then:
(i) f(xz+h) — F(€)e*™¢ whenever h € R.
(ii) f(z)e 2" — f(& + h) whenever h € R.
(i) f(6x) — 61 f(671€) whenever § > 0.
) f

(iv) f'(@) — 2mif(€).
) d
() ~2miaf(@) — 2 F(©).

In particular, except for factors of 27i, the Fourier transform inter-
changes differentiation and multiplication by x. This is the key property
that makes the Fourier transform a central object in the theory of differ-
ential equations. We shall return to this point later.

Proof. Property (i) is an immediate consequence of the translation
invariance of the integral, and property (ii) follows from the definition.
Also, the third property of Proposition 1.1 establishes (iii).

Integrating by parts gives

/—]jv f(x)e 2™ dy = {f(a:)ef%mg}NN + 2mig /_]jv f(z)e™ 28 dg,

so letting N tend to infinity gives (iv).
Finally, to prove property (v), we must show that f is differentiable
and find its derivative. Let € > 0 and consider

— (2mizf)(§)=

00 ) 6727rizh -1
/ flx)e 2 @8 | — 4 orix
— 00

fE+n) &) |, ——
h

3 dz.
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Since f(z) and xf(x) are of rapid decrease, there exists an integer N
so that [, 5y [f(z)lde < e and [ oy [z[|f(2z)|dz < e Moreover, for
|z| < N, there exists hg so that |h| < hg implies

e—27ria:h -1 o
h T

€
< —.
- N

Hence for |h| < ho we have

fE+h) = f(&)

h
N
</
-N
< (e

= <—%f><§>|

—2mixzh __

f(z)e2mizs leh + 27rix] dx + Ce

Theorem 1.3 If f € S(R), then f € S(R).

The proof is an easy application of the fact that the Fourier transform
interchanges differentiation and multiplication. In fact, note that if f €
S(R), its Fourier transform f is bounded; then also, for each pair of
non-negative integers ¢ and k, the expression

¢t (i)gf(f)

is bounded, since by the last proposition, it is the Fourier transform of

1 d\" o
(2ri)F dr [(—2miz)" f(z)].
The proof of the inversion formula

s = [ T je@ i de  for f € S(R),

which we give in the next section, is based on a careful study of the
2
function e~ | which, as we have already observed, is in S(R) if a > 0.
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The Gaussians as good kernels

We begin by considering the case a = 7 because of the normalization:

(6) / e ™ dy = 1.

— 00

To see why (6) is true, we use the multiplicative property of the expo-
nential to reduce the calculation to a two-dimensional integral. More
precisely, we can argue as follows:

o 2 o o

(/ 6_71'952 dx) = / / 6_7"(9524‘742) dx dy
= e

/ / e ™ rdrdf

o0
/ omre™™" dr
0

S

)

where we have evaluated the two-dimensional integral using polar coor-
dinates.

The fundamental property of the Gaussian which is of interest to us,
2
and which actually follows from (6), is that e~ ™ equals its Fourier
transform! We isolate this important result in a theorem.

Theorem 1.4 If f(z) = e~™ , then f(£) = f(£).

Proof. Define

@) = f© = [ e,

— o0

and observe that F'(0) = 1, by our previous calculation. By property (v)
in Proposition 1.2, and the fact that f'(x) = —27af(z), we obtain

F'(¢) = /:)O f(x)(—2miz)e 2™ dy = i/fo F(x)e 2 gy,

By (iv) of the same proposition, we find that

F'(€) = i(2mi€) f(£) = —2mEF(€).
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If we define G(§) = F (5)6“52, then from what we have seen above, it
follows that G’ (§) = 0, hence G is constant. Since F'(0) = 1, we conclude
that G is identically equal to 1, therefore F(£) = e‘”fz, as was to be
shown.

The scaling properties of the Fourier transform under dilations yield
the following important transformation law, which follows from (iii) in
Proposition 1.2 (with & replaced by §=1/2).

Corollary 1.5 If§ > 0 and Ks(z) = 6 Y/2e="" /3 then K5(¢) = ™%

We pause to make an important observation. As § tends to 0, the
function K peaks at the origin, while its Fourier transform Kj gets
flatter. So in this particular example, we see that K5 and K5 cannot both
be localized (that is, concentrated) at the origin. This is an example of a

general phenomenon called the Heisenberg uncertainty principle, which
we will discuss at the end of this chapter.

We have now constructed a family of good kernels on the real line,
analogous to those on the circle considered in Chapter 2. Indeed, with

K(;(.Z‘) _ 6—1/26—77322/6’

we have:
) [Zo Ks(z)de = 1.
(i) [, |Ks(a)|do < M.

(iii) For every n > 0, we have fl |Ks(z)|dx — 0 as 6 — 0.

z|>n

To prove (i), we may change variables and use (6), or note that the
integral equals K;(0), which is 1 by Corollary 1.5. Since Ks > 0, it is
clear that property (ii) is also true. Finally we can again change variables
to get

[ sl = [ e dy — 0
|z|>n ly|>n/61/2

as ¢ tends to 0. We have thus proved the following result.

Theorem 1.6 The collection {Ks}s=o is a family of good kernels
as 6 — 0.

We next apply these good kernels via the operation of convolution,
which is given as follows. If f, g € S(R), their convolution is defined by

(7) (f+9)a / f(z — t)g(t) dt
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For a fixed value of z, the function f(z — t)g(t) is of rapid decrease in t,
hence the integral converges.

By the argument in Section 4 of Chapter 2 (with a slight modification),
we get the following corollary.

Corollary 1.7 If f € S(R) , then
(f*xKs)(z) — f(z) wuniformly in  as § — 0.

Proof. First, we claim that f is uniformly continuous on R. Indeed,
given € > 0 there exists R > 0 so that |f(z)| < ¢/4 whenever |z| > R.
Moreover, f is continuous, hence uniformly continuous on the compact
interval [— R, R], and together with the previous observation, we can find
n > 0 so that |f(x) — f(y)| < € whenever |z —y| <n. Now we argue as
usual. Using the first property of good kernels, we can write

(F Ks)(w) = fla) = [ O:o Ks(t) [f(z — 1) — f(x)]dt,
and since K5 > 0, we find
\(f  Kg) () — f(2)] < /t|> +f, B =)~ @)

The first integral is small by the third property of good kernels, and the
fact that f is bounded, while the second integral is also small since f
is uniformly continuous and | K5 = 1. This concludes the proof of the
corollary.

1.5 The Fourier inversion

The next result is an identity sometimes called the multiplication for-
mula.

Proposition 1.8 If f,g € S(R), then

[ @itz = [~ wot) iy

To prove the proposition, we need to digress briefly to discuss the inter-
change of the order of integration for double integrals. Suppose F(z,vy)
is a continuous function in the plane (x,y) € R?. We will assume the
following decay condition on F':

|F(e,y)] < A/(1+2%)(1 +5%).
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Then, we can state that for each x the function F'(x,y) is of moderate
decrease in y, and similarly for each fixed y the function F(x,y) is of
moderate decrease in x. Moreover, the function Fy(z) = [ F(z,y)dy
is continuous and of moderate decrease; similarly for the function Fy(y) =
[Z. F(z,y) dz. Finally

/ Fi(z)dx :/ Fy(y) dy.
The proof of these facts may be found in the appendix.

We now apply this to F(z,y) = f(z)g(y)e >™*¥. Then Fi(z)=
f(@)g(z), and F5(y) = f(y)g(y) so

| t@i@ds= [ fww
which is the assertion of the proposition.

The multiplication formula and the fact that the Gaussian is its own
Fourier transform lead to a proof of the first major theorem.

Theorem 1.9 (Fourier inversion) If f € S(R), then
fo = [ foemta
Proof. We first claim that
fo)= [ Fede

Let Gs(z) = e~™%" 50 that é\g(f) = K5(§). By the multiplication for-
mula we get

| r@ks@ = [ f€)Gs(6) de
Since K is a good kernel, the first integral goes to f(0) as § tends to 0.

Since the second integral clearly converges to ffooo f (&) d€ as 0 tends to 0,
our claim is proved. In general, let F(y) = f(y + x) so that

j@) = FO) = [ F@de= [ feenae

As the name of Theorem 1.9 suggests, it provides a formula that inverts
the Fourier transform; in fact we see that the Fourier transform is its own
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inverse except for the change of z to —x. More precisely, we may define
two mappings F : S(R) — S(R) and F* : S(R) — S(R) by

FN© = [ r@e i ar ad P = [ g@enae

— 00

Thus F is the Fourier transform, and Theorem 1.9 guarantees that
F*oF =1 on S(R), where I is the identity mapping. Moreover, since
the definitions of F and F* differ only by a sign in the exponential, we
see that F(f)(y) = F*(f)(—y), so we also have F o F* = I. As a conse-
quence, we conclude that F* is the inverse of the Fourier transform on
S(R), and we get the following result.

Corollary 1.10 The Fourier transform is a bijective mapping on the
Schwartz space.

1.6 The Plancherel formula

We need a few further results about convolutions of Schwartz functions.
The key fact is that the Fourier transform interchanges convolutions with
pointwise products, a result analogous to the situation for Fourier series.

Proposition 1.11 If f,g € S(R) then:
(i) fxge€SR).
(ii) frg=g*f.

— ~

(iii) (f *9)(&) = f(£)g(S)-

Proof. To prove that f * g is rapidly decreasing, observe first that for
£>0weh ¢ - ¢ i i
any £ > 0 we have sup,, |z[*|g(x — y)| < A¢(1 + |y|)*, because g is rapidly
decreasing (to check this assertion, consider separately the two cases

|z| < 2|y| and |z| > 2]y|). From this, we see that

[ee]

sup [2'(f + ) @) < Ae [ 17)I(1+ o) do.

— 00

so that x‘(f * g)(x) is a bounded function for every ¢ > 0. These esti-
mates carry over to the derivatives of f* g, thereby proving that
f*g € S(R) because

(;;)k(f*g)(x) — (f * (;i)kg)(x) for k=1,2,...
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This identity is proved first for £ = 1 by differentiating under the inte-
gral defining f * g. The interchange of differentiation and integration is
justified in this case by the rapid decrease of dg/dz. The identity then
follows for every k by iteration.

For fixed x, the change of variables z — y = u shows that

(f *9)(a / f(@ — wg(u) du = (g = f)(x).

This change of variables is a composition of two changes, y — —y and
y—y—h (with h = x). For the first one we use the observation that
7 F(z)dz = [7_ F(—z)dx for any Schwartz function F, and for the
second, we apply (ii) of Proposition 1.1

Finally, consider F(x,y) = f(y)g(x —y)e~ 2™, Since f and g are
rapidly decreasing, considering separately the two cases |z| < 2|y| and
|z| > 2|y|, we see that the discussion of the change of order of integration
after Proposition 1.8 applies to F. In this case Fy(z) = (f * g)(z)e272¢
and Fy(y) = f(y)e 2"%¢§(¢). Thus [% Fi(z)dx = [°_ F>(y) dy, which
implies (iii). The proposition is therefore proved.

We now use the properties of convolutions of Schwartz functions to
prove the main result of this section. The result we have in mind is the
analogue for functions on R of Parseval’s identity for Fourier series.

The Schwartz space can be equipped with a Hermitian inner product

-/ O:O f(2)g(@) de

whose associated norm is

= ([ 1sweas)

The second major theorem in the theory states that the Fourier transform
is a unitary transformation on S(R).

Theorem 1.12 (Plancherel) If f € S(R) then || f|| = || f]|.

Proof 1f f € S(R) define f*(z) = f(—z). Then f?(€) = f(€). Now
let h = f % f*. Clearly, we have

WE) =1/ (©F  and h(O):/OO ()] da.

— 00
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The theorem now follows from the inversion formula applied with z = 0,
that is,

| i€ dg = no).

1.7 Extension to functions of moderate decrease

In the previous sections, we have limited our assertion of the Fourier
inversion and Plancherel formulas to the case when the function involved
belonged to the Schwartz space. It does not really involve further ideas to
extend these results to functions of moderate decrease, once we make the
additional assumption that the Fourier transform of the function under
consideration is also of moderate decrease. Indeed, the key observation,
which is easy to prove, is that the convolution f * g of two functions f and
g of moderate decrease is again a function of moderate decrease (Exer-
cise 7); also m = f g. Moreover, the multiplication formula continues
to hold, and we deduce the Fourier inversion and Plancherel formulas
when f and f are both of moderate decrease.

This generalization, although modest in scope, is nevertheless useful
in some circumstances.

1.8 The Weierstrass approximation theorem

We now digress briefly by further exploiting our good kernels to prove
the Weierstrass approximation theorem. This result was already alluded
to in Chapter 2.

Theorem 1.13 Let f be a continuous function on the closed and bounded
interval [a,b] C R. Then, for any € > 0, there exists a polynomial P such
that

sup |f(z) — P(z)| <e.
z€la,b]

In other words, f can be uniformly approximated by polynomials.

Proof.  Let [—M, M] denote any interval that contains [a,b] in its
interior, and let g be a continuous function on R that equals 0 outside
[-M, M] and equals f in [a, b]. For example, extend f as follows: from b
to M define g by a straight line segment going from f(b) to 0, and from
a to —M by a straight line segment from f(a) also to 0. Let B be a
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bound for g, that is, |g(z)| < B for all . Then, since {K} is a family of
good kernels, and ¢ is continuous with compact support, we may argue
as in the proof of Corollary 1.7 to see that g * Ks converges uniformly
to g as ¢ tends to 0. In fact, we choose §y so that

lg(x) — (g% Ks,)(x)| <€/2 forall z € R.

Now, we recall that e® is given by the power series expansion e® =
S o x™/n! which converges uniformly in every compact interval of R.
Therefore, there exists an integer N so that

| Ks,(x) — for all x € [-2M,2M]

R )|_4MB

where R(x) = 60_1/2 Zﬁ;o M Then, recalling that g vanishes

n:

outside the interval [—M, M|, we have that for all z € [—M, M]
(g % Ks,)(x) = (9% R)(x |—|/ t) [Ks,(z —t) — R(z — t)] dt

< [ 100 1K, o~ )~ B o) a

<2MB sup |Ks,(2) — R(2)|
z€[—2M,2M)]

< €/2.

Therefore, the triangle inequality implies that |g(z) — (¢ * R)(z)| < e
whenever x € [-M, M], hence |f(x) — (g * R)(x)| < € when z € [a, ]].

Finally, note that g * R is a polynomlal in the = variable. Indeed, by
definition we have (g * R)(z) = [ Mg( JR(x —t)dt, and R(z —t) is a
polynomial in x since it can be expressed, after several expansions, as
R(x —t) =3, an(t)2™ where the sum is finite. This concludes the proof
of the theorem.

2 Applications to some partial differential equations

We mentioned earlier that a crucial property of the Fourier transform
is that it interchanges differentiation and multiplication by polynomials.
We now use this crucial fact together with the Fourier inversion theorem
to solve some specific partial differential equations.

2.1 The time-dependent heat equation on the real line

In Chapter 4 we considered the heat equation on the circle. Here we
study the analogous problem on the real line.
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Consider an infinite rod, which we model by the real line, and suppose
that we are given an initial temperature distribution f(z) on the rod
at time ¢ =0. We wish now to determine the temperature u(zx,t) at
a point z at time ¢ > 0. Considerations similar to the ones given in
Chapter 1 show that when w is appropriately normalized, it solves the
following partial differential equation:

(8) ou  d*u
ot 0z?’
called the heat equation. The initial condition we impose is

u(z,0) = f(x).
Just as in the case of the circle, the solution is given in terms of a
convolution. Indeed, define the heat kernel of the line by

Hi(x) = Ks(x), with § = 4nt,
so that

1 22 ~ —4n2t£2
Hilw) = e /" amd (O =T

Taking the Fourier transform of equation (8) in the x variable (for-
mally) leads to

ou N
5(57 t) = —47T2€2U(€, t)

Fixing &, this is an ordinary differential equation in the variable ¢ (with
unknown (¢, -)), so there exists a constant A(&) so that

(€ t) = A(E)e €,

We may also take the Fourier transform of the initial condition and obtain

A~ A~

(€, 0) = f(&), hence A(§) = f(&). This leads to the following theorem.
Theorem 2.1 Given f € S(R), let
u(z,t) = (f «He)(x) fort>0

where H; is the heat kernel. Then:

(i) The function u is C* when x € R and t > 0, and u solves the heat
equation.
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(i) u(z,t) — f(x) uniformly in x ast — 0. Hence if we set u(x,0) =
f(z), then u is continuous on the closure of the upper half-plane

RZ = {(z,t): € R, t > 0}.
(iii) 7 |u(z,t) — f(x)[*dz — 0 as t — 0.
Proof. Because u = f % H;, taking the Fourier transform in the z-

variable gives @ = fH,, and so u(g,t) = f ({)6*4”252? The Fourier inver-
sion formula gives

u(, t) = / Gt

By differentiating under the integral sign, one verifies (i). In fact, one
observes that u is indefinitely differentiable. Note that (ii) is an imme-
diate consequence of Corollary 1.7. Finally, by Plancherel’s formula, we
have

/ O; u(et) — f@)P o = [ O; (e, 1) — F(&)? de

= [ 1F©P e ajag.
—0o0
To see that this last integral goes to 0 as t — 0, we argue as follows:
2 2
since |[e™#7 %" — 1| < 2 and f € S(R), we can find N so that

/|5|>N FE) Pl —1de < e,

and for all small ¢ we have supj¢|< 1£(€)[2]e*"%" —1| < ¢/2N since f
is bounded. Thus

/|€|<N IO e ¥ — 1]d¢ <€ for all small .

This completes the proof of the theorem.

The above theorem guarantees the existence of a solution to the heat
equation with initial data f. This solution is also unique, if uniqueness
is formulated appropriately. In this regard, we note that u = f * Hy,
f € S(R), satisfies the following additional property.

Corollary 2.2 u(-,t) belongs to S(R) uniformly in t, in the sense that
for any T >0

4

9) sup |z|F %u(x,t) < oo  foreach k> 0.
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Proof. This result is a consequence of the following estimate:

(e, )] < / (e — o) [He(y) dy + / £z — y)[Hu(y) dy
ly|<lz|/2 ly|>|x]/2
CN c ca:Q/t.

STy TV

Indeed, since f is rapidly decreasing, we have |f(z —y)| < On /(1 + |z|)V

when |y| < |#|/2. Also, if [y| > |z|/2 then H,(y) < Ct~/2e=<="/t and we
obtain the above inequality. Consequently, we see that u(z,t) is rapidly
decreasing uniformly for 0 <t < T.

The same argument can be applied to the derivatives of u in the x
variable since we may differentiate under the integral sign and apply the
above estimate with f replaced by f’, and so on.

This leads to the following uniqueness theorem.
Theorem 2.3 Suppose u(x,t) satisfies the following conditions:
(i) w is continuous on the closure of the upper half-plane.
(ii) w satisfies the heat equation for t > 0.
(iii) w satisfies the boundary condition u(z,0) = 0.
(iv)

Then, we conclude that u = 0.

v) u(-,t) € S(R) uniformly in t, as in (9).

Below we use the abbreviations d‘u and d;u to denote 9‘u/dx‘ and
Ou/0t, respectively.

Proof. We define the energy at time ¢ of the solution u(x,t) by
E(t):/|u(x,t)|2dx.
R
Clearly E(t) > 0. Since E(0) =0 it suffices to show that E is a de-

creasing function, and this is achieved by proving that dF/dt < 0. The
assumptions on u allow us to differentiate E(¢) under the integral sign

% = /R [Ou(z, t)u(x, t) + u(x, t)0u(x, t)] du.

But u satisfies the heat equation, therefore 9;u = 92u and 9;u = 92w, so
that after an integration by parts, where we use the fact that u and its
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x derivatives decrease rapidly as |z| — oo, we find

% :/R[8§u(x,t)ﬂ(x,t)+u(x,t)8§ﬂ(m,t)] dx
. /R 1Oy, )0, (2, ) + Opui(, )07, )] da
= — ulxr 2 X
— -2 [ .u(e. 0 d
<0

)

as claimed. Thus E(t) = 0 for all ¢, hence u = 0.

Another uniqueness theorem for the heat equation, with a less restric-
tive assumption than (9), can be found in Problem 6. Examples when
uniqueness fails are given in Exercise 12 and Problem 4.

2.2 The steady-state heat equation in the upper half-plane

The equation we are now concerned with is

0%u  %u

(10) Au:@-i-aiyz:

0

in the upper half-plane R2 = {(x,y) : * € R, y > 0}. The boundary con-
dition we require is u(x,0) = f(x). The operator A is the Laplacian and
the above partial differential equation describes the steady-state heat dis-
tribution in Ri subject to v = f on the boundary. The kernel that solves
this problem is called the Poisson kernel for the upper half-plane, and
is given by

Py(x) = 71rx2—?7—y2 where x € R and y > 0.
This is the analogue of the Poisson kernel for the disc discussed in Sec-
tion 5.4 of Chapter 2.

Note that for each fixed y the kernel P, is only of moderate decrease
as a function of x, so we will use the theory of the Fourier transform
appropriate for these types of functions (see Section 1.7).

We proceed as in the case of the time-dependent heat equation, by
taking the Fourier transform of equation (10) (formally) in the = variable,

thereby obtaining

024
—Am2E%0(E, ) + 375@’ y) =0
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with the boundary condition 4(€,0) = f (£). The general solution of this
ordinary differential equation in y (with & fixed) takes the form

(€, y) = A(©)e~ 2 + B(g)e eIy,

If we disregard the second term because of its rapid exponential increase
we find, after setting y = 0, that

(€, y) = f(€)e el

Therefore u is given in terms of the convolution of f with a kernel whose
Fourier transform is e~ 271é/¥. This is precisely the Poisson kernel given
above, as we prove next.

Lemma 2.4 The following two identities hold:
/ 6727r\§|y627m’§a: dé-:fpy(x)7
/ Py(2)e 2™ dp = e~ 2mlEly,

Proof. The first formula is fairly straightforward since we can split
the integral from —oo to 0 and 0 to co. Then, since y > 0 we have

2mi(ati o
/oo 6_27T€y627ri5:c d§ _ /OO 627ri(m+iy)5 dé‘ = M =
: 0 2mi(z + iy) 0
1
27mi(x + iy)’
and similarly,
0 ) 1
/ 627T§y627rz§m d& =
- 2mi(x — iy)
Therefore
/oo (-2rlelygamice ge _ L S y_
oo 2mi(x —iy)  2mi(z+iy)  w(2® +y?)

The second formula is now a consequence of the Fourier inversion theorem
applied in the case when f and f are of moderate decrease.

Lemma 2.5 The Poisson kernel is a good kernel on R as y — 0.
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Proof. Setting £ = 0 in the second formula of the lemma shows that
[25. Py(z) de =1, and clearly P, (x) > 0, so it remains to check the last
property of good kernels. Given a fixed § > 0, we may change variables
u = x/y so that

o0 y ©  du -
—>—d =/ ——— = [arcta = m/2 — arctan(6 /y),
/5 212 x 5y 1+ 12 [arctan u]s,, = 7/ rctan(d/y)

and this quantity goes to 0 as y — 0. Since Py(x) is an even function,
the proof is complete.

The following theorem establishes the existence of a solution to our
problem.

Theorem 2.6 Given f € S(R), let u(z,y) = (f * Py)(x). Then:
(i) u(z,y) is C? in RE and Au = 0.
(i) u(z,y) — f(x) uniformly as y — 0.

(iit) S0 [u(z,y) — f(2)[Pdz — 0 as y — 0.

(iv) If u(z,0) = f(x), then u is continuous on the closure @ of the
upper half-plane, and vanishes at infinity in the sense that

u(z,y) =0 as|z|+y — oco.

Proof. The proofs of parts (i), (ii), and (iii) are similar to the case of
the heat equation, and so are left to the reader. Part (iv) is a consequence
of two easy estimates whenever f is of moderate decrease. First, we have

1
[(f *Py)(z)| < C ((1 T 22) + 22 :J_y2>

which is proved (as in the case of the heat equation) by splitting the
integral [*°_ f(z — t)Py(t) dt into the part where [t| < |z|/2 and the part
where [¢t| > |z|/2. Also, we have |(f * Py)(x)| < C/y, since sup, P, (z) <
cly.

Using the first estimate when |z| > |y| and the second when |z| < |y
gives the desired decrease at infinity.

We next show that the solution is essentially unique.

Theorem 2.7 Suppose u is continuous on the closure of the upper half-
plane R2, satisfies Au =0 for (z,y) € R3, u(z,0) =0, and u(z,y) van-
ishes at infinity. Then u = 0.
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A simple example shows that a condition concerning the decay of u at
infinity is needed: take u(x,y) =1y. Clearly u satisfies the steady-state
heat equation and vanishes on the real line, yet u is not identically zero.

The proof of the theorem relies on a basic fact about harmonic func-
tions, which are functions satisfying Au = 0. The fact is that the value
of a harmonic function at a point equals its average value around any
circle centered at that point.

Lemma 2.8 (Mean-value property) Suppose (2 is an open set in R?
and let u be a function of class C% with Au =0 in Q. If the closure of
the disc centered at (z,y) and of radius R is contained in ), then

1

27
u(z,y) = %/0 u(z +rcosf,y+ rsinf) db

for all0 <r < R.

Proof. Let U(r,0) = u(x + rcos,y + rsinf). Expressing the Lapla-
cian in polar coordinates, the equation Au = 0 then implies

2
0:8U 8(8U>.

oz VTar Uar

If we define F(r) = ;- fo% U(r,0)df, the above gives

0 oF 1 [ 92U

The integral of 2U/96? over the circle vanishes since U/ is peri-
odic, hence r% (r%—f) = 0, and consequently r0F/0r must be constant.
Evaluating this expression at r = 0 we find that 9F/dr = 0. Thus F is
constant, but since F'(0) = u(z,y), we finally find that F(r) = u(x,y) for
all 0 <r < R, which is the mean-value property.

Finally, note that the argument above is implicit in the proof of The-

orem 5.7, Chapter 2.

To prove Theorem 2.7 we argue by contradiction. Considering sepa-
rately the real and imaginary parts of u, we may suppose that u itself
is real-valued, and is somewhere strictly positive, say u(zg,yo) > 0 for
some zg € R and yy > 0. We shall see that this leads to a contradiction.
First, since w vanishes at infinity, we can find a large semi-disc of ra-
dius R, D}, = {(x,y) : 22+ y? <R, y > 0} outside of which u(z,y) <
%u(mo,yo). Next, since u is continuous in DE, it attains its maximum
M there, so there exists a point (z1,y1) € Df; with u(z1,y1) = M, while
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u(x,y) < M in the semi-disc; also, since u(z,y) < Lu(zo,yo) < M/2 out-
side of the semi-disc, we have u(x,y) < M throughout the entire upper
half-plane. Now the mean-value property for harmonic functions implies

2m
u(z1,y1) = %/0 u(z1 + pcosb,y1 + psind) dd
whenever the circle of integration lies in the upper half-plane. In par-
ticular, this equation holds if 0 < p < y;. Since wu(z1,y1) equals the
maximum value M, and u(z; + pcosf,y; + psinf) < M, it follows by
continuity that u(z; + pcos,y; + psinf) = M on the whole circle. For
otherwise u(x,y) < M — €, on an arc of length 6 > 0 on the circle, and
this would give

27 5
— u(xy + pcosh,y —I—,osin&)dt?SM—e—<M7
2T 0 2T
contradicting the fact that u(z1,y1) = M. Now letting p — 1, and using
the continuity of u again, we see that this implies u(x1,0) = M > 0,
which contradicts the fact that u(z,0) = 0 for all z.

3 The Poisson summation formula

The definition of the Fourier transform was motivated by the desire for
a continuous version of Fourier series, applicable to functions defined
on the real line. We now show that there exists a further remarkable
connection between the analysis of functions on the circle and related
functions on R.

Given a function f € S(R) on the real line, we can construct a new
function on the circle by the recipe

F@)= Y f@+n).

n=-—oo

Since f is rapidly decreasing, the series converges absolutely and uni-
formly on every compact subset of R, so Fj is continuous. Note that
Fi(z+ 1) = Fy(x) because passage from n to n+ 1 in the above sum
merely shifts the terms on the series defining Fi (z). Hence F} is periodic
with period 1. The function Fj is called the periodization of f.

There is another way to arrive at a “periodic version” of f, this time
by Fourier analysis. Start with the identity

flz) = /_ ) f(&)er e de,



154 Chapter 5. THE FOURIER TRANSFORM ON R

and consider its discrete analogue, where the integral is replaced by a
sum

Z f(n)e%rin:c )

n=—oo

Once again, the sum converges absolutely and uniformly since f belongs
to the Schwartz space, hence F5 is continuous. Moreover, F5 is also

periodic of period 1 since this is the case for each one of the exponentials
2mine
e .

The fundamental fact is that these two approaches, which produce F}
and F5, actually lead to the same function.

Theorem 3.1 (Poisson summation formula) If f € S(R), then

Z f +?’L Z f 27'rinm.

n=—oo n=—oo

In particular, setting x = 0 we have

Y. fm= 3 fn)

n=—oo n=—oo

In other words, the Fourier coefficients of the periodization of f are
given precisely by the values of the Fourier transform of f on the integers.

Proof. To check the first formula it suffices, by Theorem 2.1 in
Chapter 2, to show that both sides (which are continuous) have the
same Fourier coefficients (viewed as functions on the circle). Clearly, the
m'™ Fourier coefficient of the right-hand side is f(m). For the left-hand
side we have

/ ( Z f x—l—n)e‘Q’”mmdaz: i /Olf(‘r+n)€_2Wimxdl‘

o n+1
=Y [ sy
= [ ey
= f(m),

where the interchange of the sum and integral is permissible since f is
rapidly decreasing. This completes the proof of the theorem.



3. The Poisson summation formula 155

We observe that the theorem extends to the case when we merely
assume that both f and f are of moderate decrease; the proof is in fact
unchanged.

It turns out that the operation of periodization is important in a
number of questions, even when the Poisson summation formula does
not apply. We give an example by considering the elementary function
f(x) =1/x, x # 0. The result is that > - 1/(x + n), when summed

n=-—00
symmetrically, gives the partial fraction decomposition of the cotangent
function. In fact this sum equals 7cot mx, when z is not an integer.
Similarly with f(z) =1/2%, we get > o 1/(x+n)? =72 /(sinmz)?,
whenever = ¢ Z (see Exercise 15).

3.1 Theta and zeta functions

We define the theta function ¥(s) for s > 0 by

I(s) = Z e s,

n=—oo

The condition on s ensures the absolute convergence of the series. A
crucial fact about this special function is that it satisfies the following
functional equation.

Theorem 3.2 s~/29(1/s) = ¥(s) whenever s > 0.

The proof of this identity consists of a simple application of the Poisson
summation formula to the pair

2 ~

f@)=e™ and  f(&) = s V2 E /s,

The theta function ¥(s) also extends to complex values of s when
Re(s) > 0, and the functional equation is still valid then. The theta
function is intimately connected with an important function in number
theory, the zeta function ((s) defined for Re(s) > 1 by

=1
¢(s) = ns
n=1
Later we will see that this function carries essential information about
the prime numbers (see Chapter 8).

It also turns out that {, ¥, and another important function I' are
related by the following identity:

(/200 = 5 [ 0 - 1

0
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which is valid for s > 1 (Exercises 17 and 18).

Returning to the function ¥, define the generalization O(z|7) given by

oo
@(Z|7’) — Z eiﬂnzTeQﬂ'i’n,Z

n=-—oo

whenever Im(7) > 0 and z € C. Taking z = 0 and 7 = is we get O(z|7) =
I(s).

3.2 Heat kernels

Another application related to the Poisson summation formula and the
theta function is the time-dependent heat equation on the circle. A
solution to the equation

ou 0%u

ot 0x2
subject to u(x,0) = f(z), where f is periodic of period 1, was given in
the previous chapter by

u(zw,t) = (f = Hy)(x)
where Hy(x) is the heat kernel on the circle, that is,

[eS)
Ht(ZE): Z e—4ﬂ2n2t62m’nm‘

n=—oo

Note in particular that with our definition of the generalized theta func-
tion in the previous section, we have ©(x|4mit) = Hy(x). Also, recall that
the heat equation on R gave rise to the heat kernel

1 —z? /4t
Ht(ﬂf) = W@ /

where H,(£) = e=47°€t  The fundamental relation between these two
objects is an immediate consequence of the Poisson summation formula:

Theorem 3.3 The heat kernel on the circle is the periodization of the
heat kernel on the real line:

Hy(x) = Z Hi(xz +n).

n=—oo
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Although the proof that H; is a good kernel on R was fairly straightfor-
ward, we left open the harder problem that H; is a good kernel on the
circle. The above results allow us to resolve this matter.

Corollary 3.4 The kernel Hy(x) is a good kernel for t — 0.

Proof.  We already observed that f‘z‘<1/2 Hi(x)dx = 1. Now note
that H; > 0, which is immediate from the above formula since H; > 0.
Finally, we claim that when || < 1/2,

Hy(z) = He(z) + &),

where the error satisfies |&;(x)| < cre~ 2/t with ¢1,¢0 >0 and 0 < t < 1.
To see this, note again that the formula in the theorem gives

Hy(z) = Hy(z) + Z Hi(z +n);
In|>1
therefore, since |z| < 1/2,

1 2 2
Ex) = § e—(m-i—n) /4t < Ct—l/Z § :e—cn /t‘
o Vart 15 - n>1

Note that n?/t > n? and n?/t > 1/t whenever 0 <t < 1, so e—en’/t <

c,. 2
—2™ e727%. Hence

cl
e 2" e 21

‘Et(l')l < Ctil/Qefg% Z e*%nz < clefcz/t.
n>1

The proof of the claim is complete, and as a result flw|<1/2 | (x)| dz — 0
as t — 0. It is now clear that H; satisfies -

/ |Hi(x)|de — 0 ast—0,
n<|z[<1/2

because H; does.

3.3 Poisson kernels

In a similar manner to the discussion above about the heat kernels, we
state the relation between the Poisson kernels for the disc and the upper
half-plane where

1—72 1y

- 1—2rcos@ + r? and  Py(z) =

P, .
() T y? + x2
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Theorem 3.5 P,(2rz) =, 7 Py(x + n) where r = e~ ™V,

This is again an immediate corollary of the Poisson summation formula
applied to f(x) = P,(x) and f(€) = e~ 27lélv. Of course, here we use the
Poisson summation formula under the assumptions that f and f are of
moderate decrease.

4 The Heisenberg uncertainty principle

The mathematical thrust of the principle can be formulated in terms of a
relation between a function and its Fourier transform. The basic under-
lying law, formulated in its vaguest and most general form, states that a
function and its Fourier transform cannot both be essentially localized.
Somewhat more precisely, if the “preponderance” of the mass of a func-
tion is concentrated in an interval of length L, then the preponderance
of the mass of its Fourier transform cannot lie in an interval of length
essentially smaller than L~!. The exact statement is as follows.

Theorem 4.1 Suppose ¢ is a function in S(R) which satisfies the nor-
malizing condition [~ | (x)[*dz = 1. Then

([ ewepa) ([~ ebepd) = 5

and equality holds if and only if ¥ (x) = Ae=B=* where B > 0 and |A|? =

J2B/x.

In fact, we have

([ @-alwia) ([~ ¢-ari©re) > 5

for every xo,& € R.

Proof. The second inequality actually follows from the first by re-
placing 9 () by e27%%4)(x + x7) and changing variables. To prove the
first inequality, we argue as follows. Beginning with our normalizing as-
sumption [ |¢|*> =1, and recalling that 1) and ¢’ are rapidly decreasing,
an integration by parts gives

1= [ WP
>~ d
—— [ e @)

— 00

== [ (s @) + e@w)) da.

— 00
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The last identity follows because |)|? = 91). Therefore

<2 O; 2] ()| ¢/ ()] da

<o [ dx>1/2 ([ wer d:c)w,

where we have used the Cauchy-Schwarz inequality. The identity

o0 o0 R
[ WP =1z [ @l
— 00 — 00
which holds because of the properties of the Fourier transform and the
Plancherel formula, concludes the proof of the inequality in the theorem.
If equality holds, then we must also have equality where we applied the
Cauchy-Schwarz inequality, and as a result we find that ¢’ (x) = Sz (x)
for some constant . The solutions to this equation are ¥(x) = AP /2,
where A is constant. Since we want 1 to be a Schwartz function, we must
take 8 = —2B < 0, and since we impose the condition [*_|¢(z)[*dz =1
we find that |A|? = \/2B/r, as was to be shown.

The precise assertion contained in Theorem 4.1 first came to light in
the study of quantum mechanics. It arose when one considered the extent
to which one could simultaneously locate the position and momentum of
a particle. Assuming we are dealing with (say) an electron that travels
along the real line, then according to the laws of physics, matters are
governed by a “state function” 1, which we can assume to be in S(R),
and which is normalized according to the requirement that

(11) | w@rar=1

— 00

The position of the particle is then determined not as a definite point z;
instead its probable location is given by the rules of quantum mechanics
as follows:

e The probability that the particle is located in the interval (a,b) is
b
Jo [¥()]? da.

According to this law we can calculate the probable location of the
particle with the aid of ¢: in fact, there may be only a small probability
that the particle is located in a given interval (a’,b"), but nevertheless it
is somewhere on the real line since [ |¢(z)|? dz = 1.
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In addition to the probability density [i(z)|?dz, there is the ex-
pectation of where the particle might be. This expectation is the best
guess of the position of the particle, given its probability distribution
determined by |1 (z)|?dz, and is the quantity defined by

(12) 7= /O:ox|w(a:)|2dx.

Why is this our best guess? Consider the simpler (idealized) situation
where we are given that the particle can be found at only finitely many
different points, x1,x9,...,xx on the real axis, with p; the probability
that the particle is at x;, and p; + ps + -+ + py = 1. Then, if we knew
nothing else, and were forced to make one choice as to the position of the
particle, we would naturally take T = Zfil x;p;, which is the appropriate
weighted average of the possible positions. The quantity (12) is clearly
the general (integral) version of this.

We next come to the notion of variance, which in our terminology is
the uncertainty attached to our expectation. Having determined that
the expected position of the particle is Z (given by (12)), the resulting
uncertainty is the quantity

(13) [ -2l de

Notice that if 1) is highly concentrated near Z, it means that there is a
high probability that z is near Z, and so (13) is small, because most of
the contribution to the integral takes place for values of z near T. Here
we have a small uncertainty. On the other hand, if ¢)(z) is rather flat
(that is, the probability distribution |1)(z)|?dz is not very concentrated),
then the integral (13) is rather big, because large values of (z — 7)? will
come into play, and as a result the uncertainty is relatively large.

It is also worthwhile to observe that the expectation T is that choice
for which the uncertainty [*°_(z — Z)?|¢(z)|* dz is the smallest. Indeed,
if we try to minimize this quantity by equating to 0 its derivative with
respect to T, we find that 2 [*_(z — Z)[¢(z)|? dz = 0, which gives (12).

So far, we have discussed the “expectation” and “uncertainty” related
to the position of the particle. Of equal relevance are the corresponding
notions regarding its momentum. The corresponding rule of quantum
mechanics is:

e The probability that the momentum & of the particle belongs to
the interval (a,b) is ff [9(€)|? d€ where 1 is the Fourier transform

of .
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Combining these two laws with Theorem 4.1 gives 1/1672 as the lower
bound for the product of the uncertainty of the position and the uncer-
tainty of the momentum of a particle. So the more certain we are about
the location of the particle, the less certain we can be about its mo-
mentum, and vice versa. However, we have simplified the statement of
the two laws by rescaling to change the units of measurement. Actually,
there enters a fundamental but small physical number A called Planck’s
constant. When properly taken into account, the physical conclusion is

(uncertainty of position)x (uncertainty of momentum) > A/1672.

5 Exercises

1. Corollary 2.3 in Chapter 2 leads to the following simplified version of the
Fourier inversion formula. Suppose f is a continuous function supported on an
interval [—M, M], whose Fourier transform f is of moderate decrease.

(a) Fix L with L/2 > M, and show that f(z) = an(L)e*™"*/L where
1 L2 ‘ 1.
D) =7 [ pa)e e de = 1 fn1),
L) 1 L
Alternatively, we may write f(z) = ¢ anfoo n5 ImindT with § = 1/L.

(b) Prove that if F' is continuous and of moderate decrease, then

/ b F(§)d¢= lim F(6n).

(¢) Conclude that f(x / f(&)e* e dg.

[Hint: For (a), note that the Fourier series of f on [—L/2,L/2] converges ab-
solutely. For (b), first approximate the integral by ijNF and the sum by
0 Z\n\ <N/ F(nd). Then approximate the second integral by Riemann sums.]

2. Let f and g be the functions defined by

1 if |z <1,

- - 1—Jz| if 2] <1,
f(@) = x-1(@) = { 0 otherwise,

and  g(x) = { 0 otherwise.

Although f is not continuous, the integral defining its Fourier transform still
makes sense. Show that

. . 2
FO =T g - ()
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with the understanding that f(0) = 2 and §(0) = 1.

3. The following exercise illustrates the principle that the decay of f is related
to the continuity properties of f.

(a) Suppose that f is a function of moderate decrease on R whose Fourier
transform f is continuous and satisfies

f(5)20<|£}+a> as [¢] — oo

for some 0 < o < 1. Prove that f satisfies a Holder condition of order a,
that is, that

|f(z+h)— f(z)] < M|h|®  for some M >0 and all z,h € R.

(b) Let f be a continuous function on R which vanishes for |z| > 1, with
f(0) =0, and which is equal to 1/log(1/|x|) for all z in a neighborhood
of the origin. Prove that f is not of moderate decrease. In fact, there is
no € > 0 so that f(&) = O(1/|€]*+¢) as |¢] — oo.

[Hint: For part (a), use the Fourier inversion formula to express f(z + h) — f(z)
as an integral involving f, and estimate this integral separately for £ in the two
vanges |¢ < 1/|h] and J¢] > 1/[h]]

4. Bump functions. Examples of compactly supported functions in S(R) are
very handy in many applications in analysis. Some examples are:

(a) Suppose a < b, and f is the function such that f(z) =0ifz <aorz >b
and

f(x) = e V@@= 1/0=2) 4t g < g < b,

Show that f is indefinitely differentiable on R.

(b) Prove that there exists an indefinitely differentiable function F' on R such
that F(z) =0if z <a, F(z) =1if x > b, and F is strictly increasing on
[a, b].

(c) Let 6 > 0 be so small that a4+ 6 < b — ¢. Show that there exists an indef-
initely differentiable function g such that gisOifz <aorxz > b, gis 1 on

[a+ 6,b— 0], and g is strictly monotonic on [a,a + d] and [b — 4, b].
[Hint: For (b) consider F(z) = cffoc f(t) dt where c is an appropriate constant.]

5. Suppose f is continuous and of moderate decrease.

(a) Prove that f is continuous and f(£) — 0 as || — occ.
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(b) Show that if f(&) = 0 for all £, then f is identically 0.

[Hint: For part (a), show that f(é) = z f — —1/(26))]e~2mie¢ dp.

For part (b), verify that the multiphcatlon formula f f z)dr = [ f(y)gly)dy
still holds whenever g € S(R).]

6. The function e~ is its own Fourier transform. Generate other functions
that (up to a constant multiple) are their own Fourier transforms. What must
the constant multiples be? To decide this, prove that F* = I. Here F(f) = f
is the Fourier transform, F% = FoF oF oF, and I is the identity operator
(If)(z) = f(x) (see also Problem 7).

7. Prove that the convolution of two functions of moderate decrease is a function
of moderate decrease.

[Hll’lt Write
ly|<lz|/2 [y|>|z|/2

In the first integral f(z —y)= O(1/(1+2?)) while in the second integral
g9(y) = 0(1/(1 +2%)).]

8. Prove that f is continuous, of moderate decrease, and ffooof(y)e_y2 e2Ydy =0
for all z € R, then f = 0.

[Hint: Consider f e~ ]

9. If f is of moderate decrease, then

R
(1 [ (1= 5) i = 7 oy

where the Fejér kernel on the real line is defined by

2
sintR .
Fr(t) = R( TR ) ift#0,

R ift=0.

Show that {Fr} is a family of good kernels as R — oo, and therefore (14) tends
uniformly to f(x) as R — oo. This is the analogue of Fejér’s theorem for Fourier
series in the context of the Fourier transform.

10. Below is an outline of a different proof of the Weierstrass approximation
theorem.
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Define the Landau kernels by

1— 2\n
A=) e cw<n,

0 if |[z] > 1,

where ¢, is chosen so that ffcoo L, (z)dx = 1. Prove that {L,},>0 is a family
of good kernels as n — oo. As a result, show that if f is a continuous func-
tion supported in [—1/2,1/2], then (f * L,)(z) is a sequence of polynomials on
[—1/2,1/2] which converges uniformly to f.

[Hint: First show that ¢, > 2/(n+1).]

11. Suppose that u is the solution to the heat equation given by u = f * H;
where f € S(R). If we also set u(z,0) = f(x), prove that u is continuous on the
closure of the upper half-plane, and vanishes at infinity, that is,

u(z,t) > 0 as|z|+t— oo.

[Hint: To prove that u vanishes at infinity, show that (i) |u(z,t)| < C/v/ and (ii)
lu(x, t)] < C/(1 4+ |z|?) + Ct=1/2¢=c2*/t | Use (i) when |z| <t, and (ii) other-
wise.]

12. Show that the function defined by
u(e,t) = SHi(a)

satisfies the heat equation for ¢ > 0 and lim;—,g u(z,t) = 0 for every x, but u is
not continuous at the origin.

[Hint: Approach the origin with (x,t) on the parabola 22/4t = ¢ where c is a
constant.]

13. Prove the following uniqueness theorem for harmonic functions in the strip
{(z,y): 0 <y <1, —oo <z < oo}: if u is harmonic in the strip, continuous on
its closure with u(z,0) = u(x,1) =0 for all x € R, and u vanishes at infinity,
then v = 0.

14. Prove that the periodization of the Fejér kernel Fy on the real line (Exer-
cise 9) is equal to the Fejér kernel for periodic functions of period 1. In other
words,

> Fy(@+n) = Fy(w),

n=—oo

when NV > 1 is an integer, and where

N
7|\ oni 1 sin®(N7x)

F — 1— — TINT _ st S
w(@) 2:( N)°¢ N sin?(rz)

n=—N
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15. This exercise provides another example of periodization.

(a) Apply the Poisson summation formula to the function ¢ in Exercise 2 to
obtain

> 2

1 s
Z (n+ «a)? - (sinma)?

n=—oo
whenever « is real, but not equal to an integer.

(b) Prove as a consequence that

o0

1 m
(15) Z (n+ «) ~ tanra

n=—oo

whenever « is real but not equal to an integer. [Hint: First prove it when
0 < a < 1. To do so, integrate the formula in (b). What is the precise
meaning of the series on the left-hand side of (15)7? Evaluate at o = 1/2.]

16. The Dirichlet kernel on the real line is defined by

_ sin(2w Rz)

R
/ f(©)e*™ ¢ d¢ = (f *Dr)(x)  sothat Dg(x) = X_nn(z) =
-R

T

Also, the modified Dirichlet kernel for periodic functions of period 1 is defined
by

(672771'Nx 4 e?ﬂ’iN:L’).

N =

D}‘v(x) _ Z e2mine +

In|<N-—1

Show that the result in Exercise 15 gives

> Dn(z+n) = Di(a),

n=—oo

where N > 1 is an integer, and the infinite series must be summed symmetrically.
In other words, the periodization of Dy is the modified Dirichlet kernel D .

17. The gamma function is defined for s > 0 by

I'(s) :/ e a1l da.
0

(a) Show that for s > 0 the above integral makes sense, that is, that the
following two limits exist:

1 A

lim e 25 ldxr and lim e 25 da.
5§ —0 5 A—oo 1
5§ >0
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(b) Prove that I'(s + 1) = sI'(s) whenever s > 0, and conclude that for every
integer n > 1 we have I'(n 4+ 1) = n!.

(¢) Show that

() m ()F

2

[Hint: For (c), use f e~ dy = 1))

18. The zeta function is defined for s > 1 by ((s) = > 7, 1/n®. Verify the
identity

720 (s/2)C(s) = %/OO t271(9(t) —1)dt  whenever s > 1
0

where I' and 9 are the gamma and theta functions, respectively:

[ee]

F(s):/ e 7 ldt  and  O(s) = Z e~
0

n=—oo

More about the zeta function and its relation to the prime number theorem can
be found in Book II.

19. The following is a variant of the calculation of ¢(2m) = > 7 1/n*™ found
in Problem 4, Chapter 3.

(a) Apply the Poisson summation formula to f(z)=t/(m(z*+ %))
and f(¢) = e72"!¢l where ¢t > 0 in order to get

oo

% Z +n2 = > e

n=—oo

(b) Prove the following identity valid for 0 < ¢ < 1:

l i t - g i m+1C )t2m—1
™ t24+n2 wt o«
n=-—oo m=1

as well as

o0

2
—27t|n| _ _
Z e ™= Py 1.

n=—oo
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(c) Use the fact that

? —1_E+i32mz2m
er—1 2 (2m)!” 7’

m=1
where By are the Bernoulli numbers to deduce from the above formula,

(27T)2m
(2m)!

20(2m) = (=1)™*! Ba.

20. The following results are relevant in information theory when one tries to
recover a signal from its samples.

Suppose f is of moderate decrease and that its Fourier transform f is sup-
ported in I =[—1/2,1/2]. Then, f is entirely determined by its restriction to
Z. This means that if g is another function of moderate decrease whose Fourier
transform is supported in I and f(n) = g(n) for all n € Z, then f =g. More
precisely:

(a) Prove that the following reconstruction formula holds:

f(z) = Z f(n)K(x —n) where K(y) = Sii;y.

n=-—oo

Note that K(y) = O(1/|y|) as |y| — oc.

(b) If A > 1, then

[e o]
COS TTY — COS TAY

fz) = Z %f (g) K (x—%) where KA(Z/)ZW

n=—oo

Thus, if one samples f “more often,” the series in the reconstruction
formula converges faster since Ky (y) = O(1/|y|?) as |y| — oo. Note that
Kx(y) — K(y) as A — 1.

o0 oo

(¢) Prove that/ [f(@)Pde= > |f(n).

- n=—oo

[Hint: For part (a) show that if x is the characteristic function of I, then
= __ n)e= 275 For use the function in Figure 2 instea

F(&) = (&) 57 f(m)e27"€. For (b) use the £ Figure 2 instead

of x(§).]

21. Suppose that f is continuous on R. Show that f and f cannot both be
compactly supported unless f = 0. This can be viewed in the same spirit as the
uncertainty principle.
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[
N= T
o[>

[N

Figure 2. The function in Exercise 20

[Hint: Assume f is supported in [0,1/2]. Expand f in a Fourier series in the
interval [0, 1], and note that as a result, f is a trigonometric polynomial.]

22. The heuristic assertion stated before Theorem 4.1 can be made precise as
follows. If F' is a function on R, then we say that the preponderance of its mass
is contained in an interval I (centered at the origin) if

(16) /;1:2|F(x)|2dx > %/x2|F(x)|2dﬂc.

I R

Now suppose f € S, and (16) holds with F = f and I = I;; also with F = f and
I =I5. Then if L; denotes the length of I;, we have

1
LiLy > —.
Y=o

A similar conclusion holds if the intervals are not necessarily centered at the
origin.

23. The Heisenberg uncertainty principle can be formulated in terms of the

operator L = fdd—; + 22, which acts on Schwartz functions by the formula
d’f 9

This operator, sometimes called the Hermite operator, is the quantum ana-
logue of the harmonic oscillator. Consider the usual inner product on S given
by

(f,9) = /7 f(z)g(x)dr  whenever f,g € S.
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(a) Prove that the Heisenberg uncertainty principle implies

(Lf, )= (f,f) forall feS.
This is usually denoted by L > I. [Hint: Integrate by parts.]

(b) Consider the operators A and A* defined on S by

_9
T dx

daf

A(f) +xf and A*(f):—%

+ zf.

The operators A and A* are sometimes called the annihilation and cre-
ation operators, respectively. Prove that for all f,g € S we have

(i) (Af,9) = (f,A%g),
(i) (Af,Af) = (A*Af, f) >0,
(iii) A*A=1L—1.

In particular, this again shows that L > 1.

(¢c) Now for t € R, let

Auf) = j—]; ttef  and  A(f) = _% Ftaf.

Use the fact that (AfA.f, f) > 0 to give another proof of the Heisenberg
uncertainty principle which says that whenever ffooo |f(2)]? dx = 1 then

(/Zx2f(:r)|2dx> (/Z ’ZJ; ) dx) > 1/4.

[Hint: Think of (A} A:f, f) as a quadratic polynomial in ¢.]

6 Problems

1. The equation

0%u Oou Ou
17 2z = =
(7 T T o T
with u(z,0) = f(z) for 0 <z < oo and ¢ > 0 is a variant of the heat equation
which occurs in a number of applications. To solve (17), make the change of vari-
ables z=e7Y so that —oo <y < oo. Set U(y,t) =u(e ¥,t) and
F(y) = f(e7¥). Then the problem reduces to the equation

827U+(1_a)8£_6£
oy oy  Ot’
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with U(y,0) = F(y). This can be solved like the usual heat equation (the case
a = 1) by taking the Fourier transform in the y variable. One must then compute
the integral ffooc (-4 +(1-a)2mie)t g2micy d¢. Show that the solution of the
original problem is then given by

dv

o0
u(m,t):;/ ¢~ 1ox(v/2)+ (=)0 /(41) £
0 v

(4mt)1/2

2. The Black-Scholes equation from finance theory is

(18) ov + rsa—v + 70282 LQV
ot Os 2 0s?
subject to the “final” boundary condition V(s,T) = F(s). An appropriate change

of variables reduces this to the equation in Problem 1. Alternatively, the substi-

tution V(s,t) = e** (2, 7) where = log s, T = J—Z(T —t),a=3— 2, and

2 o2
b= — (% + ;—2)2 reduces (18) to the one-dimensional heat equation with the ini-
tial condition U(x,0) = e~ *F(e”). Thus a solution to the Black-Scholes equa-
tion is

—rV =0, 0<t<T,

e~ T(T—t) O (log(s/s®)+(r—o2/2)(T—1))2

_ e 202 (T—t) F(s*) ds*.
\2mo2(T —t) Jo

V(s,t)

3. * The Dirichlet problem in a strip. Consider the equation Au = 0 in the
horizontal strip

{(z,y): 0<y <1, —c0<x< o0}

with boundary conditions u(z,0) = fo(z) and u(z,1) = fi(z), where fo and fi
are both in the Schwartz space.

(a) Show (formally) that if w is a solution to this problem, then
(€, y) = A + B(€)e V.
Express A and B in terms of f(\) and fh and show that

sinh(27(1 — y)&) ~ sinh(27y¢) -~

ie.) = TS ) + S @),

(b) Prove as a result that
/ lu(z,y) — fo(x)|*dz — 0 asy—0

and

/Oo lu(z,y) — fi(x)]?dz — 0 asy— 1.

—00
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(¢) If ®(¢) = (sinh27ma)/(sinh27¢), with 0 < a <1, then ® is the Fourier
transform of ¢ where

sinma 1

p(z) =

2 coshmz + cosma’

This can be shown, for instance, by using contour integration and the
residue formula from complex analysis (see Book II, Chapter 3).

(d) Use this result to express u in terms of Poisson-like integrals involving fo
and f; as follows:

w(z,y) = 22T RNt RPN L 1 k) N
’ 2 _ oo Coshmt — cosy o cosh mt + cos my '

(e) Finally, one can check that the function u(z,y) defined by the above ex-
pression is harmonic in the strip, and converges uniformly to fo(z) as
y — 0, and to fi(x) as y — 1. Moreover, one sees that u(z,y) vanishes at
infinity, that is, lim|;| e u(z,y) = 0, uniformly in y.

In Exercise 12, we gave an example of a function that satisfies the heat equation
in the upper half-plane, with boundary value 0, but which was not identically 0.
We observed in this case that u was in fact not continuous up to the boundary.

In Problem 4 we exhibit examples illustrating non-uniqueness, but this time with
continuity up to the boundary ¢t = 0. These examples satisfy a growth condition
at infinity, namely |u(z,t)| < Ce™™™ | for any € >0. Problems 5 and 6 show

that under the more restrictive growth condition |u(z,t)| < C’e””Z7 uniqueness does
hold.

4.* If g is a smooth function on R, define the formal power series

> 720
(19) r.t) = D50

n=0
(a) Check formally that u solves the heat equation.
(b) For a > 0, consider the function defined by
et ift>0
g(t)_{o it £ <0.
One can show that there exists 0 < § < 1 depending on a so that

k' _1,-a
lg™) (1)] < (Gt)ke 2t for ¢t > 0.

(c) As a result, for each  and t the series (19) converges; u solves the heat
equation; u vanishes for t = 0; and u satisfies the estimate |u(z,t)| <

2a/(a—1)
Ceclel for some constants C, ¢ > 0.
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(d) Conclude that for every e > 0 there exists a non-zero solution to the heat
equation which is continuous for x € R and ¢ > 0, which satisfies u(x,0) =
0 and |u(z,t)] < Celel™,

5.* The following “maximum principle” for solutions of the heat equation will
be used in the next problem.

Theorem. Suppose that u(x,t) is a real-valued solution of the heat equation
in the upper half-plane, which is continuous on its closure. Let R denote the
rectangle

R={(z,y) eR?*: a<x<bh 0<t<c}

and &' R be the part of the boundary of R which consists of the two vertical sides
and its base on the line t = 0 (see Figure 3). Then

min  w(z,t) = min wu(z,t) and max u(z,t) = max u(z,t).
(z,t)€EO’'R (z,t)ER (z,t)€EO’'R (z,t)ER
t
e +
IR
R
a b T

Figure 3. The rectangle R and part of its boundary 'R

The steps leading to a proof of this result are outlined below.
(a) Show that it suffices to prove that if u > 0 on &R, then u > 0 in R.
(b) For e > 0, let
v(x,t) = u(z,t) + €t.
Then, v has a minimum on R, say at (z1,t;). Show that 21 = a or b,
or else t; = 0. To do so, suppose on the contrary that a < x; < b and

0 <t1 <c¢, and prove that vy, (z1,t1) — ve(x1,61) < —e. However, show
also that the left-hand side must be non-negative.

(c) Deduce from (b) that u(z,t) > e(t; —t) for any (z,t) € R and let ¢ — 0.

6.* The examples in Problem 4 are optimal in the sense of the following unique-
ness theorem due to Tychonoff.
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Theorem. Suppose u(x,t) satisfies the following conditions:
(i) u(z,1)

(i) w(z,t) is continuous for allz € R and 0 <t < c.

(i) u(z,0) =

(iv) Ju(z,t)| < Me‘”z for some M, a, and allzx € R, 0 <t < c.

solves the heat equation for all x € R and and all t > 0.

Then w is identically equal to 0.

7.* The Hermite functions hy(z) are defined by the generating identity

- tF — (22 /2—2tx+12)
Z hk(x)g =e .
k=0

(a) Show that an alternate definition of the Hermite functions is given by the
formula

k
hi(@) = (—1)ke’/? (CZE) o

[Hint: Write e (®"/2-2ta+t%) — ¢2*/2c—(=0* and use Taylor’s formula.]
Conclude from the above expression that each hy(z) is of the form
P;g(ﬂc)e_zz/z7 where Py is a polynomial of degree k. In particular, the Her-
mite functions belong to the Schwartz space and hgo(x) = E_IZ/Q,
hi(x) = 2wev" /2,

(b) Prove that the family {hx}72, is complete in the sense that if f is a
Schwartz function, and

(f, he) = /DO f(@)hi(x)de =0 for all k >0,

then f = 0. [Hint: Use Exercise 8.]
(c) Define h}(z) = hy((2m)"/2x). Then

1(6) = (—i)*hi(6).
Therefore, each A} is an eigenfunction for the Fourier transform.

(d) Show that hy is an eigenfunction for the operator defined in Exercise 23,
and in fact, prove that

Lhy, = (2k + 1)hy.

In particular, we conclude that the functions hj are mutually orthogonal
for the L? inner product on the Schwartz space.

(e) Finally, show that fjooo [hy(2))? do = 7'/22%k!. [Hint: Square the generat-
ing relation.]
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8.* To refine the results in Chapter 4, and to prove that

oo

fa (l’) _ Z 2—na€27ri2"z

n=0

is nowhere differentiable even in the case a = 1, we need to consider a variant of
the delayed means A, which in turn will be analyzed by the Poisson summation
formula.

(a)

Fix an indefinitely differentiable function ® satisfying

| 1 when |§ <1,
®(§) = { 0 when |¢] > 2.

By the Fourier inversion formula, there exists ¢ € S so that (&) = ®(¢).
Let on(x) = No(Nx) so that pn(£) = ®(£/N). Finally, set

oo

An(z)= ) en(z+n).

n=—oo

Observe by the Poisson summation formula that An(z) =
S ®(n/N)e2™® thus Ay is a trigonometric polynomial of degree

n=-—oo0
< 2N, with terms whose coefficients are 1 when |n| < N. Let

An(f) = f*Dy.
Note that ~
Sn(fa) = B (fa)
where N is the largest integer of the form 2% with N/ < N.
If we set Ay (z) = on(z) + Ex(z) where
Ey(x) = Z on(z+n),
In|>1

then one sees that:

(i) supjyi<iy2|Ey(2)| = 0as N — occ.

(ii) [Aly(x)| < eN2.

(i) |AR ()| < ¢/(N]af®), for o] < 1/2.

Moreover, A(z)de =0, and — f\z|<1/2 s AN (z)de — 1 as N —

Q.

UREYE

The above estimates imply that if f'(zq) exists, then
(f % D) (zo + hy) — f'(z0) as N — oo,

whenever |hy| < C/N. Then, conclude that both the real and imaginary
parts of fi are nowhere differentiable, as in the proof given in Section 3,
Chapter 4.



6 The Fourier Transform on R?

It occurred to me that in order to improve treatment
planning one had to know the distribution of the at-
tenuation coefficient of tissues in the body. This in-
formation would be useful for diagnostic purposes and
would constitute a tomogram or series of tomograms.
It was immediately evident that the problem was
a mathematical one. If a fine beam of gamma rays
of intensity Iy is incident on the body and the emerg-
ing density is I, then the measurable quantity g equals
log(lo/I) = fL f ds, where f is the variable absorption
coefficient along the line L. Hence if f is a function of
two dimensions, and g is known for all lines intersect-
ing the body, the question is, can f be determined if
g is known?
Fourteen years would elapse before I learned that
Radon had solved this problem in 1917.
A. M. Cormack, 1979

The previous chapter introduced the theory of the Fourier transform
on R and illustrated some of its applications to partial differential equa-
tions. Here, our aim is to present an analogous theory for functions of
several variables.

After a brief review of some relevant notions in R?, we begin with some
general facts about the Fourier transform on the Schwartz space S(R?).
Fortunately, the main ideas and techniques have already been considered
in the one-dimensional case. In fact, with the appropriate notation, the
statements (and proofs) of the key theorems, such as the Fourier inversion
and Plancherel formulas, remain unchanged.

Next, we highlight the connection to some higher dimensional prob-
lems in mathematical physics, and in particular we investigate the wave
equation in d dimensions, with a detailed analysis in the cases d =3
and d = 2. At this stage, we discover a rich interplay between the Fourier
transform and rotational symmetry, that arises only in R¢ when d > 2.

Finally, the chapter ends with a discussion of the Radon transform.
This topic is of substantial interest in its own right, but in addition has
significant relevance in its application to the use of X-ray scans as well
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as to other parts of mathematics.

1 Preliminaries

The setting in this chapter will be R?, the vector space! of all d-tuples of

real numbers (z1,...,xq) with z; € R. Addition of vectors is component-
wise, and so is multiplication by real scalars. Given z = (z1,...,24) € R4
we define

o = (& + -+ )V,

so that |z| is simply the length of the vector z in the usual Euclidean
norm. In fact, we equip R? with the standard inner product defined by

T-y=x1Y1+ -+ Tayd,

so that |z|*> = z - 2. We use the notation x - y in place of (x,y) of Chap-
ter 3.

Given a d-tuple o = (v, ..., aq) of non-negative integers (sometimes
called a multi-index), the monomial z® is defined by

¢ =t xg?

Similarly, we define the differential operator (9/9x)“ by

o\ O\ [ 0\ g\ olel
(&) =) () () =
where |a| = a3 + - - - + aq is the order of the multi-index «.

1.1 Symmetries

Analysis in R, and in particular the theory of the Fourier transform, is
shaped by three important groups of symmetries of the underlying space:

(i) Translations
(ii) Dilations

(iii) Rotations

1See Chapter 3 for a brief review of vector spaces and inner products. Here we find it
convenient to use lower case letters such as x (as opposed to X) to designate points in
R?. Also, we use | - | instead of || - || to denote the Euclidean norm.
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We have seen that translations = — x + h, with h € R? fixed, and dila-
tions & — dx, with § > 0, play an important role in the one-dimensional
theory. In R, the only two rotations are the identity and multiplica-
tion by —1. However, in R? with d > 2 there are more rotations, and
the understanding of the interaction between the Fourier transform and
rotations leads to fruitful insights regarding spherical symmetries.

A rotation in R? is a linear transformation R : R — R? which pre-
serves the inner product. In other words,

e R(ax +by) = aR(x) + bR(y) for all z,y € R? and a,b € R.
e R(z)-R(y) =x -y for all z,y € R

Equivalently, this last condition can be replaced by |R(x)| = |z| for all
r € R% or Rt = R~! where R* and R~! denote the transpose and inverse
of R, respectively.? In particular, we have det(R) = 41, where det(R) is
the determinant of R. If det(R) = 1 we say that R is a proper rotation;
otherwise, we say that R is an improper rotation.

EXAMPLE 1. On the real line R, there are two rotations: the identity
which is proper, and multiplication by —1 which is improper.

EXAMPLE 2. The rotations in the plane R? can be described in terms of
complex numbers. We identify R? with C by assigning the point (z,y)
to the complex number z = x + iy. Under this identification, all proper
rotations are of the form z — ze®¥ for some ¢ € R, and all improper rota-
tions are of the form z — ze'¥ for some ¢ € R (here, Z = x — iy denotes
the complex conjugate of z). See Exercise 1 for the argument leading to
this result.

ExXAMPLE 3. Euler gave the following very simple geometric description
of rotations in R3. Given a proper rotation R, there exists a unit vector
~ so that:

(i) R fixes v, that is, R(y) = 7.

(ii) If P denotes the plane passing through the origin and perpendicular
to =, then R : P — P, and the restriction of R to P is a rotation
in R2.

2Recall that the transpose of a linear operator A :R? — R% is the linear operator
B :R? — R? which satisfies A(z) -y = = - B(y) for all z,y € R?. We write B = At. The
inverse of A (when it exists) is the linear operator C': R — R% with Ao C =CoA=1
(where T is the identity), and we write C' = A~L.
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Geometrically, the vector v gives the direction of the axis of rotation. A
proof of this fact is given in Exercise 2. Finally, if R is improper, then
—R is proper (since in R? det(—R) = — det(R)), so R is the composition
of a proper rotation and a symmetry with respect to the origin.

EXAMPLE 4. Given two orthonormal bases {e1,...,eq} and {e},...,e}}
in RY, we can define a rotation R by letting R(e;) = e} for i = 1,...,d.
Conversely, if R is a rotation and {e1,...,eq} is an orthonormal basis,
then {ef,...,e;}, where e’ = R(e;), is another orthonormal basis.

1.2 Integration on R?

Since we shall be dealing with functions on R?, we will need to discuss
some aspects of integration of such functions. A more detailed review of
integration on R¢ is given in the appendix.

A continuous complex-valued function f on R? is said to be rapidly
decreasing if for every multi-index « the function |z f(x)| is bounded.
Equivalently, a continuous function is of rapid decrease if

sup |z|®|f(z)] < oo  for every k=0,1,2,....
zERC

Given a function of rapid decrease, we define

f(x)dz = lim f(x)dx,
Rd N—o0 Qn

where (Qx denotes the closed cube centered at the origin, with sides of
length N parallel to the coordinate axis, that is,

Qv ={zeR?: |z <N/2 fori=1,...,d}.

The integral over @)y is a multiple integral in the usual sense of Riemann
integration. That the limit exists follows from the fact that the integrals
Iy = fQN f(z) dz form a Cauchy sequence as N tends to infinity.

Two observations are in order. First, we may replace the square Qn
by the ball By = {z € R?: |z| < N} without changing the definition.
Second, we do not need the full force of rapid decrease to show that the
limit exists. In fact it suffices to assume that f is continuous and

sup |z|te|f(z)] < oo  for some € > 0.
z€R?
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For example, functions of moderate decrease on R correspond to ¢ = 1.
In keeping with this we define functions of moderate decrease on R?
as those that are continuous and satisfy the above inequality with ¢ = 1.

The interaction of integration with the three important groups of sym-
metries is as follows: if f is of moderate decrease, then

(i) flx+h)de = f(x)dx for all h € RY,
R R4

(ii) 5‘1/Rd f(oz)dx = /Rd f(z)dx for all § > 0,
(iii) f(R(z))dx = / f(x) dz for every rotation R.

Polar coordinates

It will be convenient to introduce polar coordinates in R? and find the
corresponding integration formula. We begin with two examples which
correspond to the case d =2 and d = 3. (A more elaborate discussion
applying to all d is contained in the appendix.)

EXAMPLE 1. In R?, polar coordinates are given by (r,6) with » > 0 and
0 < 6 < 27w. The Jacobian of the change of variables is equal to 7, so that

2w oo
f(z)dx = / f(rcos@,rsin®)rdrdf.
R? o Jo

Now we may write a point on the unit circle St as v = (cos ,sin ), and
given a function g on the circle, we define its integral over St by

/ g(W)dU(’y):/ 7rg(cosﬁ,sin@)d&.
St 0

With this notation we then have

- flx)de = /SI/OOO flry)rdrdo(y).

EXAMPLE 2. In R? one uses spherical coordinates given by

x1 = rsinfcosp,
xg =rsinfsing,
T3 =rcosb,
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where 0 < 7,0 <60 <7 and 0 < ¢ < 27. The Jacobian of the change of
variables is 72 sin @ so that

fz) de =
R3
2 ™ 0
/ / / f(rsin@ cos g, rsin O sin o, r cos 0)r?dr sin 6 df d.
o Jo Jo

If g is a function on the unit sphere S? = {x € R3: |z| = 1}, and v =
(sin @ cos p, sin O sin ¢, cos 0), we define the surface element do () by

/32 g(v)do(y) = /027r/07T g(v)sin 6 do dp.

As a result,

. f(x)dx = /52/000 f(ry)r? drdo(y).

In general, it is possible to write any point in R — {0} uniquely as
T =ry

where  lies on the unit sphere $~! € R? and r > 0. Indeed, take r = |z
and v = x/|z|. Thus one may proceed as in the cases d =2 or d = 3 to
define spherical coordinates. The formula we shall use is

[ t@yde= [ [ )t drdot,

whenever f is of moderate decrease. Here do(vy) denotes the surface
element on the sphere S?~! obtained from the spherical coordinates.

2 Elementary theory of the Fourier transform

The Schwartz space S(R?) (sometimes abbreviated as S) consists of
all indefinitely differentiable functions f on R such that

(2 s

for every multi-index o and 3. In other words, f and all its derivatives
are required to be rapidly decreasing.

sup
z€R

< 00,
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EXAMPLE 1. An example of a function in S(R?) is the d-dimensional
2

Gaussian given by e~ ™*I". The theory in Chapter 5 already made clear

the central role played by this function in the case d = 1.

The Fourier transform of a Schwartz function f is defined by
f&) = flx)e?™Edx, for & € RY
Rd

Note the resemblance with the formula in one-dimension, except that we
are now integrating on R%, and the product of z and ¢ is replaced by the
inner product of the two vectors.

We now list some simple properties of the Fourier transform. In the
next proposition the arrow indicates that we have taken the Fourier trans-
form, so F(z) — G(&) means that G(§) = F(§).

Proposition 2.1 Let f € S(R?).
(i) f(xz+h) — F(€)e*™" whenever h € RY.
(il) f(z)e 2™h — f(€ 4 h) whenever h € RY.
(i) f(6x) — 6~ 2f(671€) whenever § > 0.

) (5) o) — emig)fie):

) (omin)sa) — (52) F(@).

(vi) f(Rx) — f(RE) whenever R is a rotation.

The first five properties are proved in the same way as in the one-
dimensional case. To verify the last property, simply change variables
y =Rz in the integral. Then, recall that |det(R)|=1, and
R~y - & =y RE, because R is a rotation.

Properties (iv) and (v) in the proposition show that, up to factors of
2mi, the Fourier transform interchanges differentiation and multiplication
by monomials. This motivates the definition of the Schwartz space and
leads to the next corollary.

Corollary 2.2 The Fourier transform maps S(R?) to itself.

At this point we disgress to observe a simple fact concerning the in-
terplay between the Fourier transform and rotations. We say that a
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function f is radial if it depends only on |z|; in other words, f is radial
if there is a function fo(u), defined for u > 0, such that f(z) = fo(|x]).
We note that f is radial if and only if f(Rz) = f(z) for every rotation
R. In one direction, this is obvious since |Rz| = |z|. Conversely, suppose
that f(Rxz) = f(x), for all rotations R. Now define f, by

[ 50) itu=o,
fO(“)—{ flz) if |2 = u.

Note that fy is well defined, since if x and z’ are points with |z| = |2/
there is always a rotation R so that ' = Rux.

Corollary 2.3 The Fourier transform of a radial function is radial.

This follows at once from property (vi) in the last proposition. Indeed,
the condition f(Rz)= f(z) for all R implies that f(RE) = f(§) for all
R, thus f is radial whenever f is.

An example of a radial function in R is the Gaussian ezl Also,
we observe that when d = 1, the radial functions are precisely the even
functions, that is, those for which f(z) = f(—=).

After these preliminaries, we retrace the steps taken in the previous
chapter to obtain the Fourier inversion formula and Plancherel theorem
for R9.

Theorem 2.4 Suppose f € S(RY). Then

f@) = [ e
Moreover

f 2 = IL'2 xX.
[ fera= [ 1r@rd

The proof proceeds in the following stages.

Step 1. The Fourier transform of e~ml2l” ig e=IE* . To prove this,
notice that the properties of the exponential functions imply that

_ 2 _ 2 _ 2 _ c . _ . .
e |zt _ T, T and e 27”I£:€ 2771I1£1._.€

e 727T1Id-£d7

so that the integrand in the Fourier transform is a product of d functions,
each depending on the variable z; (1 < j < d) only. Thus the assertion
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follows by writing the integral over R? as a series of repeated integrals,
each taken over R. For example, when d = 2,

2 . 2 ; 2 i
/ e_ﬂlx‘ o= 2miTE / e~ T3 o 2miT2Es </ e—ﬂmle—Qﬂzzlfldxl) dxs
R2 R R
5 . 2
:/6771'12872771:82'526*7T51 dzo
R

2 2
— e*ﬂﬁl 6771'52

_ el

As a consequence of Proposition 2.1, applied with §'/2 instead of §, we
find that (emQ) = /2= mIEI*/5,

Step 2. The family Kj(z) = 6~4/2e~7171°/9 is a family of good kernels
in R?. By this we mean that

(i) / Ks(a)du =1,

(i) /R Ks()| di < M (in fact Ks(x) > 0),

(iii) For every n > 0, |Ks(x)|dx — 0as d — 0.
lz]>n
The proofs of these assertions are almost identical to the case d = 1. As
a result

Ks(x)F(x)de — F(0) asd—0
Rd

when F' is a Schwartz function, or more generally when F' is bounded
and continuous at the origin.
Step 3. The multiplication formula

[ s@i@yde = [ fw)aw)dy

holds whenever f and g are in §. The proof requires the evaluation of the
integral of f(z)g(y)e 2™¥ over (z,y) € R? =R% x R? as a repeated
integral, with each separate integration taken over R%. The justification
is similar to that in the proof of Proposition 1.8 in the previous chapter.
(See the appendix.)

The Fourier inversion is then a simple consequence of the multiplica-
tion formula and the family of good kernels Kj, as in Chapter 5. It also
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follows that the Fourier transform F is a bijective map of S(R?) to itself,
whose inverse is

Fo)e) = [ s,

Step 4. Next we turn to the convolution, defined by

(F+9)@) = [ swgta-ndy,  fges.

We have that [+ g€ SR, f+g=gxf, and (F*g)(€) = F(€)3(©)-
The argument is similar to that in one-dimension. The calculation of the
Fourier transform of f * g involves an integration of f(y)g(z — y)e™2™¢
(over R24 = R? x RY) expressed as a repeated integral.

Then, following the same argument in the previous chapter, we obtain
the d-dimensional Plancherel formula, thereby concluding the proof of
Theorem 2.4.

3 The wave equation in R? x R

Our next goal is to apply what we have learned about the Fourier trans-
form to the study of the wave equation. Here, we once again simplify
matters by restricting ourselves to functions in the Schwartz class S. We
note that in any further analysis of the wave equation it is important to
allow functions that have much more general behavior, and in particular
that may be discontinuous. However, what we lose in generality by only
considering Schwartz functions, we gain in transparency. Our study in
this restricted context will allow us to explain certain basic ideas in their
simplest form.

3.1 Solution in terms of Fourier transforms
The motion of a vibrating string satisfies the equation

0%u 1 9%u

9z% 2 0t2’
which we referred to as the one-dimensional wave equation.
A natural generalization of this equation to d space variables is
(1) 0%u P 0%u 1 0%u
Ox? ox? 2 o2’
In fact, it is known that in the case d = 3, this equation determines the
behavior of electromagnetic waves in vacuum (with ¢ = speed of light).
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Also, this equation describes the propagation of sound waves. Thus (1)
is called the d-dimensional wave equation.

Our first observation is that we may assume ¢ = 1, since we can rescale
the variable t if necessary. Also, if we define the Laplacian in d dimen-
sions by

0? 02

A= 4o p 2
8:1:%—’_ +8x§’

then the wave equation can be rewritten as
0%u
o2’

The goal of this section is to find a solution to this equation, subject
to the initial conditions

(2) Ay =

u(,0) = f@) e 9(r,0) = gla),
where f,g € S(R?). This is called the Cauchy problem for the wave
equation.
Before solving this problem, we note that while we think of the variable
t as time, we do not restrict ourselves to t > 0. As we will see, the solution
we obtain makes sense for all ¢ € R. This is a manifestation of the fact
that the wave equation can be reversed in time (unlike the heat equation).

A formula for the solution of our problem is given in the next theorem.
The heuristic argument which leads to this formula is important since, as
we have already seen, it applies to some other boundary value problems
as well.

Suppose u solves the Cauchy problem for the wave equation. The
technique employed consists of taking the Fourier transform of the equa-
tion and of the initial conditions, with respect to the space variables
Z1,-..,xq. This reduces the problem to an ordinary differential equation
in the time variable. Indeed, recalling that differentiation with respect to
x; becomes multiplication by 27i¢;, and the differentiation with respect
to ¢t commutes with the Fourier transform in the space variables, we find
that (2) becomes

0%1
ot

For each fixed ¢ € R?, this is an ordinary differential equation in ¢ whose
solution is given by

(g, t) = A(§) cos(2m[E[t) + B() sin(2n[E[t),

—47T2|£|2ﬂ(£,t) = Evt)



186 Chapter 6. THE FOURIER TRANSFORM ON R¢

where for each £, A() and B(§) are unknown constants to be determined
by the initial conditions. In fact, taking the Fourier transform (in z) of
the initial conditions yields

R h
a(€.0) = f(§) and  T(E0) =4(8).
We may now solve for A(£) and B() to obtain

A =f(&) and 27| B(€) = §(&).
Therefore, we find that

a(e,t) = f(€) cos(2mlélt) + g(g)smggflt)’

and the solution w is given by taking the inverse Fourier transform in
the & variables. This formal derivation then leads to a precise existence
theorem for our problem.

Theorem 3.1 A solution of the Cauchy problem for the wave equation
18

@ ute.t) = [ | [F©costzaleln + o0 s | i< e

Proof. We first verify that u solves the wave equation. This is
straightforward once we note that we can differentiate in x and ¢ un-
der the integral sign (because f and g are both Schwartz functions) and
therefore u is at least C2. On the one hand we differentiate the expo-
nential with respect to the x variables to get

sin(27|£|t)

2] |2 2T E
st | (AR,

Bute.t) = [ 7€) coszaleln) + 30
while on the other hand we differentiate the terms in brackets with re-
spect to t twice to get

0%u

o (1) =

sin(2w|&|t)

2mix-&
Sl L7 8 de.
2r[¢]

[ [-arler e costeriet) ~ an?leate
This shows that u solves equation (2). Setting ¢t = 0 we get

u(@,0) = [ f(OedS = f(x)



3. The wave equation in R% x R 187

by the Fourier inversion theorem. Finally, differentiating once with re-
spect to t, setting ¢ = 0, and using the Fourier inversion shows that

04 (,0) = g(x).

ot
Thus u also verifies the initial conditions, and the proof of the theorem
is complete.

As the reader will note, both f(¢)cos(2r|¢|t) and Q(E)% are
functions in S, assuming as we do that f and g are in §. This is be-
cause both cosu and (sinu)/u are even functions that are indefinitely

differentiable.

Having proved the existence of a solution to the Cauchy problem for the
wave equation, we raise the question of uniqueness. Are there solutions
to the problem

2

Au = ng subject to  u(x,0) = f(z) and %(z,O) =g(x),
other than the one given by the formula in the theorem? In fact the
answer is, as expected, no. The proof of this fact, which will not be
given here (but see Problem 3), can be based on a conservation of energy
argument. This is a local counterpart of a global conservation of energy
statement which we will now present.

We observed in Exercise 10, Chapter 3, that in the one-dimensional
case, the total energy of the vibrating string is conserved in time. The
analogue of this fact holds in higher dimensions as well. Define the
energy of a solution by

E(t):/Rd

Theorem 3.2 If u is the solution of the wave equation given by for-
mula (8), then E(t) is conserved, that is,

2 2

Ou dx.

ot

b2
8xd

2 ‘ ou
8{E1

E(t)=E(0), forallteR.
The proof requires the following lemma.
Lemma 3.3 Suppose a and b are complexr numbers and o is real. Then

lacosa + bsinal® 4 | — asina + beos al? = |al? + [b|%.
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This follows directly because e; = (cos «, sin ) and e = (— sin «, cos @)
are a pair of orthonormal vectors, hence with Z = (a,b) € C?, we have

21 =1Z - er* +1Z - e,

where - represents the inner product in C2.
Now by Plancherel’s theorem,

J.

Similarly,

/ d
RY ST

We now apply the lemma with

ou

2 . . . 2
S| do= [ [-2mlel©sin(zrlele) + aie) costarleln)]” de.

ou

0;

2
dz = /R [2nlel(€) cos(@rléle) + g(€) sin2nlele)|” de,

a=2rl¢|f(€), b=4(¢) and a=2mlgt.

2

The result is that
) 2 )
U Ou u d

B0 =, \5| *low| * o

= [ amiePIF@P + la©)P) de.

2 ‘8u
+

which is clearly independent of ¢. Thus Theorem 3.2 is proved.

The drawback with formula (3), which does give the solution of the
wave equation, is that it is quite indirect, involving the calculation of the
Fourier transforms of f and g, and then a further inverse Fourier trans-
form. However, for every dimension d there is a more explicit formula.
This formula is very simple when d = 1 and a little less so when d = 3.
More generally, the formula is “elementary” whenever d is odd, and more
complicated when d is even (see Problems 4 and 5).

In what follows we consider the cases d =1, d = 3, and d = 2, which
together give a picture of the general situation. Recall that in Chapter 1,
when discussing the wave equation over the interval [0, L], we found that
the solution is given by d’Alembert’s formula

T T — T+t
@ e = LEEIEIEED D ) ay

-t
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with the interpretation that both f and g are extended outside [0, L] by
making them odd in [—L, L], and periodic on the real line, with period
2L. The same formula (4) holds for the solution of the wave equation
when d = 1 and when the initial data are functions in S(R). In fact, this
follows directly from (3) if we note that

1 , )
cos(2m|€|t) = 5(e2m|£|t + 6—27rz|§|t)

and

sin(2w|élt) 1 (e2milélt _ g=2milglty,

2ml¢]  dmil¢]

Finally, we note that the two terms that appear in d’Alembert’s for-
mula (4) consist of appropriate averages. Indeed, the first term is pre-
cisely the average of f over the two points that are the boundary of the
interval [z — t,z + t]; the second term is, up to a factor of ¢, the mean
value of g over this interval, that is, (1/2t) f;jtt g(y) dy. This suggests a
generalization to higher dimensions, where we might expect to write the
solution of our problem as averages of the initial data. This is in fact the

case, and we now treat in detail the particular situation d = 3.

3.2 The wave equation in R? x R

If S? denotes the unit sphere in R?, we define the spherical mean of
the function f over the sphere of radius ¢ centered at x by

(5) M(f)@) = = [ fla—ty)dolr),

4 S2
where do () is the element of surface area for S?. Since 47 is the area
of the unit sphere, we can interpret M;(f) as the average value of f over
the sphere centered at x of radius t.

Lemma 3.4 If f € S(R3) andt is fized, then M,(f) € S(R®). Moreover,
M, (f) is indefinitely differentiable int, and each t-derivative also belongs
to S(R?).

Proof. Let F(x) = My(f)(z). To show that F is rapidly decreasing,
start with the inequality |f(x)] < An/(1+ |z|") which holds for every
fixed N > 0. As a simple consequence, whenever t is fixed, we have

|f(x —~t)| < Ay/(1+ |z|Y)  for all v € S2.
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To see this consider separately the cases when |z| < 2|t|, and |z| > 2]¢|.
Therefore, by integration

|F ()] < Ay /(1 + |2|Y),

and since this holds for every N, the function F' is rapidly decreasing.
One next observes that F' is indefinitely differentiable, and

(6) (2) Fla) = M)

where f(®)(x) = (8/02)*f. Tt suffices to prove this when (9/0x)® =
0/0x, and then proceed by induction to get the general case. Further-
more, it is enough to take k = 1. Now

F —F !
(21 + hy w3, 05) = F(wy,2p,35) 1 / gn(y) do(y)
h 47 S2

where

i) = L ah =) = fle =)

and e; = (1,0,0). Now, it suffices to observe that g, — 6,igclf(a: — )
as h — 0 uniformly in 7. As a result, we find that (6) holds, and by
the first argument, it follows that (%)a F(x) is also rapidly decreasing,

hence F' € S. The same argument applies to each t-derivative of My(f).

The basic fact about integration on spheres that we shall need is the
following Fourier transform formula.

sin(27|€])

1 ,
L 3.5 — [ e do(y) =
emma . /52 e a(v) 2]

This formula, as we shall see in the following section, is connected to
the fact that the Fourier transform of a radial function is radial.

Proof. Note that the integral on the left is radial in €. Indeed, if R is
a rotation then

/Sz e 2miR(&)y da(v) _ /Sz e—QWiE.Rfl(v) dO‘(’Y) _ / e~ 2miy dO‘(’y)

S2

because we may change variables v — R™1(v). (For this, see formula (4)
in the appendix.) So if |{| = p, it suffices to prove the lemma with
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& =1(0,0,p). If p = 0, the lemma is obvious. If p > 0, we choose spherical
coordinates to find that the left-hand side is equal to

1 2w pm )
y= / e~ 2mircosfgin 0 dl dep.
™ Jo Jo

The change of variables u = — cos 6 gives
1 2n pm ) 1 ™ )
e / / e~ 2mireosfgin 0 dh dp = 3 / e~ 2mircost gin 0 dp
™ Jo 0 0

1
— 1/ e27‘r7,'pu du
2/
1 omipul L
— TipU
4rip e ]*1
_ sin(2mp)

9

2mp
and the formula is proved.

By the defining formula (5) we may interpret M;(f) as a convolution
of the function f with the element do, and since the Fourier trans/fogl
interchanges convolutions with products, we are led to believe that M;(f)
is the product of the corresponding Fourier transforms. Indeed, we have
the identity

@ T = FO

To see this, write

S = [ e (4 [ o= adot)) da,
R3 ™ .Js2
and note that we may interchange the order of integration and make a
simple change of variables to achieve the desired identity.
As a result, we find that the solution of our problem may be expressed
by using the spherical means of the initial data.

Theorem 3.6 The solution when d =3 of the Cauchy problem for the
wave equation

0?u _ ou
Ay = Tl subject to  u(z,0) = f(x) and E(w,O) = g(x)
18 given by

(1) = SHEML()@) + M) ).
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Proof. Consider first the problem

2
= % subject to  wu(x,0) =0 and @(x,O) = g(x).

A
b ot

Then by Theorem 3.1, we know that its solution w, is given by

we) = [ o™t i< ag

o€
_ o SIERTIEN) T orive
=t [9@ orlet } %
— tM,(g)(x),

where we have used (7) applied to g, and the Fourier inversion formula.
According to Theorem 3.1 again, the solution to the problem

0%y ou
A = — 1 g _— g
U BT subject to  wu(z,0) = f(x) and T (£,0)=0

is given by
us(e,t) = [ [ 7€) coserel] e ae

S0 ot e

0
= (LM (f)()).

We may now superpose these two solutions to obtain u = u; + ug as the
solution of our original problem.

Huygens principle

The solutions to the wave equation in one and three dimensions are given,
respectively, by

x x — w+t
m%w:f(+ﬂ;ﬂ ﬂ+;/tgwwy

and

ule 1) = 2 (IM(])()) + EMi(9) )
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t

0l —t x x+t x

Figure 1. Huygens principle, d =1

We observe that in the one-dimensional problem, the value of the solution
at (x,t) depends only on the values of f and g in the interval centered
at z of length 2t, as shown in Figure 1.

If in addition g = 0, then the solution depends only on the data at the
two boundary points of this interval. In three dimensions, this boundary
dependence always holds. More precisely, the solution u(z,t) depends
only on the values of f and ¢ in an immediate neighborhood of the sphere
centered at x and of radius t. This situation is depicted in Figure 2, where
we have drawn the cone originating at (x,t) and with its base the ball
centered at x of radius t. This cone is called the backward light cone
originating at (z,t).

z-space

Figure 2. Backward light cone originating at (z,t)

Alternatively, the data at a point zg in the plane ¢ = 0 influences the
solution only on the boundary of a cone originating at xg, called the
forward light cone and depicted in Figure 3.

This phenomenon, known as the Huygens principle, is immediate
from the formulas for u given above.

Another important aspect of the wave equation connected with these
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Zo

Figure 3. The forward light cone originating at xg

considerations is that of the finite speed of propagation. (In the
case where ¢ = 1, the speed is 1.) This means that if we have an initial
disturbance localized at x = z(, then after a finite time ¢, its effects will
have propagated only inside the ball centered at xg of radius |t|. To state
this precisely, suppose the initial conditions f and g are supported in the
ball of radius J, centered at xg (think of J as small). Then wu(x,t) is
supported in the ball of radius |t| + § centered at xg. This assertion is
clear from the above discussion.

3.3 The wave equation in R? x R: descent

It is a remarkable fact that the solution of the wave equation in three
dimensions leads to a solution of the wave equation in two dimensions.
Define the corresponding means by

M (F)(z) = — /| Pl )y

" or
Theorem 3.7 A solution of the Cauchy problem for the wave equation
in two dimensions with initial data f,g € S(R?) is given by

0 ule, 1) = DR @) + VT(9) @)

Notice the difference between this case and the case d = 3. Here, u at
(z,t) depends on f and g in the whole disc (of radius |¢| centered at x),
and not just on the values of the initial data near the boundary of that
disc.

Formally, the identity in the theorem arises as follows. If we start
with an initial pair of functions f and g in S(R?), we may consider the
corresponding functions f and § on R3 that are merely extensions of f
and g that are constant in the x3 variable, that is,

f(x1,2,23) = f(z1,72) and  g(x1,22,73) = g(x1,72).
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Now, if % is the solution (given in the previous section) of the 3-dimensional
wave equation with initial data f and g, then one can expect that u is
also constant in x3 so that u satisfies the 2-dimensional wave equation.
A difficulty with this argument is that f and § are not rapidly decreasing
since they are constant in x3, so that our previous methods do not apply.
However, it is easy to modify the argument so as to obtain a proof of
Theorem 3.7.

We fix T' > 0 and consider a function n(z3) that is in S(R), such that
n(xs) = 1if |x3| < 3T. The trick is to truncate f and g in the z3-variable,
and consider instead

F(@1,22,23) = f(x1,22)n(x3)  and  § (1,32, 23) = gla1, 32)n(xs).

Now both f” and §* are in S(R3), so Theorem 3.6 provides a solution
@’ of the wave equation with initial data f" and §°. Tt is easy to see
from the formula that @’(x,t) is independent of x5, whenever |z3| < T
and [t| < T. In particular, if we define u(xy,z2,t) = @’ (21,2, 0,t), then
u satisfies the 2-dimensional wave equation when [¢t| < T. Since T is
arbitrary, u is a solution to our problem, and it remains to see why u has
the desired form.

By definition of the spherical coordinates, we recall that the integral
of a function H over the sphere S? is given by

i [ O dat) =
1 2n

—/ H (sin 6 cos ¢, sin 6 sin @, cos 0) sin 0 d6 de.
47 Jo Jo

If H does not depend on the last variable, that is, H(z1, z2, x3) = h(x1, 22)
for some function h of two variables, then

M (H)(z1,22,0) =
1 27
—/ h(z1 — tsinf cos p,xo — tsin O sin @) sin b db de.
47 0 0
To calculate this last integral, we split the #-integral from 0 to 7/2 and

then 7/2 to m. By making the change of variables r = sin 6, we find, after
a final change to polar coordinates, that

1
=— h(z —ty)(1 — |y|>)~Y%d
5 /lylSl (z —ty)(1 - |y[) y

= M,(h)(21, z2).

Mt(H)(.'El,J?Q,O)
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Applying this to H = f°, h=f, and H = §°, h = g, we find that u is
given by the formula (8), and the proof of Theorem 3.7 is complete.

Remark. In the case of general d, the solution of the wave equation

shares many of the properties we have discussed in the special cases
d=1,2, and 3.

e At a given time t, the initial data at a point z only affects the solu-
tion u in a specific region. When d > 1 is odd, the data influences
only the points on the boundary of the forward light cone origi-
nating at x, while when d =1 or d is even, it affects all points of
the forward light cone. Alternatively, the solution at a point (x,t)
depends only on the data at the base of the backward light cone
originating at (z,t). In fact, when d > 1 is odd, only the data in an
immediate neighborhood of the boundary of the base will influence
u(z,t).

e Waves propagate with finite speed: if the initial data is supported
in a bounded set, then the support of the solution u spreads with

velocity 1 (or more generally ¢, if the wave equation is not normal-
ized).

We can illustrate some of these facts by the following observation about
the different behavior of the propagation of waves in three and two dimen-
sions. Since the propagation of light is governed by the three-dimensional
wave equation, if at ¢ = 0 a light flashes at the origin, the following hap-
pens: any observer will see the flash (after a finite amount of time) only
for an instant. In contrast, consider what happens in two dimensions. If
we drop a stone in a lake, any point on the surface will begin (after some
time) to undulate; although the amplitude of the oscillations will decrease
over time, the undulations will continue (in principle) indefinitely.

The difference in character of the formulas for the solutions of the
wave equation when d =1 and d =3 on the one hand, and d =2 on
the other hand, illustrates a general principle in d-dimensional Fourier
analysis: a significant number of formulas that arise are simpler in the
case of odd dimensions, compared to the corresponding situations in even
dimensions. We will see several further examples of this below.

4 Radial symmetry and Bessel functions

We observed earlier that the Fourier transform of a radial function in
R? is also radial. In other words, if f(z) = fo(|z|) for some fy, then
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£(€) = Fy(|¢]) for some Fy. A natural problem is to determine a relation
between fy and Fj.

This problem has a simple answer in dimensions one and three. If
d =1 the relation we seek is

(9) Folp) =2 | " cos(2mpr) fo(r) dr.

If we recall that R has only two rotations, the identity and multiplication
by —1, we find that a function is radial precisely when it is even. Having
made this observation it is easy to see that if f is radial, and |£| = p,
then

Folp) = f(eh = [ flape =l da
_ /oo fO<T)(e_27rir\g| + eZﬂ'iTlﬂ) dr
0
=2 /Ooo cos(2mpr) fo(r) dr.

In the case d = 3, the relation between fy and Fp is also quite simple
and given by the formula

(10) Fo(p) =2p7 ! /OOO sin(27wpr) fo(r)r dr.

The proof of this identity is based on the formula for the Fourier trans-
form of the surface element do given in Lemma 3.5:

Fo(p) = £(§) = | f(@)e™ € da
= /Ooo fo(r) /32 e 2o (y)r? dr

:/ fo(r)2s1n(27rp7“)r2 i
0 pr

=2p ! /000 sin(2mpr) fo(r)r dr.

More generally, the relation between fy and Fy has a nice description
in terms of a family of special functions that arise naturally in problems
that exhibit radial symmetry.

The Bessel function of order n € Z, denoted J,,(p), is defined as the
n*™™ Fourier coefficient of the function e??*"%. So

1

27
Jn(p) _ %/O 6ip51n9671’n9 d@,
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therefore

)
ez’psin@ — Z Jn(p)ez'ne.

n=—oo

As a result of this definition, we find that when d = 2, the relation be-
tween fy and Fp is

(11) Fy(p) = 277/ Jo(2mrp) fo(r)rdr.
0
Indeed, since f(£) is radial we take & = (0, —p) so that
O = [ s ds
RQ
21 roo . .
_ / folr)e2imen Oy dr g
o Jo
= 271'/ Jo(2mrp) fo(r)rdr,
0

as desired.

In general, there are corresponding formulas relating fy and Fy in R?
in terms of Bessel functions of order d/2 — 1 (see Problem 2). In even
dimensions, these are the Bessel functions we have defined above. For
odd dimensions, we need a more general definition of Bessel functions to
encompass half-integral orders. Note that the formulas for the Fourier
transform of radial functions give another illustration of the differences
between odd and even dimensions. When d =1 or d =3 (as well as
d > 3, d odd) the formulas are in terms of elementary functions, but this
is not the case when d is even.

5 The Radon transform and some of its applications

Invented by Johann Radon in 1917, the integral transform we discuss
next has many applications in mathematics and other sciences, includ-
ing a significant achievement in medicine. To motivate the definitions
and the central problem of reconstruction, we first present the close con-
nection between the Radon transform and the development of X-ray
scans (or CAT scans) in the theory of medical imaging. The solution of
the reconstruction problem, and the introduction of new algorithms and
faster computers, all contributed to a rapid development of computerized
tomography. In practice, X-ray scans provide a “picture” of an internal
organ, one that helps to detect and locate many types of abnormalities.
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After a brief description of X-ray scans in two dimensions, we define
the X-ray transform and formulate the basic problem of inverting this
mapping. Although this problem has an explicit solution in R2, it is
more complicated than the analogous problem in three dimensions, hence
we give a complete solution of the reconstruction problem only in R3.
Here we have another example where results are simpler in the odd-
dimensional case than in the even-dimensional situation.

5.1 The X-ray transform in R?

Consider a two-dimensional object O lying in the plane R?, which we
may think of as a planar cross section of a human organ.

First, we assume that O is homogeneous, and suppose that a very
narrow beam of X-ray photons traverses this object.

Figure 4. Attenuation of an X-ray beam

If Iy and I denote the intensity of the beam before and after passing
through O, respectively, the following relation holds:

I = Iye .

Here d is the distance traveled by the beam in the object, and p denotes
the attenuation coefficient (or absorption coefficient), which depends on
the density and other physical characteristics of O. If the object is not
homogeneous, but consists of two materials with attenuation coefficients
p1 and po, then the observed decrease in the intensity of the beam is
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given by

I = Ioe_dlpl_dQPQ

where dy and do denote the distances traveled by the beam in each ma-
terial. In the case of an arbitrary object whose density and physical
characteristics vary from point to point, the attenuation factor is a func-
tion p in R?, and the above relations become

I=1Ielr.

Here L is the line in R? traced by the beam, and [, p denotes the line
integral of p over L. Since we observe I and Iy, the data we gather
after sending the X-ray beam through the object along the line L is the

quantity
[
L

Since we may initially send the beam in any given direction, we may
calculate the above integral for every line in R2. We define the X-ray
transform (or Radon transform in R?) of p by

X)) = [ »

Note that this transform assigns to each appropriate function p on R?
(for example, p € S(R?)) another function X (p) whose domain is the set
of lines L in R2.

The unknown is p, and since our original interest lies precisely in the
composition of the object, the problem now becomes to reconstruct the
function p from the collected data, that is, its X-ray transform. We
therefore pose the following reconstruction problem: Find a formula for
p in terms of X (p).

Mathematically, the problem asks for a formula giving the inverse of
X. Does such an inverse even exist? As a first step, we pose the following
simpler uniqueness question: If X (p) = X (p’), can we conclude that p =
p'?

There is a reasonable a priori expectation that X (p) actually deter-
mines p, as one can see by counting the dimensionality (or degrees of
freedom) involved. A function p on R? depends on two parameters (the
x1 and xs coordinates, for example). Similarly, the function X (p), which
is a function of lines L, is also determined by two parameters (for ex-
ample, the slope of L and its xs-intercept). In this sense, p and X(p)
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convey an equivalent amount of information, so it is not unreasonable to
suppose that X (p) determines p.

While there is a satisfactory answer to the reconstruction problem,
and a positive answer to the uniqueness question in R?, we shall forego
giving them here. (However, see Exercise 13 and Problem 8.) Instead
we shall deal with the analogous but simpler situation in R3.

Let us finally remark that in fact, one can sample the X-ray trans-
form, and determine X (p)(L) for only finitely many lines. Therefore,
the reconstruction method implemented in practice is based not only on
the general theory, but also on sampling procedures, numerical approx-
imations, and computer algorithms. It turns out that a method used
in developing effective relevant algorithms is the fast Fourier transform,
which incidentally we take up in the next chapter.

5.2 The Radon transform in R?

The experiment described in the previous section applies in three dimen-
sions as well. If O is an object in R? determined by a function p which
describes the density and physical characteristics of this object, sending
an X-ray beam through O determines the quantity

e
L

for every line in R2. In R? this knowledge was enough to uniquely de-
termine p, but in R?* we do not need as much data. In fact, by using the
heuristic argument above of counting the number of degrees of freedom,
we see that for functions p in R? the number is three, while the number
of parameters determining a line L in R? is four (for example, two for
the intercept in the (x1,z2) plane, and two more for the direction of the
line). Thus in this sense, the problem is over-determined.

We turn instead to the natural mathematical generalization of the two-
dimensional problem. Here we wish to determine the function in R? by
knowing its integral over all planes® in R3. To be precise, when we speak
of a plane, we mean a plane not necessarily passing through the origin.
If P is such a plane, we define the Radon transform R(f) by

R(f)(P) = /P /.

To simplify our presentation, we shall follow our practice of assuming
that we are dealing with functions in the class S(R%). However, many

3Note that the dimensionality associated with points on R3, and that for planes in R3,
equals three in both cases.
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of the results obtained below can be shown to be valid for much larger
classes of functions.

First, we explain what we mean by the integral of f over a plane. The
description we use for planes in R? is the following: given a unit vector
v € S? and a number ¢ € R, we define the plane Py, by

Piy={zeR:z.-y=t}.

So we parametrize a plane by a unit vector v orthogonal to it, and by its
“distance” t to the origin (see Figure 5). Note that P;, = P_; _-, and
we allow t to take negative values.

Figure 5. Description of a plane in R3

Given a function f € S(R?), we need to make sense of its integral over
Pt.~. We proceed as follows. Choose unit vectors e, e so that e, ez, is
an orthonormal basis for R3. Then any x € P; ., can be written uniquely
as

x=1ty+u where u=wuje;+uzes with ui,us € R.

If f e S(R3), we define

(12) / f= / fty + urer + uges) duy dus.
Piry R?

To be consistent, we must check that this definition is independent of
the choice of the vectors eq, es.
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Proposition 5.1 If f € S(R3), then for each v the definition of f,Pt , f
1s independent of the choice of ey and ea. Moreover ’

[, )= [ swras

Proof. If €/, €l is another choice of basis vectors so that ~,e, e is
orthonormal, consider the rotation R in R? which takes e; to ¢} and
es to €. Changing variables v/ = R(u) in the integral proves that our
definition (12) is independent of the choice of basis.

To prove the formula, let R denote the rotation which takes the stan-
dard basis of unit vectors* in R? to v, e;, and ez. Then

flx)dz = f(Rx) dx
R3 R3

= /3 flx1y + x2eq + x3€2) dxy dzo das
R

[ ([, 1)
— 00 Pro~y

Remark. We digress to point out that the X-ray transform deter-
mines the Radon transform, since two-dimensional integrals can be ex-
pressed as iterated one-dimensional integrals. In other words, the knowl-
edge of the integral of a function over all lines determines the integral of
that function over any plane.

Having disposed of these preliminary matters, we turn to the study of
the original problem. The Radon transform of a function f € S(R3)
is defined by

R ) = f

Pty

In particular, we see that the Radon transform is a function on the
set of planes in R3. From the parametrization given for a plane, we
may equivalently think of R(f) as a function on the product R x §% =
{(t,y): teR, v e S%}, where S? denotes the unit sphere in R3. The
relevant class of functions on R x S? consists of those that satisfy the
Schwartz condition in ¢ uniformly in 7. In other words, we define S(R x
S2) to be the space of all continuous functions F(¢,~) that are indefinitely

4Here we are referring to the vectors (1,0,0), (0,1,0), and (0,0, 1).
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differentiable in ¢, and that satisfy

d‘F
sup  [t[* W(m)

teR, ye€S2

< oo for all integers k, ¢ > 0.

Our goal is to solve the following problems.

Uniqueness problem: If R(f) = R(g), then f =g.

Reconstruction problem: Express f in terms of R(f).

The solutions will be obtained by using the Fourier transform. In fact,
the key point is a very elegant and essential relation between the Radon
and Fourier transforms.

Lemma 5.2 If f € S(R3), then R(f)(t,7) € S(R) for each fizedy. More-
over,

~ A~

R(f)(s,7) = f(s7)-

To be precise, f denotes the (three-dimensional) Fourier transform
of f, while R(f)(s,7) denotes the one-dimensional Fourier transform of
R(f)(t,v) as a function of ¢, with ~ fixed.

Proof. Since f € S(R?), for every positive integer N there is a con-
stant Ay < oo so that

L+ DY+ [ul) Ity + )| < A,

if we recall that x = ty + u, where ~ is orthogonal to u. Therefore, as
soon as N > 3, we find

du
14+ EDVR(A(E, ) < A /7< )
(+ VRO < A || Ty <o
A similar argument for the derivatives shows that R(f)(t,7v) € S(R) for
each fixed ~.
To establish the identity, we first note that

R(f)(5,7) = /_O; </Pm f) e 2™t dt

o]
= / f(t")/ +ujeq + Ugeg) dU1 d’U,QG_Qﬂ-ZSt dt.

—o00 JR2
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However, since v-u = 0 and |y| = 1, we may write

e—27rzst — e—27ms'y~ (ty+u) )

As a result, we find that
R(f)(s,7) = / / Flty + urer + usen)e™ 2V VT quy duy dt
— oo JR2

:/ / f(ty +w)e 2 7O+ gy gy,
— 00 R2

é final rotatiqn from 7, e1,es to the standard basis in R? proves that
R(f)(s,v) = f(s7), as desired.

As a consequence of this identity, we can answer the uniqueness ques-
tion for the Radon transform in R? in the affirmative.

Corollary 5.3 If f,g € S(R?) and R(f) = R(g), then f =g.

The proof of the corollary follows from an application of the lemma to
the difference f — g and use of the Fourier inversion theorem.

Our final task is to give the formula that allows us to recover f from
its Radon transform. Since R(f) is a function on the set of planes in
R3, and f is a function of the space variables x € R3, to recover f we
introduce the dual Radon transform, which passes from functions defined
on planes to functions in R3.

Given a function F on R x S2, we define its dual Radon transform
by

(13) R(F)@) = [ Fa-q.9)do).

Observe that a point x belongs to Py , if and only if z - v = ¢, so the idea
here is that given x € R?, we obtain R*(F)(x) by integrating F over the
subset of all planes passing through x, that is,

R (F)(z) = | F

{P;  such that z€P; -}

where the integral on the right is given the precise meaning in (13).
We use the terminology “dual” because of the following observation. If
V) = S(R3) with the usual Hermitian inner product

(F.oh = [ | f@gla)d.
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and Vo = S(R x S?) with the Hermitian inner product

(F.G), = / F(t,7)G(t,7) do(v) dt,

52
then

R:Vi—V,, R:Vo—W,
with
(14) (Rf, F)2 = (f,R"F)1.

The validity of this identity is not needed in the argument below, and
its verification is left as an exercise for the reader.
We can now state the reconstruction theorem.

Theorem 5.4 If f € S(R?), then
ANR*R(f)) = —8n°f.

_ 0 0? 9* . :
We recall that A = 527 t oz T a7 18 the Laplacian.

Proof. By our previous lemma, we have

R(f)(t) = / Z Flsm)e2mits ds,

= [ [ fememi sdoty)
S22 J—o00
hence

ARR@) = [ [ flen)(anstieme dsdot)

:—47r2/ / f(s7)e¥ 7552 ds do ()
52 J—oc0

Therefore

0
:_4W2LQ/ f(S’Y 2mix-ys QdeU( )
—47r2/ / f(:w 2mirys g2 ds do(y)
g2

= - // Fs7)e2™ 7352 ds do ()
S2
787rf
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In the first line, we have differentiated under the integral sign and used
the fact A(e?™@7%) = (—4m2s?)e?™ @7 since |y| = 1. The last step fol-
lows from the formula for polar coordinates in R? and the Fourier inver-
sion theorem.

5.3 A note about plane waves

We conclude this chapter by briefly mentioning a nice connection between
the Radon transform and solutions of the wave equation. This comes
about in the following way. Recall that when d = 1, the solution of
the wave equation can be expressed as the sum of traveling waves (see
Chapter 1), and it is natural to ask if an analogue of such traveling
waves exists in higher dimensions. The answer is as follows. Let F' be
a function of one variable, which we assume is sufficiently smooth (say
C?), and consider u(z,t) defined by

u(z,t) = F((z-v) =),

where x € R? and v is a unit vector in R%. It is easy to verify directly
that u is a solution of the wave equation in R? (with ¢ =1). Such a
solution is called a plane wave; indeed, notice that u is constant on
every plane perpendicular to the direction ~, and as time ¢ increases, the
wave travels in the « direction. (It should be remarked that plane waves
are never functions in S(R?) when d > 1 because they are constant in
directions perpendicular to v).°

The basic fact is that when d > 1, the solution of the wave equation
can be written as an integral (as opposed to sum, when d = 1) of plane
waves; this can in fact be done via the Radon transform of the initial
data f and g. For the relevant formulas when d = 3, see Problem 6.

6 Exercises

1. Suppose that R is a rotation in the plane R?, and let

a b
denote its matrix with respect to the standard basis vectors e; = (1,0) and

€y = (0, 1)

(a) Write the conditions RY = R~! and det(R) = 41 in terms of equations in
a,b,c,d.

5Incidentally, this observation is further indication that a fuller treatment of the wave
equation requires lifting the restriction that functions belong to S(R?).
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(b) Show that there exists ¢ € R such that a + ib = €'%.

(c) Conclude that if R is proper, then it can be expressed as z — ze!?, and if
R is improper, then it takes the form z — Ze'?, where Z = x — iy.

2. Suppose that R : R3 — R3 is a proper rotation.

(a) Show that p(t) = det(R — tI) is a polynomial of degree 3, and prove that
there exists v € S? (where S? denotes the unit sphere in R?) with

R(y) =1.

[Hint: Use the fact that p(0) > 0 to see that there is A > 0 with p(A\) = 0.
Then R — A is singular, so its kernel is non-trivial.]

(b) If P denotes the plane perpendicular to v and passing through the origin,
show that

R:P—7P,

and that this linear map is a rotation.

3. Recall the formula

/RdF(x) dz = /SH /OOO F(ry)r=t dr do(v).

Apply this to the special case when F(x) = g(r)f(vy), where x = rv, to prove
that for any rotation R, one has

f(R(v))do(y) = f(y)do(v),

Gd—1 gd—1

whenever f is a continuous function on the sphere %1

4. Let Ay and V; denote the area and volume of the unit sphere and unit ball
in R?, respectively.

(a) Prove the formula

ord/2
d= =775y

I(d/2)

so that Ay = 2m, Az =4n, Ay =272,.... Here I'(z) = fooo ettt is
the Gamma function. [Hint: Use polar coordinates and the fact that
/. el dp = 1]

Rd
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(b) Show that dV; = A4, hence

/2

S TapT

In particular Vo = m, V3 =4x/3,....

5. Let A be a d x d positive definite symmetric matrix with real coefficients.
Show that

/ e (@ AR) dp = (det(A)) 2.
Rd

This generalizes the fact that I]Rd e~mlel” dp = 1, which corresponds to the case
where A is the identity.

[Hint: Apply the spectral theorem to write A = RDR™! where R is a rotation
and, D is diagonal with entries Ay, ..., Ag, where {\;} are the eigenvalues of A.]
6. Suppose ¢ € S(R?) satisfies [ |¢(z)[*> dz = 1. Show that

2 2 21,7 2 d2
([ epwepas) ([ ieiora) = 1o

This is the statement of the Heisenberg uncertainty principle in d dimensions.

7. Consider the time-dependent heat equation in R%:

ou  %u 9%u
1 = + ...
(15) 0x?’

a—a—x% where t > 0,

with boundary values u(z,0) = f(r) € S(R?). If

Hgd)(x) —|x|? /4t :/ 6—4772t|6\2€27riz<f d¢
Rd

= i€

is the d-dimensional heat kernel, show that the convolution

uz,t) = (f * 1) (x)

is indefinitely differentiable when = € R% and ¢ > 0. Moreover, u solves (15), and
is continuous up to the boundary ¢ = 0 with u(z,0) = f(z).

The reader may also wish to formulate the d-dimensional analogues of Theo-
rem 2.1 and 2.3 in Chapter 5.

8. In Chapter 5, we found that a solution to the steady-state heat equation in the
upper half-plane with boundary values f is given by the convolution u = f * P,
where the Poisson kernel is

Py(z) = : Y

;m where € R and y > 0.
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More generally, one can calculate the d-dimensional Poisson kernel using the
Fourier transform as follows.

(a) The subordination principle allows one to write expressions involv-
ing the function e~ in terms of corresponding expressions involving the
2
function e™ . One form of this is the identity

0 U 2
e P :/ — e At gy
0

U

when 8> 0. Prove this identity with § = 2r7|z| by taking the Fourier
transform of both sides.

(b) Consider the steady-state heat equation in the upper half-space {(z,y) :
reRY y >0}

L Pu 9%
j=1
with the Dirichlet boundary condition u(x,0) = f(z). A solution to this
problem is given by the convolution u(x,y) = (f * P;d))(x) where Py(d)(x)
is the d-dimensional Poisson kernel

Péd)(m) = /Rd e2mimEe=2mIEly ge
Compute P;d) (2) by using the subordination principle and the d-dimensional
heat kernel. (See Exercise 7.) Show that

I'((d+1)/2) y

(d) -
Py (z) r@+D/2 (|z]2 + y2) (D72

9. A spherical wave is a solution u(z,t) of the Cauchy problem for the wave
equation in R?, which as a function of z is radial. Prove that u is a spherical
wave if and only if the initial data f,g € S are both radial.

10. Let u(z,t) be a solution of the wave equation, and let E(t) denote the energy
of this wave

We have seen that E(¢) is constant using Plancherel’s formula. Give an alternate
proof of this fact by differentiating the integral with respect to ¢ and showing
that

dE

— =0.
dt
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[Hint: Integrate by parts.]

11. Show that the solution of the wave equation

o2 ox? Oz Ox?

subject to u(z,0) = f(z) and %(m,O) = g(x), where f,g € S(R3), is given by

1

5@ 0 Jswn [tg(y) + f(y) + VI(y) - (y = 2)] do(y),

u(z,t) =

where S(x,t) denotes the sphere of center x and radius ¢, and |S(z,t)| its area.
This is an alternate expression for the solution of the wave equation given in
Theorem 3.6. It is sometimes called Kirchhoff’s formula.

12. Establish the identity (14) about the dual transform given in the text. In
other words, prove that

(16) / R(F)(t,) F 67 )do() di = / F ()R F) (@) da
R J 52 R3
where f € S(R?), F € S(R x §?), and

R(f)=[ f md RE)@) = / Fa - 7.7) do(7).

Prr 52

[Hint: Consider the integral

///f(t'y—l—uleg+ugeg)F(t,’y)dtda('y)duldu2.

Integrating first in u gives the left-hand side of (16), while integrating in u and
t and setting x = ty + ujea + uges gives the right-hand side.]

13. For each (¢,0) with ¢t € R and |f] <, let L = L, ¢ denote the line in the
(z,y)-plane given by

rcost +ysind = t.
This is the line perpendicular to the direction (cosé,sinf) at “distance” ¢ from

the origin (we allow negative t). For f € S(R?) the X-ray transform or two-
dimensional Radon transform of f is defined by

X(f)(t,H):/ f:/ f(tcosO + usinb, tsin — ucos ) du.
Ly —0o0
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Calculate the X-ray transform of the function f(z,y) = e~ @ +y%),

14. Let X be the X-ray transform. Show that if f € S and X(f) =0, then
f =0, by taking the Fourier transform in one variable.

15. For F' € S(R x S!), define the dual X-ray transform X*(F) by integrat-
ing F' over all lines that pass through the point (z,y) (that is, those lines L g
with zcosf + ysinf = ¢):

X*(F)(z,y) :/F(accos@—é—ysin@ﬁ) de.

Check that in this case, if f € S(R?) and F € S(R x S1), then

//X(f)(t,@)F(t,@)dtsz//f(:c,y)mdxdy.

7 Problems

1. Let J,, denote the nt* order Bessel function, for n € Z. Prove that

(a) Ju(p) is real for all real p.
(6) J-a(p) = (=1)" (o).
(©) 274(0) = Juer(p) = ot ().
(@ (%) Jn() = Juer(p) + Jusa(p):
(©) (™" I(e))' = =" Tuia (o)
(6) (" Tu(p))' = 0" Tucr (o)
J,

(g) Jn(p) satisfies the second order differential equation
T (p) + p~ () + (1 =02 /p*)Jn(p) = 0.

(h) Show that

Tnlp) = (g> ;(,1)m22mm?(n+ m)!’

(i) Show that for all integers n and all real numbers @ and b we have

Tu(a+b) =" Je(a)Jn_e(b).

LeL
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2. Another formula for J,(p) that allows one to define Bessel functions for
non-integral values of n, (n > —1/2) is

(a)

p/2 zpt n (1/2)
n(p) = dt.
In(p) T +1/2) \f/

Check that the above formula agrees with the definition of J,(p) for in-
tegral n > 0. [Hint: Verify it for n =0 and then check that both sides
satisfy the recursion formula (e) in Problem 1.]

Note that Jy/2(p) = \/%pfl/2 sin p.

Prove that
lim J,(p) = \/Epl/zcosp.
n——1/2 ™

Observe that the formulas we have proved in the text giving Fj in terms
of fo (when describing the Fourier transform of a radial function) take the
form

(17) Fo(p) = 27Tp_(d/2)+1 / J(d/2)71(271'p7“)f0(7’)7‘d/2 dr,
0

for d = 1,2, and 3, if one uses the formulas above with the understanding
that J_y/5(p) = lim, . _1/2 Ju(p). It turns out that the relation between
Fy and fy given by (17) is valid in all dimensions d.

3. We observed that the solution u(z,t) of the Cauchy problem for the wave
equation given by formula (3) depends only on the initial data on the base on
the backward light cone. It is natural to ask if this property is shared by any
solution of the wave equation. An affirmative answer would imply uniqueness of
the solution.

Let B(xg,79) denote the closed ball in the hyperplane t = 0 centered at z
and of radius rg. The backward light cone with base B(xg, 7o) is defined by

EB(IU»TO) = {(‘T7t) GRd xR: ‘:L'—l'o‘ <ro—t, 0<t< 710}'

Theorem Suppose that u(z,t) is a C? function on the closed upper half-plane

{(z,1) :

x € R4t > 0} that solves the wave equation

If u(z,0) = 2%(2,0) = 0 for all x € B(wo,r0), then u(z,t) =0 for all (z,t) €
53(10,70)
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In words, if the initial data of the Cauchy problem for the wave equation
vanishes on a ball B, then any solution u of the problem vanishes in the backward
light cone with base B. The following steps outline a proof of the theorem.

(a) Assume that u is real. For 0 <t < g let By(xo,70) = {2 : |x — o] <79 —
t}, and also define

ou ou Ou
Vu(x,t) = <(9$177(9xd7(9t) .

Now consider the energy integral

1
E(t) = 7/ |Vul|? dx
2 Bt(ZO,TO)

N ;/Bt(xg,ro) ( >2 Z <8$1>2

Jj=1

Observe that E(t) > 0 and E(0) = 0. Prove that

ou 0%u ou O%u 1
ro-[ 5 § ety [ [udety)
Bt(l'u,?‘u) at (’%2 &rj 8$J8t 2 5Bt(l‘o,7'u)

(b) Show that

0 {Bu 8u] _ Ou du 0%u Ou

dz; |0w; 0t |~ Ou; 0m;00 | da? O

(c) Use the last identity, the divergence theorem, and the fact that u solves
the wave equation to prove that

B - [ SO oy ] [ vaPdet)
9B:(wo,r0) j—1 Iz; ot " 2 0By (wo,m0) ’

where v; denotes the 4 coordinate of the outward normal to B:(zq, 7).

(d) Use the Cauchy-Schwarz inequality to conclude that

d ou Odu

dr; ot 7 = 2|V“‘2
j:

and as a result, E'(t) < 0. Deduce from this that E(t) =0 and u = 0.
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4.* There exist formulas for the solution of the Cauchy problem for the wave
equation

%u  O%u 0%u ou
o _ 7.2 ith _ _
9 922 + -+ 922 with u(z,0) = f(z) and iy (2,0) = g(x)

in R? x R in terms of spherical means which generalize the formula given in the
text for d = 3. In fact, the solution for even dimensions is deduced from that for
odd dimensions, so we discuss this case first.

Suppose that d > 1 is odd and let A € S(R?). The spherical mean of h on the
ball centered at x of radius t is defined by

Moh(z) = Mh(z,r) = Aid /S h(z — ) do (),

where A4 denotes the area of the unit sphere S9! in R%.

(a) Show that
5, d—1
AgMh(z,r) = |07 + —— | Mh(x,r),
r
where A, denotes the Laplacian in the space variables z, and 9, = 9/09r.

(b) Show that a twice differentiable function u(x,t) satisfies the wave equation
if and only if

d—1
{83 + } Mu(z,r,t) = 02 Mu(z,r,t),
T
where Mu(z,r,t) denote the spherical means of the function u(z,t).

(c) If d = 2k + 1, define Tp(r) = (r~10,)*~1[r?k~1y(r)], and let @ = TMu.
Then this function solves the one-dimensional wave equation for each fixed
T

OXu(z,r,t) = O2u(x,r,t).

One can then use d’Alembert’s formula to find the solution @(x,r,t) of
this problem expressed in terms of the initial data.

(d) Now show that

U t
u(z,t) = Mu(z,0,t) = lir% @, rt)
T— ar

where a =1-3---(d — 2).
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(e) Conclude that the solution of the Cauchy problem for the d-dimensional
wave equation, when d > 1 is odd, is

1

u(x,t) = m

[0:(t710,) =02 (2 My f () +

(t710,) 492 (+972 Mg (2))]

5.* The method of descent can be used to prove that the solution of the Cauchy
problem for the wave equation in the case when d is even is given by the formula

1

u(z,t) = m

(0100972 (420 () +

(7100472 (120 ()]

where ]\Z denotes the modified spherical means defined by

2 fz+ty)
Agr1 Jpa 1—1y|?

M;h(x)

6.* Given initial data f and g of the form

f(z)=F(z-v) and g(z)=G(z-7),

check that the plane wave given by

u(z,t) =

. A T-y+t
F(z ’y—i—t)—;—F(x ol t)+%/ Gls) ds

oy —t

is a solution of the Cauchy problem for the d-dimensional wave equation.

In general, the solution is given as a superposition of plane waves. For the
case d = 3, this can be expressed in terms of the Radon transform as follows.
Let

82

R(E7) =5 (57) RO,
Then u(x,t) =
N x-y+t

3/ [R(f)(x-v—tm+fz<f><x~w+t,v>+ | R ds] doto.
Sz

2 xy—t
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7. For every real number a > 0, define the operator (—A)* by the formula
(—A)af(x) = /d(zﬂ"f‘)%f(f)e%ig“ dé
R

whenever f € S(RY).

(a) Check that (—A)® agrees with the usual definition of the a'" power of
—A\ (that is, a compositions of minus the Laplacian) when «a is a positive
integer.

(b) Verify that (—A)%(f) is indefinitely differentiable.

(c¢) Prove that if a is not an integer, then in general (—A)*(f) is not rapidly
decreasing.
(d) Let u(x,y) be the solution of the steady-state heat equation

2 4 92
@ﬂLZQ:O’ with u(z,0) = f(z),

given by convolving f with the Poisson kernel (see Exercise 8). Check

that
(~)2f(x) = — lim 2 (a,)
y—)O ay 9 b
and more generally that
(8125 (z) = (-1)F lim 220,
y—0 8yk ’

for any positive integer k.

8.* The reconstruction formula for the Radon transform in R? is as follows:
(a) When d = 2,

(~0)2

R (R() = /.

where (—A\)'/? is defined in Problem 7.

(b) If the Radon transform and its dual are defined by analogy to the cases
d =2 and d = 3, then for general d,

(2m)t—d

(=) TVERHN(R(f)) = f.



7 Finite Fourier Analysis

This past year has seen the birth, or rather the re-
birth, of an exciting revolution in computing Fourier
transforms. A class of algorithms known as the fast
Fourier transform or FFT, is forcing a complete re-
assessment of many computational paths, not only in
frequency analysis, but in any fields where problems
can be reduced to Fourier transforms and/or convolu-
tions...

C. Bingham and J. W. Tukey, 1966

In the previous chapters we studied the Fourier series of functions on
the circle and the Fourier transform of functions defined on the Euclidean
space R%. The goal here is to introduce another version of Fourier analy-
sis, now for functions defined on finite sets, and more precisely, on finite
abelian groups. This theory is particularly elegant and simple since infi-
nite sums and integrals are replaced by finite sums, and thus questions
of convergence disappear.

In turning our attention to finite Fourier analysis, we begin with the
simplest example, Z(N), where the underlying space is the (multiplica-
tive) group of N*® roots of unity on the circle. This group can also be
realized in additive form, as Z/NZ, the equivalence classes of integers
modulo N. The group Z(N) arises as the natural approximation to the
circle (as NV tends to infinity) since in the first picture the points of Z(N)
correspond to IV points on the circle which are uniformly distributed. For
this reason, in practical applications, the group Z(N) becomes a natural
candidate for the storage of information of a function on the circle, and
for the resulting numerical computations involving Fourier series. The
situation is particularly nice when N is large and of the form N = 2".
The computations of the Fourier coefficients now lead to the “fast Fourier
transform,” which exploits the fact that an induction in n requires only
about log N steps to go from N =1 to N = 2™. This yields a substantial
saving in time in practical applications.

In the second part of the chapter we undertake the more general the-
ory of Fourier analysis on finite abelian groups. Here the fundamental
example is the multiplicative group Z*(q). The Fourier inversion formula
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for Z*(q) will be seen to be a key step in the proof of Dirichlet’s theorem
on primes in arithmetic progression, which we will take up in the next
chapter.

1 Fourier analysis on Z(N)

We turn to the group of N** roots of unity. This group arises naturally as
the simplest finite abelian group. It also gives a uniform partition of the
circle, and is therefore a good choice if one wishes to sample appropriate
functions on the circle. Moreover, this partition gets finer as N tends to
infinity, and one might expect that the discrete Fourier theory that we
discuss here tends to the continuous theory of Fourier series on the circle.
In a broad sense, this is the case, although this aspect of the problem is
not one that we develop.

1.1 The group Z(N)

Let N be a positive integer. A complex number z is an N** root of
unity if 2V = 1. The set of N*" roots of unity is precisely

{1,@2”/1\[,62”2/1\7, o e27n‘(N—1)/N} .

Indeed, suppose that 2V = 1 with z = re*. Then we must have VeV =

1, and taking absolute values yields 7 = 1. Therefore V¢ = 1, and this
means that NO = 27k where k € Z. So if ¢ = e*™/N we find that ¢*
exhausts all the N*® roots of unity. However, notice that ¢V =1 so if
n and m differ by an integer multiple of N, then (" = (™. In fact, it is
clear that

¢("=¢" ifandonlyif n—m isdivisible by V.

We denote the set of all N*® roots of unity by Z(N). The fact that
this set gives a uniform partition of the circle is clear from its definition.
Note that the set Z(INV) satisfies the following properties:

(i) If z,w € Z(N), then zw € Z(N) and zw = wz.
(ii) 1 € Z(N).
(iii) If z € Z(N), then 271 = 1/z € Z(N) and of course zz~! = 1.

As a result we can conclude that Z(NV) is an abelian group under complex
multiplication. The appropriate definitions are set out in detail later in
Section 2.1.
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43 CQ .........
¢t
o :
¢s (s -
CG C7 LTI
2(9), ¢ = e Z(N), N =2°

Figure 1. The group of N roots of unity when N =9 and N = 26 =
64

There is another way to visualize the group Z(N). This consists of
choosing the integer power of  that determines each root of unity. We
observed above that this integer is not unique since (" = (™ whenever n
and m differ by an integer multiple of N. Naturally, we might select the
integer which satisfies 0 < n < N — 1. Although this choice is perfectly
reasonable in terms of “sets,” we ask what happens when we multiply
roots of unity. Clearly, we must add the corresponding integers since
¢"¢™ = ("™ but nothing guarantees that 0 < n +m < N — 1. In fact,
if ¢"¢™ = ¢F with 0 < k < N — 1, then n + m and k differ by an integer
multiple of N. So, to find the integer in [0, N — 1] corresponding to the
root of unity ("(™, we see that after adding the integers n and m we
must reduce modulo N, that is, find the unique integer 0 < k < N — 1
so that (n 4+ m) — k is an integer multiple of N.

An equivalent approach is to associate to each root of unity w the
class of integers n so that (" = w. Doing so for each root of unity we
obtain a partition of the integers in N disjoint infinite classes. To add
two of these classes, choose any integer in each one of them, say n and
m, respectively, and define the sum of the classes to be the class which
contains the integer n + m.

We formalize the above notions. Two integers x and y are congru-
ent modulo N if the difference x — y is divisible by IV, and we write
x =y mod N. In other words, this means that = and y differ by an
integer multiple of IV. It is an easy exercise to check the following three
properties:



1. Fourier analysis on Z(N) 221

e r=x mod N for all integers .
o If x =y mod N, then y =2 mod N.
e Ifx=y mod N and y =2z mod N, then z =2 mod N.

The above defines an equivalence relation on Z. Let R(z) denote the
equivalence class, or residue class, of the integer x. Any integer of the
form z + kN with k € Z is an element (or “representative”) of R(z).
In fact, there are precisely N equivalence classes, and each class has a
unique representative between 0 and N — 1. We may now add equiva-
lence classes by defining

R(z) + R(y) = R(x + y).

This definition is of course independent of the representatives = and y
because if 2’ € R(x) and y’ € R(y), then one checks easily that ' + 3" €
R(x + y). This turns the set of equivalence classes into an abelian group
called the group of integers modulo N, which is sometimes denoted
by Z/NZ. The association

R(k‘) - e27rik:/N

gives a correspondence between the two abelian groups, Z/NZ and Z(N).
Since the operations are respected, in the sense that addition of inte-
gers modulo N becomes multiplication of complex numbers, we shall
also denote the group of integers modulo N by Z(N). Observe that
0 € Z/NZ corresponds to 1 on the unit circle.

Let V and W denote the vector spaces of complex-valued functions on
the group of integers modulo N and the N*'*" roots of unity, respectively.
Then, the identification given above carries over to V and W as follows:

F(k) < f(e*m*N),

where F' is a function on the integers modulo N and f is a function on
the N*" roots of unity.

From now on, we write Z(N) but think of either the group of integers
modulo N or the group of N*® roots of unity.

1.2 Fourier inversion theorem and Plancherel identity on Z(N)

The first and most crucial step in developing Fourier analysis on Z(N) is
to find the functions which correspond to the exponentials e, (z) = €272
in the case of the circle. Some important properties of these exponentials
are:
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(i) {en}nez is an orthonormal set for the inner product (1) (in Chap-
ter 3) on the space of Riemann integrable functions on the circle.

(ii) Finite linear combinations of the e,’s (the trigonometric polyno-
mials) are dense in the space of continuous functions on the circle.

(iil) en(z +y) = en(x)en(y)-

On Z(N), the appropriate analogues are the N functions e, ...,en_1
defined by

eo(k) = ¢ = 2N for 0 =0,...,N—1land k=0,...,N —1,

where ¢ = 2™/N. To understand the parallel with (i) and (i), we can
think of the complex-valued functions on Z(N) as a vector space V,
endowed with the Hermitian inner product

N-1

(F.G) = ) F(k)G(k)

k=0

and associated norm
IF|? = Z |F'(k

Lemma 1.1 The family {eo,...,en—_1} is orthogonal. In fact,

[ N ifm={,
(emaei) _{ 0 me7é£

Proof. We have

N-1

(em’ee) — Z kac Lk _ Z C(m é)lc

k=0

If m = £, each term in the sum is equal to 1, and the sum equals N. If
m # ¢, then ¢ = (™% is not equal to 1, and the usual formula

2 N-1 1- qN
I+gq+¢ +--+g¢q =
I—gq
shows that (e, e;) = 0, because ¢"¥ = 1.
Since the N functions eg,...,eny_1 are orthogonal, they must be lin-

early independent, and since the vector space V is N-dimensional, we
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conclude that {eg,...,enx—_1} is an orthogonal basis for V. Clearly, prop-
erty (iii) also holds, that is, e;(k +m) = ep(k)eg(m) for all ¢, and all
k,m € Z(N).
By the lemma each vector e, has norm VN , so if we define
. 1
e, = —— ey,
¢ \/]V 4
then {ef,...,eN_1} is an orthonormal basis for V. Hence for any F € V
we have
N-1 N-1
(1) F=Y(Fee aswellas [FI2= 3 [(F el
n=0 n=0

If we define the n'" Fourier coefficient of F by
N-1

— i —2mikn/N

ap = Z F(k)e ,

N k=0

the above observations give the following fundamental theorem which is
the Z(N) version of the Fourier inversion and the Parseval-Plancherel
formulas.

Theorem 1.2 If F is a function on Z(N), then
N-1 ‘
F(k) — Z ane27rznk/N‘
n=0
Moreover,
N-1 1 N1
Y lanl? = 5 S0 IF .
n=0 k=0

The proof follows directly from (1) once we observe that

1 1 .
anp = — (F,ep) = — (F,e}).

N VN

Remark. It is possible to recover the Fourier inversion on the circle
for sufficiently smooth functions (say C?) by letting N — oo in the finite
model Z(N) (see Exercise 3).
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1.3 The fast Fourier transform

The fast Fourier transform is a method that was developed as a means
of calculating efficiently the Fourier coefficients of a function F' on Z(N).

The problem, which arises naturally in numerical analysis, is to deter-
mine an algorithm that minimizes the amount of time it takes a computer
to calculate the Fourier coefficients of a given function on Z(N). Since
this amount of time is roughly proportional to the number of operations
the computer must perform, our problem becomes that of minimizing
the number of operations necessary to obtain all the Fourier coefficients
{an} given the values of F on Z(N). By operations we mean either an
addition or a multiplication of complex numbers.

We begin with a naive approach to the problem. Fix N, and suppose
that we are given F(0),...,F(N —1) and wy = e 2™/N_ If we denote
by alY (F) the k*® Fourier coefficient of F' on Z(NN), then by definition

and crude estimates show that the number of operations needed to cal-
culate all Fourier coefficients is < 2N2 4+ N. Indeed, it takes at most
N — 2 multiplications to determine w?%,... ,w%il, and each coefficient

aﬁf requires IV + 1 multiplications and N — 1 additions.

We now present the fast Fourier transform, an algorithm that im-
proves the bound O(N?) obtained above. Such an improvement is possi-
ble if, for example, we restrict ourselves to the case where the partition
of the circle is dyadic, that is, N = 2™. (See also Exercise 9.)

Theorem 1.3 Given wy = e~ 2™/N with N = 2", it is possible to calcu-
late the Fourier coefficients of a function on Z(N) with at most

4-2"n = 4N logy(N) = O(N log N)
operations.

The proof of the theorem consists of using the calculations for M
division points, to obtain the Fourier coefficients for 2M division points.
Since we choose N = 2", we obtain the desired formula as a consequence
of a recurrence which involves n = O(log N) steps.

Let #(M) denote the minimum number of operations needed to cal-
culate all the Fourier coefficients of any function on Z(M). The key to
the proof of the theorem is contained in the following recursion step.
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Lemma 1.4 If we are given wapy = e~ 27/ M) then
#(2M) < 2#(M) + 8M.

Proof. The calculation of wayy,...,w3M requires no more than 2M
operations. Note that in particular we get wyy = e 27/M = w3y;- The
main idea is that for any given function F' on Z(2M), we consider two
functions Fy and Fy on Z(M) defined by

Fo(r)=F(2r) and Fi(r)=F(@2r+1).

We assume that it is possible to calculate the Fourier coefficients of Fj
and F in no more than #(M) operations each. If we denote the Fourier
coefficients corresponding to the groups Z(2M) and Z(M) by a3 and
ajk\/f , respectively, then we have

a3M(F) = 3 (alt (Fo) + ab (Fi)hy )

To prove this, we sum over odd and even integers in the definition of the
Fourier coefficient a2 (F'), and find

1 2M—1
G%M(F) = oM F(T)W%J
r=0
=2 (% le F2Owh) + — MZ F(2m + 1wim Y
2 M =0 M m=0

M—1
— ( Z Fy(0) wM—i— Fi(m )w]’f/[mwlgM>

which establishes our assertion.
As a result, knowing a}!(Fp), a}(Fy), and w§,,, we see that each
a?M (F) can be computed using no more than three operations (one ad-

dition and two multiplications). So
F#H(2M) < 2M + 24 (M) + 3 x 2M = 2#(M) + 8M,

and the proof of the lemma is complete.

An induction on n, where N = 2", will conclude the proof of the the-
orem. The initial step n =1 is easy, since N =2 and the two Fourier
coefficients are

ap (F) =5 (F(1)+ F(-1)) and af (F)=

N | —
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Calculating these Fourier coefficients requires no more than five opera-
tions, which is less than 4 x 2 = 8. Suppose the theorem is true up to
N =271 50 that #(N) <4-2""!(n —1). By the lemma we must have

#(2N)<2-4-2""Yn—1)+8-2""1 =4.2"n,

which concludes the inductive step and the proof of the theorem.

2 Fourier analysis on finite abelian groups

The main goal in the rest of this chapter is to generalize the results about
Fourier series expansions obtained in the special case of Z(N).

After a brief introduction to some notions related to finite abelian
groups, we turn to the important concept of a character. In our set-
ting, we find that characters play the same role as the exponentials
€0, ...,en—1 on the group Z(N), and thus provide the key ingredient
in the development of the theory on arbitrary finite abelian groups. In
fact, it suffices to prove that a finite abelian group has “enough” charac-
ters, and this leads automatically to the desired Fourier theory.

2.1 Abelian groups

An abelian group (or commutative group) is a set G together with a
binary operation on pairs of elements of G, (a,b) — a - b, that satisfies
the following conditions:

(i) Associativity: a-(b-c) = (a-b)-cfor all a,b,c € G.

(ii) Identity: There exists an element u € G (often written as either 1
or 0) such that a-u =wu-a=a for all a € G.

(iii) Inverses: For every a € G, there exists an element a~! € G such

that a-a ' =a ' a=u.

(iv) Commutativity: For a,b € G, we have a-b=10- a.

We leave as simple verifications the facts that the identity element and
inverses are unique.

Warning. In the definition of an abelian group, we used the “multi-
plicative” notation for the operation in GG. Sometimes, one uses the “ad-
ditive” notation a 4+ b and —a, instead of a - b and a~!. There are times
when one notation may be more appropriate than the other, and the
examples below illustrate this point. The same group may have different
interpretations, one where the multiplicative notation is more suggestive,
and another where it is natural to view the group with addition, as the
operation.
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Examples of abelian groups

The set of real numbers R with the usual addition. The identity is
0 and the inverse of = is —z.

Also, R — {0} and RT = {z € R: 2 > 0} equipped, with the stan-
dard multiplication, are abelian groups. In both cases the unit is 1
and the inverse of x is 1/z.

With the usual addition, the set of integers Z is an abelian group.
However, Z — {0} is not an abelian group with the standard mul-
tiplication, since, for example, 2 does not have a multiplicative
inverse in Z. In contrast, @ — {0} is an abelian group with the
standard multiplication.

The unit circle S* in the complex plane. If we view the circle as
the set of points {e?’ : § € R}, the group operation is the standard
multiplication of complex numbers. However, if we identify points
on S! with their angle #, then S* becomes R modulo 27, where the
operation is addition modulo 2.

Z(N) is an abelian group. Viewed as the N*'*! roots of unity on the
circle, Z(N) is a group under multiplication of complex numbers.
However, if Z(N) is interpreted as Z/NZ, the integers modulo N,
then it is an abelian group where the operation is addition modulo
N.

The last example consists of Z*(¢). This group is defined as the set
of all integers modulo ¢ that have multiplicative inverses, with the
group operation being multiplication modulo ¢. This important
example is discussed in more detail below.

A homomorphism between two abelian groups G and H is a map
f : G — H which satisfies the property

fla-b) = f(a)- f(b),

where the dot on the left-hand side is the operation in G, and the dot
on the right-hand side the operation in H.

We say that two groups G and H are isomorphic, and write G ~ H,
if there is a bijective homomorphism from G to H. Equivalently, G and
H are isomorphic if there exists another homomorphism f :H — G, so
that foralla €e Gand be H

(fof)a)=a and (fof)(b)=b.
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Roughly speaking, isomorphic groups describe the “same” object because
they have the same underlying group structure (which is really all that
matters); however, their particular notational representations might be
different.

EXAMPLE 1. A pair of isomorphic abelian groups arose already when
we considered the group Z(N). In one representation it was given as
the multiplicative group of N*® roots of unity in C. In a second repre-
sentation it was the additive group Z/NZ of residue classes of integers
modulo N. The mapping n — R(n), which associates to a root of unity
z = e2m/N — (" the residue class in Z/NZ determined by n, provides
an isomorphism between the two different representations.

EXAMPLE 2. In parallel with the previous example, we see that the circle
(with multiplication) is isomorphic to the real numbers modulo 27 (with
addition).

ExXaMPLE 3. The properties of the exponential and logarithm guarantee
that

exp:R—R" and log:R" =R

are two homomorphisms that are inverses of each other. Thus R (with
addition) and R* (with multiplication) are isomorphic.

In what follows, we are primarily interested in abelian groups that are
finite. In this case, we denote by |G| the number of elements in G, and
call |G| the order of the group. For example, the order of Z(N) is N.

A few additional remarks are in order:

e If G; and G5 are two finite abelian groups, their direct product
G1 X G4 is the group whose elements are pairs (g1, g2) with g1 € Gy
and go € G3. The operation in G; x G5 is then defined by

(91,92) - (91,92) = (91 - 91,92 - 92)-

Clearly, if G; and G5 are finite abelian groups, then so is G1 x Gs.
The definition of direct product generalizes immediately to the case
of finitely many factors G; x G2 X --- X G,.

e The structure theorem for finite abelian groups states that such a
group is isomorphic to a direct product of groups of the type Z(N);
see Problem 2. This is a nice result which gives us an overview of
the class of all finite abelian groups. However, since we shall not
use this theorem below, we omit its proof.
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We now discuss briefly the examples of abelian groups that play a
central role in the proof of Dirichlet’s theorem in the next chapter.

The group Z*(q)

Let ¢ be a positive integer. We see that multiplication in Z(q) can be
unambiguously defined, because if n is congruent to n’ and m is congruent
to m’ (both modulo ¢), then nm is congruent to n'm’ modulo ¢. An
integer n € Z(q) is a unit if there exists an integer m € Z(q) so that

nm=1 mod q.

The set of all units in Z(q) is denoted by Z*(q), and it is clear from our
definition that Z*(q) is an abelian group under multiplication modulo gq.
Thus within the additive group Z(q) lies a set Z*(q) that is a group under
multiplication. An alternative characterization of Z*(q) will be given in
the next chapter, as those elements in Z(q) that are relatively prime to q.

EXAMPLE 4. The group of units in Z(4) = {0,1,2,3} is
Z*(4) ={1,3}.

This reflects the fact that odd integers are divided into two classes de-
pending on whether they are of the form 4k + 1 or 4k + 3. In fact, Z*(4)
is isomorphic to Z(2). Indeed, we can make the following association:

Z*(4) 7(2)
1 — 0
3 — 1

and then notice that multiplication in Z*(4) corresponds to addition in
7(2).

EXAMPLE 5. The units in Z(5) are
Z*(5) ={1,2,3,4}.
Moreover, Z*(5) is isomorphic to Z(4) with the following identification:

Zx(5) )

N
[\')OOP—‘OH;

=W N
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EXAMPLE 6. The units in Z(8) = {0,1,2,3,4,5,6,7} are given by
Z*(8) = {1,3,5,7}.

In fact, Z*(8) is isomorphic to the direct product Z(2) x Z(2). In this
case, an isomorphism between the groups is given by the identification

7*(8) Z(2) x Z(2)
1 — (0,0)
3 — (1,0)
5 (0,1)
7 — (1,1)

2.2 Characters

Let G be a finite abelian group (with the multiplicative notation) and
S! the unit circle in the complex plane. A character on G is a complex-
valued function e : G — S! which satisfies the following condition:

(2) e(a-b) =e(a)e(b) forall a,b e G.

In other words, a character is a homomorphism from G to the circle
group. The trivial or unit character is defined by e(a) =1 for all

a€@.

Characters play an important role in the context of finite Fourier se-
ries, primarily because the multiplicative property (2) generalizes the
analogous identity for the exponential functions on the circle and the
law

ee(k+m) = eg(k)eg(m),

which held for the exponentials eg,...,ex_1 used in the Fourier theory
on Z(N). There we had e;(k) = ¢** = e2™*/N with 0 </ < N — 1 and
k € Z(N), and in fact, the functions eq,...,ey_1 are precisely all the

characters of the group Z(N).

If G is a finite abelian group, we denote by G the set of all characters
of GG, and observe next that this set inherits the structure of an abelian

group.
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Lemma 2.1 The set G is an abelian group under multiplication defined
by

(e1-e2)(a) =ei(a)ez(a) foralla € G.

The proof of this assertion is straightforward if one observes that the
trivial character plays the role of the unit. We call G the dual group
of G.

In light of the above analogy between characters for a general abelian
group and the exponentials on Z(N), we gather several more examples
of groups and their duals. This provides further evidence of the central
role played by characters. (See Exercises 4, 5, and 6.)

EXAMPLE 1. If G = Z(N), all characters of G take the form ey (k) = ¢** =
e2™k/N for some 0 < £ < N — 1, and it is easy to check that e, — £ gives

an isomorphism from Z(ZV) to Z(N).

EXAMPLE 2. The dual group of the circle! is precisely {e,}nez (where

en () Moreover, e, — n gives an isomorphism between S*
and the integers Z.

— e271'inw )

ExAMPLE 3. Characters on R are described by
ee(r) = *™5%  where ¢ € R.

Thus e¢ +— & is an isomorphism from R to R.

EXAMPLE 4. Since exp : R — R™ is an isomorphism, we deduce from the
previous example that the characters on RT are given by

ee(x) = 226 = 2miElosT  where ¢ € R,

and R is isomorphic to R (or R¥).

The following lemma says that a nowhere vanishing multiplicative
function is a character, a result that will be useful later.

Lemma 2.2 Let G be a finite abelian group, and e : G — C — {0} a mul-
tiplicative function, namely e(a - b) = e(a)e(b) for all a,b € G. Then e is
a character.

1In addition to (2), the definition of a character on an infinite abelian group requires
continuity. When G is the circle, R, or RT, the meaning of “continuous” refers to the
standard notion of limit.
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Proof. The group G being finite, the absolute value of e(a) is bounded
above and below as a ranges over G. Since |e(b™)| = |e(b)|™, we conclude
that |e(b)] =1 for all b € G.

The next step is to verify that the characters form an orthonormal
basis of the vector space V of functions over the group G. This fact
was obtained directly in the special case G = Z(N) from the explicit
description of the characters eg,...,en_1.

In the general case, we begin with the orthogonality relations; then we
prove that there are “enough” characters by showing that there are as
many as the order of the group.

2.3 The orthogonality relations

Let V denote the vector space of complex-valued functions defined on the
finite abelian group G. Note that the dimension of V' is |G|, the order of
GG. We define a Hermitian inner product on V' by

(3) fi9) = Z f(a)g(a), whenever f,ge V.
aEG

Here the sum is taken over the group and is therefore finite.

Theorem 2.3 The characters of G form an orthonormal family with
respect to the inner product defined above.

Since |e(a)| = 1 for any character, we find that
(e,e):LZe(a e(a) Z|
] - 2

If e # ¢ and both are characters, we must prove that (e,e’) = 0; we
isolate the key step in a lemma.

Lemma 2.4 If e is a non-trivial character of the group G, then

ZaGG e(a’) =0.
Proof. Choose b € G such that e(b) # 1. Then we have

e(b) Z e(a) = Z e(b)e(a) = Z e(ab) = Z e(a).

acG aeG a€G a€G

The last equality follows because as a ranges over the group, ab ranges
over G as well. Therefore ) .. e(a) =0.
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We can now conclude the proof of the theorem. Suppose ¢’ is a char-
acter distinct from e. Because e(e’)~! is non-trivial, the lemma implies
that

> ela)(e'(a)t =0.
acG
Since (¢'(a))~! = €/(a), the theorem is proved.

As a consequence of the theorem, we see that distinct characters are
linearly independent. Since the dimension of V over C is |G|, we conclude
that the order of G is finite and < |G|. The main result to which we now
turn is that, in fact, |G| = |G]|.

2.4 Characters as a total family

The following completes the analogy between characters and the complex
exponentials.

Theorem 2.5 The characters of a finite abelian group G form a basis
for the vector space of functions on G.

There are several proofs of this theorem. One consists of using the
structure theorem for finite abelian groups we have mentioned earlier,
which states that any such group is the direct product of cyclic groups,
that is, groups of the type Z(N). Since cyclic groups are self-dual, using
this fact we would conclude that |G| = |G|, and therefore the characters
form a basis for G. (See Problem 3.)

Here we shall prove the theorem directly without these considerations.

Suppose V' is a vector space of dimension d with inner product (-,-).
A linear transformation T : V — V is unitary if it preserves the inner
product, (Tv,Tw) = (v,w) for all v,w € V. The spectral theorem from
linear algebra asserts that any unitary transformation is diagonalizable.
In other words, there exists a basis {v1,...,v4} (eigenvectors) of V' such
that T'(v;) = A\jv;, where \; € C is the eigenvalue attached to v;.

The proof of Theorem 2.5 is based on the following extension of the
spectral theorem.

Lemma 2.6 Suppose {T1,..., T} is a commuting family of unitary trans-
formations on the finite-dimensional inner product space V'; that is,

TiTj = T]E fO’/’ all 7,7]

Then Ty, ..., Ty are simultaneously diagonalizable. In other words, there
exists a basis for V which consists of eigenvectors for every
T;,i=1,... k.
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Proof. We use induction on k. The case k =1 is simply the spec-
tral theorem. Suppose that the lemma is true for any family of k — 1
commuting unitary transformations. The spectral theorem applied to T}
says that V' is the direct sum of its eigenspaces

V=V\,& &V,

where V), denotes the subspace of all eigenvectors with eigenvalue ;.
We claim that each one of the T7,...,T;_1 maps each eigenspace Vy, to
itself. Indeed, if v € V), and 1 < j <k — 1, then

TyT;(0) = TyTi(v) = Ty (Aiw) = AT(0)

so T;(v) € Vy,, and the claim is proved.

Since the restrictions to Vi, of T1,...,T;_1 form a family of commut-
ing unitary linear transformations, the induction hypothesis guarantees
that these are simultaneously diagonalizable on each subspace V),. This
diagonalization provides us with the desired basis for each V), and thus
for V.

We can now prove Theorem 2.5. Recall that the vector space V' of
complex-valued functions defined on G has dimension |G|. For each
a € G we define a linear transformation 7T, : V' — V by

(Tof)(z) = f(a-z) forzxed.

Since G is abelian it is clear that T,T, = TyT, for all a,b € G, and one
checks easily that T, is unitary for the Hermitian inner product (3) de-
fined on V. By Lemma 2.6 the family {7, }.cc is simultaneously di-
agonalizable. This means there is a basis {vy(2)}peq for V' such that
each vp(z) is an eigenfunction for T,, for every a. Let v be one of these
basis elements and 1 the unit element in G. We must have v(1) # 0 for
otherwise

v(a) =v(a-1) = (Tyv)(1) = Agv(1) =0,

where A, is the eigenvalue of v for T,,. Hence v = 0, and this is a contra-
diction. We claim that the function defined by w(x) = A, = v(x)/v(1)
is a character of G. Arguing as above we find that w(z) # 0 for every =z,
and

v(a-b)  Av(b) v(1)

w(a-b) = o) = (1) = /\a)\bm = Aoy = w(a)w(b).

We now invoke Lemma 2.2 to conclude the proof.
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2.5 Fourier inversion and Plancherel formula

We now put together the results obtained in the previous sections to
discuss the Fourier expansion of a function on a finite abelian group G.
Given a function f on G and character e of G, we define the Fourier
coefficient of f with respect to e, by

fe) = (f.) = mgyw
and the Fourier series of f as
F~3 fee
eeG

Since the characters form a basis, we know that
- Y
ec@

for some set of constants c.. By the orthogonality relations satisfied by
the characters, we find that

(fa 6) = Ce,
so f is indeed equal to its Fourier series, namely,
=2 flee
ec@
We summarize our results.

Theorem 2.7 Let G be a finite abelian group. The characters of G form
an orthonormal basis for the vector space V of functions on G equipped
with the inner product

f.9 > fla)
‘G| a€eG
In particular, any function f on G is equal to its Fourier series
fF=3 flee
eeG

Finally, we have the Parseval-Plancherel formula for finite abelian
groups.
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Theorem 2.8 If f is a function on G, then || f|* = Z|f
eeG

Proof.  Since the characte{s of G form an orthonormal basis for the
vector space V, and (f,e) = f(e), we have that

IFI? = (f. 1) =D (F.0f(e) =D If(e)’

eeG ecd

The apparent difference of this statement with that of Theorem 1.2
is due to the different normalizations of the Fourier coefficients that are
used.

3 Exercises
1. Let f be a function on the circle. For each N > 1 the discrete Fourier
coefficients of f are defined by

N
Z 27r1k/N 727Tikn/N’ forn € 7.

We also let
1
(J,(Tl) — / f(e27rim)€72ﬂ'inx dx
0

denote the ordinary Fourier coefficients of f.
(a) Show that ay(n) =an(n+ N).

(b) Prove that if f is continuous, then ay(n) — a(n) as N — oco.

2. If f is a C! function on the circle, prove that |ay(n)| < ¢/|n| whenever
0 < |n| < NJ2.
[Hint: Write

N
an (n) [1 2m£n/N _ Z 2mk/N f(e27ri(k+é)/N)16727rikn/N’

k:

and choose ¢ so that ¢n/N is nearly 1/2.]

3. By a similar method, show that if f is a C2 function on the circle, then

lan(n)| < ¢/|n|?,  whenever 0 < |n| < N/2.
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As a result, prove the inversion formula for f € C?,

oo

f(e27riz) _ Z a(n)e2ﬂ'inz

n=—oo

from its finite version.

[Hint: For the first part, use the second symmetric difference

f(627ri(k’+€)/N) + f(e?n'i(kfé)/N) _ 2f(62ﬂik/N).
For the second part, if N is odd (say), write the inversion formula as

f(e2m'k’/N): Z aN(n)e%rikn/N.}

[n|<N/2

4. Let e be a character on G = Z(N), the additive group of integers modulo N.
Show that there exists a unique 0 < ¢ < N — 1 so that

e(k) = ee(k) = 2™ */N for all k € Z(N).

Conversely, every function of this type is a character on Z(N). Deduce that
e¢ — ¢ defines an isomorphism from G to G.

[Hint: Show that e(1) is an N*® root of unity.]

5. Show that all characters on S are given by
en(x) = ¥ with n € Z,

and check that e, — n defines an isomorphism from 37 to Z.

[Hint: If F is continuous and F(z + y) = F(x)F(y), then F is differentiable. To
see this, note that if F(0) # 0, then for appropriate d, ¢ = foé F(y)dy # 0, and
cF(x) = f“x F(y) dy. Differentiate to conclude that F(x) = e for some A.]

x
6. Prove that all characters on R take the form
_ 2miéx :
ec(r)=e with £ € R,

and that e¢ — & defines an isomorphism from RtoR. The argument in Exercise 5
applies here as well.

7. Let ¢ =e?™/N. Define the N x N matrix M = (ajr)i<jr<n by ajr =
N—1/2Cjk:.

(a) Show that M is unitary.
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(b) Interpret the identity (Mwu, Mv) = (u,v) and the fact that M* = M~ in
terms of Fourier series on Z(N).

N
8. Suppose that P(z) = Zane%mx.

n=1

(a) Show by using the Parseval identities for the circle and Z(N), that
N
)2
/ |P(x)| dx_ﬁz_: (j/N)|?

(b) Prove the reconstruction formula

N
¥) =Y _P(j/N)K(x - (j/N))

Jj=1
where
2mix 2miNx
¢ l—e 1 Tix T2z TiNz
K(m):TW:N(ez + €2 4 2T,

Observe that P is completely determined by the values P(j/N) for 1 < j < N.
Note also that K(0) =1, and K(j/N) =0 whenever j is not congruent to 0
modulo N.

9. To prove the following assertions, modify the argument given in the text.

(a) Show that one can compute the Fourier coefficients of a function on Z(N)
when N = 3" with at most 6N logs; IV operations.

(b) Generalize this to N = o™ where « is an integer > 1.

10. A group G is cyclic if there exists g € G that generates all of G, that is,
if any element in G can be written as g™ for some n € Z. Prove that a finite
abelian group is cyclic if and only if it is isomorphic to Z(N) for some N.

11. Write down the multiplicative tables for the groups Z*(3), Z*(4), Z*(5),
7*(6), Z*(8), and Z*(9). Which of these groups are cyclic?

12. Suppose that G is a finite abelian group and e : G — C is a function that
satisfies e(x - y) = e(x)e(y) for all z,y € G. Prove that either e is identically 0,
or e never vanishes. In the second case, show that for each z, e(z) = > for
some r € Q of the form r = p/q, where ¢ = |G]|.
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13. In analogy with ordinary Fourier series, one may interpret finite Fourier
expansions using convolutions as follows. Suppose G is a finite abelian group,
1¢ its unit, and V' the vector space of complex-valued functions on G.

(a) The convolution of two functions f and ¢ in V is defined for each a € G
by

(F+ @) = g D Fola-b7)

beG

Show that for all e € G one has (m)(e) = f(e)j(e).

(b) Use Theorem 2.5 to show that if e is a character on G, then

Ze(c) =0  whenever ¢ € G and ¢ # 1¢.
ecq

(c) Asaresult of (b), show that the Fourier series Sf(a) =) & f(e)e(a) of
a function f € V takes the form

Sf=fxD,
where D is defined by
o o ‘G‘ ifc= 1g,
) D(e) = Ze(c) o { 0  otherwise.
eeG

Since f* D = f, we recover the fact that Sf = f. Loosely speaking, D
corresponds to a “Dirac delta function”; it has unit mass

l—aZD(C) =1,

ceG
and (4) says that this mass is concentrated at the unit element in G. Thus
D has the same interpretation as the “limit” of a family of good kernels.

(See Section 4, Chapter 2.)

Note. The function D reappears in the next chapter as d1(n).

4 Problems
1. Prove that if n and m are two positive integers that are relatively prime, then

Z(nm) = Z(n) x Z(m).
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[Hint: Consider the map Z(nm) — Z(n) x Z(m) given by k — (k mod n, k mod
m), and use the fact that there exist integers x and y such that zn + ym = 1.

2.* Every finite abelian group G is isomorphic to a direct product of cyclic
groups. Here are two more precise formulations of this theorem.

e If py1,...,ps are the distinct primes appearing in the factorization of the
order of G, then

G~ G(p1) x - xG(ps),

where each G(p) is of the form G(p) =Z(p™) x -+ x Z(p™), with 0 <
ry < --- <7 (this sequence of integers depends on p of course). This
decomposition is unique.

e There exist unique integers dy, . .., dx such that
di|ds, dolds, -+, dp—1|dp

and

Deduce the second formulation from the first.

3. Let G denote the collection of distinct characters of the finite abelian group
G.

(a) Note that if G = Z(N), then G is isomorphic to G.
(b) Prove that G1/>-<\G2 =Gy x Go.

(¢) Prove using Problem 2 that if G is a finite abelian group, then G is iso-
morphic to G.

4.* When p is prime the group Z*(p) is cyclic, and Z*(p) ~ Z(p — 1).



8 Dirichlet’s Theorem

Dirichlet, Gustav Lejeune (Diiren 1805-Gottingen 1859),
German mathematician. He was a number theorist at
heart. But, while studying in Paris, being a very like-
able person, he was befriended by Fourier and other
like-minded mathematicians, and he learned analysis
from them. Thus equipped, he was able to lay the
foundation for the application of Fourier analysis to
(analytic) theory of numbers.

S. Bochner, 1966

As a striking application of the theory of finite Fourier series, we now
prove Dirichlet’s theorem on primes in arithmetic progression. This the-
orem states that if ¢ and ¢ are positive integers with no common factor,
then the progression

b, b+q, L+2q, £+3q,...,0+kgq,...

contains infinitely many prime numbers. This change of subject matter
that we undertake illustrates the wide applicability of ideas from Fourier
analysis to various areas outside its seemingly narrower confines. In this
particular case, it is the theory of Fourier series on the finite abelian
group Z*(q) that plays a key role in the solution of the problem.

1 A little elementary number theory

We begin by introducing the requisite background. This involves elemen-
tary ideas of divisibility of integers, and in particular properties regarding
prime numbers. Here the basic fact, called the fundamental theorem of
arithmetic, is that every integer is the product of primes in an essentially
unique way.

1.1 The fundamental theorem of arithmetic

The following theorem is a mathematical formulation of long division.
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Theorem 1.1 (Euclid’s algorithm) For any integers a and b with
b > 0, there exist unique integers q and r with 0 < r < b such that

a=qb+r.

Here ¢ denotes the quotient of a by b, and r is the remainder, which
is smaller than b.

Proof. First we prove the existence of ¢ and r. Let S denote the set
of all non-negative integers of the form a — ¢gb with ¢ € Z. This set is
non-empty and in fact S contains arbitrarily large positive integers since
b # 0. Let r denote the smallest element in S, so that

r=a—qgb

for some integer q. By construction 0 < r, and we claim that r < b. If
not, we may write r = b+ s with 0 < s < r, s0 b + s = a — ¢b, which then
implies

s=a—(q+1)b.

Hence s € S with s <r, and this contradicts the minimality of r.
So r < b, hence ¢ and r satisfy the conditions of the theorem.

To prove uniqueness, suppose we also had a = ¢1b+r; where
0 < r; < b. By subtraction we find

(q—q)b=r1—r

The left-hand side has absolute value 0 or > b, while the right-hand side
has absolute value < b. Hence both sides of the equation must be 0,
which gives ¢ = ¢ and r = ry.

An integer a divides b if there exists another integer ¢ such that
ac = b; we then write a|b and say that a is a divisor of b. Note that in
particular 1 divides every integer, and ala for all integers a. A prime
number is a positive integer greater than 1 that has no positive divisors
besides 1 and itself. The main theorem in this section says that any
positive integer can be written uniquely as the product of prime numbers.

The greatest common divisor of two positive integers a and b is the
largest integer that divides both a and b. We usually denote the greatest
common divisor by ged(a, b). Two positive integers are relatively prime
if their greatest common divisor is 1. In other words, 1 is the only positive
divisor common to both a and b.
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Theorem 1.2 If ged(a,b) = d, then there exist integers x and y such
that

ax + by = d.

Proof. Consider the set S of all positive integers of the form ax + by
where x,y € Z, and let s be the smallest element in S. We claim that s =
d. By construction, there exist integers x and y such that

ax + by = s.

Clearly, any divisor of a and b divides s, so we must have d < s. The proof
will be complete if we can show that s|a and s|b. By Euclid’s algorithm,
we can write a = ¢s +r with 0 <r < s. Multiplying the above by g we
find qax + gby = gs, and therefore

qax + qgby = a —r.

Hence r = a(1 — gqz) + b(—qy). Since s was minimal in S and 0 <7 < s,
we conclude that » = 0, therefore s divides a. A similar argument shows
that s divides b, hence s = d as desired.

In particular we record the following three consequences of the theo-
rem.

Corollary 1.3 Two positive integers a and b are relatively prime if and
only if there exist integers x and y such that ax + by = 1.

Proof. 1If a and b are relatively prime, two integers z and y with the
desired property exist by Theorem 1.2. Conversely, if ax 4+ by = 1 holds
and d is positive and divides both a and b, then d divides 1, hence d = 1.

Corollary 1.4 If a and c are relatively prime and c divides ab, then c
divides b. In particular, if p is a prime that does not divide a and p
divides ab, then p divides b.

Proof. We can write 1 = ax + cy, so multiplying by b we find b =
abz + cby. Hence c|b.
Corollary 1.5 If p is prime and p divides the product ay - - - a,, then p

divides a; for some 1.

Proof. By the previous corollary, if p does not divide aj, then p
divides as - - - a,, so eventually p|a;.

We can now prove the main result of this section.
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Theorem 1.6 Every positive integer greater than 1 can be factored
uniquely into a product of primes.

Proof. First, we show that such a factorization is possible. We
do so by proving that the set S of positive integers > 1 which do not
have a factorization into primes is empty. Arguing by contradiction, we
assume that S # (). Let n be the smallest element of S. Since n cannot
be a prime, there exist integers a > 1 and b > 1 such that ab = n. But
then a <n and b<n, so a ¢S as well as b ¢ S. Hence both a and b
have prime factorizations and so does their product n. This implies
n ¢ S, therefore S is empty, as desired.

We now turn our attention to the uniqueness of the factorization. Sup-
pose that n has two factorizations into primes

n=DpiP2--Pr
=4q192 - (Qs-

So py divides q1g2 - - - s, and we can apply Corollary 1.5 to conclude that
p1lg; for some i. Since ¢; is prime, we must have p; = ¢;. Continuing
with this argument we find that the two factorizations of n are equal up
to a permutation of the factors.

We briefly digress to give an alternate definition of the group Z*(q)
which appeared in the previous chapter. According to our initial defini-
tion, Z*(q) is the multiplicative group of units in Z(q): those n € Z(q)
for which there exists an integer m so that

(1) nm =1 mod gq.

Equivalently, Z*(q) is the group under multiplication of all integers in
Z(q) that are relatively prime to ¢. Indeed, notice that if (1) is satisfied,
then automatically n and ¢ are relatively prime. Conversely, suppose
we assume that n and ¢ are relatively prime. Then, if we put a=n
and b = ¢ in Corollary 1.3, we find

nxr+qy = 1.

Hence nx =1 mod ¢, and we can take m = = to establish the equiva-
lence.
1.2 The infinitude of primes

The study of prime numbers has always been a central topic in arithmetic,
and the first fundamental problem that arose was to determine whether
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there are infinitely many primes or not. This problem was solved in
Euclid’s Elements with a simple and very elegant argument.

Theorem 1.7 There are infinitely many primes.

Proof.  Suppose not, and denote by pi,...,p, the complete set of
primes. Define

N =pip2---pn+ 1

Since N is larger than any p;, the integer N cannot be prime. Therefore,
N is divisible by a prime that belongs to our list. But this is also an
absurdity since every prime divides the product, yet no prime divides 1.
This contradiction concludes the proof.

Euclid’s argument actually can be modified to deduce finer results
about the infinitude of primes. To see this, consider the following prob-
lem. Prime numbers (except for 2) can be divided into two classes de-
pending on whether they are of the form 4k + 1 or 4k + 3, and the above
theorem says that at least one of these classes has to be infinite. A natu-
ral question is to ask whether both classes are infinite, and if not, which
one is? In the case of primes of the form 4k + 3, the fact that the class is
infinite has a proof that is similar to Euclid’s, but with a twist. If there
are only finitely many such primes, enumerate them in increasing order
omitting 3,

D1 :77 p2:11a <evy Dn,
and let

N =4pips---pn + 3.

Clearly, N is of the form 4k + 3 and cannot be prime since N > p,.
Since the product of two numbers of the form 4m + 1 is again of the
form 4m + 1, one of the prime divisors of N, say p, must be of the form
4k 4+ 3. We must have p # 3, since 3 does not divide the product in the
definition of N. Also, p cannot be one of the other primes of the form
4k 4 3, that is, p # p; for i = 1,...n, because then p divides the product
p1 -+ pn but does not divide 3.

It remains to determine if the class of primes of the form 4k + 1 is
infinite. A simple-minded modification of the above argument does not
work since the product of two numbers of the form 4m + 3 is never of the
form 4m + 3. More generally, in an attempt to prove the law of quadratic
reciprocity, Legendre formulated the following statement:
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If g and ¢ are relatively prime, then the sequence
{+kq, keZ

contains infinitely many primes (hence at least one prime!).

Of course, the condition that ¢ and ¢ be relatively prime is necessary,
for otherwise £ 4 kq is never prime. In other words, this hypothesis says
that any arithmetic progression that could contain primes necessarily
contains infinitely many of them.

Legendre’s assertion was proved by Dirichlet. The key idea in his proof
is Euler’s analytical approach to prime numbers involving his product
formula, which gives a strengthened version of Theorem 1.7. This insight
of Euler led to a deep connection between the theory of primes and
analysis.

The zeta function and its Euler product

We begin with a rapid review of infinite products. If {4, }72, is a se-
quence of real numbers, we define

if the limit exists, in which case we say that the product converges. The
natural approach is to take logarithms and transform products into sums.
We gather in a lemma the properties we shall need of the function log x,
defined for positive real numbers.

Lemma 1.8 The exponential and logarithm functions satisfy the follow-
ing properties:

(i) ele® = z.
(i) log(1+ ) = x + E(x) where |[E(z)| < 22 if |[z| < 1/2.
(i) Iflog(l14x) =y and |z| < 1/2, then |y| < 2|z|.

In terms of the O notation, property (ii) will be recorded as
log(1+2) = x + O(2?).

Proof.  Property (i) is standard. To prove property (ii) we use the
power series expansion of log(1 + ) for |z| < 1, that is,

(2) log(1+x) = Z — "
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Then we have

22 2 2t
E(x) = log(1 —r=—-—+——-——+--
() =log(l+z) —x 5 + 3 1 +oee
and the triangle inequality implies

I2

|E(x)|§3(1+|x|+|x|2+)

Therefore, if |2| < 1/2 we can sum the geometric series on the right-hand
side to find that

|E(x)|<xz<1+1+1+...>

-2 2 22
<% (=)
— 2 \1-1/2
§x2.

The proof of property (iii) is now immediate; if z # 0 and |z| < 1/2, then

log(1 + ) <14 ‘E(a:)
x T
<1+ |z
<2,

and if = 0, (iii) is clearly also true.
We can now prove the main result on infinite products of real numbers.

Proposition 1.9 If A, =1+ a, and ) |a,| converges, then the prod-
uct [[,, An converges, and this product vanishes if and only if one of
its factors A, wvanishes. Also, if a, # 1 for all n, then [], 1/(1 —ay)
converges.

Proof. If 3~ |a,| converges, then for all large n we must have |a,| <
1/2. Disregarding finitely many terms if necessary, we may assume that
this inequality holds for all n. Then we may write the partial products
as follows:

N N
An _ H elog(1+an) _ eBN7
n=1

n=1

where By = Y-, b, with b, = log(1 4+ a,,). By the lemma, we know
that |by,| < 2|a,|, so that By converges to a real number, say B. Since
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the exponential function is continuous, we conclude that e®~ converges
to eB as N goes to infinity, proving the first assertion of the proposition.
Observe also that if 14 a, # 0 for all n, the product converges to a
non-zero limit since it is expressed as e®.

Finally observe that the partial products of [[,1/(1 —ay,) are
1/ Hﬁ;l(l — ay), so the same argument as above proves that the product

in the denominator converges to a non-zero limit.

With these preliminaries behind us, we can now return to the heart of
the matter. For s a real number (strictly) greater than 1, we define the
zeta function by

()=

To see that the series defining { converges, we use the principle that
whenever f is a decreasing function one can compare Y f(n) with
J f(z)dz, as is suggested by Figure 1. Note also that a similar tech-
nique was used in Chapter 3, that time bounding a sum from below by
an integral.

Figure 1. Comparing sums with integrals

Here we take f(x) = 1/2° to see that

21 " dx > dx
— <1 g =
Zns— +;/n_1$s +/1 xs’
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and therefore,

3 <1 .
(3) () <1+ —
Clearly, the series defining ¢ converges uniformly on each half-line
s > sg > 1, hence ( is continuous when s > 1. The zeta function was
already mentioned earlier in the discussion of the Poisson summation
formula and the theta function.

The key result is Euler’s product formula.

Theorem 1.10 For every s > 1, we have

C(s)znl_ll/psa

P
where the product is taken over all primes.

It is important to remark that this identity is an analytic expression
of the fundamental theorem of arithmetic. In fact, each factor of the
product 1/(1 —p~*) can be written as a convergent geometric series

TR I
ps pQS pMs

So we consider

H<1+1+ I )
— N ce
b N P °
where the product is taken over all primes, which we order in increasing
order p; < py < ---. Proceeding formally (these manipulations will be
justified below), we calculate the product as a sum of terms, each term
originating by picking out a term 1 /pfs (in the sum corresponding to
p;) with a k, which of course will depend on j, and with k=0 for j
sufficiently large. The product obtained this way is

1 1

(phiph - -php)s  n®

where the integer n is written as a product of primes n = p’fl pSQ ol

By the fundamental theorem of arithmetic, each integer > 1 occurs in
this way uniquely, hence the product equals
=1

P
n:ln
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We now justify this heuristic argument.

Proof. Suppose M and N are positive integers with M > N. Observe
now that any positive integer n < N can be written uniquely as a product
of primes, and that each prime must be less than or equal to N and
repeated less than M times. Therefore

Letting N tend to infinity now yields

<01 1
,;ns<l;[<1—p‘s>'

For the reverse inequality, we argue as follows. Again, by the fundamen-
tal theorem of arithmetic, we find that

H<1+1+1+ +1)<°°1
— — ) < -
e ps p2s pMs n:1ns

Letting M tend to infinity gives

H<1 : )Swnls'

—p—s
p<N p n=1

Hence

11 <D
1 —p$ ns

p n=1

and the proof of the product formula is complete.

We now come to Euler’s version of Theorem 1.7, which inspired Dirich-
let’s approach to the general problem of primes in arithmetic progression.
The point is the following proposition.
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Proposition 1.11 The series
> 1p
P
diverges, when the sum is taken over all primes p.

Of course, if there were only finitely many primes the series would
converge automatically.

Proof.  We take logarithms of both sides of the Euler formula. Since
log x is continuous, we may write the logarithm of the infinite product
as the sum of the logarithms. Therefore, we obtain for s > 1

— log(1—1/p*) = log ((s)-

Since log(1 + z) = x + O(]z|?) whenever |z| < 1/2, we get

_Z —1/p° + O(1/p**)] =log((s),

which gives
1/ +0(1) = log (s)
P
The term O(1) appears because >, 1/p? <Y>° , 1/n% Now we let s

tend to 1 from above, namely s — 17, and note that ((s) — oo since
S 1/nf > Zﬁ/lzl 1/n®, and therefore

lim inf Zl/n > Zl/n for every M.

s—1t

We conclude that - 1/p® — oo as s — 1", and since 1/p > 1/p® for all
s > 1, we finally have that

Zl/p:oo.

P

In the rest of this chapter we see how Dirichlet adapted Euler’s insight.
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2 Dirichlet’s theorem
We remind the reader of our goal:

Theorem 2.1 Ifq and ¥ are relatively prime positive integers, then there
are infinitely many primes of the form ¢ + kq with k € 7Z.

Following Euler’s argument, Dirichlet proved this theorem by showing
that the series

Z 1

p=¢ mod q p

diverges, where the sum is over all primes congruent to £ modulo ¢q. Once
q is fixed and no confusion is possible, we write p = £ to denote a prime
congruent to £ modulo ¢q. The proof consists of several steps, one of
which requires Fourier analysis on the group Z*(q). Before proceeding
with the theorem in its complete generality, we outline the solution to
the particular problem raised earlier: are there infinitely many primes of
the form 4k + 17 This example, which consists of the special case ¢ = 4
and ¢ = 1, illustrates all the important steps in the proof of Dirichlet’s
theorem.

We begin with the character on Z*(4) defined by x(1) =1 and
X(3) = —1. We extend this character to all of Z as follows:

0 if n is even,
x(n) = 1 ifn=4k+1,
-1 ifn=4k+3.

Note that this function is multiplicative, that is, x(nm) = x(n)x(m) on
all of Z. Let L(s,x) =Y., x(n)/n®, so that

1 1 1
Ls, X)_1_§+573_%+

Then L(1, x) is the convergent series given by

] 1 n 1 1 n
3 5 7
Since the terms in the series are alternating and their absolute values
decrease to zero we have L(1,x) # 0. Because y is multiplicative, the
Euler product generalizes (as we will prove later) to give
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Taking the logarithm of both sides, we find that
log L(s,x) = Z X;f) +O(1).
P

Letting s — 17, the observation that L(1, x) # 0 shows that 3> x(p)/p®
remains bounded. Hence

Zi_zi

p=1 ps p=3 ps

is bounded as s — 1*. However, we know from Proposition 1.11 that
>
p P
is unbounded as s — 1T, so putting these two facts together, we find
that
1
2> >
p=1

is unbounded as s — 17. Hence sz1 1/p diverges, and as a consequence
there are infinitely many primes of the form 4k + 1.

We digress briefly to show that in fact L(1,x) = w/4. To see this, we
integrate the identity

1
s=1-z+az* -2+,
14+
and get
Yy dz yS y5
=y—=4+=—----, O<y<l
/01—1-132 yo3 Tt Y

We then let y tend to 1. The integral can be calculated as

L dx 1w
= arctanul, = —,
0 4

14 22
so this proves that the series 1 —1/3+1/5 —--- is Abel summable to
7/4. Since we know the series converges, its limit is the same as its Abel
limit, hence 1 —1/3+1/5 —--- = 7/4.

The rest of this chapter gives the full proof of Dirichlet’s theorem. We
begin with the Fourier analysis (which is actually the last step in the
example given above), and reduce the theorem to the non-vanishing of
L-functions.
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2.1 Fourier analysis, Dirichlet characters, and reduction of the
theorem

In what follows we take the abelian group G to be Z*(q). Our formulas
below involve the order of GG, which is the number of integers 0 < n <
q that are relatively prime to ¢; this number defines the Euler phi-
function ¢(q), and |G| = ¢(q).

Consider the function §; on G, which we think of as the characteristic
function of ¢; if n € Z*(q), then

su(m) = {
We can expand this function in a Fourier series as follows:

Se(n) =Y du(e)e(n),

1 ifn=/¢ modq,
0 otherwise.

eeé
where
Sie) = = 3 Sum)e(m) = = e(0)
a2 cl
Hence
du(m) = g 3 elDeln)
eEG

We can extend the function d, to all of Z by setting d,(m) = 0 whenever m
and q are not relatively prime. Similarly, the extensions of the characters
e € G to all of Z which are given by the recipe

_ [ e(m) if m and ¢ are relatively prime
x(m) = { 0  otherwise,

are called the Dirichlet characters modulo q. We shall denote the
extension to Z of the trivial character of G by xo, so that xo(m) =1 if
m and q are relatively prime, and 0 otherwise. Note that the Dirichlet
characters modulo ¢ are multiplicative on all of Z, in the sense that

x(nm) = x(n)x(m) for all n,m € Z.

Since the integer ¢ is fixed, we may without fear of confusion, speak of
“Dirichlet characters” omitting reference to ¢.!

With |G| = ¢(gq), we may restate the above results as follows:

I'We use the notation x instead of e to distinguish the Dirichlet characters (defined on
Z) from the characters e (defined on Z*(q)).
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Lemma 2.2 The Dirichlet characters are multiplicative. Moreover,
de(m) = ZX )x(m),

where the sum is over all Dirichlet characters.

With the above lemma we have taken our first step towards a proof of
the theorem, since this lemma shows that

1 1)
y Loy

=P
1 —
g ST
#(0) z
Thus it suffices to understand the behavior of 3 x(p)p~° as s — 1. In

fact, we divide the above sum in two parts depending on whether or not
X is trivial. So we have

1 1
1 Z Xo(sp) N w(q) S0 Z x(p)

p=¢ p 30((]) p = »

: L — N X(P)

! () St o 2 X .
( .2 e = OX

Since there are only finitely many primes dividing ¢, Euler’s theorem
(Proposition 1.11) implies that the first sum on the right-hand side di-
verges when s tends to 1. These observations show that Dirichlet’s the-
orem is a consequence of the following assertion.

Theorem 2.3 If x is a nontrivial Dirichlet character, then the sum
Z x(p)
P

remains bounded as s — 17.

The proof of Theorem 2.3 requires the introduction of the L-functions,
to which we now turn.

2.2 Dirichlet L-functions

We proved earlier that the zeta function ((s) =3, 1/n® could be ex-
pressed as a product, namely

— 1 1
2w~ ==y
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Dirichlet observed an analogue of this formula for the so-called L-functions
defined for s > 1 by

_ i x(n)

where y is a Dirichlet character.

Theorem 2.4 Ifs > 1, then

[oe]

Hl—

n=1 P )
where the product is over all primes.

Assuming this theorem for now, we can follow Euler’s argument for-
mally: taking the logarithm of the product and using the fact that
log(1 + z) = x + O(2?) whenever x is small, we would get

log L(s, x) Zlogl— p°¥)
El)
:gxg)

If L(1, ) is finite and non-zero, then log L(s, x) is bounded as s — 17T,
and we can conclude that the sum

x(p)

is bounded as s — 17. We now make several observations about the
above formal argument.

First, we must prove the product formula in Theorem 2.4. Since the
Dirichlet characters xy can be complex-valued we will extend the loga-
rithm to complex numbers w of the form w =1/(1 — z) with |z| < 1.
(This will be done in terms of a power series.) Then we show that with
this definition of the logarithm, the proof of Euler’s product formula
given earlier carries over to L-functions.

Second, we must make sense of taking the logarithm of both sides of the
product formula. If the Dirichlet characters are real, this argument works
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and is precisely the one given in the example corresponding to primes
of the form 4k + 1. In general, the difficulty lies in the fact that x(p) is
a complex number, and the complex logarithm is not single valued; in
particular, the logarithm of a product is not the sum of the logarithms.

Third, it remains to prove that whenever y # xo, then log L(s, x) is
bounded as s — 11. If (as we shall see) L(s,x) is continuous at s = 1,
then it suffices to show that

L(1,x) #0.

This is the non-vanishing we mentioned earlier, which corresponds to the
alternating series being non-zero in the previous example. The fact that
L(1, x) # 0 is the most difficult part of the argument.

So we will focus on three points:

1. Complex logarithms and infinite products.
2. Study of L(s,x).

3. Proof that L(1,x) # 0 if x is non-trivial.

However, before we enter further into the details, we pause briefly to
discuss some historical facts surrounding Dirichlet’s theorem.

Historical digression

In the following list, we have gathered the names of those mathematicians
whose work dealt most closely with the series of achievements related to
Dirichlet’s theorem. To give a better perspective, we attach the years in
which they reached the age of 35:

Euler 1742
Legendre 1787
Gauss 1812
Dirichlet 1840
Riemann 1861

As we mentioned earlier, Euler’s discovery of the product formula for
the zeta function is the starting point in Dirichlet’s argument. Legendre
in effect conjectured the theorem because he needed it in his proof of the
law of quadratic reciprocity. However, this goal was first accomplished
by Gauss who, while not knowing how to establish the theorem about
primes in arithmetic progression, nevertheless found a number of different
proofs of quadratic reciprocity. Later, Riemann extended the study of
the zeta function to the complex plane and indicated how properties
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related to the non-vanishing of that function were central in the further
understanding of the distribution of prime numbers.

Dirichlet proved his theorem in 1837. It should be noted that Fourier,
who had befriended Dirichlet when the latter was a young mathematician
visiting Paris, had died several years before. Besides the great activity in
mathematics, that period was also a very fertile time in the arts, and in
particular music. The era of Beethoven had ended only ten years earlier,
and Schumann was now reaching the heights of his creativity. But the
musician whose career was closest to Dirichlet was Felix Mendelssohn
(four years his junior). It so happens that the latter began composing
his famous violin concerto the year after Dirichlet succeeded in proving
his theorem.

3 Proof of the theorem

We return to the proof of Dirichlet’s theorem and to the three difficulties
mentioned above.

3.1 Logarithms

The device to deal with the first point is to define two logarithms, one
for complex numbers of the form 1/(1 — z) with |z| < 1 which we denote
by log;, and one for the function L(s, x) which we will denote by log,.

For the first logarithm, we define

1 - . 2F
log, 1 —kz::l? for |z] < 1.

Note that log; w is then defined if Re(w) > 1/2, and because of equa-
tion (2), log; w gives an extension of the usual logz when z is a real
number > 1/2.

Proposition 3.1 The logarithm function log, satisfies the following prop-
erties:

(i) If |z <1, then

(i) If |2 < 1, then

1
logl (1—2’) =z+ E1 (Z),

where the error Ey satisfies |E1(2)| < |2]2 if |2| < 1/2.
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1 L < 2|z
o — z|.
81\ 7 <

Proof. To establish the first property, let z = re? with 0 <r < 1,
and observe that it suffices to show that

(iii) If |2| < 1/2, then

(5) (1= reif) edonaa ek = q,

To do so, we differentiate the left-hand side with respect to r, and this
gives

[—ew +(1- T‘ei9> (i(reie)k/k>,1 621?0:1(Tei9)k/k.

k=1

The term in brackets equals

(o]
—e? 4 (1 —re')e® ( g (rew)k—1> =94 (1-re?)e?’ ——— =0

_ 0
k=1 1 re

Having found that the left-hand side of the equation (5) is constant, we
set r = 0 and get the desired result.

The proofs of the second and third properties are the same as their
real counterparts given in Lemma 1.8.

Using these results we can state a sufficient condition guaranteeing
the convergence of infinite products of complex numbers. Its proof is the
same as in the real case, except that we now use the logarithm log; .

Proposition 3.2 If > |a,| converges, and a,, # 1 for all n, then

()

n=1

converges. Moreover, this product is non-zero.

Proof.  For n large enough, |a,| < 1/2, so we may assume without
loss of generality that this inequality holds for all n > 1. Then

INl 1 = INI el ( = ) = eZNf 1 ( = )
og1{T=ar n=1 °81\T=ay,
(1 an) o ' o ’

n=1 n=1
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But we know from the previous proposition that

1
log, (1—,2)‘ < 2|z,

so the fact that the series Y |a,| converges, immediately implies that the
limit

ol 1
i s (15, ) =4

exists. Since the exponential function is continuous, we conclude that
the product converges to e, which is clearly non-zero.

We may now prove the promised Dirichlet product formula

x(n) _ H 1
ns p (

1—x(p)p=*)"

n

For simplicity of notation, let L denote the left-hand side of the above
equation. Define

Sy=> x(m)n™* and Iy=]] <1)

= son M= x(p)pe

The infinite product II = limy_, Iy = Hp (W) converges by

the previous proposition. Indeed, if we set a, = x(pn)p,,*, where p,, is
the n'® prime, we note that if s > 1, then 3 |a,| < occ.
Also, define

M
My =[] (1+X<f)+---+X(]Z43)).
o P P

Now fix € > 0 and choose N so large that
ISy —L| <e and |y —1II <e.
We can next select M large enough so that
ISy — Iy m| <e and [y —Iy| <e

To see the first inequality, one uses the fundamental theorem of arith-
metic and the fact that the Dirichlet characters are multiplicative. The
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second inequality follows merely because each series > - ; X}Sﬁs) con-
verges.
Therefore

‘L — H| < ‘L — SN| + ‘SN — HN,M| + |HN,M — HN| + |HN — H| < 4e,

as was to be shown.

3.2 L-functions

The next step is a better understanding of the L-functions. Their behav-
ior as functions of s (especially near s = 1) depends on whether or not x
is trivial. In the first case, L(s, xo) is up to some simple factors just the
zeta function.

Proposition 3.3 Suppose xq is the trivial Dirichlet character,

(n) = 1 if n and q are relatively prime,
X0 | 0 otherwise,

and g = pi* - - pY is the prime factorization of q. Then
L(s,x0) = (1 =p;°)(1 —p3°) - (1 = pxy")C(s).
Therefore L(s,x0) — o0 as s — 1T.

Proof. The identity follows at once on comparing the Dirichlet and
Euler product formulas. The final statement holds because ((s) — oo as
s — 1T,

The behavior of the remaining L-functions, those for which x # xo,
is more subtle. A remarkable property is that these functions are now
defined and continuous for s > 0. In fact, more is true.

Proposition 3.4 If x is a non-trivial Dirichlet character, then the series
oo
> x(n)/n?
n=1

converges for s > 0, and we denote its sum by L(s,x). Moreover:
(i) The function L(s,x) is continuously differentiable for 0 < s < co.

(ii) There exists constants c¢,c’ > 0 so that

L(s,x) =1+0(e" ) ass— oo, and

L'(s,x) = O(e~'%) as s — 0.
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We first isolate the key cancellation property that non-trivial Dirichlet
characters possess, which accounts for the behavior of the L-function
described in the proposition.

Lemma 3.5 If x is a non-trivial Dirichlet character, then

<gq, foranyk.

k
> x(n)
n=1

Proof. First, we recall that

Z x(n) =0.

In fact, if S denotes the sum and a € Z*(q), then the multiplicative
property of the Dirichlet character y gives

x(@)S =Y x(a)x(n) =Y x(an) => x(n) =S.

Since x is non-trivial, x(a) # 1 for some a, hence S = 0. We now write
k =aq+ b with 0 < b < ¢, and note that

k aq
Sxtn)=>"xtn)+ > xtm= Y xn),
n=1 n=1 ag<n<aq+b ag<n<aq+b

and there are no more than ¢ terms in the last sum. The proof is complete
once we recall that |y(n)| < 1.

We can now prove the proposition. Let s = 2221 x(n), and sg = 0.
We know that L(s, x) is defined for s > 1 by the series

i x(n)

which converges absolutely and uniformly for s > é > 1. Moreover, the
differentiated series also converges absolutely and uniformly for s > § >
1, which shows that L(s, x) is continuously differentiable for s > 1. We
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sum by parts? to extend this result to s > 0. Indeed, we have

Y x(k) B N sk — sk
L% LT

k=1

Rty [1 1 ] SN
=2 % |1 T o s T s
ke (k+ 1) N
N-—1 SN

= fk(5)+ﬁ7

k=1

where fi(s) = s [k7% — (k+1)7%]. If g(x) = 7%, then ¢'(z) = —sz 571,
so applying the mean-value theorem between x = k and z = k + 1, and
the fact that |sg| < ¢, we find that

[fr(s)| < gsk™*71

Therefore, the series Y fx(s) converges absolutely and uniformly for s >
0 > 0, and this proves that L(s, x) is continuous for s > 0. To prove that
it is also continuously differentiable, we differentiate the series term by
term, obtaining

Z(log n) x(n)

ns

Again, we rewrite this series using summation by parts as
Z sp [—k™%logk + (k+1)""log(k +1)],

and an application of the mean-value theorem to the function g(x) =
2~ logx shows that the terms are O(k=%/2~1), thus proving that the
differentiated series converges uniformly for s > 6 > 0. Hence L(s, x) is
continuously differentiable for s > 0.

Now, observe that for all s large,

IL(s,x)— 1] <2¢) n*

n=2

<27°0(1),

and we can take ¢ =log2, to see that L(s,x) =1+ O(e %) as s — oo.
A similar argument also shows that L'(s,x) = O(e~ %) as s — oo with
in fact ¢/ = ¢, and the proof of the proposition is complete.

2For the formula of summation by parts, see Exercise 7 in Chapter 2.



264 Chapter 8. DIRICHLET’S THEOREM

With the facts gathered so far about L(s,x) we are in a position to
define the logarithm of the L-functions. This is done by integrating its
logarithmic derivative. In other words, if x is a non-trivial Dirichlet
character and s > 1 we define?

> L'(t,x)
L(t, x)

log, L(s,x) = —/
S
We know that L(¢,x) # 0 for every ¢ > 1 since it is given by a product

(Proposition 3.2), and the integral is convergent because

L'(t, x)
L(t, x)

— O(e_Ct),

which follows from the behavior at infinity of L(t, x) and L’(¢, x) recorded
earlier.

The following links the two logarithms.
Proposition 3.6 If s > 1, then

elog2 LX) — I(s, y).

Moreover

1
logy L Z log, <1 _ >

x(p)/p*
Proof. Differentiating e~ 1982 LX) [(s, ) with respect to s gives

’
B L (5, X) e~ 10g; L(S’X)L(S, X) +e logs L(s,x) L/(S, X) —0.
L(s, x)

So e~ 1o82 L(sX) (5, x) is constant, and this constant can be seen to be 1
by letting s tend to infinity. This proves the first conclusion.

To prove the equality between the logarithms, we fix s and take the ex-
ponential of both sides. The left-hand side becomes e'°82 L(s:X) = (s, x),
and the right-hand side becomes

(0] (0} 1
Z I g1 X7 Hel gl w77 ) = H <1—XW> = L(s,x),

P

3The notation log, used in this context should not be confused with the logarithm to
the base 2.
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by (i) in Proposition 3.1 and the Dirichlet product formula. Therefore,
for each s there exists an integer M (s) so that

logy L(s,x) — Y _log, (1) = 2miM(s).

L —x(p)/p*

As the reader may verify, the left-hand side is continuous in s, and this
implies the continuity of the function M(s). But M (s) is integer-valued
so we conclude that M(s) is constant, and this constant can be seen to
be 0 by letting s go to infinity.

Putting together the work we have done so far gives rigorous meaning
to the formal argument presented earlier. Indeed, the properties of log;
show that

" " ps " p23
-y M) o)
» P

Now if L(1,x) # 0 for a non-trivial Dirichlet character, then by its in-
tegral representation log, L(s,x) remains bounded as s — 17. Thus
the identity between the logarithms implies that > x(p)p~® remains
bounded as s — 17, which is the desired result. Therefore, to finish the
proof of Dirichlet’s theorem, we need to see that L(1,x) # 0 when y is
non-trivial.

3.3 Non-vanishing of the L-function

We now turn to a proof of the following deep result:
Theorem 3.7 If x # xo, then L(1,x) # 0.

There are several proofs of this fact, some involving algebraic number
theory (among them Dirichlet’s original argument), and others involving
complex analysis. Here we opt for a more elementary argument that
requires no special knowledge of either of these areas. The proof splits
in two cases, depending on whether x is complex or real. A Dirich-
let character is said to be real if it takes on only real values (that is,
+1, —1, or 0) and complex otherwise. In other words, x is real if and
only if x(n) = x(n) for all integers n.
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Case I: complex Dirichlet characters

This is the easier of the two cases. The proof is by contradiction, and we
use two lemmas.

Lemma 3.8 Ifs > 1, then
ML) =1
X

where the product is taken over all Dirichlet characters. In particular the
product is real-valued.

Proof. We have shown earlier that for s > 1
L(s,x) = exp Zlog (1>
’ —~ I \L—x(pp~/)"

Hence,

Because of Lemma 2.2 (with £ = 1) we have >, x(*) = ¢(¢)61(p*), and
hence

o0 o
HL(S,X)ZeXp< ZZ% )>217

X

since the term in the exponential is non-negative.

Lemma 3.9 The following three properties hold:
(i) If L(1,x) =0, then L(1,%) = 0.
(i1) If x is non-trivial and L(1,x) =0, then

|L(s,x)| < C|s—1] whenl1l<s<2.
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(iii) For the trivial Dirichlet character xo, we have

|L(s, x0)] < when 1 < s < 2.

|s = 1]

Proof.  The first statement is immediate because L(1,%) = L(1, x).
The second statement follows from the mean-value theorem since L(s, x)
is continuously differentiable for s > 0 when yx is non-trivial. Finally, the
last statement follows because by Proposition 3.3

L(s,x0) = (1 =p1°) (L = py°) -+ (1 = px”)C(s),
and ( satisfies the similar estimate (3).

We can now conclude the proof that L(1,x) # 0 for x a non-trivial
complex Dirichlet character. If not, say L(1,x) = 0, then we also have
L(1,%) = 0. Since x # X, there are at least two terms in the product

112G %),

that vanish like |s — 1| as s — 11. Since only the trivial character con-
tributes a term that grows, and this growth is no worse than O(1/|s — 1|),
we find that the product goes to 0 as s — 17, contradicting the fact that
it is > 1 by Lemma 3.8.

Case II: real Dirichlet characters

The proof that L(1, x) # 0 when y is a non-trivial real Dirichlet character
is very different from the earlier complex case. The method we shall
exploit involves summation along hyperbolas. It is a curious fact that
this method was introduced by Dirichlet himself, twelve years after the
proof of his theorem on arithmetic progressions, to establish another
famous result of his: the average order of the divisor function. However,
he made no connection between the proofs of these two theorems. We will
instead proceed by proving first Dirichlet’s divisor theorem, as a simple
example of the method of summation along hyperbolas. Then, we shall
adapt these ideas to prove the fact that L(1,x) # 0. As a preliminary
matter, we need to deal with some simple sums, and their corresponding
integral analogues.

Sums vs. Integrals

Here we use the idea of comparing a sum with its corresponding integral,
which already occurred in the estimate (3) for the zeta function.
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Proposition 3.10 If N is a positive integer, then:
(i) Z / —+0 =log N + O(1).
1<n<N

(ii) More precisely, there exists a real number -y, called Fuler’s constant,
so that

> 1 log N + v+ O(1/N).

1<n<N

Proof. It suffices to establish the more refined estimate given in
part (ii). Let
1 gy
el
n  Ju x

Since 1/x is decreasing, we clearly have

0< <1 1
L |

1
< =
n?

so the series > 7 | 7 Converges to a limit which we denote by 7. More-
over, if we estimate > f(n) by [ f(z)dz, where f(x) = 1/22, we find

> > 1 * dx

Yoo Y —Zs/ & =0(1/N).
n=N+1 n=N41 " N T

Therefore
N N+1
1 dx dz

SI Ty [T
n=1 n 1 n=N+1 x

and this last integral is O(1/N) as N — oc.

Proposition 3.11 If N is a positive integer, then

> 1=/N &L ¢y o/NY?)
nl/2 . T2

1<n<N
=2N'2 4 ¢4+ O(1/NY?).

The proof is essentially a repetition of the proof of the previous proposi-
tion, this time using the fact that

1 1
ni2 " (n+ 1)1/2

C

= B
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This last inequality follows from the mean-value theorem applied to
f(z) = =2 between z =n and x =n + 1.
Hyperbolic sums

If F' is a function defined on pairs of positive integers, there are three
ways to calculate

SN :ZZF(m,n),

where the sum is taken over all pairs of positive integers (m,n) which
satisfy mn < N.

We may carry out the summation in any one of the following three
ways. (See Figure 2.)

(a) Along hyperbolas:

Sv= > (Z F(mm))

1<kE<N \nm=k

(b) Vertically:

SN - Z Z F(mvn)

1<m<N \1<n<N/m

(c) Horizontally:

Sy = Z Z F(m,n)

1<n<N \1<m<N/n

It is a remarkable fact that one can obtain interesting conclusions from
the obvious fact that these three methods of summation give the same
sum. We apply this idea first in the study of the divisor problem.

Intermezzo: the divisor problem
For a positive integer k, let d(k) denote the number of positive divisors
of k. For example,

|10 |11 ] 12 |13 |14 | 15| 16 | 17
4l 2l6f2]a]4]57]2

k| 1]2]3]4]5]
a1 2232

67|
112}

819
413
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Figure 2. The three methods of summation

One observes that the behavior of d(k) as k tends to infinity is rather
irregular, and in fact, it does not seem possible to approximate d(k) by
a simple analytic expression in k. However, it is natural to inquire about
the average size of d(k). In other words, one might ask, what is the
behavior of

N
> d(k) as N — oo?
k=1

The answer was provided by Dirichlet, who made use of hyperbolic sums.
Indeed, we observe that

k)= > 1

nm=k, 1<n,m

Theorem 3.12 If k is a positive integer, then
1N
~ ];d(k) =1log N +O(1).
More precisely,
iNdk =log N + (2y — 1) + O(1/N*/?
N};() og N+ (2v — 1) + O(1/NV2),

where v is Fuler’s constant.

Proof. Let Sy = sz\r:1 d(k). We observed that summing F' = 1 along
hyperbolas gives Sx. Summing vertically, we find

Sv= Y > oL

1<m<N 1<n<N/m
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But > <, <n/m 1 = [N/m] = N/m 4 O(1), where [z] denote the greatest
integer < x. Therefore

Sv= > (N/m+0(1)):N< > 1/m)+O(N).
1<m<N 1<m<N

Hence, by part (i) of Proposition 3.10,
S
WN =log N +0O(1)

which gives the first conclusion.
For the more refined estimate we proceed as follows. Consider the
three regions I, I1, and 111 shown in Figure 3. These are defined by

I={1<m<NY2 NY2 <n<N/m},

IT={1<m<NY% 1<n<NY?},
IIT = {N'Y?2 <m < N/n, 1 <n< NY?}

n
N
I nm = N
N1/2
I7
II7
N1/2 N m

Figure 3. The three regions I, I1, and I1]

If S7, Sir1, and Syj; denote the sums taken over the regions I, I, and
111, respectively, then

Sy =87+ S+ Siir
= 2(Sr + Srr) — Sir,
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since by symmetry S; = Srr;. Now we sum vertically, and use (ii) of
Proposition 3.10 to obtain

Sr+ S = Z Z 1

1<m<N1/2 \1<n<N/m

= ). [N/m]

1<m<N1/2

- Y (/m+o)

1<m<N1/2

=N > 1/m| +O(N'?)

1<m<N1/2
= Nlog NY/? 4+ Ny + O(N'/?).

Finally, Sy; corresponds to a square so
Si= Y. > 1=IN'"P=N+O(N')
1<m<N1/2 1<pn<N1/2

Putting these estimates together and dividing by N yields the more re-
fined statement in the theorem.

Non-vanishing of the L-function

Our essential application of summation along hyperbolas is to the main
point of this section, namely that L(1, x) # 0 for a non-trivial real Dirich-
let character x.

Given such a character, let

x(n)

F(m,n):W,

and define
Sy = ZZF(m,n),
where the sum is over all integers m,n > 1 that satisfy mn < N.

Proposition 3.13 The following statements are true:
(i) Sy > clog N for some constant ¢ > 0.
(ii) Sy = 2NY2L(1,x) + O(1).
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It suffices to prove the proposition, since the assumption L(1,y) =0
would give an immediate contradiction.

We first sum along hyperbolas. Observe that

x(n)
n;k (nm)172 — k1/2 ZX

For conclusion (i) it will be enough to show the following lemma.

0 forallk
Lemma 3.14 %X(”) z { 1 if k=02 for some { € Z.

From the lemma, we then get

1
Sy > Z i > clog N,
k=02, (<N1/2

where the last inequality follows from (i) in Proposition 3.10.

The proof of the lemma is simple. If k is a power of a prime, say
k = p®, then the divisors of k are 1,p,p?,...,p% and

D o x(m) = x(1) + x(p) + x(P*) + - + x(0")

nlk
=1+x(p) +x(p)* +-- +x(»)*

So this sum is equal to

a+1 if x(p) =
1 ifx(p) = —1 and a is even,
0 if x(p) =—1 and a is odd,
1 if x(p) =0, that is plq.

In general, if k = pi* - - - p4¥, then any divisor of k is of the form p . ~pl]’\1,V
where 0 < b; < a; for all j. Therefore, the multiplicative property of x
gives

> x(n)

nlk

1)+ x(p;) + x(B2) + -+ x(py))

n,:]z

and the proof is complete.

To prove the second statement in the proposition, we write

Sy = Sr+ (Srr+ Srrr),
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where the sums Sy, Srr, and Sy;; were defined earlier (see also Figure 3).

We evaluate S; by summing vertically, and S;; 4+ S;r; by summing hor-
izontally. In order to carry this out we need the following simple results.

Lemma 3.15 For all integers 0 < a < b we have

Proof. This argument is similar to the proof of Proposition 3.4; we
use summation by parts. Let s, =37, x(k), and remember that
|sn| < g for all n. Then

b b—1
Z /2 Z Sn [ 2 (n41)” 1/2} +O(a™1/?)
=0 (Z n_3/2> +0(a"Y?).

By comparing the sum .00 n~3/2 with the integral of f(x) = 27%/2,

we find that the former is also O(a=1/?).
A similar argument establishes (ii).

We may now finish the proof of the proposition. Summing vertically
we find

Sr= Z # ( Z X(n)/nl/Q) :

m<N1/2 N1/2<n<N/m

The lemma together with Proposition 3.11 shows that S; = O(1). Finally
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we sum horizontally to get

n
Sir+ St = Z XS/Q) Z 1/mt/?
1<nent/z m<N/n
x(n)
= > {Z(N/n)”2+c+0((n/N)1/2)}
1<n<N1/2
—oni2 Y X5 Xl
1/2
1<n<N1/2 n 1<n<N1/2 nt/
1
+0 N1/2 Z 1
1<n<N1/2
=A+B+C.

Now observe that the lemma, together with the definition of L(s, x),
implies

A=2NY2L(1,x) + O(NY2N~Y2),
Moreover, part (i) of the lemma gives B = O(1), and we also clearly

have C' = O(1). Thus Sy = 2N'Y2L(1, x) + O(1), which is part (ii) in
Proposition 3.13.

This completes the proof that L(1, x) # 0, and thus the proof of Dirich-
let’s theorem.

4 Exercises

1. Prove that there are infinitely many primes by observing that if there were
only finitely many, p1,...,pn, then

g
j:ll_l/pj _nzln'

2. In the text we showed that there are infinitely many primes of the form 4k + 3
by a modification of Euclid’s original argument. Adapt this technique to prove
the similar result for primes of the form 3k 4 2, and for those of the form 6k + 5.

3. Prove that if p and ¢ are relatively prime, then Z*(p) x Z*(q) is isomorphic
to Z*(pq).
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4. Let ¢(n) denote the number of positive integers < n that are relatively prime
to n. Use the previous exercise to show that if n and m are relatively prime,
then

p(nm) = p(n)e(m).
One can give a formula for the Euler phi-function as follows:

(a) Calculate ¢(p) when p is prime by counting the number of elements in
Z*(p).

(b) Give a formula for ¢(p*) when p is prime and k > 1 by counting the
number of elements in Z*(p*).

(c) Show that
1
e =nI] (1-5).

where p; are the primes that divide n.

5. If n is a positive integer, show that
n="> w(d),
d|n
where ¢ is the Euler phi-function.

[Hint: There are precisely ¢(n/d) integers 1 < m < n with ged(m,n) = d.]

6. Write down the characters of the groups Z*(3), Z*(4), Z*(5), Z*(6), and
Z*(8).

(a) Which ones are real, or complex?

(b) Which ones are even, or odd? (A character is even if x(—1) = 1, and odd
otherwise).

7. Recall that for |z| < 1,

We have seen that
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(a) Show that if w =1/(1 — z), then |z| < 1 if and only if Re(w) > 1/2.

(b) Show that if Re(w) > 1/2 and w = pe’® with p > 0, |p| < 7, then

log; w = log p + i¢p.

[Hint: If e$ = w, then the real part of ¢ is uniquely determined and its
imaginary part is determined modulo 27.]

8. Let ¢ denote the zeta function defined for s > 1.

(a) Compare ((s) with floo 2~ % dz to show that

C(s) = ﬁ +0(1) ass— 1+,

(b) Prove as a consequence that

1 1

E — =log () +0(1) ass—17.
ps s—1

P

9. Let xo denote the trivial Dirichlet character mod ¢, and pq, ..., px the distinct
prime divisors of g. Recall that L(s, x0) = (1 —p7%)--- (1 —p, *){(s), and show
as a consequence

plg) 1

L(s.xo) = 28—

+0(1) ass—1T.

[Hint: Use the asymptotics for ¢ in Exercise 8.]

10. Show that if ¢ is relatively prime to g, then

Zizilog <1>+O(1) as s — 1T,
el A C) s—1

This is a quantitative version of Dirichlet’s theorem.
[Hint: Recall (4).]

11. Use the characters for Z*(3), Z*(4), Z*(5), and Z*(6) to verify directly that
L(1,x) # 0 for all non-trivial Dirichlet characters modulo ¢ when ¢ = 3,4,5,
and 6.

[Hint: Consider in each case the appropriate alternating series.]
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12. Suppose x is real and non-trivial; assuming the theorem that L(1,x) # 0,
show directly that L(1,x) > 0.

[Hint: Use the product formula for L(s, x).]

13. Let {an}52_., be a sequence of complex numbers such that a, = ap, if
n =m mod ¢. Show that the series

S

oo
>
n

n=1

converges if and only if Y¢ _ a, = 0.

[Hint: Sum by parts.]

14. The series

F9) = Z en ,  for |0] <,

[n|#0

converges for every 6 and is the Fourier series of the function defined on [—m, ]
by F(0) =0 and

_Ji(m—0) ift-7<0<0
F(G)_{ ilr—0) if0<f<m,

and extended by periodicity (period 27) to all of R (see Exercise 8 in Chapter 2).
Show also that if § # 0 mod 27, then the series

0o
ezn@

converges, and that

1 1 )

15. To sum the series Y~ | a,/n, with a, = a,, ifn =mmod gand Y} _, a, =
0, proceed as follows.

(a) Define

q
A(m) = Zang“_m" where ¢ = e27/4,

n=1
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Note that A(q) =0. With the notation of the previous exercise, prove
that

—1
A(m)E(2rm/q).

)

oo
>
n

n=1

=

3
I

[Hint: Use Fourier inversion on Z(q).]

(b) If {a,} is odd, (a—m = —a,) for m € Z, observe that ap = az =0 and
show that

Am) =Y an(Cm =),

1<n<q/2

(c) Still assuming that {a,,} is odd, show that

a 1 =
> = oo Y A(m)F(2mmg).
n=1 a m=1
[Hint: Define fl(m) =) ._10:,¢™" and apply the Fourier inversion for-

mula.]

16. Use the previous exercises to show that
Ty lo1oroo1
3v3 2 4 5 7 8 ’

which is L(1, x) for the non-trivial (odd) Dirichlet character modulo 3.

5 Problems

1.* Here are other series that can be summed by the methods in Exercise 15.
(a) For the non-trivial Dirichlet character modulo 6, L(1,x) equals
1 1 1 1

m
e
23 sttt

(b) If x is the odd Dirichlet character modulo 8, then L(1, x) equals
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(d) For an even Dirichlet character modulo 8, L(1, x) equals

log(1 4+ v/2 1 1 1 1 1
7(%( \[):17777+7+777.._
V2 3 5 7 9 11

(e) For an even Dirichlet character modulo 5, L(1, x) equals

2 145 1 1 1 1 1 1 1 1
| - 1—- -4+ 4+ _Z_Z Z ...
\/gog( 5 ) 3+4+6 + -+

2. Let d(k) denote the number of positive divisors of k.

(a) Show that if k = pj*---p%» is the prime factorization of k, then
d(k) = (a1 +1)---(a, +1).

Although Theorem 3.12 shows that on “average” d(k) is of the order of logk,
prove the following on the basis of (a):

(b) d(k) =2 for infinitely many k.

(¢) For any positive integer N, there is a constant ¢ > 0 so that d(k) >
c(log k)™ for infinitely many k. [Hint: Let pq, ..., py be N distinct primes,
and consider k of the form (pips---py)™ for m =1,2,...]

3. Show that if p is relatively prime to ¢, then

H (1— Xlgf)) - (1_1pfs)97

X

where g = ¢(q)/f, and f is the order of p in Z*(q) (that is, the smallest n for
which p" =1 mod ¢). Here the product is taken over all Dirichlet characters
modulo gq.

4. Prove as a consequence of the previous problem that

Qp
HL(‘SvX): Ea
X

n>1

where a,, > 0, and the product is over all Dirichlet characters modulo ¢.



Appendix : Integration

This appendix is meant as a quick review of the definition and main
properties of the Riemann integral on R, and integration of appropriate
continuous functions on R?. Our exposition is brief since we assume that
the reader already has some familiarity with this material.

We begin with the theory of Riemann integration on a closed and
bounded interval on the real line. Besides the standard results about
the integral, we also discuss the notion of sets of measure 0, and give
a necessary and sufficient condition on the set of discontinuities of a
function that guarantee its integrability.

We also discuss multiple and repeated integrals. In particular, we
extend the notion of integration to the entire space R? by restricting
ourselves to functions that decay fast enough at infinity.

1 Definition of the Riemann integral

Let f be a bounded real-valued function defined on the closed interval
[a,b] C R. By a partition P of [a,b] we mean a finite sequence of num-
bers xg,x1,...,zx with

a=x9g<x1 < -<axny_1<axny=Db.

Given such a partition, we let I; denote the interval [z;_1,x;] and write
|I;] for its length, namely |[;| =xz; —xz;_1. We define the upper and
lower sums of f with respect to P by

N

UP, )= [sup f(@)] ;] and L(Pf)=)| [inf f(2)] L]

j=1 :EEI 7j=1

2

Note that the infimum and supremum exist because by assumption, f
is bounded. Clearly U(P, f) > L(P, f), and the function f is said to be
Riemann integrable, or simply integrable, if for every € > 0 there
exists a partition P such that

UP f)—L(P f)<e

To define the value of the integral of f, we need to make a simple yet
important observation. A partition P’ is said to be a refinement of the
partition P if P’ is obtained from P by adding points. Then, adding one
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point at a time, it is easy to check that
UP',f) <UP f) and L(P' f)=L(Pf)

From this, we see that if P; and P, are two partitions of [a,b],
then

M(Pl,f)ZL(P2>f)a

since it is possible to take P’ as a common refinement of both P; and P,
to obtain

M(Plaf) Zu(Plvf) > ‘C(Plvf) ZE(P%f)
Since f is bounded we see that both

U= i%f UP,f) and L =sup L(P,f)
P

exist (where the infimum and supremum are taken over all partitions of
[a,b]), and also that U > L . Moreover, if f is integrable we must have
U = L, and we define f; f(x)dx to be this common value.

Finally, a bounded complex-valued function f = wu + iv is said to be
integrable if its real and imaginary parts u and v are integrable, and we

define
/abf(x)dx = /abu(x)dx—l—i/bv(x)d:c.

a

For example, the constants are integrable functions and it is clear that
if ¢ € C, then f;cd:c =c¢(b—a). Also, continuous functions are inte-
grable. This is because a continuous function on a closed and bounded
interval [a, b] is uniformly continuous, that is, given € > 0 there exists ¢
such that if |z —y| < 6 then |f(z) — f(y)| <e. So if we choose n with
(b—a)/n < ¢, then the partition P given by

b—a b—a b—a

yeesat+tk—— . .. a+(n—1) , b
n

a, a+
satisfies U(P, f) — L(P, f) < €(b — a).

1.1 Basic properties

Proposition 1.1 If f and g are integrable on [a,b], then:

(i) f+ g is integrable, and f; f(z)+g(z)dx = f; f(z)dx + ffg(x) dx.
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(i) If c € C, then f; cf(z)de = cf: f(z)dx.

(iii) If f and g are real-valued and f(x) < g(x), then ff f(x)dx
< [} g(x)dz.

(iv) If c € [a,b], then f; f(@)dx = [7 f(x)dx + fcb f(z)dz.

Proof. For property (i) we may assume that f and g are real-valued.
If P is a partition of [a, b], then

UP f+g) SUP, f)+U(P,g) and L(P, f+g) > L(P, f)+ L(P,g).

Given € > 0, there exist partitions P; and P such that U(Py, f) — L(P1, f) <
e and U(Pa,g) — L(Ps, g) <€, so that if Py is a common refinement of
P, and Ps, we get

U(Po, f+g) — L(Po, f+g) < 2e

So f + g is integrable, and if welet I = infp U(P, f + g) = supp L(P, f +
g), then we see that

I <U(Po, f+9g)+2¢ <UPo, f) +U(Po, g) + 2¢
b b
§/ f(x)da:—l—/ g(z) dz + 4e.
Similarly I > ff f(x)dx + f:g(x) dx — 4€, which proves that ff flz)+
g(x)dx = ff f(x) d:v—l—f:g(x) dx. The second and third parts of the

proposition are just as easy to prove. For the last property, simply refine
partitions of [a,b] by adding the point c.

Another important property we need to prove is that fg is integrable
whenever f and g are integrable.

Lemma 1.2 If f is real-valued integrable on [a,b] and ¢ is a real-valued
continuous function on R, then @ o f is also integrable on [a,b].

Proof. Let € > 0 and remember that f is bounded, say |f| < M. Since
¢ is uniformly continuous on [—M, M] we may choose 6 > 0 so that if
s,t € [-M, M] and |s — t| < 6, then |p(s) — ¢(t)| < e. Now choose a par-
tition P = {zo,...,zn} of [a,b] with U(P, f) — L(P, f) < 6%. Let I; =
[xj—1, ;] and distinguish two classes: we write j € A if sup,¢;, f(z) —
inf,er, f(x) < d so that by construction

sup po f(z) — inf po f(x) <e.
z€l; zel;
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Otherwise, we write 5 € A’ and note that

53 1< Y lsup ()~ it f@)] 1] < 6

jea’ jenr z€l;

80 > e [1j| < 6. Therefore, separating the cases j € A and j € A’ we
find that

UP,po f)—L(P o f)<elb—a)+ 285,

where B is a bound for ¢ on [—M, M]. Since we can also choose § < ¢,
we see that the proposition is proved.

JFrom the lemma we get the following facts:

e If f and g are integrable on [a, b], then the product fg is integrable
on [a,b].

This follows from the lemma with o(t) = t2, and the fact that fg =
1((f+aP=1f =g

e If f is integrable on [a, b], then the function |f]| is integrable, and
) dx’ < [*1f(2)| da.

We can take op(t) = |t| to see that |f| is integrable. Moreover, the in-
equality follows from (iii) in Proposition 1.1.

We record two results that imply integrability.

Proposition 1.3 A bounded monotonic function f on an interval [a,b]
is integrable.

Proof. We may assume without loss of generality that a =0, b=1,
and f is monotonically increasing. Then, for each N, we choose the
uniform partition Py given by x; = j/N for all j =0,...,N. If o =
f(x;), then we have

N
U(Py, f) Z and  L(Py,f Za] L.

Therefore, if |f(z)| < B for all x we have

and the proposition is proved.



1. Definition of the Riemann integral 285

Proposition 1.4 Let f be a bounded function on the compact interval
[a,b]. If c € (a,b), and if for all small § > 0 the function f is integrable
on the intervals [a,c — d] and [c+ §,b], then f is integrable on [a,b].

Proof.  Suppose |f| < M and let € >0. Choose ¢ >0 (small) so
that 40M < ¢/3. Now let P, and P, be partitions of [a,c — d] and [c +
d,b] so that for each i = 1,2 we have U(P;, f) — L(P;, f) < ¢/3. This is
possible since f is integrable on each one of the intervals. Then by taking
as a partition P = Py U{c—d} U {c+d} U P, we immediately see that
UP f)—L(P, f) <e.

We end this section with a useful approximation lemma. Recall that
a function on the circle is the same as a 27-periodic function on R.

Lemma 1.5 Suppose f is integrable on the circle and f is bounded by
B. Then there exists a sequence { fr}7>, of continuous functions on the
circle so that

sup |fr(x)| < B  forallk=1,2,...,

r€[—7,7]

and

/_7T |f(x) = fr(z)|de — 0 ask — oco.

Proof. Assume f is real-valued (in general apply the following argu-
ment to the real and imaginary parts separately). Given € > 0, we may
choose a partition —m = 29 < 21 < --- < xy = 7 of the interval [—m, 7]
so that the upper and lower sums of f differ by at most €. Denote by f*
the step function defined by

()= sup fly) ifxelrj_q,zj)forl1<j<N.
zj—1<y<z;

By construction we have |f*| < B, and moreover

(1) / (@) — f(@)|do = / (@) - f@)) de < .

—T —T

Now we can modify f* to make it continuous and periodic yet still ap-
proximate f in the sense of the lemma. For small § > 0, let f(x) = f*(x)
when the distance of x from any of the division points zg,...,zN is
> 4. In the d-neighborhood of z; for j =1,..., N — 1, define f(x) to be
the linear function for which f(z; +6) = f*(x; = 6). Near 2o = —m, f
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| Ll |
T Tt T
Zo T T2 T3 o 1 /1’2\1)3

To — 0 To + 0

Figure 1. Portions of the functions f* and f

is linear with f(—7) =0 and f(—7 +6) = f*(—7 +0). Similarly, near
zy = = the function f is linear with f(7) = 0 and f(7 — 8) = f*(7 — 4).
In Figure 1 we illustrate the situation near xg = —7. In the second pic-
ture the graph of f is shifted slightly below to _clarify the situation.

Then, since f(—) = f(r), we may extend f to a continuous and 27-
periodic function on R. The absolute value of this extension is also
bounded by B. Moreover, f differs from f* only in the N intervals of
length 20 surrounding the division points. Thus

| 157@) = F@)lde < 28N 9.
If we choose § sufficiently small, we get
@) | 1@ - fwlde<e
As a result, equations (1), (2), and the triangle inequality yield
[ 1@ = fwlde < 26

Denoting by fr the f so constructed, when 2e = 1/k, we see that the
sequence { fi} has the properties required by the lemma.

1.2 Sets of measure zero and discontinuities of integrable func-
tions

We observed that all continuous functions are integrable. By modifying
the argument slightly, one can show that all piecewise continuous func-
tions are also integrable. In fact, this is a consequence of Proposition 1.4
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applied finitely many times. We now turn to a more careful study of the
discontinuities of integrable functions.

We start with a definition': a subset E of R is said to have measure 0
if for every € > 0 there exists a countable family of open intervals {Ij } 72 ;
such that

(i) Ec Ul I,
(i) Ype x| < €, where |I;| denotes the length of the interval I.

The first condition says that the union of the intervals covers E, and the
second that this union is small. The reader will have no difficulty proving
that any finite set of points has measure 0. A more subtle argument is
needed to prove that a countable set of points has measure 0. In fact,
this result is contained in the following lemma.

Lemma 1.6 The union of countably many sets of measure 0 has mea-
sure 0.

Proof. Say E, Es, ... are sets of measure 0, and let £ = U2, E;. Let
€ > 0, and for each ¢ choose open interval I; 1, ; 2, ... so that

oo o0 )

FE; C U Ii,k and Z |Ii,k| < 6/22.
k=1 k=1

Now clearly we have E C U5,—; Lix, and

i=1 k=1

oo

o
€
|Ii,k| < Z? < €,
=1

as was to be shown.

An important observation is that if E has measure 0 and is com-
pact, then it is possible to find a finite number of open intervals Iy,
k=1,...,N, that satisfy the two conditions (i) and (ii) above.

We can prove the characterization of Riemann integrable functions in
terms of their discontinuities.

Theorem 1.7 A bounded function f on [a,b] is integrable if and only if
its set of discontinuities has measure 0.

LA systematic study of the measure of sets arises in the theory of Lebesgue integration,
which is taken up in Book III.
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We write J = [a,b] and I(c,7) = (¢ —r,c+r) for the open interval
centered at ¢ of radius r > 0. Define the oscillation of f on I(c,r) by

osc(f,c,r) =sup|f(z) — f(y)]

where the supremum is taken over all z,y € JNI(e,7). This quantity
exists since f is bounded. Define the oscillation of f at ¢ by

osc(f,c) = lil%osc(f, e,r).

This limit exists because osc(f,¢,r) is > 0 and a decreasing function of
r. The point is that f is continuous at ¢ if and only if osc(f,¢) = 0. This
is clear from the definitions. For each € > 0 we define a set A, by

Ac ={ce J:osc(f,c) > e}

Having done that, we see that the set of points in J where f is discon-
tinuous is simply (J,- o 4. This is an important step in the proof of our
theorem.

Lemma 1.8 Ife > 0, then the set A, is closed and therefore compact.

Proof.  The argument is simple. Suppose ¢, € A, converges to c
and assume that ¢ ¢ A.. Write osc(f,c) =€ —3J where § > 0. Select r
so that osc(f,c,r) < e—0/2, and choose n with |¢, —¢| < /2. Then
osc(f, cn,7/2) < € which implies osc(f, ¢,,) < €, a contradiction.

We are now ready to prove the first part of the theorem. Suppose
that the set D of discontinuities of f has measure 0, and let e > 0.
Since A C D, we can cover A, by a finite number of open intervals,
say I,...,In, whose total length is < e. The complement of this union
I of intervals is compact, and around each point z in this complement we
can find an interval F, with sup, ,cr [f(2) — f(y)| < ¢, simply because
z ¢ A.. We may now choose a finite subcovering of U,¢scI,, which we
denote by In41,...,Iy . Now, taking all the end points of the intervals

I1,1s,...,Iy we obtain a partition P of [a,b] with
N
U(P, f) = L(P, f) <2M > |I;]| + €(b— a) < Ce.
j=1

Hence f is integrable on [a, b], as was to be shown.
Conversely, suppose that f is integrable on [a,b], and let D be its
set of discontinuities. Since D equals Up2 ;A ,,, it suffices to prove
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that each A/, has measure 0. Let ¢ >0 and choose a partition P =
{xo,x1,..., 2N} so that U(P, f) — L(P, f) < ¢/n. Then, if A/, inter-
sects I; = (-1, 2;) we must have sup, ¢, f(z) — infeer, f(z) > 1/n, and
this shows that

% S LI <SUPf) - L(P.f) < ¢/n.

{]Iijl/niw}

So by taking intervals intersecting A; /,, and making them slightly larger,
we can cover A;,, with open intervals of total length < 2e. Therefore
Aj/n has measure 0, and we are done.

Note that incidentally, this gives another proof that fg is integrable
whenever f and g are.

2 Multiple integrals

We assume that the reader is familiar with the standard theory of multi-
ple integrals of functions defined on bounded sets. Here, we give a quick
review of the main definitions and results of this theory. Then, we de-
scribe the notion of “improper” multiple integration where the range of
integration is extended to all of R?. This is relevant to our study of the
Fourier transform. In the spirit of Chapters 5 and 6, we shall define the
integral of functions that are continuous and satisfy an adequate decay
condition at infinity.

Recall that the vector space R? consists of all d-tuples of real numbers
xr = (x1,%2,...,24) with z; € R, where addition and multiplication by
scalars are defined componentwise.

2.1 The Riemann integral in R?

Definitions

The notion of Riemann integration on a rectangle R C R? is an imme-
diate generalization of the notion of Riemann integration on an interval
[a,b] C R. We restrict our attention to continuous functions; these are
always integrable.

By a closed rectangle in R? we mean a set of the form
R:{ajél'jgbj 1§]§d}

where a;,b; € R for 1 < j <n. In other words, R is the product of the
one-dimensional intervals [a;, b;]:

R = [al,bﬂ X e X [ad,bd].
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If P; is a partition of the closed interval [aj,b;], then we call
P = (P,...,P;) a partition of R; and if S; is a subinterval of the
partition Pj, then S = S x --- x Sy is a subrectangle of the partition
P. The volume |S| of a subrectangle S is naturally given by the product
of the length of its sides S| = |Si| x --- x |S4|, where |S;| denotes the
length of the interval S;.

We are now ready to define the notion of integral over R. Given
a bounded real-valued function f defined on R and a partition P, we
define the upper and lower sums of f with respect to P by

U(P.f)= Y lswp f@)IS| and  £(P.f) =Y [int £(x)]IS].

where the sums are taken over all subrectangles of the partition P. These
definitions are direct generalizations of the analogous notions in one di-
mension.

A partition P’ = (Py,..., P}) is a refinement of P = (P,..., Py) if
each P/ is a refinement of P;. Arguing with these refinements as we did
in the one-dimensional case, we see that if we define

U= i%f UP,f) and L=sup L(P,f),
P

then both U and L exist, are finite, and U > L. We say that f is Rie-
mann integrable on R if for every ¢ > 0 there exists a partition P so
that

UP, f)—L(P,f) <e

This implies that U = L, and this common value, which we shall denote
by either

/fa:l,..., )dxy -+ dxg, /f or /Rf7

is by definition the integral of f over R. If f is complex-valued, say
f(x) = u(z) +iv(z), where u and v are real-valued, we naturally define

/Rf(iv)da?:/Ru(x)dqui/Rv(x)dx.

In the results that follow, we are primarily interested in continuous
functions. Clearly, if f is continuous on a closed rectangle R then f is
integrable since it is uniformly continuous on R. Also, we note that if
f is continuous on, say, a closed ball B, then we may define its integral



2. Multiple integrals 291

over B in the following way: if g is the extension of f defined by g(x) =0
if x ¢ B, then g is integrable on any rectangle R that contains B, and

we may set
/B fz)dx = /Rg(x) dz.

2.2 Repeated integrals

The fundamental theorem of calculus allows us to compute many one
dimensional integrals, since it is possible in many instances to find an
antiderivative for the integrand. In R?, this permits the calculation of
multiple integrals, since a d-dimensional integral actually reduces to d
one-dimensional integrals. A precise statement describing this fact is
given by the following.

Theorem 2.1 Let f be a continuous function defined on a closed rect-
angle R C R4, Suppose R = Ry x Ry where Ri C R™ and Ry C R%
with d = dy + dy. If we write x = (x1,22) with x; € R% | then F(x,) =
fR (z1,22) dzo is continuous on Ry, and we have

/Rf(a:) dz = /R ( A f(ml,xg)dmg) day.

Proof. The continuity of F' follows from the uniform continuity of f
on R and the fact that

Flaon) = F)| < [ 1f(rm) = f(ah02)] dos.

Ra
To prove the identity, let P; and P, be partitions of Ry and Rs, respec-

tively. If S and T are subrectangles in P, and Ps, respectively, then the
key observation is that

gup f(x1,29) > sup (Sup f(lﬂl,$2)>

r1E€S \z2€T

and

f < f f
Sln f(wy,22) 11T1€S <z12% f($1796'2))
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Then,
UP, f) = [sup f(z1,22)]|S x T

S, T SxXT

> ZZ sup [sup f(x1,z2)][T] x ||

z1€S x2€T

> su 1, dm)S

> U <P1,/R2 f(xl,xg)dxg) .

Arguing similarly for the lower sums, we find that
L(Pf) < L(Pr, | f(o1,22)dze) <U(PL, | f(21,22) do2) SU(P, f),
R2 R2

and the theorem follows from these inequalities.

Repeating this argument, we find as a corollary that if f is continuous
on the rectangle R C R? given by R = [ay,b1] X - - - [aq, bg], then

[ sda / ( / ( ml,...,xd)dmd> d) g,

where the right-hand side denotes d-iterates of one-dimensional integrals.
It is also clear from the theorem that we can interchange the order of
integration in the repeated integral as desired.

2.3 The change of variables formula

A diffeomorphism of class C!, g : A — B, is a mapping that is contin-
uously differentiable, invertible, and whose inverse g=' : B — A is also
continuously differentiable. We denote by Dg the Jacobian or derivative
of g. Then, the change of variables formula says the following.

Theorem 2.2 Suppose A and B are compact subsets of RY and
g: A — B is a diffeomorphism of class C*. If f is continuous on B,

then
/Q(A) v)da = [ (a0)) | det(Dg) )] dv.

The proof of this theorem consists first of an analysis of the special
situation when ¢ is a linear transformation L. In this case, if R is a
rectangle, then

9(R)| = | det(L)||R],
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which explains the term | det(Dg)|. Indeed, this term corresponds to the
new infinitesimal element of volume after the change of variables.

2.4 Spherical coordinates

An important application of the change of variables formula is to the case
of polar coordinates in R?, spherical coordinates in R?, and their general-
ization in R?. These are particularly important when the function, or set
we are integrating over, exhibit some rotational (or spherical) symme-
tries. The cases d = 2 and d = 3 were given in Chapter 6. More generally,

the spherical coordinates system in R? is given by o = g(r,01,...,04_1)
where

x1 =1rsinf;sinfy---sinfy_ocosfy_1q,

o =rsinf;sinfy---sinfy_osinfy_q,

Tqg_1 = rsinfq sinfs,
xrq = rcosby,

with 0<6; <mfor1<i<d-—2and0<6,;_1<2mw. The determinant
of the Jacobian of this transformation is given by

r4 1 sin? 20, sin% 30y - - - sinhy_s.

Any point in z € R — {0} can be written uniquely as ry with v € S9-1
the unit sphere in R%. If we define

f(y)do(y) =

Sd—1

T iy 27
/ / e / flg(r,0)) sin?=2 0, sin% 30y - -sin@y_o dfy_1 - - - dbs,
o Jo 0

then we see that if B(0, V) denotes the ball of radius N centered at the
origin, then

3) Lo f@e= [ C ) drda ).

In fact, we define the area of the unit sphere S4~! c R? as

wq = /Sd_1 do (7).

An important application of spherical coordinates is to the calculation
of the integral fA(Rl Ra) |z|» dz, where A(R;, Ry) denotes the annulus
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A(Ry,R2) = {R; < |z| < Ry} and A € R. Applying polar coordinates,

we find
Ra
/ 2| dx = / / AL drdo ().
A(Rl,RQ) Sd_l Rl
Therefore

/ 2 dz = { Lo Ry - RYTY A # —d,
A(R1,R2)

wgllog(Rz2) —log(Ry)] if A = —d.

3 Improper integrals. Integration over R?

Most of the theorems we just discussed extend to functions integrated
over all of R% once we impose some decay at infinity on the functions we
integrate.

3.1 Integration of functions of moderate decrease

For each fixed N > 0 consider the closed cube in R? centered at the origin
with sides parallel to the axis, and of side length N: Qn = {|z;| < N/2:
1 <j <d}. Let f be a continuous function on RZ. If the limit

lim f(x)dx
N—oo Qn

/Rd f(z)de.

We deal with a special class of functions whose integrals over R? exist.
A continuous function f on R? is said to be of moderate decrease if
there exists A > 0 such that

exists, we denote it by

A
S L—
|f<1‘)| = 1—|—|£L‘|d+1

Note that if d =1 we recover the definition given in Chapter 5. An
important example of a function of moderate decrease in R is the Poisson
. _ 1 i
kernel given by Py(z) = 7 =4.
We claim that if f is of moderate decrease, then the above limit exists.
Let Iy = fQN f(z)dx. Each Iy exists because f is continuous hence

integrable. For M > N, we have

eyl < [l
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Now observe that the set Qp — @y is contained in the annulus
A(aN,bM) = {aN < |z| < bM}, where a and b are constants that de-
pend only on the dimension d. This is because the cube @y is contained
in the annulus N/2 < |z| < NVd/2, so that we can take a = 1/2 and
b = \/d/2. Therefore, using the fact that f is of moderate decrease yields

|IM—IN| SA ‘Jf‘idildl‘.
aN<|z|<bM

Now putting A = —d — 1 in the calculation of the integral of the previous
section, we find that

1 1
|IM—IN|§C(—>-

aN bM
So if f is of moderate decrease, we conclude that {Iy}%7_; is a Cauchy
sequence, and therefore [o, f(x) dz exists.

Instead of the rectangles @y, we could have chosen the balls By cen-
tered at the origin and of radius N. Then, if f is of moderate decrease,
the reader should have no difficulties proving that imy_. [ By (z)dx
exists, and that this limit equals imy o [, f(z) dz.

Some elementary properties of the integrals of functions of moderate
decrease are summarized in Chapter 6.

3.2 Repeated integrals

In Chapters 5 and 6 we claimed that the multiplication formula held for
functions of moderate decrease. This required an appropriate interchange
of integration. Similarly for operators defined in terms of convolutions
(with the Poisson kernel for example).

We now justify the necessary formula for iterated integrals. We only
consider the case d = 2, although the reader will have no difficulty ex-
tending this result to arbitrary dimensions.

Theorem 3.1 Suppose f is continuous on R? and of moderate decrease.
Then

F(a:l):/Rf(xl,xg)de

is of moderate decrease on R, and

- f(x)dx—/R</Rf(x1,x2)dx2) dxq.
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Proof. To see why F' is of moderate decrease, note first that

Adl’g
Pl < [ <[ 4
rR1+ (@7 +23)%2 7 Jioyi<ian] Jiwelzlen)

In the first integral, we observe that the integrand is < A/(1 + |z1[?), so

/ Adas 4 / A
>~ rT9 S ——5.
wal<len] 1+ (@1 +23)3/2 7 14 |21 Jjzg)<|an| 1+ [z [?

For the second integral, we have

/ Ad.ﬁCQ ,,/ de < A///
lealzlen) 1 (@F +23)32 = Jigyzjen) 1+ 223 7 J21]?

thus F' is of moderate decrease. In fact, this argument together with
Theorem 2.1 shows that F' is the uniform limit of continuous functions,
thus is also continuous.

To establish the identity we simply use an approximation and Theo-
rem 2.1 over finite rectangles. Write S¢ to denote the complement of a
set S. Given € > 0 choose N so large that

<,

‘/ f(x1, x2) dxydas —/ f(x1, x2) dxydas
R2 INXIN

where Iy = [-N, N]. Now we know that

/ f(xl,xg) d.’L‘ld.’L‘Q = / ( f(.’bl,l'z) d$2> dl’l.
INXIN IN IN

But this last iterated integral can be written as

:/R(/Rf(xl,m)dm> dxl_/lyv (/Rf(xl’@)dx2> di,

—/ ( f(l‘l,l'2>d$2> dxl.
In \JIg
We can now estimate

1

/IN < e f(xlaIQ)dCUQ) dr1| <O (NQ>

d.’EQ
el (] _im ),
1<|z1|<N < >N ([71] + |91D3> o

1

<o(=).

<o(y)
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A similar argument shows that

/va </Rf(xl7x2)dx2> dz

Therefore, we can find IV so large that

/INX[N f(z1,22) dz1das —/R </Rf(l'1,(£2)dx2) dz,

and we are done.

C
< —.
- N

< €,

3.3 Spherical coordinates

In R?, spherical coordinates are given by z = 77, where r» >0 and ~y
belongs to the unit sphere S4~1. If f is of moderate decrease, then
for each fixed v € S471, the function of f given by f(rv)r?=! is also of
moderate decrease on R. Indeed, we have

rd—1 < B
1+ |rydtl = 1472

Frrtt < A
As a result, by letting R — oo in (3) we obtain the formula
f(z)dx = / / fry)ri=tdr do (7).
R 54-1Jo
As a consequence, if we combine the fact that
| @)= [ fa)as.
Rd R

whenever R is a rotation, with the identity (3), then we obtain that

(®) | HRG o) = [ ) data).

gd—1



Notes and References

Seeley [29] gives an elegant and brief introduction to Fourier series and the
Fourier transform. The authoritative text on Fourier series is Zygmund [36].
For further applications of Fourier analysis to a variety of other topics, see Dym
and McKean [8] and Korner [21]. The reader should also consult the book by
Kahane and Lemarié-Rieusset [20], which contains many historical facts and
other results related to Fourier series.

Chapter 1

The citation is taken from a letter of Fourier to an unknown correspondent
(probably Lagrange), see Herivel [15].

More facts about the early history of Fourier series can be found in Sections
I-IIT of Riemann’s memoir [27].

Chapter 2

The quote is a translation of an excerpt in Riemann’s paper [27].
For a proof of Littlewood’s theorem (Problem 3), as well as other related
“Tauberian theorems,” see Chapter 7 in Titchmarsh [32].

Chapter 3

The citation is a translation of a passage in Dirichlet’s memoir [6].

Chapter 4

The quote is translated from Hurwitz [17].

The problem of a ray of light reflecting inside a square is discussed in Chap-
ter 23 of Hardy and Wright [13].

The relationship between the diameter of a curve and Fourier coefficients
(Problem 1) is explored in Pfluger [26].

Many topics concerning equidistribution of sequences, including the results in
Problems 2 and 3, are taken up in Kuipers and Niederreiter [22].

Chapter 5

The citation is a free translation of a passage in Schwartz [28].

For topics in finance, see Duffie [7], and in particular Chapter 5 for the Black-
Scholes theory (Problems 1 and 2).

The results in Problems 4, 5, and 6 are worked out in John [19] and Wid-
der [34].

For Problem 7, see Chapter 2 in Wiener [35].

The original proof of the nowhere differentiability of f; (Problem 8) is in
Hardy [12].

Chapter 6

The quote is an excerpt from Cormack’s Nobel Prize lecture [5].
More about the wave equation, as well as the results in Problems 3, 4, and 5
can be found in Chapter 5 of Folland [9].
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A discussion of the relationship between rotational symmetry, the Fourier
transform, and Bessel functions is in Chapter 4 of Stein and Weiss [31].

For more on the Radon transform, see Chapter 1 in John [18], Helgason [14],
and Ludwig [25].

Chapter 7

The citation is taken from Bingham and Tukey [2].

Proofs of the structure theorem for finite abelian groups (Problem 2) can be
found in Chapter 2 of Herstein [16], Chapter 2 in Lang [23], or Chapter 104 in
Korner [21].

For Problem 4, see Andrews [1], which contains a short proof.

Chapter 8

The citation is from Bochner [3].

For more on the divisor function, see Chapter 18 in Hardy and Wright [13].

Another “elementary” proof that L(1,x) # 0 can be found in Chapter 3 of
Gelfond and Linnik [11].

An alternate proof that L(1,x) # 0 based on algebraic number theory is in
Weyl [33]. Also, two other analytic variants of the proof that L(1, x) # 0 can be
found in Chapter 109 in Kérner [21] and Chapter 6 in Serre [30]. See also the
latter reference for Problems 3 and 4.

Appendix

Further details about the results on integration reviewed in the appendix can
be found in Folland [10] (Chapter 4), Buck [4] (Chapter 4), or Lang [24] (Chap-
ter 20).
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Symbol Glossary

The page numbers on the right indicate the first time the symbol or
notation is defined or used. As usual, Z, Q, R and C denote the integers,
the rationals, the reals, and the complex numbers respectively.

2], 2
eZ
sinh x, coshx

f(n), a '
f0) ~> ane™
svif)

Dy, Dr, Dy, Dy

P, P,, PS
0O, o0
ka

fxg

on, on(f)
Fyn, Fr
A(r), Ar(f)
X[a,b]

f01), f(67)

R?, C4

X1y

()

R

(s)

[z], (z) )
An, ON,K AN
H,, Hy, HY
M(R)

Laplacian

Absolute value and complex
conjugate

Complex exponential
Hyperbolic sine and hyperbolic
cosine

Fourier coefficient

Fourier series

Partial sum of a Fourier series
Dirichlet kernel, conjugate, and
modified

Poisson kernels

Big O and little o notation
Functions that are k times dif-
ferentiable

Convolution

Cesaro mean

Fejér kernel

Abel mean

Characteristic function
One-sided limits at jump dis-
continuities

Euclidean spaces

Orthogonal vectors

Square summable sequences
Riemann integrable functions
Zeta function

Integer and fractional parts
Delayed means

Heat kernels

Space of functions of moderate
decrease on R

303

20, 185
22

24
28

34
34
35
37, 95, 165

37, 149, 210
42, 62
44

44, 139, 184, 239
52, 53

53, 163

54, 55

61

63

71
72
73
75
08
106
114, 127, 174
120, 146, 209
131
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()
S,S(R), S(R)
R2, RZ

0(s), O(z|7)
I'(s)

lzll, |=]; (z,y), © -y

%, lal, ()"

Sl7 52’ Sd*l

G~H
G1XG2

10g1 (

) log, L(s, x)

SYMBOL GLOSSARY

Fourier transform
Schwartz space

Upper half-plane and its
closure

Theta functions

Gamma function

Norm and inner product in
Rd

Monomial, its order, and
differential operator

Unit circle in R?, and unit
spheres in R3, R?
Spherical mean

Bessel function

Plane

Radon and dual Radon
transforms

Area and volume of the
unit sphere in R?

Group of N' roots of
unity

Group of integers modulo
N

Abelian group and its or-
der

Isomorphic groups

Direct product of groups
Group of units modulo ¢
Dual group of G

a divides b

Greatest common divisor
of a and b

Number of integers rela-
tively prime to ¢

Dirichlet character, and
trivial Dirichlet character
Dirichlet L-function

Logarithms

Number of positive divi-
sors of k

134, 181
134, 180
149

155, 156
165

71, 176
176

179, 180
194, 216
197, 213
202
203, 205
208

219

221
226, 228
227

228
227, 229, 244
231

242

242

254

254

256
258, 264
269



Index

Relevant items that also arise in Book I are listed in this index, preceeded

by the numeral I.

Abel

means, 54

summable, 54
abelian group, 226
absolute value, 23
absorption coefficient, 199
amplitude, 3
annihilation operator, 169
approximation to the identity,

49

attenuation coefficient, 199

Bernoulli
numbers, 97, 167
polynomials, 98
Bernstein’s theorem, 93
Bessel function, 197
Bessel’s inequality, 80
best approximation lemma, 7§
Black-Scholes equation, [170
bump functions, 162

Cauchy problem (wave equa-
tion), 185

Cauchy sequence, 24
Cauchy-Schwarz inequality, 72
Cesaro

means, 2

sum, 52

summable, 52
character, 230

trivial (unit), 230
class C*, 44

305

closed rectangle, 289
complete vector space, 74
complex

conjugate, 23

exponential, 24
congruent integers, 220
conjugate Dirichlet kernel, 95
convolution, 44, 139, 239
coordinates

spherical in R?, 293
creation operator, 169
curve, 102

area enclosed, 103

closed, 102

diameter, 125

length, 102

simple, 102

d’Alembert’s formula, [11
delayed means, 114
generalized, 127
descent (method of), 194
dilations, 133, 177
direct product of groups, 228
Dirichlet characters, 254
complex, 265
real, 265
Dirichlet kernel
conjugate (on the circle), 95
modified (on the real line),
165
on the circle, 37
Dirichlet problem
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annulus, 64

rectangle, 28

strip, 170

unit disc, 20
Dirichlet product formula, 256
Dirichlet’s test, 60
Dirichlet’s theorem, 128
discontinuity

jump, 63

of a Riemann integrable

function, 286
divisibility of integers, 242
divisor, 242

greatest common, 242
divisor function, 269, 280
dual

X-ray transform, 212

group, 231

Radon transform, 205

eigenvalues and eigenvectors,
233
energy, 148, 187
of a string, 90
equidistributed sequence, 107
ergodicity, 111
Euclid’s algorithm, 241
Euler
constant vy, 268
identities, 25
phi-function, 254, 276
product formula, 249
even function, 10
expectation, 160
exponential function, 24
exponential sum, 112

fast Fourier transform, 224
Fejér kernel

on the circle, 53

on the real line, 163
Fibonacci numbers, 122

INDEX

Fourier
coefficient (discrete), 236
coefficient, [16, 34
on Z(N), 223
on a finite abelian group,
235
series, 34
sine coefficient, 15
Fourier inversion
finite abelian group, 235
on Z(N), 223
on R, 141
on RY, 182
Fourier series, 34, 235
Abel means, 55
Cesaro mean, 53
delayed means, 114
generalized delayed means,
127
lacunary, 114
partial sum, 35
uniqueness, 39
Fourier series convergence
mean square, 70
pointwise, 81, 128
Fourier series divergence, 83
Fourier transform, 134, 136, 181
fractional part, 106
function
Bessel, 197
exponential, 24
gamma, 165
moderate decrease, 131,
179, 294
radial, 182
rapidly decreasing, 135, 178
sawtooth, 60, 83
Schwartz, 135, 180
theta, 155
zeta, 98

gamma function, 165
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Gaussian, 135, 181
Gibbs’s phenomenon, 94
good kernels, 48
greatest common divisor, 242
group (abelian), 226
cyclic, 238
dual, 231
homomorphism, 227
isomorphic, 227
of integers modulo N, 221
of units, 227, 229, 244
order, 228

Holder condition, 43
harmonic function, 20
mean value property, 152
harmonics, 13
heat equation, 20
d-dimensions, 209
on the real line, 146
steady-state, 20
time-dependent, 20
heat kernel
d-dimensions, 209
of the real line, 146, 156
of the circle, 120, 124, 156
Heisenberg uncertainty princi-
ple, 158, 168, 209
Hermite
functions, 173
operator, 168
Hermitian inner product, 72
Hilbert space, 75
homomorphism, 227
Hooke’s law, 2
Huygens’ principle, 193
hyperbolic cosine and sine func-
tions, 28
hyperbolic sums, 269

inner product, [71
Hermitian, 72
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strictly positive definite, [71
integer part, 106
integrable function (Riemann),
31, 281
inverse of a linear operator, 177
isoperimetric inequality, 103,
122

jump discontinuity, 63
Kirchhoff’s formula, 211

L-function, 256
Landau kernels, 164
Laplace operator, 20
Laplacian, 20, 149, 185

polar coordinates, 27
Legendre

expansion, 96

polynomial, 95
light cone

backward, 193, 213

forward, 193
linearity, 6, 22
Lipschitz condition, 82
logarithm

log,, 258

log,, 264

mean value propery, 152

measure zero, 287

moderate decrease (function),
131

modulus, 23

monomial, 176

multi-index, 176

multiplication formula, 140, 183

natural frequency, 3
Newton’s law, 3
of cooling, 19
nowhere differentiable function,
113, 126



308

odd function, 10

order of a group, 228
orthogonal elements, 72
orthogonality relations, 232
orthonormal family, [77
oscillation (of a function), 288
overtones, 6, 13

parametrization

arc-length, 103

reverse, 121
Parseval’s identity, 79

finite abelian group, 236
part

fractional, 106

integer, 106
partition

of a rectangle, 290

of an interval, 281
period, 3
periodic function, 10
periodization, 153
phase, 3
Plancherel formula

on Z(N), 223

on R, 143

on RY, 182
Planck’s constant, 161
plucked string, 17
Poincaré’s inequality, 90
Poisson integral formula, 57
Poisson kernel

d-dimensions, 210

on the unit disc, 37, b5

on the upper half-plane, 149
Poisson kernels,comparison, 157
Poisson summation formula,

154156, 165, 174

polar coordinates, 179
polynomials

Bernoulli, 98

Legendre, 95

INDEX

pre-Hilbert space, [75

prime number, 242

primes in arithmetic progres-
sion, 245, 252, 275

probability density, 160

profile, 5

pure tones, 6

Pythagorean theorem, [72

Radon transform, 200, 203
rapid decrease, 135
refinement (partition), 281, 290
relatively prime integers, 242
repeated integrals, 295
Reuleaux triangle, 125
Riemann integrable function, 31,
281, 290
Riemann localization principle,
82
Riemann-Lebesgue lemma, 80
root of unity, 219
rotation, 177
improper, 177
proper, 177

sawtooth function, 60, 83, 84,
94, 99, 278
scaling, 8
Schwartz space, 134, 180
separation of variables, 4, 11
simple harmonic motion, 2
space variables, [185
spectral theorem, 233
commuting family, 233
speed of propagation (finite),
194
spherical
coordinates in R?, 293
mean, 189
wave, 210
spring constant, 3
standing wave, 4



INDEX

subordination principle, 210
subrectangle, 290
summable

Abel, 54

Cesaro, b2
summation by parts, 60
superposition, 6, 14
symmetry-breaking, 83

theta function, 155
functional equation, 155
tone
fundamental, 13
pure, 11
translations, 133, [177
transpose of a linear operator,
177
traveling wave, 4
trigonometric
polynomial, 35
degree, 35
series, 35
Tychonoff’s uniqueness theo-
rem, 172

uncertainty, 160
unit, 229
unitary transformation, 143, 233

309

variance, 160

vector space, 70

velocity of a wave, b
velocity of the motion, [7
vibrating string, 90

wave
standing, 4, 13
traveling, 4
velocity, b
wave equation, 184
d-dimensional, 185
d’Alembert’s formula, 11
is linear, 9
one-dimensional, [/
time reversal, 11
Weierstrass approximation theo-
rem, b4, 63, 144, 163
Weyl
criterion, 112, 123
estimate, 125
theorem, 107
Wirtinger’s inequality, 90, 122

X-ray transform, 200

zeta function, 98, 155, 166, 248
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