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Preface

This book is based on lecture notes which I have used over a number of years
to teach a course on mathematical methods to senior undergraduate students
of mathematics at King Saud University. The course is offered here as a prereq-
uisite for taking partial differential equations in the final (fourth) year of the
undergraduate program. It was initially designed to cover three main topics:
special functions, Fourier series and integrals, and a brief sketch of the Sturm—
Liouville problem and its solutions. Using separation of variables to solve a
boundary-value problem for a second-order partial differential equation often
leads to a Sturm-Liouville eigenvalue problem, and the solution set is likely to
be a sequence of special functions, hence the relevance of these topics. Typi-
cally, the solution of the partial differential equation can then be represented
(pointwise) by a Fourier series or a Fourier integral, depending on whether the
domain is finite or infinite.

But it soon became clear that these “mathematical methods” could be de-
veloped into a more coherent and substantial course by presenting them within
the more general Sturm-Liouville theory in £2. According to this theory, a
linear second-order differential operator which is self-adjoint has an orthogonal
sequence of eigenfunctions that spans £2. This immediately leads to the funda-
mental theorem of Fourier series in £2 as a special case in which the operator is
simply d?/dx?. The other orthogonal functions of mathematical physics, such
as the Legendre and Hermite polynomials or the Bessel functions, are similarly
generated as eigenfunctions of particular differential operators. The result is a
generalized version of the classical theory of Fourier series, which ties up the

topics of the course mentioned above and provides a common theme for the
book.
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In Chapter 1 the stage is set by defining the inner product space of square
integrable functions £2, and the basic analytical tools needed in the chapters
to follow. These include the convergence properties of sequences and series of
functions and the important notion of completeness of £2, which is defined
through Cauchy sequences.

The difficulty with building Fourier analysis on the Sturm—Liouville the-
ory is that the latter is deeply rooted in functional analysis, in particular the
spectral theory of compact operators, which is beyond the scope of an under-
graduate treatment such as this. We need a simpler proof of the existence and
completeness of the eigenfunctions. In the case of the regular Sturm-Liouville
problem, this is achieved in Chapter 2 by invoking the existence theorem
for linear differential equations to construct Green’s function for the Sturm-
Liouville operator, and then using the Ascoli-Arzela theorem to arrive at the
desired conclusions. This is covered in Sections 2.4.1 and 2.4.2 along the lines
of Coddington and Levinson in [6].

Chapters 3 through 5 present special applications of the Sturm—Liouville
theory. Chapter 3, which is on Fourier series, provides the prime example of a
regular Sturm—Liouville problem. In this chapter the pointwise theory of Fourier
series is also covered, and the classical theorem (Theorem 3.9) in this context
is proved. The advantage of the £2 theory is already evident from the simple
statement of Theorem 3.2, that a function can be represented by a Fourier
series if and only if it lies in £2, as compared to the statement of Theorem 3.9.

In Chapters 4 and 5 we discuss some of the more important examples of
a singular Sturm-Liouville problem. These lead to the orthogonal polynomials
and Bessel functions which are familiar to students of science and engineer-
ing. Each chapter concludes with applications to some well-known equations
of mathematical physics, including Laplace’s equation, the heat equation, and
the wave equation.

Chapters 6 and 7 on the Fourier and Laplace transformations are not really
part of the Sturm—Liouville theory, but are included here as extensions of the
Fourier series method for representing functions. These have important appli-
cations in heat transfer and signal transmission. They also allow us to solve
nonhomogeneous differential equations, a subject which is not discussed in the
previous chapters where the emphasis is mainly on the eigenfunctions.

The reader is assumed to be familiar with the convergence properties of
sequences and series of functions, which are usually presented in advanced cal-
culus, and with elementary ordinary differential equations. In addition, we have
used some standard results of real analysis, such as the density of continuous
functions in £2 and the Ascoli-Arzela theorem. These are used to prove the exis-
tence of eigenfunctions for the Sturm—Liouville operator in Chapter 2, and they



Preface vii

have the advantage of avoiding any need for Lebesgue measure and integration.
It is for that reason that smoothness conditions are imposed on the coefficients
of the Sturm—Liouville operator, for otherwise integrability conditions would
have sufficed. The only exception is the dominated convergence theorem, which
is invoked in Chapter 6 to establish the continuity of the Fourier transform.
This is a marginal result which lies outside the context of the Sturm—Liouville
theory and could have been handled differently, but the temptation to use that
powerful theorem as a shortcut was irresistible.

This book follows a strict mathematical style of presentation, but the sub-
ject is important for students of science and engineering. In these disciplines,
Fourier analysis and special functions are used quite extensively for solving
linear differential equations, but it is only through the Sturm-Liouville theory
in £2 that one discovers the underlying principles which clarify why the proce-
dure works. The theoretical treatment in Chapter 2 need not hinder students
outside mathematics who may have some difficulty with the analysis. Proof of
the existence and completeness of the eigenfunctions (Sections 2.4.1 and 2.4.2)
may be skipped by those who are mainly interested in the results of the theory.
But the operator-theoretic approach to differential equations in Hilbert space
has proved extremely convenient and fruitful in quantum mechanics, where it
is introduced at the undergraduate level, and it should not be avoided where
it seems to brings clarity and coherence in other disciplines.

I have occasionally used the symbols = (for “implies”) and < (for “if and
only if”) to connect mathematical statements. This is done mainly for the
sake of typographical convenience and economy of expression, especially where
displayed relations are involved.

A first draft of this book was written in the summer of 2005 while I was
on vacation in Lebanon. I should like to thank the librarian of the American
University of Beirut for allowing me to use the facilities of their library during
my stay there. A number of colleagues in our department were kind enough
to check the manuscript for errors and misprints, and to comment on parts of
it. I am grateful to them all. Professor Saleh Elsanousi prepared the figures
for the book, and my former student Mohammed Balfageh helped me to set
up the software used in the SUMS Springer series. I would not have been able
to complete these tasks without their help. Finally, I wish to express my deep
appreciation to Karen Borthwick at Springer-Verlag for her gracious handling
of all the communications leading to publication.

M.A. Al-Gwaiz
Riyadh, March 2007
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1

Inner Product Space

An inner product space is the natural generalization of the FEuclidean space
R™, with its well-known topological and geometric properties. It constitutes
the framework, or setting, for much of our work in this book, as it provides the
appropriate mathematical structure that we need.

1.1 Vector Space

We use the symbol F to denote either the real number field R or the complex
number field C.

Definition 1.1

A linear vector space, or simply a vector space, over F is a set X on which two

operations, addition
+: X xX—-X,

and scalar multiplication
G Fx X — X,

are defined such that:
1. X is a commutative group under addition; that is,
(a) x+y=y+x forall x,y €X.
(b) x+(y+z)=(x+y)+z forall x,y,z € X.
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(c) There is a zero, or null, element 0 € X such that x +0=x for all
x €X.

(d) For each x € X there is an additive inverse —x €X such that
x+ (—x) = 0.

2. Scalar multiplication between the elements of F and X satisfies
(a) a-(b-x)=(ab)-x for all a,b € F and all x €X,
(b) 1-x=x forall x €X.
3. The two distributive properties
(a) a-(x+y)=a-x+a-y
(b) (a+0b)-x=a-x+b-x
hold for any a,b € F and x,y €X.

X is called a real vector space or a complex vector space depending on
whether F = R or F = C. The elements of X are called vectors and those
of F scalars.

From these properties it can be shown that the zero vector 0 is unique,
and that every x € X has a unique inverse —x. Furthermore, it follows that
0-x=0and (—1)-x = —x for every x € X, and that a-0 = 0 for every a € F.
As usual, we often drop the multiplication dot in a - x and write ax.

Example 1.2

(1) The set of n-tuples of real numbers
R™ = {(z1,...,2n) 1 z; € R},
under addition, defined by
(@1, 2n) + (W1, Yn) = @1+ Y1, T+ Yn),
and scalar multiplication, defined by
a-(1,...,2,) = (ax1,...,02,),
where a € R, is a real vector space.

(ii) The set of n-tuples of complex numbers

ct :{(217"'7Zn):zi EC},
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on the other hand, under the operations

(21, oy 2n) + (w1, .. wy) = (21 w1y v 0y 20 + Wh),

a-(z1,...,2n) = (az1,...,az,), a€C,
is a complex vector space.
(iii) The set C™ over the field R is a real vector space.

(iv) Let I be a real interval which may be closed, open, half-open, finite, or
infinite. P(I) denotes the set of polynomials on I with real (complex) coeffi-
cients. This becomes a real (complex) vector space under the usual operation
of addition of polynomials, and scalar multiplication

b (apz™ + -+ + a1z + ag) = bayz™ + -+ - + bayx + bag,

where b is a real (complex) number. We also abbreviate P(R) as P.

(v) The set of real (complex) continuous functions on the real interval I, which
is denoted C(I), is a real (complex) vector space under the usual operations
of addition of functions and multiplication of a function by a real (complex)
number.

Let {x1,...,x,} be any finite set of vectors in a vector space X. The sum

n
a1x1+ -+ apnXn = Y a;x;, a; €F,
=1

is called a linear combination of the vectors in the set, and the scalars a; are
the coefficients in the linear combination.

Definition 1.3

(i) A finite set of vectors {x1,...,x,} is said to be linearly independent if
Sax;=0=a;=0 forallie{l,...,n},
i=1

that is, if every linear combination of the vectors is not equal to zero except

when all the coefficients are zeros. The set {x1,...,x,} is linearly dependent
if it is not linearly independent, that is, if there is a collection of coefficients
ai,...,an, not all zeros, such that " | a;x; = 0.

(ii) An infinite set of vectors {xi,X2,Xs,...} is linearly independent if every
finite subset of the set is linearly independent. It is linearly dependent if it is
not linearly independent, that is, if there is a finite subset of {x;,x2,x3,...}
which is linearly dependent.
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It should be noted at this point that a finite set of vectors is linearly depen-
dent if, and only if, one of the vectors can be represented as a linear combination
of the others (see Exercise 1.3).

Definition 1.4

Let X be a vector space.

(i) A set A of vectors in X is said to span X if every vector in X can be
expressed as a linear combination of elements of A. If, in addition, the vectors
in A are linearly independent, then A is called a basis of X.

(ii) A subset Y of X is called a subspace of X if every linear combination of
vectors in Y lies in Y. This is equivalent to saying that Y is a vector space in
its own right (over the same scalar field as X).

If X has a finite basis then any other basis of X is also finite, and both
bases have the same number of elements (Exercise 1.4). This number is called
the dimension of X and is denoted dim X. If the basis is infinite, we take
dim X = oc.

In Example 1.2, the vectors

e = (1,0,...,0)7
€2 = (0,1707"‘70)7

e, =(0,...,0,1)
form a basis for R™ over R and C™ over C. The vectors

dl = (i707"'70)a
ds = (0,i,0,...,0),

dn: (0,-..,0,i),

together with eq,...,e,, form a basis of C" over R. On the other hand, the
powers of z € R,

2 .3
1, z, =, x°,...,

span P and, being linearly independent (Exercise 1.5), they form a basis for
the space of real (complex) polynomials over R (C). Thus both real R™ and
complex C™ have dimension n, whereas real C™ has dimension 2n. The space
of polynomials, on the other hand, has infinite dimension. So does the space of
continuous functions C(I), as it includes all the polynomials on I (Exercise 1.6).
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Let P, (I) be the vector space of polynomials on the interval I of degree
< n. This is clearly a subspace of P(I) of dimension n + 1. Similarly, if we
denote the set of (real or complex) functions on I whose first derivatives are
continuous by C(I), then, under the usual operations of addition of functions
and multiplication by scalars, C1(I) is a vector subspace of C(I) over the
same (real or complex) field. As usual, when I is closed at one (or both) of
its endpoints, the derivative at that endpoint is the one-sided derivative. More
generally, by defining

C™(I) = {f € C(I): f™ € C(I), n €N},
c=(1)= A c"(0)
we obtain a sequence of vector spaces
C()>CYI)D>C*I)D---D>C>®()

such that C*(I) is a (proper) vector subspace of C™(I) whenever k > m. Here
N is the set of natural numbers {1,2,3,...} and Ny = N U {0}. The set of
integers {...,—2,—1,0,1,2,...} is denoted Z. If we identify C°(I) with C(I),
all the spaces C™(I), n € Ny, have infinite dimensions as each includes the
polynomials P(I). When I = R, or when [ is not relevant, we simply write C"™.

EXERCISES

1.1 Use the properties of the vector space X over F to prove the foll-
owing.

(a) 0-x=0 forall x €X.

(b) a-0=0 foralla€F.

(¢) (-1)-x=—x forall x €X.

(d) If @ - x = 0 then either a = 0 or x = 0.

1.2 Determine which of the following sets is a vector space under the
usual operations of addition and scalar multiplication, and whether
it is a real or a complex vector space.

(a) Pn(I) with complex coefficients over C
(b) P(I) with imaginary coefficients over R
(¢) The set of real numbers over C
(

d) The set of complex functions of class C™(I) over R
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1.3 Prove that the vectors x1, ..., x,, are linearly dependent if, and only
if, there is an integer k € {1,...,n} such that

Xk = Y. 4;X;, a; € F.
i£k
Conclude from this that any set of vectors, whether finite or infinite,
is linearly dependent if, and only if, one of its vectors is a finite linear
combination of the other vectors.

1.4 Let X be a vector space. Prove that, if A and B are bases of X and
one of them is finite, then so is the other and they have the same
number of elements.

1.5 Show that any finite set of powers of x, {l,x,2% ...,2" : = €
I}, is linearly independent. Hence conclude that the infinite set
{1,2,2%,...: x € I} is linearly independent.

1.6 If Y is a subspace of the vector space X, prove that dimY < dim X.

1.7 Prove that the vectors

X1 = ($11»'~~,$1n)7

Xn = (xnla' --7xnn)7

where z;; € R, are linearly dependent if, and only if, det(z;;) = 0,
where det(z;;) is the determinant of the matrix (z;;).

1.2 Inner Product Space

Definition 1.5

Let X be a vector space over F. A function from X x X to F is called an inner
product in X if, for any pair of vectors x,y €X, the inner product (x,y) —
(x,y) € F satisfies the following conditions.

(i) (x,y) = (y,x) forall x,y €X.

(ii) (ax+by,z) = a(x,z) + b(y,z) forall a,b e, x,y,z € X.

(iii) (x,x) >0 for all x €X.

(iv) (x,x) =0 < x=0.

A vector space on which an inner product is defined is called an inner product
space.
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The symbol (y,x) in (i) denotes the complex conjugate of (y,x), so that
(x,y) = (y,x) if X is a real vector space. Note also that (i) and (ii) imply

(x,ay) = (ay,x) = a(x,y),

which means that the linearity property which holds in the first component of
the inner product, as expressed by (ii), does not apply to the second component
unless F = R.

Theorem 1.6 (Cauchy-Bunyakowsky—Schwarz Inequality)

If X is an inner product space, then

[(x,9)]* < (x,x) {y,y) forall x,y €X.

Proof

If either x = 0 or y = 0 this inequality clearly holds, so we need only consider
the case where x # 0 and y # 0. Furthermore, neither side of the inequality
is affected if we replace x by ax where |a|] = 1. Choose a so that (ax,y) is
a real number; that is, if (x,y) = [(x,y)| e, let a = e~%. Therefore we may
assume, without loss of generality, that (x,y) is a real number. Using the above
properties of the inner product, we have, for any real number ¢,

0 < (x+ty, x+ty) = (x,x) + 2 (x,y) t + (y,y) t*. (1.1)

This is a real quadratic expression in ¢ which achieves its minimum at t =
—(x,y)/{y,y) . Substituting this value for ¢ into (1.1) gives

and hence the desired inequality. O

We now define the norm of the vector x as

[ = v/ (x,%).

Hence, in view of (iii) and (iv), ||x|| > 0 for all x €X, and ||x|| = 0 if and only
if x = 0. The Cauchy—Bunyakowsky—Schwarz inequality, which we henceforth
refer to as the CBS inequality, then takes the form

|Gy < X[yl for all x,y €X. (1.2)
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Corollary 1.7

If X is an inner product space, then

% +yll < x|l + [yl forall x,y € X. (1.3)

Proof
By definition of the norm,
Ix+yl* = (x+y,x+y)

P+ xy) + (v, x) + [yl
= ||x|I” + 2Re (x,y) + [ly[I°-

= [Ix]l

But Re (x,y) < |[(x,¥)| < ||x]| ly¥|l by the CBS inequality, hence
2 2 2
Ix+yl” < [xII" + 2| lyll + Iy
= (Il + [y 1)
Inequality (1.3) now follows by taking the square roots of both sides. O

By defining the distance between the vectors x and y to be ||x — y||, we see
that for any three vectors x,y,z € X,

Ix—yll=lx-z+z—yl
<lx—zl+lz—yl.
This inequality, and by extension (1.3), is called the triangle inequality, as
it generalizes a well known inequality between the sides of a triangle in the
plane whose vertices are the points x,y,z. The inner product space X is now

a topological space, in which the topology is defined by the norm ||-||, which is
derived from the inner product (-, ).

Example 1.8

(a) In R™ we define the inner product of the vectors

X:(xla"wxn)v y:(ylaﬂyn)
by
<X,y> =211+ -+ Tn¥n, (1'4)
which implies

Il = /@t + -+ af
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In this topology the vector space R™ is the familiar n-dimensional Euclidean
space. Note that there are other choices for defining the inner product (x,y),
such as ¢(z1y1 + - - - + Ty, ) Where ¢ is any positive number, or c1z1y; + -+ +
CnZnYn Where ¢; > 0 for every i. In either case the provisions of Definition 1.5
are all satisfied, but the resulting inner product space would not in general be
Euclidean.

(b) In C™ we define
(2, W) = 2101 + - + 2,0p (1.5)

for any pair z, w € C". Consequently,

2 2
Jall = V11l + -+ el
(¢) A natural choice for the definition of an inner product on C([a,b]), by

analogy with (1.5), is

b -
(f.9) = / f@)a@dze,  f.g€ C([a,b), (1.6)

b 1/2
HE [ / |f<x>|2dx] .

It is a simple matter to verify that the properties (i) through (iv) of the
inner product are satisfied in each case, provided of course that F= C when
the vector space is C™ or complex C([a,b]). To check (iv) in Example 1.8(c),
we have to show that

so that

1/2
l/b|f($)|2d$] =0 & f(x)=0 forallx€]a,b]

We need only verify the forward implication (=), as the backward implication
(<) is trivial. But this follows from a well-known property of continuous, non-
negative functions: If ¢ is continuous on [a,b], ¢ > 0, and f;go(x)d:z: =0, then
¢ = 0 (see [1], for example). Because |f|? is continuous and nonnegative on
[a,b] for any f € C([a,b]),

b
||f||:o:»/ f@)2de=0= |f2=0= f =0,

In this study, we are mainly concerned with function spaces on which an
inner product of the type (1.6) is defined. In addition to the topological struc-
ture which derives from the norm ||-||, this inner product endows the space with
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a geometrical structure that extends some desirable notions, such as orthogo-
nality, from Euclidean space to infinite-dimensional spaces. This is taken up in
Section 1.3. Here we examine the Euclidean space R™ more closely.

Although we proved the CBS and the triangle inequalities for any inner
product in Theorem 1.6 and its corollary, we can also derive these inequalities
directly in R™. Consider the inequality

(a—b)*=a*—2ab+b*>0 (1.7)

which holds for any pair of real numbers a and b. Let
Li Yi
:2—23 b:2—2’ l‘i7yi€R~
i+t oy yi 4ty
It Z;'lzl x? 7 0 and Z?:l ygz # 0, then (1.7) implies

Ty 1 a? 1 y7

NOSE NN SRR

where the summation over the index j is from 1 to n. After summing on ¢ from
1 to n, the right-hand side of this inequality reduces to 1, and we obtain

Ty < \/ﬁ\/ziyf

This inequality remains valid regardless of the signs of x; and y;, therefore we

can write
1> ziyi| < \/Zx?\/Zy?

for all x =(x1,...,2,) # 0 and y =(y1,...,yn) # 0 in R™. But because the
inequality becomes an equality if either ||x|| or |ly|| is 0, this proves the CBS
inequality

[ < [yl for all x,y € R™.

From this the triangle inequality ||x + y|| < [|x[| + [ly|| immediately follows.
Now we define the angle 6 € [0, 7] between any pair of nonzero vectors x
and y in R™ by the equation

(x,y) =[x llyl| cos 6.

Because the function cos : [0, 7] — [—1,1] is injective, this defines the angle 0
uniquely and agrees with the usual definition of the angle between x and y in
both R? and R3. With x # 0 and y # 0,

(x,y)=0 & cosf =0,

which is the condition for the vectors x,y € R™ to be orthogonal. Consequently,
we adopt the following definition.
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Definition 1.9

(i) A pair of nonzero vectors x and y in the inner product space X is said to
be orthogonal if (x,y) = 0, symbolically expressed by writing xLy. A set of
nonzero vectors V in X is orthogonal if every pair in V is orthogonal.

(ii) An orthogonal set V C X is said to be orthonormal if ||x|| = 1 for every
xeV.

A typical example of an orthonormal set in the Euclidean space R™ is
given by

e, =(0,...,0,1),
which, as we have already seen, forms a basis of R™.
In general, if the vectors
X1,X2,...,Xp (1.8)

in the inner product space X are orthogonal, then they are necessarily linearly
independent. To see that, let

aX)+ -+ apx, =0, a; €F,

and take the inner product of each side of this equation with x;, 1 < k < n.
In as much as (x;,x;) = 0 whenever i # k, we obtain

ar (X, %) = ag |xu> = 0, ke {1,---,n}

= a, =0 for all k.

By dividing each vector in (1.8) by its norm, we obtain the orthonormal set
i/ il s 1< i < m).

Let us go back to the Euclidean space R™ and assume that x is any vector

in R™. We can therefore represent it in the basis {e1,...,e,} by
n
X = Z a;e;. (19)
i=1

Taking the inner product of Equation (1.9) with ey, and using the orthonormal

property of {e;},
(x,e,) =ax, ke{l,...,n}
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This determines the coefficients a; in (1.9), and means that any vector x in R™
is represented by the formula

x=> (x,€e,)e.

o8

i=1

The number (x,e;) is called the projection of x on e;, and (x,e;)e; is the
projection vector in the direction of e;. More generally, if x and y # 0 are any
vectors in the inner product space X, then (x,y/|y||) is the projection of x on

y, and the vector
< y > y _ xy)
X, - 2y
Iyl /7 Iyl vl

is its projection vector along y.

Suppose now that we have a linearly independent set of vectors {x1, ..., x,}
in the inner product space X. Can we form an orthogonal set out of this set? In
what follows we present the so-called Gram—Schmidt method for constructing
an orthogonal set {y1,...,yn} out of {x;} having the same number of vectors:
We first choose

y1 = X1.
The second vector is obtained from x5 after extracting the projection vector of
X5 in the direction of y,

(x2,¥1)

y2 = X2 — 5 Y-
[yl

The third vector is x3 minus the projections of x3 in the directions of y; and y»,

_ (x3,¥1) (x3,¥2)
y3 =X3 — 5 Y1~ 7 Y2
H}’1|| HY2||
‘We continue in this fashion until the last vector
X :7y X :7y ! —
ynzxn—g 1_..._“77”20},”_1,
[yl [yn—1l

and the reader can verify that the set {yi,...,yn} is orthogonal.

EXERCISES

1.8 Given two vectors x and y in an inner product space, under what
conditions does the equality ||x +y||* = |x||* + [ly||* hold? Can this
equation hold even if the vectors are not orthogonal?

1.9 Let x,y € X, where X is an inner product space.
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1.10

1.11

1.12

1.13

1.14

1.15

1.16

1.17

1.18

(a) If the vectors x and y are linearly independent, prove that x +y
and x — y are also linearly independent.

(b) If x and y are orthogonal and nonzero, when are x +y and
x — y orthogonal?

Let o1(z) = 1, @o(x) = 2, p4(z) = 2%, =1 < 2 < 1. Use (1.6) to
calculate

(a) {1, 02)

(b) (p1.3)

(c) llpr — @2“2
(d) lI12¢1 + 3o -

Determine all orthogonal pairs on [0, 1] among the functions ¢, (x) =
1, oo(x) =z, p5(x) = sin 27wz, p,(x) = cos2mx. What is the largest
orthogonal subset of {¢1, ¢a, 3,94 }7?

Determine the projection of f(x) = cos?x on each of the functions

filx) =1, fo(z) =cosz, f3(x)=cos2zx, -7 <z <.

Verify that the functions ¢y, s, ¢35 in Exercise 1.10 are linearly in-
dependent, and use the Gram—Schmidt method to construct a cor-
responding orthogonal set.

Prove that the set of functions {1, z,|z|} is linearly independent on
[—1, 1], and construct a corresponding orthonormal set. Is the given
set linearly independent on [0, 1]?

Use the result of Exercise 1.3 and the properties of determinants to
prove that any set of functions {f1,..., f,} in C"1(I), I being a
real interval, is linearly dependent if, and only if, det( fi(j )) =0 on
I, where 1 <i<n,0<j<n-—1.

Verify that the following functions are orthogonal on [—1, 1].

@) =1 w@ = -3 e ={ 5 270

Determine the corresponding orthonormal set.

Determine the values of the coefficients a and b which make the
function z? 4 az + b orthogonal to both z + 1 and  — 1 on [0, 1].

Using the definition of the inner product as expressed by Equation
(1.6), show that ||f|| = 0 does not necessarily imply that f = 0
unless f is continuous.
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1.3 The Space L2

For any two functions f and g in the vector space C([a,b]) of complex contin-
uous functions on a real interval [a,b], we defined the inner product

/ f(x (1.10)

from which followed the definition of the norm

£l =V F) =\ [y 1f(@)] da. (1.11)

As in R™, we can also show directly that the CBS inequality holds in C([a, b]).
For any f,g € C([a,b]), we have

- - £ 4 -

where we assume that || f|| # 0 and ||g|| # 0. Hence

b b .
|f ()| 1g(x)] 1 ) 1 ,
d dr + —— dr =1

LA Tl x§2||f||2/a | f ()] a:+2”g”2/a lg(z)|” dz

= (If1, 19D < 1 f 1 Hlgll -
Using the monotonicity property of the integral

[ ol < [ 1ot as,

we therefore conclude that

(Lol < f1s Mgl < W fIHIgll-

If either ||f|| = 0 or ||g|]] = O the inequality remains valid, as it becomes an
equality. The triangle inequality

If+gll <A1+ Mgl
then easily follows from the relation fg+ fg = 2Re fg < 2|fg|.

As we have already observed, the nonnegative number ||f — g|| may be re-
garded as a measure of the “distance” between the functions f, g € C([a,b]). In
this case we clearly have ||f — g|| = 0 if, and only if, f = g on [a, b]. This is the
advantage of dealing with continuous functions, for if we admit discontinuous
functions, such as

h(z) :{ (1) iZ(le}, (1.12)

then ||h]| = 0 whereas h # 0.
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Nevertheless, C([a, b]) is not a suitable inner product space for pursuing this
study, for it is not closed under limit operations as we show in the next section.
That is to say, if a sequence of functions in C([a,b]) “converges” (in a sense
to be defined in Section 1.4) its “limit” may not be in C([a,b]). So we need
to enlarge the space of continuous functions over [a,b] in order to avoid this
difficulty. But in this larger space, call it X ([a, b]), we can only admit functions
for which the inner product

b
(f.9) = / f(2)g@)de

is defined for every pair f,g € X([a,b]). Now the CBS inequality |(f,g)| <
[I71llg]l ensures that the inner product of f and g is well defined if || f|| and ||g/|
exist (i.e., if |f|2 and |g|2 are integrable). Strictly speaking, this is only true if
the integrals are interpreted as Lebesgue integrals, for the Riemann integrability
of f? and g? does not guarantee the Riemann integrability of fg (see Exercise
1.21); but in this study we shall have no occasion to deal with functions which
are integrable in the sense of Lebesgue but not in the sense of Riemann. For
our purposes, Riemann integration, and its extension to improper integrals, is
adequate. The space X ([a,b]) which we seek should therefore be made up of
functions f such that |f |? is integrable on [a, b].

We use the symbol £2(a,b) to denote the set of functions f : [a,b] — C such
that

b
/ |f(2)]? dz < .

By defining the inner product (1.10) and the norm (1.11) on £2(a,b), we can
use the triangle inequality to obtain

lleef + Byll < lleef 1| + 1189l
= lal I fIl+ 18 llgll  for all f,g € £*(a,b), a,f€C,

hence af + Bg € L2(a,b) whenever f,g € £L%(a,b). Thus £3(a,b) is a linear
vector space which, under the inner product (1.10), becomes an inner product
space and includes C([a, b]) as a proper subspace.

In £%(a,b) the equality || f|| = 0 does not necessarily mean f(z) = 0 at every
point x € [a,b]. For example, in the case where f(z) = 0 on all but a finite
number of points in [a, b] we clearly have || f|| = 0. We say that f = 0 pointwise
on a real interval I if f(z) =0 at every x € I. If || f|| = 0 we say that f =0 in
L2(I). Thus the function h defined in (1.12) equals 0 in £2(I), but not pointwise.
The function 0 in £2(I) really denotes an equivalence class of functions, each
of which has norm 0. The function which is pointwise equal to 0 is only one
member, indeed the only continuous member, of that class. Similarly, we say



16 1. Inner Product Space

that two functions f and g in £2(1I) are equal in L2(I) if || f — g|| = 0, although
f and g may not be equal pointwise on I. In the terminology of measure theory,
f and g are said to be “equal almost everywhere.” Hence the space £2(a,b)
is, in fact, made up of equivalence classes of functions defined by equality in
L?(a,b), that is, functions which are equal almost everywhere.

Thus far we have used the symbol £2(a, b) to denote the linear space of func-
tions f : [a,b] — C such that f: |f ()] dz < co. But because this integral is not
affected by replacing the closed interval [a,b] by [a,b), (a,b], or (a,b), L*(a,b)
coincides with £2([a,b)), £2((a,b]) and £2((a,b)). The interval (a,b) need not
be bounded at either or both ends, and so we have £2(a, ), £?(—oc0,b) and
L%(—00,00) = L2(R). In such cases, as in the case when the function is un-
bounded, we interpret the integral of |f|* on (a,b) as an improper Riemann
integral. Sometimes we simply write £2 when the underlying interval is not
specified or irrelevant to the discussion.

Example 1.10

Determine each function which belongs to £2 and calculate its norm.
. (1, 0<z<1)2
) f(x){ 0, 1/2<z<1.
(i) f(z) =1/vz, 0 <z <1
(iii) f(z) =1/, 0 <z < 1.
(iv) flx) =1/z, 1 <z < 0.
Solution
(i)
2 ! 2 1/2 1
191 = [ Pde= [ o=
0 0
Therefore f € £2(0,1) and ||f|| = 1/V/2.
(i)
2 "1 b
£l :/ —dxr = lim —dz = — lim loge = o0
o T e—0t J. T e—0t+
= f ¢ L£*0,1).
(iii)
'l
wwz/ —do = lim 3(1— %) =3

e—0t

:fec%an,wn=¢3
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(iv)

1 . 1
7= | gcadwbETo(bl)l

= feL(1,00), [Ifll = 1.

Example 1.11

The infinite set of functions {1, cosx, sin x, cos 2z, sin 2z, ...} is orthogonal in
the real inner product space £2(—m, 7). This can be seen by calculating the
inner product of each pair in the set:

(1,cosnx):/ cosne dr =0, neN.

—T

<l,sinnm>:/ sinnz de =0, neN.

—T

s
(cosnx, cosmx) = / cosnx cosmzx dz
-
[cos(n — m)x + cos(n + m)z|dx

—T

2
> | ——sin(n — m)z + —— sin(n + m)
- sin(n —m)z sin(n +m)z
2 |n—m n+m
0, mn#*m.

™
(sin nz,sinmaz) = / sin nx sin ma dz

-7

= % /7T [cos(n —m)x — cos(n + m)z]dx

=0, n#m.

—Tr

T
(cosnzx, sinmzx) = / cosnesinma dr =0, n,m €N,

—T

because cos nx sinmz is an odd function. Furthermore,

11 = v,
- 1/2
||cos nx|| = [/ cos® nx dx] =/,

—T

- 1/2
|sin nz|| = [/ sin® nx dx} =ym neN.

—T
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Thus the set

1 cosz sinxz cos2zx sin2x
which is obtained by dividing each function in the orthogonal set by its norm,
is orthonormal in £2(—m, 7).

Example 1.12
The set of functions
{ei’”J neZr={.., eI T ] gl 2T 3

is orthogonal in the complex space L£L?(—m, ), because, for any n # m,

T
<emz7 ezmz> — / elnmeimxdx

—1T

T
— / eznzefzm:cd:c
—T

1

_ & iln—-m)z
i(n —m) ‘

=0.

—T

By dividing the functions in this set by

112
eine| = [/ einweina:d/x:| =V2r, nelZ,

—T

we obtain the corresponding orthonormal set

{1 et in e Z}
Ver "

If p is a positive continuous function on (a,b), we define the inner product
of two functions f, g € C(a,b) with respect to the weight function p by

b
(£.9), = [ f@g(@pla)da. (1.13)

and we leave it to the reader to verify that all the properties of the inner
product, as given in Definition 1.5, are satisfied. f is then said to be orthogonal
to g with respect to the weight function p if (f, g>p = 0. The induced norm

b 1/2
1£1, = [ / If(x)lzp(x)dx]

satisfies all the properties of the norm (1.11), including the CBS inequality
and the triangle inequality. We use E%(a, b) to denote the set of functions f :
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(a,b) — C, where (a,b) may be finite or infinite, such that || f[|, < co. This is
clearly an inner product space, and £2(a,b) is then the special case in which

p=1

EXERCISES

1.19

1.20

1.21

1.22

1.23

1.24

1.25
1.26
1.27

1.28

1.29

Prove the triangle inequality ||f +g[| < [[f|| + ||g|| for any f,g €
L2%(a,b).

Verify the CBS inequality for the functions f(z) =1 and g(z) = =
on [0, 1].

Let the functions f and g be defined on [0, 1] by

1, x€QnNIo,1]
f(x)_{ ~1, z€Q°no,1] ’

where Q is the set of rational numbers. Show that both f2 and ¢
are Riemann integrable on [0, 1] but that fg is not.

g(z)=1 forall z €[0,1],

Determine which of the following functions belongs to £2(0, 0c) and
calculate its norm.

(i) e7®, (i1) sinz, (1) 72

If f and g are positive, continuous functions in £2(a,b), prove that
(f,9) = I/ llg]l if, and only if, f and g are linearly dependent.

Discuss the conditions under which the equality ||f + g|| = ||f]|+ 9]
holds in £%(a,b).

Determine the real values of « for which 2 lies in £2(0, 1).
Determine the real values of o for which z¢ lies in £2(1, c0).

If f € £%0,00) and lim, .. f(x) exists, prove that lim, ..
f(z) =0.

Assuming that the interval (a,b) is finite, prove that if f € £2(a,b)
then the integral f; |f(z)| dz exists. Show that the converse is false
by giving an example of a function f such that |f| is integrable on

(a,b), but f ¢ L2(a,b).

If the function f : [0,00) — R is bounded and |f| is integrable,
prove that f € £2(0,00). Show that the converse is false by giving
an example of a bounded function in £2(0, co) which is not integrable
on [0, 00).
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1.30 In L£2(—m, ), express the function sin® z as a linear combination of
the orthogonal functions {1, cos z, sin x, cos 2z, sin 2z, . . . }.

1.31 Define a function f € £?*(—1,1) such that (f,z? +1) = 0 and

If1l = 2.
1.32 Given p(x) = e *, prove that any polynomial in x belongs to
£2(0,00).

1.33 Show that if p and o are two weight functions such that p > o > 0 on
(a,b), then L2(a,b) € L2(a,b).

1.4 Sequences of Functions

Much of the subject of this book deals with sequences and series of functions,
and this section presents the background that we need on their convergence
properties. We assume that the reader is familiar with the basic theory of
numerical sequences and series which is usually covered in advanced calculus.

Suppose that for each n € N we have a (real or complex) function f,, : [ — F
defined on a real interval 1. We then say that we have a sequence of functions
(fn : n € N) defined on I. Suppose, furthermore, that, for every fixed = € I,
the sequence of numbers (fn(z) : n € N) converges as n — 00 to some limit in
F. Now we define the function f: I — T, for each = € I, by

fo) = lim fo(e). (1.14)

That means, given any positive number ¢, there is a positive integer N such
that
n>N = |fu(z) = f(z)| <e. (1.15)

Note that the number N depends on the point z as much as it depends on
g, hence N = N(g,x). The function f defined in Equation (1.14) is called the
pointwise limit of the sequence (f).

Definition 1.13

A sequence of functions f, : I — T is said to converge pointwise to the function
f: I — T, expressed symbolically by

lim fn:fa hmfn:fy Orfn_)fa

if, for every x € I, lim, .o fn(z) = f(2).
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Example 1.14

1
(i) Let fn(z) = —sinnz, z € R. In as much as
n
. N
lim f,(x) = lim —sinnzx =0 for every z € R,
n—oo n—oo N
the pointwise limit of this sequence is the function f(z) =0, z € R.
(ii) For all = € [0, 1],
n 0, 0<z<1
1, z==1,
hence the limit function is
0, 0<z<1
f(@_{ 1, z=1,

as shown in Figure 1.1.
(iii) For all z € [0, 00),

O

Example 1.15
For each n € N, define the sequence f, : [0,1] — R by

0, =0
fn(x): n, 0<x§1/n
0, 1/n<z<l.

yi Ay

"

0 1 x 0

Figure 1.1 The sequence f,(z) = z™.

(1.16)
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n l—o $i)

1 /pn 1 X

Figure 1.2

To determine the limit f, we first note that f,,(0) = 0 for all n. If z > 0,
then there is an integer N such that 1/N < z, in which case

1 1
n>N = ESN<JU = fu(x)=0.

Therefore f, — 0 (see Figure 1.2).

If the number N in the implication (1.15) does not depend on z, that is, if
for every € > 0 there is an integer N = N(e) such that

n>N = |fo(z) — f(z)]<e forallzel, (1.17)

then the convergence f, — f is called uniform, and we distinguish this from
pointwise convergence by writing

fn = f.
Going back to Example 1.14, we note the following.
(i) Since
1. 1
|[frn(z) = 0| = ‘smnm < — forallz e R,
n n

we see that any choice of N greater than 1/e will satisfy the implication (1.17),
hence

1 “
—sinnez — 0 on R.
n

(ii) The convergence z™ — 0 is not uniform on [0, 1) because the implication

n>N = |[z"—-0=a2"<¢



1.4 Sequences of Functions 23

cannot be satisfied on the whole interval [0,1) if 0 < € < 1, but only on [0, {/€),
because " > ¢ for all x € ({/e,1). Hence the convergence f, — f, where f is
given in (1.16), is not uniform.

(iii) The convergence

nx
—1, ze€ (0,0
14+ nx ( )
is also not uniform in as much as the inequality
ne 1 <
1l = e
1+nx 1+nx

cannot be satisfied for values of x in (0, (1 —¢)/ne] if 0 <e < 1.

Remark 1.16

1. The uniform convergence f,, — f clearly implies the pointwise convergence
fn — f (but not vice versa). Hence, when we wish to test for the uniform
convergence of a sequence f,, the candidate function f for the uniform limit of
fn should always be the pointwise limit.

2. In the inequalities (1.15) and (1.17) we can replace the relation < by < and
the positive number & by ce, where ¢ is a positive constant (which does not
depend on n).

3. Because the statement |f,,(z) — f(x)| < e for all z € I is equivalent to

sup | fn(x) = f(z)| <e,

xecl
we see that f, — f on I if, and only if, for every ¢ > 0 there is an integer N
such that

n=N = supl|fu(z) — f(z)| <e,
xzel

which is equivalent to the statement

sup | fn(z) — f(x)] = 0 asn — oo. (1.18)
xecl

Using the criterion (1.18) for uniform convergence on the sequences of
Example 1.14, we see that, in (i),

—sinnz| <

n

sup
z€R

1
-0,
n

thus confirming the uniform convergence of sinnz/n to 0. In (ii) and (iii), we
have

sup |2" — f(z)] = sup z" =1-»0,
z€[0,1] z€[0,1)
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— f(z)

sup

‘ nx
z€[0,00)

1+nx

= sup (1— ne )zl—/»O,
z€(0,00) 1+nx

hence neither sequence converges uniformly.

Although all three sequences discussed in Example 1.14 are continuous, only
the first one, (sinnz/n), converges to a continuous limit. This would seem to
indicate that uniform convergence preserves the property of continuity as the
sequence passes to the limit. We should also be interested to know under what
conditions we can interchange the operations of integration or differentiation
with the process of passage to the limit. In other words, when can we write

/lim frn(x)de = lim/fn(x)dx, or (limf,) =lim f} on I?
I I

The answer is contained in the following theorem, which gives sufficient condi-
tions for the validity of these equalities. This is a standard result in classical
real analysis whose proof may be found in a number of references, such as [1]
or [14].

Theorem 1.17

Let (f,) be a sequence of functions defined on the interval I which converges
pointwise to f on I.

(i) If £, is continuous for every n, and f, — f, then f is continuous on I.

(ii) If £, is integrable for every n, I is bounded, and f,, — f, then f is integrable

on I and
/f(x)dx :hm/fn(x)dx.
I I

(iii) If f, is differentiable on I for every n, I is bounded, and f] converges
uniformly on I, then f,, converges uniformly to f, f is differentiable on I, and

% f on I

Remark 1.18

Part (iii) of Theorem 1.17 remains valid if pointwise convergence of f,, on I is
replaced by the weaker condition that f,, converges at any single point in I, for
such a condition is only needed to ensure the convergence of the constants of
integration in going from f/, to f,.

Going back to Example 1.14, we observe that the uniform convergence of
sinnx/n to 0 satisfies part (i) of Theorem 1.17. It also satisfies (ii) over any
bounded interval in R. But (iii) is not satisfied, in as much as the sequence
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dx

is not convergent. The sequence (z™) is continuous on [0, 1] for every n, but its
limit is not. This is consistent with (i), because the convergence is not uniform.
The same observation applies to the sequence nz/(1 + nx).

d (1 ) )
— | —sinnz | = cosnz
n

In Example 1.15 we have

1 1/n

/ fn(x)dx:/ ndr =1 forallneN

0 0
1

=lim [ fo(x)dx =1,
0

whereas L
/ lim f,, (z)dz = 0.
0

This implies that the convergence f,, — 0 is not uniform, which is confirmed
by the fact that

On the other hand,

1 1
lim/ 2"dx =0 = / lim 2" dx,
0 0

although the convergence 2™ — 0 is not uniform, which indicates that not all
the conditions of Theorem 1.17 are necessary.

Given a sequence of (real or complex) functions (f,) defined on a real in-
terval I, we define its nth partial sum by

sn<w>=f1<x>+---+fn<x>=k§fk(x>, vel

The sequence of functions (S,), defined on I, is called an infinite series (of
functions) and is denoted Y fx. The series is said to converge pointwise on
T if the sequence (.S,,) converges pointwise on I, in which case Y fi is called
convergent. Its limit is the sum of the series

n—oo

lim S, (z) = io: fe(x), z el
k=1

Sometimes we shall find it convenient to identify a convergent series with its
sum, just as we occasionally identify a function f with its value f(z). A series
which does not converge at a point is said to diverge at that point. The se-
ries > fi is absolutely convergent on I if the positive series Y | fx| is pointwise
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convergent on I, and wuniformly convergent on I if the sequence (Sy,) is uni-
formly convergent on I. In investigating the convergence properties of series
of functions we naturally rely on the corresponding convergence properties of
sequences of functions, as discussed earlier, because a series is ultimately a
sequence. But we shall often resort to the convergence properties of series of
numbers, which we assume that the reader is familiar with, such as the various
tests of convergence (comparison test, ratio test, root test, alternating series
test), and the behaviour of such series as the geometric series and the p-series
(see [1] or [3]).

Applying Theorem 1.17 to series, we arrive at the following result.

Corollary 1.19

Suppose the series Y f,, converges pointwise on the interval I.
(i) If f,, is continuous on I for every n and Y f,, converges uniformly on I,

then its sum > 7, f, is continuous.

(ii) If f,, is integrable on I for every n, I is bounded, and ) f,, converges
uniformly, then Y >° | f, is integrable on I and

io: Jn(z)dx = io: fu(x)dz.
In=1 n=1JT1

(iii) If f,, is differentiable on I for every n, I is bounded, and Y’ f/, converges
uniformly on I, then > f,, converges uniformly and its limit is differentiable
on I and satisfies

n=1 n=1

This corollary points out the relevance of uniform convergence to manipu-
lating series, and it would be helpful if we had a simpler and more practical
test for the uniform convergence of a series than applying the definition. This
is provided by the following theorem, which gives a sufficient condition for the
uniform convergence of a series of functions.

Theorem 1.20 (Weierstrass M-Test)

Let (f.) be a sequence of functions on I, and suppose that there is a sequence
of (nonnegative) numbers M,, such that

|[fu(z)| <M, forallzel, mneN.

If " M, converges, then > f,, converges uniformly and absolutely on I.
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Proof
Let ¢ > 0. We have

3 i) - £ Rl@)| < 3 ()

k=n-+1

< Z My forallzel, nelN
k=n-+1

Because the series Y My, is convergent, there is an integer N such that

00
n>N= Z M < e
k=n-+1

= ifk(x)— ifk(x) <eg forallzel.
k=1 k=1

By definition, this means Y fi is uniformly convergent on I. Absolute conver-

gence follows by comparison with M,,. O
Example 1.21
(i) The trigonometric series
1.
> 3 sinnz

is uniformly convergent on R because

1
<=

— sinnx
n

and the series Y 1/n? is convergent. Because sinnz/n? is continuous on R for
every n, the function ) sinnz /n? is also continuous on R. Furthermore, by
Corollary 1.19, the integral of the series on any finite interval [a, b] is

ABERD
—sinnz | dr = / sinnz dx
a n=1 ’/l2 n= 1 n2

>

— (cos na — cosnb)
n=1"1

which is convergent. On the other hand, the series of derivatives

x d 1 x 1
S — (smm:) = > —cosnx

nld n=1"7
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is not uniformly convergent. In fact, it is not even convergent at some values
of x, such as the integral multiples of 27. Hence we cannot write

d &= >~ 1
@nglﬁsinnx:n{:lﬁcosnz for all x € R.

(ii) By the M-test, both the series

1
— sinnz
23

and w g ) . 1
— | —sinnx | = — cosSnx
nZ=:1 dx <n3 ) nzz:l TL2

are uniformly convergent on R. Hence the equality

d = 1 . x 1
— —gsinnz = )  — cosnx
dx n=1"T n=1T

is valid for all x in R.

EXERCISES
1.34 Calculate the pointwise limit where it exists.

(2) 14 zn’
(b) ¥z, 0 <z < oo.

z € R.

(c) sinnz, z € R.
1.35 Determine the type of convergence (pointwise or uniform) for each
of the following sequences.
(a) ﬁ, 0<z<2.
(b) /z, 1/2<z<1.
(¢) Yz, 0<z<1.

1.36 Determine the type of convergence for the sequence

fule) =

nr, 0<z<l1/n
1, 1/n<z<1,

and decide whether the equality

lim /01 frn(z)dx = /1 lim f,,(x)dx

0

is valid.
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1.37 Evaluate the limit of the sequence

1.38

1.39

1.40

1.41

1.42

1.43

1.44

nx, 0<z<1/n

fulz) = { n(l—a)/(n—1), 1/n<z<1,
and determine the type of convergence.

Determine the limit and the type of convergence for the sequence
fo(z) =nz(1 —2%)" on [0,1].

Prove that the convergence

T

— 0
n+x

is uniform on [0, a] for any a > 0, but not on [0, o).

Given
1/n, |z|<n

fa(@) _{ 0, l|a| >n,

prove that f, — 0. Evaluate lim ffooo fn(z)dz and explain why it is
not 0.

If the sequence (f,) converges uniformly to f on [a,b], prove that
|fn — f|, and hence | f,, — f|2 , converges uniformly to 0 on [a, b].

Determine the domain of convergence of the series > f,,, where

(@) fule) = s
0) fule) = 5

If the series > a,, is absolutely convergent, prove that > a,sinnz is
uniformly convergent on R.

Prove that

(n+1)7 si
lim sinal o,
n—oo

nm

Use this to conclude that the improper integral

0o -
ST
dx
0 X

exists. Show that the integral [;*(|sinz|/z)dz = co. Hint: Use the
alternating series test and the divergence of the harmonic series

> 1/n.
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1.45 The series

o0
S anx™ = ap + arx + agr® + - - -
n=0

is called a power series about the point 0. It is known (see [1]) that
this series converges in (—R, R) and diverges outside [— R, R], where

R = [nler;o m]_l = lim

n—oo

> 0.

An+1

If R > 0, use the Weierstrass M-test to prove that the power series
converges uniformly on [—R+e¢, R—e|, where € is any positive number
less than R.

1.46 Use the result of Exercise 1.45 to show that the function
f(@) =3 ana™
n=0

is continuous on (—R, R); then show that f is also differentiable on
(—R, R) with

fl(x) = i napz™ "t
n=1

1.47 From Exercise 1.46 conclude that the power series f(z) = > 07  apa™
is differentiable any number of times on (—R, R), and that a, =
f(0)/n! for all n € N.

1.48 Use the result of Exercise 1.47 to obtain the following power series
(Taylor series) representations of the exponential and trigonometric
functions on R.

n

el =3

R
n=0 n!

fo%e) x2n

cosz =y, (-1)"——

n=0 (271)!7

0o x2n+1

sinz = ngo(—l)”m.

1.49 Use the result of Exercise 1.48 to prove Euler’s formula e’ = cos z+
isinx for all x € R, where i = +/—1.
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1.5 Convergence in L2

Having discussed pointwise and uniform convergence for a sequence of func-

tions, we now consider a third type: convergence in £2.

Definition 1.22

A sequence of functions (f,,) in £2(a,b) is said to converge in L2 if there is a

function f € £2(a,b) such that

lim | fo = fll =0,

n—oo
that is, if for every € > 0 there is an integer N such that

n>N=|f.—fll <e
Equation (1.19) is equivalent to writing
L2
o=

and f is called the limit in L£? of the sequence (f,).

Example 1.23

(i) In Example 1.14(ii) we saw that, pointwise,

" 0, 0<z<1
xr —
1, z=1.

Because £%([0,1]) = £2([0,1)), we have

1
2" — 0] = U a:zndsc}
0

LZ
Therefore 2™ = 0.

1/2

1 1/2
- [Qn—i— 1]

(ii) The sequence of functions (f,) defined in Example 1.15 by

0, =0
fal@)=¢ n, 0<z<1/n
0, 1/n<zx<1

(1.19)
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also converges pointwise to 0 on [0, 1]. But in this case,

1
1w — O] = / f2(x)de

1/n
= / n2dx
0

=n forallneN.

Thus ||f,, — 0| = v/n - 0, which means the sequence f,, does not converge to
0in £2.

This last example shows that pointwise convergence does not imply conver-
gence in £2. Conversely, convergence in £2 cannot imply pointwise convergence,
because the limit in this case is a class of functions (which are equal in £? but
not pointwise). It is legitimate to ask, however, whether a sequence that con-
verges pointwise to some limit f can converge to a different limit in £2. For
example, can the sequence (f,) in Example 1.23(ii) converge in £? to some
function other than 0?7 The answer is no. In other words, if a sequence con-
verges both pointwise and in £2, then its limit is the same in both cases. More
precisely, we should say that the two limits are not distinguishable in £? as
they belong to the same equivalence class.

. u . . . .
On the other hand, uniform convergence f,, — f over I implies pointwise
convergence, as we have already observed, and we now show that it also implies

fn £ f provided the sequence (f,,) and f lie in £2(I) and I is bounded: Because
fn— f 20, it is a simple matter to show that |f, — f\Q % 0 (Exercise 1.41).
By Theorem 1.17(ii), we therefore have

Tim | fu = fIF = lim [, |ful@) = f(2) do
= J; lim | fu(2) = f(2)]" de = 0.

1— 00

The condition that f belong to £2(I) is actually not needed, as we shall discover
in Theorem 1.26.

Example 1.24
We saw in Example 1.21 that

%Sinkz LS = %
1k =1k

M=

Sp(x) = sinkr, z€R,

=~
Il

hence the function S(x) is continuous on [—, 7]. Moreover, both S,, and S lie
in £2(—m, ) because each is uniformly bounded above by the convergent series
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3" 1/k%. Therefore S,, converges to S in £?(—m, 7). Equivalently, we say that
the series Y sin ka/k? converges to Y, sin kz/k? in £?(—7, 7) and write

L | x 1
lim ) = sinkr = Y ﬁsinkx in £2(—m, 7).
k=1 k=1

The series Y sin kx/k, on the other hand, cannot be tested for convergence
in £2 with the tools available, and we have to develop the theory a little further.
First we define a Cauchy sequence in £2 along the lines of the corresponding
notion in R. This allows us to test a sequence for convergence without having
to guess its limit beforehand.

Definition 1.25

A sequence in £? is called a Cauchy sequence if, for every € > 0, there is an
integer N such that
m,n >N = |fo— ful <e.

Clearly, every convergent sequence (f,) in £? is a Cauchy sequence; for if

2
I £ f, then, by the triangle inequality,

an - fm” S ”fn - f“ + Hfm - f||7

and we can make the right-hand side of this inequality arbitrarily small by
taking m and n large enough. The converse of this statement (i.e., that every
Cauchy sequence in L2 converges to some function in £2) is also true and
expresses the completeness property of L£2.

Theorem 1.26 (Completeness of £?)
For every Cauchy sequence (f,) in £2 there is a function f € £2 such that
£2

There is another theorem which states that, for every function f € £2(a,b),

there is a sequence of continuous functions (f,) on [a,b] such that f, £ f-In
other words, the set of functions C([a,b]) is dense in £2(a,b) in much the same
way that the rationals Q are dense in R, keeping in mind of course the different
topologies of R and £2, the first being defined by the absolute value |-| and the
second by the norm ||-|| . For example, the £2(—1,1) function

0, —-1<x<0
f(x)_{ 1, 0<z<1,

)
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which is discontinuous at 2 = 0, can be approached in the £2 norm by the
sequence of continuous functions

0, -1<z<-1/n
fao=2% nx+1l, —-1l/n<z<0
1 0<z<1.

)

This is clear from
1/2

1
= =t [ [ 15t - s ]

0 1/2
= lim [/ (nx + 1)2d:c]
n=oo | 1/n

= lim 1/v3n =0.

n—oo

Needless to say, there are many other sequences in C'([—1,1]) which converge
to f in £2(—1,1), just as there are many sequences in Q which converge to the
irrational number v/2.

As we shall have occasion to refer to this result in the following chapter, we
give here its precise statement.

Theorem 1.27 (Density of C' in £?)

For any f € £2(a,b) and any ¢ > 0, there is a continuous function g on [a, b]
such that ||f —g|| <e.

The proofs of Theorems 1.26 and 1.27 may be found in [14]. The space
L2 is one of the most important examples of a Hilbert space, which is an inner
product space that is complete under the norm defined by the inner product. It
is named after David Hilbert (1862-1943), the German mathematician whose
work and inspiration did much to develop the ideas of Hilbert space (see [7],
vol. I). Many of the ideas that we work with are articulated within the context
of £2.

Example 1.28

Using Theorem 1.26, we can now look into the question of convergence of the
sequence Sy, (z) = >} _, sinkz/k in L2(—, 7). Noting that

> —sinkz

ISu(@) = Su(@l = | 35 1
k=m-+1

, m<n,
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we can use the orthogonality of {sinkz : k € N} in £2(—m,7) (Example 1.11)

to obtain

noo1
> —sinkx

2

n 1
2% = 3 = |sinkz|* =7
=m+

k=m+1 k=m+

Suppose € > 0. Since Y 1/k? is convergent, we can choose N so that

Thus >, _, sinkz/k is a Cauchy sequence and hence converges in £?(—m, ),

although we cannot as yet tell to what limit.

Similarly, the series Y cos kx/k converges in £?(—m, ), although this series

diverges pointwise at certain values of x, such as all integral multiples of 2.

This section was devoted to convergence in £2 because of its importance to
the theory of Fourier series, but we could just as easily have been discussing
convergence in the weighted space Ef). Definitions 1.22 and 1.25 and Theorems
1.26 and 1.27 would remain unchanged, with the norm ||-|| replaced by ||-|| , and

convergence in £2 by convergence in E?,.

EXERCISES

1.50 Determine the limit in £2 of each of the following sequences where

it exists.

() fule) = V3 0z <1,
[ nx, 0<z<1/n

(b) Mx)‘{ 1, 1/n<z<l.

(¢) fa(z)=nz(l—2)", 0 <z <1

1.51 Test the following series for convergence in £2.

1
(a) Zk2/3 sinkx, —m <z <.
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1.52 If (f,) is a sequence in £2(a,b) which converges to f in £2, show
2
that (f.,9) = (f,g) for any g € £(a,b).

2

1.53 Prove that ||| f]| — |lglll < |IIf — gl , and hence conclude that if f, =
[ then || full — [I£]]-

1.54 If the numerical series 3" |a,| is convergent, prove that 3 |an|® is

also convergent, and that the series > apsinnz and Y a, cosnx are
both continuous on [—7, 7).

1.55 Prove that if the weight functions p and o are related by p > ¢ on
(a,b), then a sequence which converges in £§(a7 b) also converges in
L2 (a,b).

1.6 Orthogonal Functions

Let
{#1, 02,03, -}

be an orthogonal set of (nonzero) functions in the complex space £2, which
may be finite or infinite, and suppose that the function f € £? is a finite linear
combination of elements in the set {,},

f=> aip;, a;€C (1.20)
i=1
Taking the inner product of f with ¢y,

(f,pr) = ax Hapk||2 forall k=1,...,n,

we conclude that

k= 2
el
and the representation (1.20) takes the form

In other words, the coefficients ay, in the linear combination (1.20) are deter-
mined by the projections of f on ¢,,. In terms of the corresponding orthonormal

set {4V, = oi/ lowll}s n
f = kgl <fa ¢k> wk’

and the coefficients coincide with the projections of f on .
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Suppose, on the other hand, that f is an arbitrary function in £2 and that
we want to obtain the best approximation of f in £2, that is, in the norm |-|,
by a finite linear combination of the elements of {¢;,}. We should then look for
the coefficients o which minimize the nonnegative number

Hf - Z APy
k=1
We have
n 2 n n
‘f D kgl = <f Y kg, f— >0 Oéks%>
k=1 E=1 k=1

2 n _ n 2 2
= |l £l —2];_:1Reak <f’¢k>+k§_:1|04k| ol

=y el

k=1 H kH

(f, 1) |<f,sok>|2]
+ +
Z”@’“” [’“’C' LT
2
=y el +Z||soku o — Lol
2 ol loel

Since the coefficients aj appear only in the last term

Z leox

we obviously achieve the minimum of ||f -, _; aknpk||2 , and hence of
Ilf = > h_y arepll by choosing

2

f7 (pk>
el

= .
[l
This minimum is given by
(f, en) fs o)
Hf Z Dol iz Wl g g
loxll® = e kH

This yields the relation,

n

2
> Lol <y,

o1 llewll
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Since this relation is true for any n, it is also true in the limit as n — co. The
resulting inequality

yo I 9""“‘ <If1P, (1.22)
k=1 Pk

known as Bessel’s inequality, holds for any orthogonal set {¢, : k € N} and
any f € L2,
In view of (1.21), Bessel’s inequality becomes an equality if, and only if,

Hf Z fvgok

)

leal®”

or, equivalently,

f= Z f’“"’ichk 1:2

k=1 k”

which means that f is represented in £2 by the sum 21211 ok, Where ay =

(frond /lonl®

Definition 1.29

An orthogonal set {,, : n € N} in £? is said to be complete if, for any f € L2,

il 2|

Thus a complete orthogonal set in £2 becomes a basis for the space, and
because £? is infinite-dimensional the basis has to be an infinite set. When
Bessel’s inequality becomes an equality, the resulting relation

2=y el (1.23)

= el

is called Parseval’s relation or the completeness relation. The second term is
justified by the following theorem, which is really a restatement of Definition
1.29.

Theorem 1.30

An orthogonal set {y,, : n € N} is complete if, and only if, it satisfies Parseval’s
relation (1.23) for any f € £2.
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Remark 1.31

1. Given any orthogonal set {¢,, : n € N} in £2, we have shown that we obtain
the best £2-approximation

n
Z QP
k=1

of the function f € £2 by choosing ax = (f,¢.) /llesll, and this choice is
independent of n. If {¢,,} is complete then the equality f =Y, an¢,, holds
in £2.

2. When the orthogonal set {¢,,} is normalized to {¢,, = ¢/ ||¢1ll}, Bessel’s
inequality takes the form

= 2 2
k=1
and Parseval’s relation becomes

171 = 3 1.0

3. For any f € L2, because || f|| < oo, we conclude from Bessel’s inequality that
(f,,,) — 0 whether the orthonormal set {t,,} is complete or not.

Parseval’s relation may be regarded as a generalization of the theorem of
Pythagoras from R™ to £2, where || f||* replaces the square of the length of the
vector, and Yoo, [(f, ¥,,)|? represents the sum of the squares of its projections
on the orthonormal basis. That is one reason why £? is considered the natural
generalization of the finite-dimensional Euclidean space to infinite dimensions.
It preserves some of the basic geometric structure of R", and the completeness
property (Theorem 1.26) guarantees its closure under limiting operations on
Cauchy sequences.

EXERCISES

1.56 If [ is any positive number, show that {sin(nmz/l) : n € N} and
{cos(nmz/l) : n € Ng} are orthogonal sets in £2(0,1). Determine the
corresponding orthonormal sets.

1.57 Determine the coefficients ¢; in the linear combination
c1 + cosin mx + c3sin 27y

which give the best approximation in £2(0, 2) of the function f(z) =
z, 0<z <2
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1.58 Determine the coefficients a; and b; in the linear combination

ag + a1cos x + bisin x + ascos 2x + bysin 2x
which give the best approximation in £2(—m, ) of f(x) = |z|, —7 <
r <.

1.59 Let p1,p2, and p3 be the three orthogonal polynomials formed from
the set {1, 2,22} by the Gram—Schmidt method, where —1 <z < 1.
Determine the constant coefficients in the second-degree polynomial
a1p1(x) + aspa(x) + asps(x) which give the best approximation in
L2(—1,1) of e*. Can you think of another polynomial p of degree 2
which approximates e” on (—1,1) in a different sense?

1.60 Assuming that

8 1 (2n— 1)
1—36:;2(2”71)2005 5 z, 0<x<2,
n=1
use Parseval’s identity to prove that
- 1
4
) Pp——
—1)4
— (2n-1)

1.61 Define a real sequence (ay) such that > a} converges and > ay di-
verges. What type of convergence can the series Y a,, cosnz, —m <
x < m have?

1.62 Suppose {f, : n € N} is an orthogonal set in £2(0,1), and let

Pn(@) = 3 1a(@) + ful-)],
Yul@) = 3 1fal@) ~ ful-2)], <z <L

be the even and odd extensions, respectively, of f, from [0,] to
[—1,1]. Show that the set {p, } U{v,} is orthogonal in £2(—I,1). If
{fn} is orthonormal in £2(0,1), what is the corresponding orthonor-
mal set in £2(—1,1)?
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The Sturm—Liouville Theory

Complete orthogonal sets of functions in £2? arise naturally as solutions of
certain second-order linear differential equations under appropriate boundary
conditions, commonly referred to as Sturm—Liouville boundary-value problems,
after the Swiss mathematician Jacques Sturm (1803-1855) and the French
mathematician Joseph Liouville (1809-1882), who studied these problems and
the properties of their solutions. The differential equations considered here
arise directly as mathematical models of motion according to Newton’s law,
but more often as a result of using the method of separation of variables to
solve the classical partial differential equations of physics, such as Laplace’s
equation, the heat equation, and the wave equation.

2.1 Linear Second-Order Equations

Consider the ordinary differential equation of second order on the real interval
I given by
ao(@)y” + ar(x)y’ + ax(x)y = f(2), (2.1)

where ag, a1, ag, and f are given complex functions on I. When f = 0 on
I, the equation is called homogeneous, otherwise it is nonhomogeneous. Any
(complex) function ¢ € C?(I) is a solution of Equation (2.1) if the substitution
of y by ¢ results in the identity

ao(z)¢" (z) + a1(z)¢' (z) + az(z)p(z) = f(z) for all z € I.



42 2. The Sturm-Liouville Theory

If we denote the second-order differential operator
d? d
ao(x)@ + al(x)% + az(x)
by L, then Equation (2.1) can be written in the form Ly = f. The operator
L is linear, in the sense that

L(crp + o) = e1 Lo + co L)

for any functions ¢, € C?(I) and any constants c;,ca € C, hence (2.1) is
called a linear differential equation. Unless otherwise specified, all differential
equations and operators that we deal with are linear. A fundamental property
of linear homogeneous equations is that any linear combination of solutions of
the equation is also a solution; for if ¢ and ¥ satisfy

Ly =0, Ly =0,
then we clearly have
L(cip+ coth) =1L + caltp =0

for any pair of constants ¢; and c¢s. This is known as the superposition principle.

If the function ag does not vanish at any point on I, Equation (2.1) may be
divided by ag to give

Y+ q(x)y +r(z)y = g(z), (2.2)

where ¢ = a1/ag, 7 = az/ag, and g = f/ag. Equations (2.1) and (2.2) are
clearly equivalent, in the sense that they have the same set of solutions. Equa-
tion (2.1) is then said to be regular on I; otherwise, if there is a point ¢ € T
where ap(c) = 0, the equation is singular, and c is then referred to as a singular
point of the equation.

According to the existence and uniqueness theorem for linear equations (see
[6]), if the functions ¢,r, and g are all continuous on I and z( is a point in I,
then, for any two numbers £ and 7, there is a unique solution ¢ of (2.2) on
I such that

p(xo) =&  ¢'(w0) =1 (2.3)

Equations (2.3) are called initial conditions, and the system of equations (2.2)
and (2.3) is called an initial-value problem.

Here we list some well-known properties of the solutions of Equation (2.2),
which may be found in many standard introductions to ordinary differential
equations.
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. The homogeneous equation

Yy +qlx)y +r(x)y =0, xzcl, (2.4)

has two linearly independent solutions y; (z) and y2(x) on I. A linear com-
bination of these two solutions

Clyl + ngg, (25)

where ¢; and ¢y are arbitrary constants, is the general solution of (2.4); that
is, any solution of the equation is given by (2.5) for some values of ¢; and ¢s.
When ¢; = ¢3 = 0 we obtain the so-called trivial solution 0, which is always
a solution of the homogeneous equation. By the uniqueness theorem, it is
the only solution if £ =n =0 in (2.3).

If y,(x) is any particular solution of the nonhomogeneous Equation (2.2),
then

Yp T C1Y1 + C2y2
is the general solution of (2.2). By applying the initial conditions (2.3), the

constants ¢; and cp are determined and we obtain the unique solution of
the system of Equations (2.2) and (2.3).

When the coefficients ¢ and r are constants, the general solution of Equa-
tion (2.4) has the form
c1e™% 4+ coe™2T

where m; and my are the roots of the second degree equation m?+gm-+r =
0 when the roots are distinct. If m; = mo = m, then the solution takes
the form c1€™* + coxe™*, in which the functions €™ and ze™* are clearly
linearly independent.

When ag(x) = 22, a;(z) = az, and az(z) = b, where a and b are constants,
the homogeneous version of Equation (2.1) becomes

22y + axy’ + by =0,
which is called the Cauchy—FEuler equation. Its general solution is given by
1™ 4 cox™2,

where m; and my are the distinct roots of m? + (a — 1)m + b = 0. When
mi1 = mo = m, the solution is c;x™ + cox™log x.

If the coefficients ¢ and r are analytic functions at some point xg in the
interior of I, which means each may be represented in an open interval
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centered at xo by a power series in (x — xg), then the general solution of
(2.4) is also analytic at xg, and is represented by a power series of the form

o0

> en(x — o)™

n=0
The series converges in the intersection of the two intervals of convergence
(of ¢ and r) and I. Substituting this series into Equation (2.4) allows us to
express the coefficients ¢, for all n € {2,3,4,...}, in terms of ¢y and ¢y,
which remain arbitrary.

With I = [a, b], the solutions of Equation (2.1) may be subjected to bound-
ary conditions at a and b. These can take one of the following forms:

(i) ye)=¢  y'(c)=n, ce{a,b},
(i) y(a)=¢&,  y(b) =n,
(i) y'(a) =€,  y'(b)=n.

When the boundary conditions are given at the same point ¢, as in (i), they are
often referred to as initial conditions as mentioned earlier. For the purpose of
obtaining a unique solution of Equation (2.1), the point ¢ need not, in general,
be one of the endpoints of the interval I, and can be any interior point. But
in this presentation, as in most physical applications, boundary (or initial)
conditions are always imposed at the endpoints of I. The forms (i) to (iii) of
the boundary conditions may be generalized by the pair of equations

ary(a) + aoy'(a) + asy(b) + agy' (b) =&, (2.6)
Bry(b) + Bay' (b) + Bay(a) + B4y (a) =1,

where o; and (3, are constants that satisfy Z?Zl |a;| > 0 and Z?Zl |8;] > 0,
that is, such that not all the a; or 3, are zeros. The system of Equations (2.1),
(2.6), and (2.7) is called a boundary-value problem.

The boundary conditions (2.6) and (2.7) are called homogeneous if £ =n =
0, and separated if a3 = aq4 = B3 = B, = 0. Separated boundary conditions,
which have the form

ary(a) + ooy’ (a) = &, Byy(b) + Bay' (b) = n, (2.8)

are of particular significance in this study. Another important pair of homoge-
neous conditions, which result from a special choice of the coefficients in (2.6)
and (2.7), is given by

y(a) =y(b),  y'(a) =9'(b). (2.9)

Equations (2.9) are called periodic boundary conditions. Note that periodic
conditions are coupled, not separated.
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Definition 2.1

For any two functions f,g € C! the determinant

Wit = | 10 90| = o @) - ) o)

is called the Wronskian of f and g. The symbol W (f, g)(x) is sometimes ab-
breviated to W(x).

The Wronskian derives its significance in the study of differential equations
from the following lemmas.

Lemma 2.2
If y; and yo are solutions of the homogeneous equation
y'+ql@)y +r(@)y=0, z€l, (2.10)

where ¢ € C(I), then either W (y1,y2)(x) = 0 for all x € I, or W(y1,y2)(x) #0
for any z € I.

Proof

From Definition 2.1,
W' = y1ys — yoyy -

Because y; and y, are solutions of Equation (2.10), we have

yi +aqyy +ryr =0,
Yy + qus +71y2 = 0.

Multiplying the first equation by s, the second by y;, and subtracting, yields

y1ys — Y2yt +a(yiys — yey)) =0
= W +qW =0.

Integrating this last equation, we obtain
W(z) = cexp (—/ q(t)dt> , xel, (2.11)

where c¢ is an arbitrary constant. The exponential function does not vanish for
any (real or complex) exponent, therefore W(x) = 0 if, and only if, c=0. O
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Remark 2.3

With ¢ € C(I), the expression (2.11) implies that both W and W' are contin-
uous.

Lemma 2.4

Any two solutions y; and y2 of Equation (2.10) are linearly independent if, and
only if, W(y1,y2)(x) # 0 on I.

Proof

If y; and yo are linearly dependent, then one of them is a constant multiple of
the other, and therefore W (y1,y2)(x) = 0 on I. Conversely, if W (y1,y2)(z) =0
at any point in I, then, by Lemma 2.2, W (yy,y2)(z) = 0. From the properties
of determinants, this implies that the vector functions (y1,¥}) and (ys,y5) are
linearly dependent, and hence y; and ys are linearly dependent. O

Remark 2.5

We used the fact that y; and yo are solutions of Equation (2.10) only in the
second part of the proof, the “only if” part. That is because the Wronskian of
two linearly independent functions may vanish at some, but not all, points in
I. Consider, for example, x and 22 on [—1,1].

Example 2.6

The equation
v ' +y=0 (2.12)

has the two linearly independent solutions, sinx and cosx. Hence the general
solution is
y(z) = crcosx + cosin z.

Note that
W (cosz,sinz) = cos® x +sin®z = 1 for all x € R.

If Equation (2.12) is given on the interval [0, 7] subject to the initial condi-
tions

y(0)=0, ¢ (0)=1,

we obtain the unique solution

y(x) = sinzx.
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But the homogeneous boundary conditions

y(0)=0,  ¢'(0)=0,

yield the trivial solution y = 0, as would be expected.
On the other hand, the boundary conditions

do not give a unique solution because the pair of equations
y(0) = c¢1c080+ cosin0=¢; =0
y(m) =crcosm+ cosinm = —c; =0

does not determine the constant ¢g. The determinant of the coefficients in this
system is
cosO sin0

cosT sinT

This last example indicates that the boundary conditions (2.6) and (2.7) do
not uniquely determine the constants ¢; and ¢y in the general solution in all
cases. But the (initial) conditions

y(Io) = 57 y/(fﬂo) =1,

always give a unique solution, because the determinant of the coefficients in
the system of equations

c1y1(xo) + c2y2(xo) =&
c1ys(wo) + cayy(wo) =1
is given by

y1(zo)  w2(o) | _ -
Weo) whlao) |~ ER)E0)

which cannot vanish according to Lemma 2.4.

In general, given a second-order differential equation on [a, b], the separated
boundary conditions

ary(a) + agy'(a) = &,
Byy(b) + Bay' (b) = m,
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imposed on the general solution y = c1y1 + coy2, yield the system

crlonyi(a) + agyy (a)] + calaryz(a) + azys(a)] = &,
c1[B1y1(b) + Bayi (b)) + ca[B1y2(b) + Bays(b)] = 1.

Hence the constants ¢; and ¢y are uniquely determined if, and only if,

(a1 + a2yi)(a) (012 + azys)(a)
(Buys +Bay)®)  (Brys + Ba)(®) |7 (2.13)

EXERCISES

2.1 Find the general solution of each of the following equations.
(a) ¥ — 4y + Ty = €*.
(b) zy" —y' = 322.
(c) 22y +3xy +y=a— 1.

2.2 Use the transformation t = /x to solve zy” +3y'/2 —y = 0.

2.3 Use power series to solve the equation 3" + 2z’ + 4y = 0 about the
point z = 0. Determine the interval of convergence of the solution.

2.4 Solve the initial-value problem

Yy + (xy —y) =0, —-l<z<1,

1—=z
y(0) =0, ¥'(0)=1.

2.5 If ¢, p,, and 4 are solutions of Equation (2.4), prove that

1 P2 P3
Y1 @2 s | =0
Ploes e
2.6 If y; and yo are linearly independent solutions of Equation (2.4),
show that

i

_ 2yl — Yy _ 1Yy — Yoyt
W(ylayQ) , W(ylva)

2.7 For each of the following pair of solutions, determine the correspond-
ing differential equation of the form agy” + a1y’ + asy = 0.
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(a) e *cos2x, e *sin 2z.
(b) @, a7,
(c) 1, logx.

2.2 Zeros of Solutions

It is not necessary, nor is it always possible, to solve a differential equation of
the type
y" +q(x)y +r(x)y =0, xel, (2.14)

explicitly in order to study the properties of its solutions. Under certain con-
ditions, the parameters of the equation and its boundary conditions determine
these properties completely. In particular, such qualitative features of a solution
as the number and distribution of its zeros, its singular points, its asymptotic
behaviour, and its orthogonality properties, are all governed by the coefficients
q and r and the given boundary conditions. We can therefore attempt to de-
duce some of these properties by analysing the effect of these coefficients on the
behaviour of the solution. In this section we shall investigate the effect of ¢ and
r on the distribution of the zeros of the solutions. Orthogonality is addressed
in the next two sections.

In Example 2.6 we found that the two solutions of ¢/ +y = 0 on R had an
infinite sequence of alternating zeros distributed uniformly, given by

< < 7T<O<7T< <37T<
... — ——— —_— ’7T — . e
=79 2 D :

where {nm : n € Z} are the zeros of sinx and {7/2 + nn : n € Z} are those of
cos z. We shall presently find that this is not completely accidental.

A function f: I — C is said to have an isolated zero at xo € I if f(xg) =0
and there is a neighbourhood U of xg such that f(z) # 0 for all z € INU\{xo}.

Lemma 2.7

If y is a nontrivial solution of the homogeneous Equation (2.14), then the zeros
of y are isolated in I.

Proof

Suppose y(zp) = 0, where y is a solution of (2.14). If y'(z9) = 0, then y
is identically 0 by the uniqueness theorem. If y'(xg) # 0 then, because y’ is
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continuous on I, there is a neighbourhood U of zy where 3y # 0 on U N T
(see [1]). Consequently y is either strictly increasing or strictly decreasing on
Unl. -

Theorem 2.8 (Sturm Separation Theorem)
If y; and yy are linearly independent solutions of the equation
y'+q(@)y +r(@)y=0, zel,

then the zeros of y; are distinct from those of 45, and the two sequences of zeros
alternate; that is, y; has exactly one zero between any two successive zeros of
12, and viceversa.

Figure 2.1 The alternating zeros of y; and ys.

Proof

Because y; and ys are linearly independent, their Wronskian

W (y1, y2)(2) = y1(x)ys(2) — ya(2)y) (2)

does not vanish, and has therefore one sign on I (Lemma 2.4). Note first that y;
and yo cannot have a common zero, otherwise W would vanish there. Suppose
x1 and x4 are two successive zeros of y. Then

1(z1)ys (1) # 0,
1(z2)ys(x2) # 0,

and the numbers y1(z1), y1(22), y4(z1), and y4(z2) are all nonzero. Because
yb is continuous on I, 1 has a neighborhood U; where the sign of y} does
not change, and similarly there is a neighborhood U, of x5 where y} does not
change sign. But the signs of ¢4 in U; N I and Uy N I cannot be the same, for
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if yo is increasing on one then it has to be decreasing on the other. For W (x)
to have a constant sign on I, y1(x1) and y; (z2) must therefore have opposite
signs; hence y;, being continuous, has at least one zero between x; and zs.
There cannot be more than one such zero, for if 3 and x4 are two zeros of y;
which lie between x; and x5, we can use the same argument to conclude that
yo vanishes between x3 and x4. But this contradicts the assumption that x;
and x5 are consecutive zeros of yo. O

Corollary 2.9

If two solutions of y” + ¢(x)y’ + r(z)y = 0 have a common zero in I, then they
are linearly dependent.

In order to study the distribution of zeros of Equation (2.14), it would be
much more convenient if we could get rid of the middle term gy’ by transforming

the equation to
u” + p(x)u = 0. (2.15)
To that end we set

so that
 (2) = ' (@)o(z) + ula)o' (),
y'(z) = u"(2)v(z) + 20/ (2)v'(z) + w(@)v" (2).
Substituting into Equation (2.14) yields
vu 4+ (20" + qu)u’ + (V" + qv" + rv)u = 0.
Thus we obtain (2.15) by choosing 2v" 4+ gv = 0, which implies

(z) = exp (; / gﬂq(t)dt) , (2.16)

() = () — 307 (2) — 50(2).

The exponential function v never vanishes on R, thus the zeros of u coincide
with those of y, and we may, for the purpose of investigating the distribution
of zeros of Equation (2.14), confine our attention to Equation (2.15).

Theorem 2.10 (Sturm Comparison Theorem)
Let ¢ and 1 be nontrivial solutions of the equations

Y +7ri(z)y =0,
u” + ro(z)u =0, xel,
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respectively, and suppose r1(x) > ro(x) for all z € I. Then ¢ has at least one
zero between every two consecutive zeros of ¥, unless 1 (x) = ro(z) and ¢ is a
constant multiple of ).

Proof

Let 1 and x5 be any two consecutive zeros of 1 on I, and suppose that ¢ has
no zero in the open interval (x1,xs). Assume that both ¢ and ¢ are positive
on (x1,xs), otherwise change the sign of the negative function. Since ¢’ and
Y’ are continuous, it follows that 1’(x;,) > 0 and 9’(z2) < 0, and therefore the
Wronskian of ¢ and v satisfies

W(z1) = p(a)y (x1) 20,  W(x2) = p(x2)¢'(x2) < 0. (2.17)
But because
W'(z) = ()9 (x) — " (x)1(x)
= [r1(z) — ro(z)]e(x)(z) > 0 for all z € (x1,z2),

W is an increasing function on (1, z2). This contradicts Equation (2.17) unless
ri(x) —ro(z) = 0 and W(z) = 0, in which case ¢ and ¢ are linearly dependent
(by Lemma 2.4). O

Corollary 2.11

Let ¢ be a nontrivial solution of y” + r(z)y = 0 on I. If r(z) < 0 then ¢ has
at most one zero on I.

Proof

If the solution ¢ has two zeros on I, say 1 and xo, then, by Theorem 2.10, the
solution ¥ (z) = 1 of v” = 0 must vanish on (z1,2), which is impossible. [

Example 2.12
(i) Any nontrivial solution of y” = 0 on R is a special case of
p(x) = a1z + ¢z,

which is represented by a straight line, and has at most one zero.

(ii) The equation y” — y = 0 has the general solution

p(x) =c1e” + coe™ ", z €R.
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If ¢; and ¢y are not both zero, then p(x) # 0 for any x € R unless ¢; = —cy,
in which case ¢ has one zero at x = 0.

(iii) The solution of y” +y = 0 is given by
¢(z) = cicos z + cosinz = asin(z — b),

where a = \/c? + ¢3 and b = — arctan(c; /ca). If a # 0, ¢ has an infinite number
of zeros given by x, = b+ nw, n € Z.

A nontrivial solution of
y' +r(@)y=0, zel, (2.18)

is called oscillatory if it has an infinite number of zeros, as in Example 2.12(iii).
According to Theorem 2.10, whether this equation has oscillatory solutions de-
pends on the function r. If r(z) < 0, the solutions cannot oscillate by Corollary
2.11; but if

r(z) > k* >0, xel,

for some positive constant k, then any solution of (2.18) on I has an infinite
number of zeros distributed between the zeros of any solution of 3 + k?y = 0,
such as asin k(x — b), which are given by

nm

n=b+—.
x +k;

Thus every subinterval of I of length 7/k has at least one zero of Equation
(2.18), and as k increases we would expect the number of zeros to increase.
This, of course, is clearly the case when r is constant.

From the Sturm separation theorem we also conclude that, if the interval I
is infinite and one solution of the equation

y' +aq(x)y +r(x)y=0

oscillates, then all its solutions oscillate.

Example 2.13

The equation

1 v?
y”+y’+<12)yo, 0<x< o0, (2.19)
x x
is known as Bessel’s equation of order v, and is the subject of Chapter 5. Using
formula (2.16) to define u = \/zy, Bessel’s equation under this transformation
takes the form

1 — 412
u’ + (1 + ) u=0. (2.20)
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By comparing Equations (2.20) and «” + u = 0, we see that

1—4? ( >1 ifo<v<
r(z) =1+ v {_1 ifo<v<1/2

42 <1 ifv>1/2.

Applying Theorem 2.10 we therefore conclude:

(i) If 0 < v < 1/2 then, in every subinterval of (0, 00) of length 7, any solution
of Bessel’s equation has at least one zero.

(ii) If v > 1/2 then, in every subinterval of (0,00) of length 7, any nontrivial
solution of Bessel’s equation has at most one zero.

(iii) If v = 1/2, the distance between successive zeros of any nontrivial solution
of Bessel’s equation is exactly 7.

EXERCISES

2.8

2.9

2.10

2.11

2.12

2.13

Prove that any nontrivial solution of y” + r(z)y = 0 on a finite
interval has at most a finite number of zeros.

Prove that any nontrivial solution of the equation

k
v'+ 5y=0
T

on (0, 00) is oscillatory if, and only if, k¥ > 1/4. Hint: Use the substi-

tution z = e’.

Use the result of Exercise 2.9 to conclude that any nontrivial solution
of the equation y” + r(z)y = 0 on (0,00) has an infinite number of
zeros if r(x) > k/x? for some k > 1/4, and only a finite number if
r(x) < 1/422.

Let ¢ be a nontrivial solution of y” + r(z)y = 0 on (0,00), where
r(z) > 0. If p(x) > 0 on (0,a) for some positive number a, and if
there is a point z¢ € (0,a) where ¢'(z¢) < 0, prove that ¢ vanishes
at some point z; > xg.

Determine which equations have oscillatory solutions on (0, c0):
(a) ¥ + (sin®z + 1)y = 0.
(b) v — 2%y =0.
1
(©) y'+~y=0.
x

Find the general solution of Bessel’s equation of order 1/2, and de-
termine the zeros of each independent solution.
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2.14 If lim, o f(z) = 0, prove that the solutions of y” + (1+ f(z))y =0
are oscillatory.

2.15 Prove that any solution of Airy’s equation 3" +xy = 0 has an infinite
number of zeros on (0, 00), and at most one zero on (—oo,0).

2.3 Self-Adjoint Differential Operator

Going back to the general form of the linear second-order differential Equation
(2.1), in slightly modified notation,

p(x)y” + q(x)y" +r(z)y =0, (2.21)

we now wish to investigate the orthogonality properties of its solutions. This
naturally means we should look for the C? solutions of (2.21) which lie in £2.
Equation (2.21) can be written in the form

Ly =0,

where )

L= pla) s + a(x) o 4r(a), (2.92)
is a linear differential operator of second order, and y lies in £2(I) N C%(I),
which is a linear vector space, being the intersection of two such spaces with
the same operations.
To motivate the discussion, it would help at this point to recall some of the
notions of linear algebra. A linear operator in a vector space X is a mapping

A X —- X
which satisfies
A(ax + by) = aAx + bAy for all a,b € F, x,y € X.

If X is an inner product space, the adjoint of A, if it exists, is the operator A’

which satisfies
(Ax,y) = (x,A'y) forall x,y € X.

If A’ = A, then A is said to be self-adjoint.

If X is a finite-dimensional inner product space, such as C" over C, we know
that any linear operator is represented, with respect to the orthonormal basis
{e; : 1 <i < n}, by the matrix

ail et Ain
A= : = (aij) -

(2775 R ¢ 7973
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Its adjoint is given by

Al = = (dji) = AT,

G1p - Qnn

where A is the complex conjugate of A,

a11 -+ Qin
A= ,
Elnl e ZLnn
and AT is its transpose,
a1 0 OGpil
AT =
A1n Ann

A complex number a is called an eigenvalue of A if there is a nonzero vector
x € X such that
Ax = ax

3

and x in this case is called an eigenvector of the operator A associated with
the eigenvalue a. From linear algebra (see, for example, [11]) we know that, if
A is a self-adjoint (or Hermitian) matrix, then

(i) The eigenvalues of A are all real numbers.
(ii) The eigenvectors of A corresponding to distinct eigenvalues are orthogonal.
(iii) The eigenvectors of A form a basis of X.

In order to extend these results to the space £2, our first task is to obtain
the form of the adjoint of the operator

L:L2(I)nC*I) — L£2(I)

defined by Equation (2.22), where we assume, to start with, that the coefficients
p,q, and r are C? functions on I. Note that C2(I) N L2(I) = C%(I) when I is
a closed and bounded interval. Denoting the adjoint of L by L’, we have, by
definition of I/,

(Lf,g) = (f,L'g) forall f,g € C*(I)NL(I). (2.23)
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We set I = (a,b), where the interval I may be finite or infinite, and use inte-
gration by parts to manipulate the left-hand side of (2.23) in order to shift the
differential operator from f to g. Thus

b
(Lf,9) = [(0f" +qf +7rf)gdx

b b b
= pf'gl’ — [f'(pg)dx + qfgl’ — [f(q9) dz + [ frgdz
b b b
= pf'5— Fg)I + [£(pg)"dz + afg" — [f(qg)de + [ frde
= (f,(p9)" — (@g)' +7g) + [p(f'g — fg) + (a — ) fgll",

where the integrals are considered improper if (a,b) is infinite or any of the
integrands is unbounded at a or b. Note that the right-hand side of the above
equation is well defined if p € C?(a,b), ¢ € C'(a,b), and r € C(a,b). The last
term, of course, is to be interpreted as the difference between the limits at a
and b. We therefore have, for all f,g € £2(I) N C?(I),

(Lf.g) = {f,L*g) + [p(f'g — f9) + (a— P falll, (2.24)

where

"

L*g = (pg)" — (q9) +7g
=pg"+ 20 -0 + (" —d +7)g.
The operator
. d? L4,
L =pog+ @0 —a) -+ 0" =q +7)

is called the formal adjoint of L. L is said to be formally self-adjoint when
L* = L, that is, when

p=n, ' —q=¢q, Pp'—-q+7=r

These three equations are satisfied if, and only if, the functions p, ¢, and r are
real and ¢ = p’. In that case

Lf =pf" +p'f' +rf
= (f) +1f.

Thus, when L is formally self-adjoint, it has the form

d d
Ld]j(pdq,‘> + 7,
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and Equation (2.24) is reduced to

(Lf.g) = {f.Lg) + p(f'g— [, (2.25)

Comparing Equations (2.23) and (2.25) we now see that the formally self-
adjoint operator L is self-adjoint if

p(f'g— fg) =0 forallf,g € C*(I) N L2(]). (2.26)

=1

It is worth noting at this point that, when ¢ = p’, the term p” — ¢’ in the
expression for L* drops out, hence the continuity of p” and ¢ is no longer
needed.

We are interested in the eigenvalue problem for the operator —L, that is,

solutions of the equation
Lu+ Au=0. (2.27)

When u = 0 this equation, of course, is satisfied for every value of A. When
u # 0, it may be satisfied for certain values of A. These are the eigenvalues
of —L. Any function u # 0 in C? N £? which satisfies Equation (2.27) for some
complex number A is an eigenfunction of —L corresponding to the eigenvalue
A. We also refer to the eigenvalues and eigenfunctions of —L as eigenvalues and
eigenfunctions of Equation (2.27). Because this equation is homogeneous, the
eigenfunctions of —L are determined up to a multiplicative constant. When
appropriate boundary conditions are added to Equation (2.27), the resulting
system is called a Sturm—Liouville eigenvalue problem, which is discussed in the
next section. Clearly, —L is (formally) self-adjoint if, and only if, L is (formally)
self-adjoint. The reason we look for the eigenvalues of —L rather than L is that,
as it turns out, L has negative eigenvalues when p is positive (see Example 2.16
below). The following theorem summarizes the results we have obtained thus
far, as it generalizes properties (i) and (ii) above from finite-dimensional space
to the infinite-dimensional space £2 N C2.

Theorem 2.14

Let L: £2?(a,b)NC?(a,b) — L2(a,b) be a linear differential operator of second
order defined by

Lu = p(zx)u” + q(z)u’ +r(z)u, =€ (a,b),

where p € C%(a,b), q € C'(a,b), and r € C(a,b). Then

(i) L is formally self-adjoint, that is, L* = L, if the coefficients p, ¢, and r are
real and q = p'.

(ii) L is self-adjoint, that is, L' = L, if L is formally self-adjoint and Equation
(2.26) is satisfied.
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(iil) If L is self-adjoint, then the eigenvalues of the equation
Lu+2Xu=0

are all real and any pair of eigenfunctions associated with distinct eigenvalues
are orthogonal in £2(a,b).

Proof

We have already proved (i) and (ii). To prove (iii), suppose A € C is an eigen-
value of —L. Then there is a function f € £%(a,b) N C?%(a,b), f # 0, such
that

Lf+Af=0
= AFIP = OAf ) == (L. f)
Because L is self-adjoint,
—(Lf f) == (LLE) = (L) = AP

Hence X || f||> = M| f]I” . Because || f|| # 0, A = A.
If i is another eigenvalue of —L associated with the eigenfunction g €
£2(a,b) N C?(a,b), then

/\<fvg>:_<Lfvg>:_<vag>:,u<fag>
A=p)(f.9)=0
N = (fg) =0,

Remark 2.15

As noted earlier, when ¢ = p’ in the expression for L, the conclusions of this
theorem are valid under the weaker requirement that p’ be continuous.

Example 2.16

The operator —(d?/dz?) is formally self-adjoint with p = —1 and r = 0. To
determine its eigenfunctions in C2(0, ), we have to solve the equation

u’ + du=0.

Let us first consider the case where A > 0. The general solution of the
equation is given by

u(z) = ¢1cos VAT + cosin VA, (2.28)
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Under the boundary conditions
w(0) =u(r) =0

Equation (2.26) is satisfied, so —(d?/dz?) is, in fact, self-adjoint. Applying the
boundary conditions to (2.28), we obtain

u(O):c1:O
u(m) = cosinVAr =0 = Vir=nr = A=n% neNl.

Thus the eigenvalues of —(d?/dz?) are given by the sequence
(n?:n €N)=(1,4,9,...),
and the corresponding eigenfunctions are
(sinnzx : n € N) = (sinz, sin 2z, sin 3z, . . .).

Observe that we chose co = 1 for the sake of simplicity, since the boundary
conditions as well as the eigenvalue equation are all homogeneous. We could

also divide each eigenfunction by its norm [|sinnz| = y/ [ sin® 2 dz = \/7/2

to obtain the normalized eigenfunctions

(\/2/771'5111’)7,.% in € N).

If A = 0, the solution of the differential equation is given by ¢z + ca, and if
A < 0 it is given by c;cosh V—=Az + cosinh v/—Az. In either case the application
of the boundary conditions at x = 0 and x = 7 leads to the conclusion that ¢; =
c2 = 0. But the trivial solution is not admissible as an eigenfunction, therefore
we do not have any eigenvalues in the interval (—oo, 0]. The eigenvalues \,, = n?
are real numbers, in accordance with Theorem 2.14, and the eigenfunctions
un(x) = sinnx are orthogonal in £2(0,7) because, for all n # m,
™

=0.

0

/7’ i ) 1 [sin(n —m)x  sin(n+m)x
sinnz sinmadr = = —
0 2 n—m n+m

Sometimes it is not possible to determine the eigenvalues of a system exactly,
as the next example shows.

Example 2.17

Consider the same equation
u+Au=0
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on the interval (0,1), under the separated boundary conditions
u(0) = 0, hu(l) +u'(1) = 0,

where h is a positive constant.
It is straightforward to check that this system has no eigenvalues in (—o0, 0].
When A > 0 the general solution is

u(x) = ¢rcos VAz + casin VAz.
The first boundary condition implies ¢; = 0, and the second yields
ca(hsin VAL 4+ VA cos VL) = 0.

Because ¢; cannot be 0, otherwise we do not get an eigenfunction, we must

have
hsin VA + VA cos VAL = 0.

Because sin v/l and cos v/Al cannot both be 0, it follows that neither of them
is. Therefore we can divide by cos v/l to obtain

tan VAl = —%.

Setting o = v/Al, we see that « is determined by the equation

‘ @
anqu = ——.

hl
This is a transcendental equation which is solved graphically by the points of
intersection of the graphs of

(67

=t d =——
y=tana an Y ik

as shown by the sequence () in Figure 2.2.
The eigenvalues and eigenfunctions of the problem are therefore given by

N2
- ()
l
up () = sin(a,x/1), 0<z<l, n €N,
and the conclusions of Theorem 2.14(iii) are clearly satisfied.
The following example shows that, if p’ # ¢ on I, the operator L in Theorem

2.14 may be transformed to a formally self-adjoint operator when multiplied
by a suitable function.
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y = tano.

ST/2

——-—-—-0 R

Figure 2.2

Example 2.18

Let
2

d d
L=pla) s +ale) - +r(@),  wel=[ob],

where p € C?(I) does not vanish on I, ¢ € CY(I), and r € C(I). We may
assume, without loss of generality, that p(x) > 0 for all z € I. If ¢ # p’, we can
multiply L by a function p and define the operator

2

i:pL:ppﬁerq + pr.

dx
L will be formally self-adjoint if
pa = (pp)' = p'p+ pp'.

This is a first-order differential equation in p, whose solution is

pla) = Wcm) exp (/jigdt) (2.29)

where c is a constant. Note that p is a O function which is strictly positive on
I. Tt reduces to a (nonzero) constant when ¢ = p’, that is, when L is formally
self-adjoint.

The result of Example 2.18 allows us to generalize part (iii) of Theorem
2.14 to differential operators which are not formally self-adjoint. If Lu = pu” +
qu’ + ru, where p > 0 and ¢ # p’, the eigenvalue equation

Lu+Xu=0
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can be multiplied by the positive function p defined by (2.29) to give the equiv-
alent equation
pLu+ Apu =0, (2.30)

where pL is now formally self-adjoint. With p > 0, Equation (2.26) is equivalent
to

_ PN
pp(f'g = f3')l, = 0.
This makes the operator pL self-adjoint. If u € E,ZJ is an eigenfunction of L
associated with the eigenvalue A\, we can write

Alul2 = (Apu, u)
— (—pLu,u)

which implies that A is a real number. Furthermore, if v € E% is another
eigenfunction of L associated with the eigenvalue p, then

(A=) (u,v),, = Apu, v) — p{pu,v)
= ()\pu7v> - <U7MPU>
= (—pLu,v) — (u,—pLv) =0

because pL is self-adjoint. Thus, if A # u, then u is orthogonal to v in Ei.

We have therefore proved the following extension of Theorem 2.14(iii):

Corollary 2.19

If L : £%(a,b) N C?%(a,b) — L3(a,b) is a self-adjoint linear operator and p is a
positive and continuous function on [a, b, then the eigenvalues of the equation

Lu+ Apu =0

are all real and any pair of eigenfunctions associated with distinct eigenvalues
are orthogonal in £2(a,b).

Remark 2.20

1. In this corollary the eigenvalues and eigenfunctions of the equation Lu +
Apu = 0 are, in fact, the eigenvalues and eigenfunctions of the operator —p~'L.
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2. Suppose the interval (a, b) is finite. Since the weight function p is continuous
and positive on [a, b], its minimum value « and its maximum value [ satisfy

0<a<plx)<p<oo.

This implies
valull < Jlull, < VB ull,

and therefore [lu|[, < oo if, and only if, [|u|| < co. The two norms are said to be
equivalent, and the two spaces Ef,(a, b) and £?(a,b) clearly contain the same
functions, although they have different inner products.

3. Nothing in the proof of this corollary requires L to be a second-order differ-
ential operator. In fact, the result is true for any self-adjoint linear operator on
an inner product space.

Example 2.21
Find the eigenfunctions and eigenvalues of the boundary-value problem
22y +ay + Xy =0, 1<x<b, (2.31)
y(1) = y(b) = 0. (2.32)

Solution

Equation (2.31) is a Cauchy—Euler equation whose solutions have the form x™.
Substituting into the equation leads to

mm—1)+m+A=0
= m = +iV\.

Assuming A > 0, we have
g1V = eiVAlos cos(VAlog ) + isin(vVAlogz),
and the general solution of Equation (2.31) is given by

y(z) = crcos(V A log ) + cosin(vV A log ).
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Applying the boundary conditions (2.32),
y(1)=c1 =0, y(b) = cosin(v/Alogb) = 0.
Because we cannot have both constants ¢; and cp vanish, this implies

sin(vV/Alogb) = 0
= VAlogh = n, n € N.

Thus the eigenvalues of the boundary-value problem are given by the sequence

2
nm
)\n = 17 ) N7
(log b) e

and the corresponding sequence of eigenfunctions is

nm
= 1 1 .
Yn () Sm(logb og x)

Observe here that the differential operator

of positive real numbers

z? ﬁ +x d
dx? dx

is not formally self-adjoint, but it becomes so after multiplication by the weight

function . - )
= — —dt) = ~-.
o(2) xQexp</1t ) !

The resulting operator is then

L d_d(d
Va2 T dr  de \Vdz )

The eigenfunctions (y, : n € N) of this problem are in fact eigenfunctions of
—p~ 'L = —xL, which are orthogonal in Ei(l7 b), not £2(1,b). Indeed,

b
1
(ym,yn>p = /1 sin (lzmb log x) sm(k?;) logm) ;dm

1 s
= logb sin mé& sin néd€
T

=0 for all m # n.

We leave it as an exercise to show that this problem has no eigenvalues in
the interval (—o0,0].
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EXERCISES
. d d . .
2.16 Given L = — | p— | + r, prove the Lagrange identity
de \" dz
uLv —vLu = [p(uv’ —vu')].
The integral of this identity,
b
/ (uLv —vLu)dz = [p(uv’ — Uu’)]|z ,
a
is known as Green’s formula.
2.17 Determine the eigenfunctions and eigenvalues of the differential op-
erators
d2
(a) e C?(0,00) — C(0,00).
d2
(b) e L£2(0,00) N C?(0,00) — £2(0,00).

2.18 Prove that the differential operator —(d?/dz?) : £2(0,7)NC?(0,7) —
£2(0, ) is self-adjoint under the boundary conditions u(0) = u'(7) =
0. Verify that its eigenvalues and eigenfunctions satisfy Theorem
2.14(iii).

2.19 Put each of the following differential operators in the form p(d?/dz?)
+ p/(d/dx) + r, with p > 0, by multiplying by a suitable weight
function:

d2
2
(a) X @, x > 0,
d? d
b) — —z— R
(b) - —a— weR,
d? 5 d
(C) @ — X %, x > 07
d? d
2 & a 2 _
(d)xdx2+xdx+(x A), x>0.

2.20 Determine the eigenvalues and eigenfunctions of u” +u = 0 on (0,1)
subject to the boundary conditions u(0) = 0, hu(l)+u'(l) = 0, where
h <0.

2.21 Put the eigenvalue equation v’ + 2u’ + Au = 0 in the standard form

Lu + Apu = 0, where L is self-adjoint, then find its eigenvalues and
eigenfunctions on [0, 1] subject to the boundary conditions u(0) =
u(1) = 0. Verify that the result agrees with Corollary 2.19.
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2.22 Determine the eigenfunctions and eigenvalues of the equation z2u" +
Au = 0 on [1, e], subject to the boundary conditions u(1) = u(e) = 0.

2.4 The Sturm-—Liouville Problem

In Section 2.3 we saw how a linear differential equation may be posed as an
eigenvalue problem for a differential operator in an infinite-dimensional vector
space. The notion of self-adjointness was defined by drawing on the analogy
with linear transformations in finite-dimensional space, and we saw how the
first two properties of a self-adjoint matrix, namely that its eigenvalues are
real and its eigenvectors orthogonal, translated (almost word for word) into
Theorem 2.14. The third property, that its eigenvectors span the space, is in
fact an assertion that the matrix has eigenvectors as well as a statement on
their number. This section is concerned with deriving the corresponding result
for differential operators, which is expressed by Theorems 2.26 and 2.28.

Let L be a formally self-adjoint operator of the form

L= % (p(x);i) +r(@). (2.33)

The eigenvalue equation
Lu + Ap(z)u =0, z € (a,b), (2.34)
subject to the separated homogeneous boundary conditions

aju(a) + agu'(a) = 0, la1| + |az] > 0, (2.35)
Bru(b) + Byu’(b) =0, B1] + 182] > 0, (2.36)

where a; and [3; are real constants, is called a Sturm—-Liouville eigenvalue prob-
lem, or SL problem for short.

Because L is self-adjoint under these boundary conditions, we know from
Corollary 2.19 that, if they exist, the eigenvalues of Equation (2.34) are real
and its eigenfunctions are orthogonal in £2(a,b). When the interval (a,b) is
bounded and p does not vanish on [a,b], the system of equations (2.34) to
(2.36) is called a regular SL problem, otherwise it is singular. In the regular
problem there is no loss of generality in assuming that p(z) > 0 on [a, b]. The
solutions of the SL problem are clearly the eigenfunctions of the operator —L/p
in C? which satisfy the boundary conditions (2.35) and (2.36).

Now we show that the regular SL problem not only has solutions, but that

there are enough of them to span £§(a, b). This fundamental result is proved
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in stages. Assuming, for the sake of simplicity, that p(z) = 1, we first construct
Green’s function for the operator L under the boundary conditions (2.35) and
(2.36). This choice of p avoids some distracting details without obscuring the
general principle. We then use Green’s function to arrive at an integral expres-
sion for L™, the inverse of L. The eigenfunctions of —L,

Lu+ Au=0,
coincide with those of —L71,
L Yu+ pu=0,

and the corresponding eigenvalues are related by u = 1/X. We arrive at the
desired conclusions by analysing the spectral properties of L', that is, its
eigenvalues and eigenfunctions.

We shall have more to say about the singular problem at the end of this
section.

2.4.1 Existence of Eigenfunctions

Green’s function for the self-adjoint differential operator
d? d
L=p— —
P2 TP dx +n

under the boundary conditions

; la1| + |az| > 0,
9 |ﬁl|+|ﬁ2|>0a

aju(a) + agu'(a) =
Bru(b) + B/ (b) =

is a function
G:[a,b] X [a,b] = R

with the following properties.
1. G is symmetric, in the sense that
G(z,8) =G x) for all x,& € [a,b],
and G satisfies the boundary conditions in each variable x and &.

2. G is a continuous function on the square [a,b] x [a,b] and of class C? on
[a,b] x [a,b]\{(z,&) : © = £}, where it satisfies the differential equation

LoG(x,8) = p(2)Gae (2, 8) + P ()G (2, §) + r(2)G(2,§) = 0.
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3. The derivative G /0x has a jump discontinuity at x = £ (see Figure 2.3)
given by

oG, . .. oG, . . [0G G
TE(E 75)*%(5 ,5)—51_1%1+ %(ﬁvﬂs,g)*%(ﬁ*&f)
1
-5 (2.37)

FG(x§)

& X

Figure 2.3 Green’s function.

We assume that the homogeneous equation Lu = 0, under the separated
boundary conditions (2.35) and (2.36), has only the trivial solution v = 0. This
amounts to the assumption that 0 is not an eigenvalue of —L. There is no
loss of generality in this assumption, for if A is a real number which is not an
eigenvalue of —L then we can define the operator

2

- - d d
L=L+\=p—= ' — +7F
+ P2 +pd$+r,

where 7(x) = r(z) + A. Now, in as much as
Lu+ M= Lu+ (A — M,

we see that \ is an eigenvalue of —L associated with the eigenfunction u if and
only if A — X is an eigenvalue of —L associated with the same elgenfunctlon Uu.
Because A is not an eigenvalue of —L, 0 cannot be an eigenvalue of L. That
there are real numbers which are not eigenvalues of —L follows from the next
lemma.
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Lemma 2.22

The eigenvalues of —L are bounded below by a real constant.

Proof

For any u € C?([a, b]) which satisfies the boundary conditions (2.35) and (2.36),
we have

= [l =l + pla)e @ula) — pO) B )
b «
= [ = laide 505 0) ~ pl) S ala).

If B, = 0 then the second boundary condition implies u(b) = 0 and the second
term on the right-hand side drops out. Similarly the third term is 0 if as = 0.
The case where w is an eigenfunction of — L with boundary values u(a) = u(b) =
0 immediately yields

b b
/\HUIIQZ/ p(z) IU’(w)IQde*/ r(@) u(z)| dx

a

> — [lul]® max{|r(z)| : a < @ < b}, (2.38)

hence ¢ = —max{|r(z)|: a < z < b} is a lower bound of A.

On the other hand, if u satisfies the separated boundary conditions ayu(a)+
agu/(a) = 0, Bu(b) + Byu/(b) = 0, then the following dimensional argument
shows that there can be no more than two linearly independent eigenfunctions
of —L with eigenvalues less than /.

Seeking a contradiction, suppose —L has three linearly independent eigen-
functions w1, us, and ug with their corresponding eigenvalues A1, Az, and A3 all
less than ¢. We can assume, without loss of generality, that the eigenfunctions
are orthonormal. Since

aru;(a) + agul(a)

Brui(b) + Bauz(b) =
we see that each of the six vectors (u;(a),u}(a)) and (u;(b),u}(b)) lies in a
one-dimensional subspace of R2. Therefore the three vectors w; = (u;(a), u.(a),
u;(b),ul(b)) lie in a two-dimensional subspace of RY. We can therefore form a
linear combination c¢iu; + cous + c3us, where not all the coefficients are zeros,
such that

0,
; i=1,2,3,

ciuy + cous + cguz = 0.



2.4 The Sturm-Liouville Problem 71

But this implies

cru(a) + couz(a) + cgus(a) =0,
Cc1U1 (b) + CQUQ(b) + 63U3(b) =0
The function
v(z) = cquy(x) + cous(z) + csusg(x)
is therefore an eigenfunction of —L which satisfies v(a) = v(b) = 0, and conse-
quently its eigenvalue is bounded below by £. But this is contradicted by the
inequality

(—Lv,v) = At fer]? + X2 |eal” + Az fes|? < €(ler]? + |eal” + [es]*) = £]v]>.

O

Now we construct Green’s function for the operator L under the boundary
conditions (2.35) and (2.36),
aju(a) + agu’(a) = 0, loq] + |az] > 0,
Bru(b) + B’ (b) = 0, 1B1] +185] > 0.

According to a standard existence theorem for second-order differential equa-
tions [6], Lu = 0 has two unique (nontrivial) solutions v; and vy such that

vi(a) = as, vi(a) = —ay,

va(b) =By, wp(b) = —P.
Thus v; satisfies the first boundary condition at x = a,
ajvi(a) + agvy(a) =0,
and vy satisfies the second condition

Byv2(b) + Bav5(b) = 0.

Clearly v; and vy are linearly independent, otherwise each would be a (non-
zero) constant multiple of the other, and both would then satisfy Lu = 0
and the boundary conditions (2.35) and (2.36). But this would contradict the
assumption that 0 is not an eigenvalue of L.

Now we define

c o (va(x), a<é<z<b
cloi(@)ea(§),  a<z<E<D,

6o, =

where
¢ = p(z)[vi(z)vy(z) — vi(z)v2(2)] = p(x)W (v1,v2)(2) (2.40)
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is a nonzero constant. This follows from the fact that neither p nor W vanishes
on [a, b, and the Lagrange identity (see Exercise 2.16)

[p(v1vh — vive)] = v1Lvy — vaLvy = 0 on |a, b].

It is now a simple matter to show that all the properties of G(&, x) listed above
are satisfied. Here we verify Equation (2.37). Differentiating (2.39) we obtain

X (10— ) = oa(ahl +0) — o] (x ~ D)ua(a)],

¢ x,a:—&—é)—?%

0
¢

where § > 0. In view of (2.40) and the continuity of v] and v4, this expression
tends to 1/p(z) as § — 0.

Now we define the operator T on C([a,b]) by

b
- / Gz, ) F(€)d, (2.41)

and show that the function T'f is of class C?([a,b]) and solves the differential
equation Lu = f. Rewriting (2.41) and differentiating,

x b
- / G, €)f(€)de + / G, €) £ (€)d,
x b
(Tf)(z) = / o, €)F(E)de + / G, €) £ (€,
(T)"( / G (2, €) F(€)dE + G, 27 ) ()

b
+ / G (2. €)F(€)dE — Gl ) f (),

where we have used the continuity of G and f at £ = x to obtain (T'f)(z).
Because

1 1
-\ e -\ o N\
Go(z,27) = Go(z,27) = ~[v1(27)va(2) — vy (2)v2(a™)] @)
by the continuity of v; and wvs, we also have
f(z)

b
(Tf) / G (2, ) F(€)dE + / Gua(, ) f(Q)de + .
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from which we conclude that T'f lies in C?([a,b]) and satisfies
L(Tf)(x) = p(a)(Tf)"(x) +p'(@)(Tf) (x) + r(@)(Tf)(x)
T b
~ [ L.6@Or©dk + [ L@ o1+ fia)

in view of the fact that L,G(z,£) = 0 for all £ # «.

From property (1) of G it is clear that T'f also satisfies the boundary con-
ditions (2.35) and (2.36). On the other hand, if u € C?([a,b]) satisfies the
boundary conditions (2.35) and (2.36), then we can integrate by parts and use
the continuity of p, u, v’ and the properties of G to obtain

b

T(Lu)(x) = / " G €) Lu(€)de + / G, €) Lu(€)de

= p(&) [W'(§)G(x,€) — u(§)Ge(x,8)]l, + /z u(§) LG, €)dg
b

+p(&) [W/ ()G (,€) — u(§)Ge(, )], +/ w(§) LG (a, €)dg

P(E)u(€)Ge(w, )| + p(&) [w'(€)G(x,€) — u(€)Ge(, O]’
u(z),

where we have used Equation (2.37) and the fact that v and G satisfy the
separated boundary conditions. The operator T therefore acts as a sort of

inverse to the operator L, and the SL system of equations
Lu+ X u=0,
aru(a) + asu'(a) =0,
Bru(b) + B’ (b) = 0,
is equivalent to the single eigenvalue equation
Tu = pu,

where p = —1/A. In other words, u is an eigenfunction of the SL problem
associated with the eigenvalue A if and only if it is an eigenfunction of T
associated with the eigenvalue —1/\. We shall deduce the spectral properties
of the regular SL problem from those of the integral operator T.

The following example illustrates the method we have described for con-
structing Green’s function in the special case where the operator L is d?/dz?
on the interval [0, 1].
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Example 2.23
Let

u”’ + Au =0, 0<z<1,
u(0) = u(1) = 0.

We have already seen in Example 2.16 that this system of equations has only
positive eigenvalues. The general solution of the differential equation is

v(z) = e1c08 VAT 4 g sin V.

Noting that a; = #; = 1 and ay = B, = 0, we seek the solution v; which
satisfies the following initial conditions at x = 0,

v1(0) = a2 =0, v1(0) = —a; = —1.
These conditions imply
Cc1 = 07 \/XCQ =—1.

Hence

1.
v1(z) = A sin VAz.

Similarly, the solution ve which satisfies the conditions

02(1) =3, =0, 0/2(1) =—p; =—1,

is readily found to be

_sin VA cos VA
vo(x) = I cos V Az — oy sin VAz.

Now Green’s function, according to (2.39), is given by

clo(€ua(z), 0<E<a<1,
c oy (z)v2(6), 0<z<g<l.

6.6 = {

The constant ¢ can be computed using (2.39), and is given by sin v/A/v/X. Thus

M(cos Asin v/ Az — sin )\cosﬁx), 0<éE<z<1,
Gz, ) = ﬁsmfﬁ
’ sin V' Az . )
Tsin % (05 VAIVAE —sin Vicos VE), 0z e <L
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Note that
sin vV Az

Ge(x,2h) — Ge(z,27) = (cos A cos VAzt + sin VA sin ﬁx*‘)
sin \f)\

28V (o s Ve — sin VA cos vz
sin v/

=1

The other properties of G can easily be checked.

An infinite set F' of functions defined and continuous on [a, b] is said to be
equicontinuous on |[a,b] if, given any € > 0, there is a § > 0, which depends
only on ¢, such that

x, & € [a, ], lx =&l <d = |f(x)— f(&)| <e for all f € F.

This condition clearly implies that every member of an equicontinuous set of
functions is a uniformly continuous function on [a, b]; but, more than that, the
same § works for all the functions in F'. The set F' is uniformly bounded if there
is a positive number M such that

|f(x)| <M forall f€F,x¢€[a,b]

According to the Ascoli-Arzela theorem [14], if F' is an infinite, uniformly
bounded, and equicontinuous set of functions on the bounded interval [a,b],
then F' contains a sequence (f,, : n € N) which is uniformly convergent on

[a, b]. The limit of f,,, by Theorem 1.17, is necessarily a continuous function on
[a, b].

Lemma 2.24

Let T be the integral operator defined by Equation (2.41). The set of functions
{Tu}, where u € C([a,b]) and [Ju|| < 1, is uniformly bounded and equicontin-
uous.

Proof

Green’s function G is continuous on the closed square [a,b] X [a,b], therefore
|G (z,£)| is uniformly continuous and bounded by some positive constant M.
From (2.41) and the CBS inequality,
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hence the set {|Tu| : ||u|]| < 1} is bounded above by M+/b — a. Because G is
uniformly continuous on the square [a,b] X [a,b], given any € > 0, there is a
0 > 0 such that

z1,%2 € [a,b], |2 —21] < 0 = |G(x2,§) — G(x1,§)| <e for all £ € [a, b].
If w is continuous on [a, b], then
|xe —x1| < § = |Tu(xs) — Tu(zr)| <evb—alul.

Thus the functions {Tu : u € Cla, b], ||u|| < 1} are equicontinuous. O

The norm of the operator T, denoted by ||T||, is defined by
[T = sup{[|Tul| - w € C([a, b)), [[ull = 1}. (2.42)
From this it follows that, if w #£ 0, then
Tl = T Cu/ Nl DIl < VT el -

But because this inequality also holds when u = 0, it holds for all u € C([a, b]).
It is also a simple exercise (see Exercise 2.33) to show that

T = sup [(Tu,u). (2.43)

flull=1

Now we can state our first existence theorem for the eigenvalue problem
under consideration.

Theorem 2.25

Either ||T|| or — ||T| is an eigenvalue of T.

Proof
IT| = sup{|(Tu,w)| : u € C([a,b]),||u] = 1} and (Tu,u) is a real number,
hence either ||T|| = sup (Tu,u) or ||T|| = —inf (Tw,u), |ul]] = 1. Suppose

IT|| = sup (T'w,u). Then there is a sequence of functions u; € C([a,b]), with
|lug|l = 1, such that
(Tug,ug) — |T|| as k — oo.

Since {T'uy} is uniformly bounded and equicontinuous, we can use the Ascoli—
Arzela theorem to conclude that it has a subsequence {T'uy, } which is uniformly
convergent on [a,b] to a continuous function ¢,. We now prove that ¢, is an
eigenfunction of T' corresponding to the eigenvalue p, = ||| .
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As j — oo we have

sup |Tuy, (z) — goo(x)‘ — 0,
z€Ja,b]

which implies
| Tur, — @0l — 0, (2.44)

and therefore HTukj H — [l¢o|| - Furthermore, because {Tuy;, uk; ) — Ho,
| Tus, — pou, ||” = || Ty ||* + 13— 2010 (T, uyy = llpol|* — 3, (2.45)

hence ||<,00||2 > 13 > 0, and the function ¢, cannot vanish identically on [a, b].
Because HTuij2 < || |, H2 = p3, it also follows from (2.45) that

0 < || Tun, — poun, || < 202 — 2u0 (Tun,, u, ) -
But (Tuk,,ur,) — i, hence
| Tuk, — pouw, || — 0. (2.46)
Now we can write

0 < [Ty — powoll
= HT@O - T(Tu’fj)H + HT(Tukj) — poTug, ” + H”OTukj - “0<p0|| :

In the limit as j — oo, using the inequality ||[Tu| < ||T||||u| together with
(2.44) and (2.46), we conclude that ||Tp, — ool = 0. Ty — popy being
continuous, this implies Tpy(x) = popy(x) for all z € [a, b].

If |T|| = — inf (T'u, u), a similar argument leads to the same conclusion. [J
Let
%o
Yo = :
0 ||800||

Gi(z,8) = G(x,&) — poo(z )7/10(5)

(Thu)( / Gi(z,&u(&)dé
= Tu(x) — py (u, o) Yo(z)  for all u € C([a,d]). (2.47)

The function G has the same regularity and symmetry properties as G, hence
Lemma 2.24 and Theorem 2.25 clearly apply to the self-adjoint operator T7. If
IT1]] # O then we define

sup{[(Tvu, u)| : w € C([a, b)), [[ull = 1} = ||,
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where p; is a (nonzero) real number which, by Theorem 2.25, is an eigenvalue
of T} corresponding to some (nonzero) eigenfunction ¢, € C([a,b]); that is,

Tip1 = pypq-
Let 11 = o1/ || || Then, for any u € C({a, b)),

<T1Ua¢o> = <TU 7wb0> - <<U>¢o> w0a¢0>
(u Thg) — o (s, tho)

since Ty = powo. In particular, (Th1q, 1) = (91, %) = 0, and therefore
1y is orthogonal to v,. Now Equation (2.47) gives

Ty =Ty = g,y

Thus v, is also an eigenfunction of 7', and the associated eigenvalue satisfies

| = 1T [ < TN = Trol -
Setting

1

Ga(w,€) = G1(2,€) — ity (2)9,(6) = G(=,8) — Z Pt ()10, (6)

Tou=Tiu — py (u, Y1) by = Tu — kz;o:“k: (u,g) Yy,

and proceeding as above, we deduce the existence of a third normalized eigen-
function ¢, of T" associated with a real eigenvalue oy such that v, is orthogonal
to both 1 and ¥, and |uy| < |uq] - Thus we obtain an orthonormal sequence of

eigenfunctions 1y, ¥y, ¥, . .. of T' corresponding to the sequence of eigenvalues
lol > |pq] > |pa] > ... The sequence of eigenfunctions terminates only if
|75 ]| = 0 for some n. In that case
n—1 n—1
0= LTyu=LTu =Yy (uhy) Lipy, = w =D puy, (u,9y) Ly,
k=0 k=0
for all u € C([a,b]), which would yield
n—1 n—1
u= Zuk w ) Lib =Y, 9y) LTy = Y {u, )
k=0 k=0

But because no finite set of eigenfunctions can span C([a, b]), this last equality
cannot hold for all v € C([a,b]). Consequently, ||T,]| > 0 for all n € N, and we
have proved the following.
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Theorem 2.26 (Existence Theorem)

The integral operator T' defined by Equation (2.41) has an infinite sequence of
eigenfunctions (v,,) which are orthonormal in £2(a, b).

2.4.2 Completeness of the Eigenfunctions

If f is any function in £2(a,b) then, by Bessel’s inequality (1.22), we have

STUL v < 11

k=0

To prove the completeness of the eigenfunctions (1,,) in £2(a,b) we have to
show that this inequality is in fact an equality. This we do by first proving that

F=Y(fb) e
k=0

for any f € C?([a, b]) which satisfies the boundary conditions (2.35) and (2.36),
and then using the density of C2([a,b]) in £2?(a,b) to extend this equality to
L2(a,b).

Theorem 2.27

Given any function f € C?([a, b]) which satisfies the boundary conditions (2.35)
and (2.36), the infinite series Y (f, 1) ¥, converges uniformly to f on [a,b].

Proof

For every fixed x € [a, ], we have

(G(x,-),¢) = TPy () = pyiby(x)  for all k € N.

Bessel’s inequality, applied to G as a function of £, yields
n b
Z,u% |1/)k(9c)|2 < / |G(m,£)|2d§ for all x € [a, b], n € N.
k=0 a

Integrating with respect to = and letting n — oo, we obtain

i 2(b—a)?, (2.48)
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where M is the maximum value of |G(x,&)| on the square [a,b] x [a,b]. An
immediate consequence of the inequality (2.48) is that

lim |g,| =0. (2.49)
With
Gn(z,§) = Z et (@

we have already seen that the integral operator

b
T,iu(@)~ [ Guleu@dt,  we Cllab)
has eigenvalue p,, and norm

1Tl = [pnl -
Therefore, for any u € C([a, b)),

[Toull = || Tu— Zﬂk k) Vi

<l >0 asm—oo  (250)

in view of (2.49). If n > m, then
Z tog (s g by, =T ( i <U’¢k>¢k> ;
k=m

k=m

but because |Tu| < M+v/b— alu| for all u € C([a,b]), it follows that

u, Py.) Py,

<7 H %)

n 1/2
<SMvVb—a <Z |<Ua1/fk>|2> .

k=m

By Bessel’s inequality, the right-hand side of this inequality tends to zero as
m, n — 00, hence the series

Z tor (us i) Wy,
k=0

converges uniformly on [a,b] to a continuous function. The continuity of Tu
and (2.50) now imply

Zuk U, ¥p) Yp(x)  for all x € [a, b]. (2.51)
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If f € C*([a,b]) satisfies the boundary conditions (2.35) and (2.36), then
u= Lf is a continuous function on [a,b] and f = Tu. Since

pe (s i) = (u, ) = (u, Tog) = (Tu, ¥p) = (f, ¥p) s
Equation (2.51) yields

Z [obg) ¥ (x)  for all o € [a, b].
k=0
0

Now we need to prove that any function f in £2(a,b) can be approxi-
mated (in the £2 norm) by a C? function on [a,b] which satisfies the sepa-
rated boundary conditions (2.35) and (2.36). In fact it suffices to prove the
density of C?%([a,b]) in L£?(a,b) regardless of the boundary conditions; for
if g € C%([a,b]) then we can form a uniformly bounded sequence of func-
tions g, € C?([a,b]) such that g,(z) = g(z) on [a + 1/n,b — 1/n] and
gn(a) = g, (a) = gn(b) = g}, (b) = 0. Such a sequence clearly satisfies the
boundary conditions and yields

lim_{lg — g || = 0.

n—oo

If f € £L3(a,b), we know from Theorem 1.27 that, given any & > 0, there is
a function h, continuous on [a, b], such that

If —h|| <e. (2.52)

Hence we have to prove that, for any h € C([a,b]), there is a function g €
C?([a,b]) such that
[h—gll <e. (2.53)

This can be deduced from the Weierstrass approximation theorem (see [1] or
[14]), but here is a direct proof of this result.
Define the positive C'*° function

1
1
alz) = cexp(le) , |z <
0, x| > 1,
where
o0 1 -1
c= [/mexp<x2 — 1) dx} ,
so that f x)dx = 1. Then we define the sequence of functions

an(z) = na(ne), n €N,
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which also lie in C*°(R). Because « vanishes on |z| > 1, each function a,
vanishes on |x| > 1/n, and satisfies

/ ap(z)dr = / alz)de =1 for all n.

—00 —00

Finally, we extend h as a continuous function from [a, ] to R by setting

0, r<a—1, x>b+1
h(z) = hia)(z —a+1), a—1<z<a
h(b)(—x+b+1), b<ax<b+1,
and define the convolution of A and «,, by
(hvan)@) = [ hante - y)dy

e+(1/n)
— [ etz - vy
xz—(1/n)

1/n
=/_1/ h(z —y)on(y)dy.

With «,, € C* the function h * o, is also a C'°° function on R. Furthermore,

1/n
[h(2) = (h* an)(2)| = / [z = y)an(y)dy — h(z)an(y)]dy

—1/n

< sup{|h(z — ) — h(z)| : = € [a,B], |y < 1/n}.

Because h is continuous on R, it is uniformly continuous on any finite real
interval, and therefore, as n — oo,

() = (h* an)(@)] < sup{[h(z —y) — h(z)| : @ € [a, 0], [y| <1/n} — 0.

We have actually shown here that C°°, which is a subset of C?, is dense in
C([a,b]) in the supremum norm, which is more than we set out to do. Conse-
quently, there is an integer N such that

lh—h*ay| <e foralln>N.
By choosing the function ¢ in (2.53) to be h * ay, we obtain
If =gl < If =Rl +[h—gl < 2¢ (2.54)

for any f € £2(a,b). Using the triangle and Bessel inequalities, we also have

1= 2 v < -al+ o= £ |+ | £ 0 rv
k=0 k=0 k=0
<20 gl + o= £ v (2.55)
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In view of Theorem 2.27, we can make ||g — > "1 _, (9, %) V|| < € by choosing
n large enough, say n > M. This, together with (2.54) and (2.55), now imply

‘f_ i (fs0r) ¥i|| < 5e for all n > max{N, M}.
k=0

We have therefore proved the following.
Theorem 2.28 (Completeness Theorem)
If f € L%(a,b), then

Tim Hf 5 (60 ¥ (2.56)

Equation (2.56) is equivalent to the identity

Z £ Y

where the equality is in £2(a,b). It is also equivalent to Parseval’s relation

LFIZ =D [ v
k=0

Each one these equations expresses the fact that the sequence (v,) of ortho-
normal eigenfunctions of T forms a complete set in £2(a, b).

Going back to the SL problem

Lu+ Au =0,
aju(a) + azu’(a) = 0,
Bru(b) + Byu' (b) = 0,

where u € C?([a, b]), we have shown that this system of equations is equivalent
to the single integral equation

Tu = pu=—u/A.

The boundary conditions determine a unique solution to the differential equa-
tion Lu 4+ Au = 0, therefore each eigenvalue A of —L corresponds to a unique
eigenfunction u. This is equivalent to saying that each eigenvalue p of T' corre-
sponds to a unique eigenfunction wu.

By (2.49), 1/ |An| = |u,,| — 0, and it follows from Lemma 2.22 that A,, — o0
as n — o0o. Reintroducing the weight function p, we therefore arrive at the
following fundamental theorem.
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Theorem 2.29

Assuming p',r, p € C([a,b]), and p,p > 0 on [a,b], the SL eigenvalue problem
defined by Equations (2.34) to (2.36) has an infinite sequence of real eigenvalues

A <AL <Ag < -

such that A, — oco. To each eigenvalue \,, corresponds a single eigenfunction
©,,, and the sequence of eigenfunctions (¢,, : » € Np) forms an orthogonal basis
of £2(a,b).

Remark 2.30

1. If the separated boundary conditions (2.35) and (2.36) are replaced by the
periodic conditions

u(a) =u®),  u'(a)=1(b),

it is a simple matter to verify that Equation (2.26) is satisfied provided p(a) =
p(b) (Exercise 2.26). The operator defined by (2.33) is then self-adjoint and its
eigenvalues are bounded below by —max {|r(z)| : « < z < b} (see Equation
(2.38)). The results obtained above remain valid, except that the uniqueness
of the eigenfunction for each eigenvalue is not guaranteed. This is illustrated
by Example 3.1 in the next chapter. For more information on the SL problem
under periodic boundary conditions see [6].

2. It can also be shown that each eigenfunction ¢,, has exactly n zeros in the
interval (a,b), and it is worth checking this claim against the examples which
are discussed henceforth. A proof of this result may be found in [6].

3. The interested reader may wish to refer to [18] for an extensive up-to-date
bibliography on the SL problem and its history since the early part of the
nineteenth century.

Example 2.31

Find the eigenvalues and eigenfunctions of the equation
u’ + Au =0, 0<z<lI,

subject to one of the pairs of separated boundary conditions
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Solution

The differential operator is formally self-adjoint and the boundary conditions (i)
and (ii) are homogeneous and separated, so both Theorems 2.14 and 2.29 apply.
We have already seen in Example 2.16 that, under the boundary conditions (i),
the equation u” + Au = 0 has only positive eigenvalues. Under the boundary
conditions (ii) it is a simple matter to show that it has no negative eigenvalues.
This is consistent with Remark 2.30 in as much as r(z) = 0.

If A > 0, the general solution of the differential equation is

u(x) = crcos VAT + ¢ sin Vz. (2.57)
Applying conditions (i), we obtain

u(0) = ¢1 =0,
n’n?

u(l)zczsinﬁleé)\n:lT, ne€N.

In accordance with Theorem 2.29 the eigenvalues A, tend to oo, and the cor-
responding eigenfunctions

up () = sin L

l

are orthogonal in £2(0,1), because, for all m # n,
t mm nm 1/ s us
/ sin —x sin —ax dx = f/ [cos(m —n)—x — cos(m + n)fx] dx = 0.
0 l l 2 Jo l l

From Theorem 2.29 we also conclude that the sequence of functions
nmw
sin Tgc, n €N,

is complete in £2(0,1).
Now we turn to the boundary conditions (ii): if A = 0, the general solution
of u’ =0is
u(x) = 1z + ca,
and conditions (ii) imply ¢; = 0. u is therefore a constant, which we can take
to be 1. Thus
)\0 = 0, Uup (.’13) =1

is the first eigenvalue—eigenfunction pair. But if A > 0, the first of conditions
(ii) applied to (2.57) gives

u'(0) = VAep = 0,

hence c3 = 0. The condition at x = [ yields
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n?m?

u'(l) = —erVAsin VAL = 0=\, = o
un () = cos n—ﬂx, n €N,

l

Thus the eigenvalues and eigenfunctions under conditions (ii) are

An = , Un () = cos Hm, n € Np.

l

Again we can verify that the sequence (cos(nw/lx) : n € Ny) is orthogonal in
£2(0,1), and we conclude from Theorem 2.29 that it also spans this space.

According to Example 2.31, any function f € £2(0,1) can be represented
by an infinite series of the form

f(z) = Z ap,COS nwa’ (2.58)
n=0
or of the form -
flx) = bpsin @x, 2.59
l
n=1

the equality in each case being in £2(0,1). Note that these two representations
of f(z) do not necessarily give the same value at every point in [0,!]. For
example, at = 0, we obtain f(0) = ZZOZO a, in the first representation and
f(0) = 0 in the second. That is because Equations (2.58) and (2.59) are not
pointwise but £2(0,1) equalities, and should therefore be interpreted to mean

nm
—XT

l

Hf(x) — > apcos nl—ﬁx
n=0

=0, Hf(:r) — i:%o bysin

:O,

respectively.
By Definition 1.29, the coefficients a,, and b,, are determined by the formulas

(f,cos(nmx/l)) neN b (f,sin(nmx /1))

= E 0 = E
"7 eos(na/D)] L Yisin(uma /D)

Because

Jeos (") [ = [[eos ("Fayar={ b, MY

2 l l
sin (E.ﬁ) H = / sin? (Em) de = -, n €N,
l 0 l 2
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the coefficients in the expansions (2.58) and (2.59) are therefore given by

!

ao = % /0 Fa)da, (2.60)
l

ap, = %/ f(x)cos nl—ﬂx dz, (2.61)
0
l

by, = %/ f(x)sin nwa dx. (2.62)
0

Consider, for example, the constant function defined on [0,!] by f(z) = 1.
For every n € N,

oz
(1,sin(nmz/l)) = /0 sin de = %(1 —cosnm) = E(l —(=1)").

Therefore b, = (2/n7)(1 — (—=1)") and we can write

2= (1—(=D)™\ . nm
lﬂ_;(n>snlll‘

4 (. 1 . 1 .
= —|sinxz + —sin3x + —sindx + --- | .
T 3 5

As pointed out above, this equality should, of course, be understood to mean

2= (1= (=1)F\ kn
1_Wz<k>slnlfﬂ

k=1

2= (1= (=1)F\ | kr g2
fz ———— |sin—x = 1 as n — oo.
(it k l

On the other hand, since

:0,

or

!
(1,cos(nmz/l)) = [ cos(nmz/l)dx = { ; ,
0 )
l

I* =1,

the coefficients a,, in the expansion (2.58) all vanish except for the first, which is
ag = 1, hence the series reduces to the single term 1. But this is to be expected
because the function f coincides with the first element of the sequence

2
(cos?:neNO) = <1,cos77,cos7lm,-~).

By the same token, based on Theorem 2.29, the sequence of eigenfunctions
for the SL problem discussed in Example 2.21 is complete in 5,3(1, b), where
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p(z) = 1/x. Hence any function f € £2(1,b) can be expanded in a series of the

form
> nmw
by, sin| — 1
> i (o togr)
where
. (f,sin(nmlogz/logb)),
" ||sin(n7rlogm/logb)Hi '

2.4.3 The Singular SL Problem

We end this section with a brief word about the singular SL problem. In the
equation

Lu + Mpu = (pu') + ru+ Apu = 0, a<z<b,

where p is smooth and p is positive and continuous, we have so far assumed that
p does not vanish on the closed and bounded interval [a, b]. Any relaxation of
these conditions leads to a singular problem. In this book we consider singular
SL problems which result from one or both of the following situations.

1. p(x) =0 at = a and/or = b.
2. The interval (a,b) is infinite.

In the first instance the expression pp(f'g— f¢’) vanishes at the endpoint where
p = 0, hence no boundary condition is required at that endpoint. In particular,
if p(a) = p(b) = 0 and the limits of u at a and b exist, then the equation

po(f'g— fg)lb =0 (2.63)

is satisfied and L is self-adjoint. If (a,b) is infinite, then it would be necessary
for /pu(x) to tend to 0 as [x| — oo in order for u to lie in £2. The conclusions
of Theorem 2.29 remain valid under these conditions, although we do not prove
this. For a more extensive treatment of the subject, the reader is referred to [15]
and [18]. The latter, by Anton Zettl, gives an up-to-date account of the history
and development of the singular problem and some recent results of a more
general nature than we have discussed in this book. In particular, using the
more general methods of Lebesgue measure and integration, the smoothness
conditions imposed on the coefficients in the SL equation may be replaced by
much weaker integrability conditions.
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In the chapters below we consider the following typical examples of singular
SL equations.

1. Legendre’s Equation
(1 —2*)” — 2zu’ 4+ n(n + 1u = 0, -l<z<l1,
where A = n(n + 1) and the function p(z) = 1 — 2% vanishes at the end-

points z = £1, hence only the existence of limu at x = +1 is required.

2. Hermite’s Equation
v’ —2zu 4+ 2nu =0, z €R.

After multiplication by 6’12, this equation is transformed to the standard
self-adjoint form
e~ 0" — 2w + e~ u = 0,

2

where A = 2n, p(z) = e~ and plx) =e%.

3. Laguerre’s Equation
zu” — (1 —2)u' +nu=0, x>0,
which is transformed to the standard form
ze "u" — (1 —xz)e v +ne "u=0

by multiplication by e~*. Here p(x) = xe~* vanishes at = 0.

4. Bessel’s Equation

2
n

v +u — —u+ dzu =0, x> 0.
x

Here both functions p(z) = x and p(x) = x vanish at x = 0.

The solutions of these equations provide important examples of the so-called
special functions of mathematical physics, which we study in Chapters 4 and 5.
But before that, in Chapter 3, we use the regular SL problem to develop the £
theory of Fourier series for the trigonometric functions. The singular problem
allows us to generalize this theory to other orthogonal functions.
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EXERCISES
2.23 Determine the eigenvalues and eigenfunctions of the boundary-value
problem
u’ + Au =0, a<z<hb,
u(a) = u(b) =
2.24 Determine the eigenvalues and eigenfunctions of the equation z2u” —
zu' + Au = 0 on (1, e) under the boundary conditions u(1) = u(e) =
0. Write the form of the orthogonality relation between the eigen-
functions.
2.25 Verify that p(f'g — fg’)|f; = 0 if f and g satisfy the separated ho-
mogeneous boundary conditions (2.35) and (2.36).
2.26 Verify that p(f'g — fg’)|Z =0 if f and g satisfy the periodic condi-
tions u(a) = u(b), v'(a) = u/(b), provided p(a) = p(b).
2.27 Which of the following boundary conditions make p(f’'g — f¢’ )|Z =
07
(a) p(x) =1, a <z <b, ula)=ub), v'(a) =u(b).
(b) p() =z, 0<a<z<b, ula)=1u(b) =0.
(¢) p(x) =sinz, 0 <z <7/2, u(0) =1, u(r/2) =0.
(@) p(a) = e, 0< o<1, u(0) = u(l), u(0) = u(1).
(&) pla) = a2, 0.< @ < b, u(0) = w'(b), u(b) = u'(0).
(f) p(z) =22, -1 <z <1, u(-1)=u(l), v/(-1) =d/(1).
2.28 Which boundary conditions in Exercise 2.27 define a singular SL
problem?
2.29 Determine the eigenvalues and eigenfunctions of the problem
[(@+3)%) + =0, —2<z<l,
y(=2) =y(1) =0.
2.30 Let
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(a) Show how the positive eigenvalues A may be determined. Are
there any eigenvalues in (—oo, 0]?

(b) What are the corresponding eigenfunctions?

2.31 Discuss the sequence of eigenvalues and eigenfunctions of the prob-
lem

2.32 Let

(pu) +ru+ Au =0, a<x<b,
u(a) = u(b) = 0.

If p(z) > 0 and r(x) < ¢, prove that A > —c.

2.33 Using Equation (2.42), prove that the norm of the operator T is also
given by
1Tl = Sup [(Tw, u)| ,
where u € C([a,b]). Hint: |(Tu,u)| < ||T|| by the CBS inequality
and Equation (2.42). To prove the reverse inequality, first show that
2Re (Tu,v) < (|Ju]|* + ||v]|*) sup [(Tw, )| , then set v = Tu/ ||Tul|.
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Fourier Series

This chapter deals with the theory and applications of Fourier series, named
after Joseph Fourier (1768-1830), the French physicist who developed the series
in his investigation of the transfer of heat. His results were later refined by
others, especially the German mathematician Gustav Lejeune Dirichlet (1805
1859), who made important contributions to the convergence properties of the
series.

The first section presents the £2 theory, which is based on the results
of the regular SL problem as developed in the previous chapter. We saw in
Example 2.31 that, based on Theorem 2.29, both sets of orthogonal functions
{cos(nmz/l) : n € No} and {sin(nmwx/l) : n € N} span the space £2(0,1). We
now show that their union spans £2(—I,1), and thereby arrive at the funda-
mental theorem of Fourier series.

In Section 3.2 we consider the pointwise theory and prove the basic result
in this connection, which is Theorem 3.9, using the properties of the Dirichlet
kernel. The third and final section of this chapter is devoted to applications to
boundary-value problems.

3.1 Fourier Series in L2

A function ¢ : [-I,]] — C is said to be even if
o(—xz) = p(z) forall x € [-1,1],

and odd if
o(—x) = —p(x) for all x € [-1,1].
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The same definition applies if the compact interval [—I, ] is replaced by (—I,1)
or (—oo,00). If ¢ is integrable on [—1, 1], then it follows that

/_ll p(x)dx = Q/OZ o(x)dx

/ll p(x)dx =0

if ¢ is odd. Clearly, the sum of two even (odd) functions is even (odd), and the
product of two even or odd functions is even, whereas the product of an even

if  is even, and

function and an odd function is odd.
An arbitrary function f defined on [—[,!] can always be represented as a
sum of the form

fz) =

where f.(z) = 3[f(z)+ f(—2)] is an even function and fo(z) = 1[f(z)— f(—=)]
is an odd function. f. and f, are referred to as the even and the odd parts

[£() + F(=2) + 317(@) - f(=2)] (3.1)

| =

(or components) of f, respectively. To show that the representation (3.1) is

unique, let . .

f(‘r):fe(x)+fo(x):fe(x)—i_fo(x)a (32)
where fe is even and fo is odd. Replacing x by —z gives

f(=2) = fe(x) = folz) = fe(2) = fol@). (3.3)

Adding and subtracting (3.2) and (3.3) we conclude that fo=f.and f, = f,.

Any linear combination of even (odd) functions is even (odd), therefore the
even and odd functions in £2(—1,1) clearly form two complementary subspaces
which are orthogonal to each other, in the sense that if p,1 € £2(—1,1) with
w even and v odd, then ¢ and 1) are orthogonal to each other, for their inner
product is

l
(0, 9) = /4 o(x)Y(x)dz =0

because the function ¢ is odd.

Let f = f. + f, be any function in £2(—1,1). Clearly both f. and f, belong
to £2(—1,1). The restriction of f. to (0,1) can be represented in £2 in terms of
the (complete) orthogonal set {cos(nmz/l) : n € Ng} as

o
felx) =aog+ Z ay, COS @x, 0<z<lI, (3.4)
n=1 !
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where, according to the formulas (2.60) and (2.61),

l
ag = %/0 fe(x)dx

2 l
= 7/ fe(z)cos ?m dx, n € N.
0

The orthogonal set {sin(nrx/l) : n € N} also spans £2(0,1), hence
= Z by, sin nlla:, 0<x<lI, (3.5)

where
/ folz sm—x dz, n € N.

Because both sides of (3.4) are even functions on [, [], the equality extends
o [—1,1]; and similarly the two sides of equation (3.5) are odd and this allows

us to extend the equality to [—I,!]. Hence we have the following representation
of any f € L2(—1,1),

o0 oo
n n
) =ag+ E ancosTﬂx—i— E bnsinTﬁx
n=1

=ag + Z (ancos + by, sin nli:c) -l <z <, (3.6)

the equality being, of course, in £2(—[,1). On the other hand, using the prop-
erties of even and odd functions, we have, for all n € Ny,

! !
/ fe(x)sin nl—ﬂx dzx = / folx)cos nllx dz =0,
-1 -

! ! !
1 1
/ fe(x)cos 7 de = f/ fe(x)cos M de = 7/ f(x)cos L dz,
; l 2], l 2/, l
! ! !
1 1
/ fo(x)sin LI f/ fo(x)sin L 7/ f(z)sin "My da.
; l 2/, l 2/, l

Hence the coefficients a,, and b,, in the representation (3.6) are given by
1 /l
= | fla)dx
2l J_,
1 [
27/ f(x)cosnllx dz, n €N,
-1

!
b, = %/ f(z)sin nTwm dz, n e N.
-1

This result is confirmed by the following example.
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Example 3.1
Find the eigenfunctions of the equation

v + =0, 1<z <,
which satisfy the periodic boundary conditions

u(=1) = u(l), ' (=1) = /(1).

Solution

This is an SL problem in which the boundary conditions are not separated but
periodic. Because the operator —d?/dx? is self-adjoint under these conditions
(see Exercise 2.26), the conclusions of Theorem 2.29 still apply (except for the
uniqueness of the eigenfunctions), as pointed out in Remark 2.30, hence its
eigenfunctions are orthogonal and complete in £2(—1,1). If A < 0 it is straight-
forward to check that the differential equation has only the trivial solution
under the given periodic boundary conditions. If A = 0 the general solution is
u(x) = c12 + ¢, and the boundary conditions yield the eigenfunction ug(x) = 1.
For positive values of A\ the solution of the equation is

1008 VAT + cosin VAz.
Applying the boundary conditions to this solution leads to the pair of equations

Co8in VAL = 0,
eV Asin VAL = 0.

Because VA > 0 and ¢; and ¢y cannot both be 0, the eigenvalues must satisfy
sinv/A I = 0. Thus the eigenvalues in [0, c0) are given by

Ap = (?)2, n € Ny,

and the corresponding eigenfunctions are

T T 21 . 2w 3 . 3w
1, cos jx, sin —x, cos —ux, sin —x, cos —x, sin —x, ... .

l l l l l

Note that every eigenvalue \,, = (n7/l)? is associated with two eigenfunctions,
cos(nmz/l) and sin(nmz/l), except Ay = 0 which is associated with the single
eigenfunction 1. This does not violate Theorem 2.29 which states that each
eigenvalue corresponds to a single eigenfunction, for that part of the theorem
only applies when the boundary conditions are separated. In the example at
hand the boundary conditions yield the pair of equations

c1vVAsin VAl = 0, cosin VAL = 0,
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which do not determine the constants c¢; and ¢y when A = (n7/l)?, so we can
set ¢ = 0 to pick up the eigenfunction sin(nzz/l) and ¢ = 0 to pick up
cos(nmzx/l).

We have therefore proved the following.

Theorem 3.2 (Fundamental Theorem of Fourier Series)

The orthogonal set of functions

{1, cos nl—ﬂm,sin ?m :n €N}

is complete in £2(—1,1), in the sense that any function f € £2(—I,1) can be
represented by the series

=ag + Z (ancos —x + b,sin ?m) -1 <z <l (3.7)

where

"= ||1\| 21/ T 35

an = U, cos(nmz /1)) / f(z)cos —x dz, neN, (3.9)
l|cos(nma/1)|?
<f’ sin(nrz /1)) / f(z)sin —x dz, neN. (3.10)
||sin(nxz/1)]

The right-hand side of Equation (3.7) is called the Fourier series expansion
of f, and the coefficients a,, and b,, in the expansion are the Fourier coefficients

of f.

Remark 3.3

1. If f is an even function, the coefficients b, = 0 for all n € N and f is then
represented on [—[,[] by a cosine series,

o0
nw
x)=ag+ E nCO8 —=1,
n=1

in which the coefficients are given by

1 !
= %/ f(x)d, ap = %/ f(z)cos nwa dz, n € N.
0 0
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Conversely, if f is odd, then a, = 0 for all n € Ny and f is represented by a
sine series,

= Z bpsin Tx,
l
n=1
where
/ f(z sm ™ dx, n € N.

2. The equality expressed by (3.7) between f and its Fourier series is not nec-
essarily pointwise, but in £2(—[,1). It means that
2

N
flx)— |ao+ > (ancos M+ bpsin Ex)
n=1 l l

2 2, X 2 2
A" =112]aol” + > (lan]” + bn]”)| = 0 as N — oo.
n=1

Because f € £2(—1,1), this convergence clearly implies that the positive series
S |an|*and 37 |b,|* both converge and therefore lim a,, = lim b, = 0.

3. If the Fourier series of f converges uniformly on [—I,!], then, by Corollary
1.19, its sum is continuous and the equality (3.7) is pointwise provided f is
continuous on [—,].

Example 3.4
The function
-1, —T<zx<0
flx)y=<¢ 0, x=0
1, O<ax<m,

shown in Figure 3.1,

|
a
3
=Y

o—0—1]

Figure 3.1
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is clearly in £2(—m,m). To obtain its Fourier series expansion, we first note
that f is odd on (—m, ), hence its Fourier series reduces to a sine series. The
Fourier coefficients are given by

1 s
by, = — f(x)sinnx dx

T™J—xn

2 T
= — sinnz dx
™ Jo

2
- 21— .
mr( cosn)

by, is therefore 4/nm when n is odd, and 0 when n is even, and tends to 0 as
n — 00, in agreement with Remark 3.3 above. Thus we have

f(z) = i bpsin nx:
n=1

4 . 4 4
= —ginx + —sin3x + —sinbr + - - -
T 3T 5

4§: L sin@n+1) (3.11)
= — S Zn xX. .
= 2n +1

Observe how the terms of the partial sums

N
4 1 )
Sn(z) = = E 1 sin(2n + 1)x

n=0

add up in Figure 3.2 to approximate the graph of f. Note also that the Fourier
series of f is 0 at 7 whereas f(7) = 1 and f(—m) is not defined , which just
says that Equation (3.11) does not hold at every point in [—7, 7]. We shall have
more to say about that in the next section.

Sylx) S, (x) S,(x)

Figure 3.2 The sequence of partial sums Sy .
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Theorem 3.2 applies to real as well as complex functions in £2(—(,1). When

f is real there is a clear advantage to using the orthogonal sequence of real
trigonometric functions

m . 27 .27

1, cos -z, sin —z, cos —x, sin —zx, ---

l l l l
to expand f, for then the Fourier coefficients are also real. Alternatively, we
could use Euler’s relation

i

e =cosz +isinzx, r eR,

to express the Fourier series in exponential form. To that end we define the

coefficients
1/
co=ag = i/_lf(x)dac,
1 1/ 4
—_ g _ —inmax/l
Cn 2(an iby) 5 /_l f(z)e dx,
1 . 1 ! inTtx/l
Cn = i(an + an) = 7 f(z)e d‘T? n e N’
-1
so that

N
nmw nmw
ag + (a cos —x + b Sin—x>
0 ngl n l n l

N
=co+ Z [(cn + ¢_p)cos nl—ﬂx + i(cp — c—p)sin ?I}

n=1

N N
=co+ E (Cneznﬂ'x/l +C_n672n7rx/l> _ 2 Cneznﬂ':v/l'
n=1 n=—N

Because |¢,| < |an| + |bn] < 2]cy| for all n € Z, the two sides of this equation
converge or diverge together as IV increases. Thus, in the limit as N — oo, the
right-hand side converges to the sum

oo

9]
E Cneznﬂ'z/l =co+ E (Cneznﬂx/l +C_n671n7rm/l)’
n=1

n=—oo

and we obtain the exponential form of the Fourier series as follows.

Corollary 3.5

Any function f € £2(—1,1) can be represented by the Fourier series

o0

fl@)y= Y cpemm/ (3.12)

n—=—oo
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where

fv einﬂ*w/l 1 ! —inmwx
" <,|/lH> - %/ f)em iz, nez.  (3.13)

We saw in Example 1.12 that the set {e* : n € Z} is orthogonal in
L2(—m, ), hence {e™™*/! . n € Z} is orthogonal in £2(—1,1). We can also show
that {e™™*/! . n € Z} forms a complete set of eigenfunctions of the SL problem
discussed in Example 3.1, where each eigenvalue n?72/I? is associated with the
pair of eigenfunctions e*™/! and thereby arrive at the representation (3.12)
directly. In this representation, the Fourier coefficients ¢, are defined by the
single formula (3.13) instead of the three formulas for ag, a,, and b,, which is
a clear advantage. Using (3.12) and (3.13) to expand the function in Example
3.4, we obtain

1 [ ;
Cn = — f(x)e™ "™ dx
2 J_,
1 T ] 0 )
=— [/ e ""dx —/ e_mxdx}
21 0 —7
= — sinnz dx
S
1

o0
_ 3 Z 1 [i2ntDe _ g—i(zn+1))
i = 2n+1

45: 1 in(2n + 1)
= — Sin .
w4 an 11 T

EXERCISES

3.1 Verify that the set {e™™*/! . n € Z} is orthogonal in £2(—I,1). What
is the corresponding orthonormal set?

3.2 Is the series 1

uniformly convergent? Why?
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3.3 Determine the Fourier series for the function f defined on [—1, 1] by

0, -1<x<0
f(:”){l 0<z<1.

)

3.4 Expand the function f(z) = 7 — |z| in a Fourier series on [—m, 7],
and prove that the series converges uniformly.

3.5 Expand the function f(z) =22 + z in a Fourier series on [—2,2]. Is
the convergence uniform?

3.6 If the series ) |a,| converges prove that the sum Y 7, a,cosnx
is finite for every z in the interval [—m, 7|, where it represents a
continuous function.

3.7 Prove that the real trigonometric series Y (a,cos nx + b,sinnz) con-
verges in £L2(—m, ) if, and only if, the numerical series (a2 + b2)
converges.

3.2 Pointwise Convergence of Fourier Series

We say that a function f : R — C is periodic in p, where p is a positive
number, if

flx+p) = f(z) forall xR,

and p is then called a period of f. When f is periodic in p it is also periodic in
any positive multiple of p, because

f(x+mnp)=f(x+(n—1)p+p)
= fx+ (n—1)p)

It also follows that

f@ —np) = fle—np+p)=--- = f(2),

hence the equality f(z + np) = f(z) is true for any n € Z. The functions sinz
and cosz, for example, are periodic in 27, whereas sin(ax) and cos(ax) are
periodic in 27 /a, where a > 0. A constant function is periodic in any positive
number.

A function f which is periodic in p and integrable on [0, p] is clearly inte-
grable over any finite interval and, furthermore, its integral has the same value
over all intervals of length p. In other words
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z+p P
/ flt)ydt = / f(t)dt for all z € R. (3.14)
x 0

This may be proved by using the periodicity of f to show that foz f@)de =
f;ﬂ—mf(t)dt (Exercise 3.8).

When the trigonometric series
n
Sn(x) = ap + Y (agcos kx + bysin kx)
k=1
converges on R, its sum

S(x) = ap+ Y, (agcos kx + bysin kx)
k=1

is clearly a periodic function in 27, for 27 is a common period of all its terms.
If a;, and by, are the Fourier coefficients of some £2(—m, ) function f, that is, if

1 us
ap = Gy _Trf(f)dxa
1 ™
an =— | f(x)cosnx dz,
T —m
1 (" .
b, =—[ f(z)sinnz dx, n €N,
™ —T

then we know that S,, converges to f in L2(—m,7),
2
Sp 5 f.

We now wish to investigate the conditions under which .S,, converges point-
wise to f on [—m, w]. More specifically, if f is extended from [—m, 7] to R as a
periodic function by the equation

flx+27m) = f(z) forall x € R,

when does the equality f(z) = S(z) hold at every x € R? To answer this
question we first need to introduce some definitions.

Definition 3.6

1. A function f defined on a bounded interval I, where (a,b) C I C [a,b], is
said to be piecewise continuous if

(i) f is continuous on (a, b) except for a finite number of points {z1, 2, ..., 2, },
(ii) The right-hand and left-hand limits
lim f(z;) = f(z), lim fx) = f(z;)
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a €, g, g, b X

Figure 3.3 A piecewise smooth function.

exist at every point of discontinuity x;, and
(i) limgy_ o+ f(z) = f(a™) and lim,_,- f(x) = f(b™) exist at the endpoints.
2. f is piecewise smooth if f and f’ are both piecewise continuous.

3. If the interval I is unbounded, then f is piecewise continuous (smooth) if it
is piecewise continuous (smooth) on every bounded subinterval of I.

It is clear from the definition that a piecewise continuous function f on a
bounded interval is a bounded function whose discontinuities are the result of
finite “jumps” in its values. Its derivative f’ is not defined at the points where f
is discontinuous. f” is also not defined where it has a jump discontinuity (where
the graph of f has a sharp “corner”, as shown in Figure 3.3). Consequently, if
f' is piecewise continuous on (a,b), there is a finite sequence of points (which
includes the points of discontinuity of f)

a<& <& << <E,, <b,

where f is not differentiable, but f’ is continuous on each open subinterval

(aagl)a (£i7£i+1)a and (fmab)a 1 S 1 S m — 1.
Note that f/(zT) are the left-hand and right-hand limits of f’ at z, given by

1=\ . 1: / 1 f(l‘f)—f(x—h)
flem) =l flo)= g, PR

f,(IJr): lim f/(x): lim f(z+h)*f(x+)

r—zt h—0+ h ’

which are quite different from the left-hand and right-hand derivatives of f at
x. The latter are determined by the limits

i flx+h)— f(z)
h—0=* h

)
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which may not exist at £, even if f is piecewise smooth. Conversely, not every
differentiable function is piecewise smooth (see Exercises 3.10 and 3.11). A con-
tinuous function is obviously piecewise continuous, but it may not be piecewise
smooth, such as
fl@)=vz, 0<z<1,

in as much as lim,_,g+ f’'(z) does not exist.

The next two lemmas are used to prove Theorem 3.9, which is the main
result of this section.

Lemma 3.7

If f is a piecewise continuous function on [—, 7], then

™ T ™

lim f(z)cosnxdx = lim f(z)sinnxdx = lim f(z)eFm®de = 0.
n—oo | n—oo | n—oo |

Proof
Suppose z1,...,x, are the points of discontinuity of f on (—m, ) arranged in

increasing order. Because | f| is continuous and bounded on (z, xx41) for every
0 <k < p, where zg = —m and x4 = T, it is square integrable on all such
intervals and

/:|f(x)|2dx=/j |f(x)de"r""i'/gE:If(x)Ide.

Consequently f belongs to £L2(—m, ). Its Fourier coefficients a,, b,, and ¢,
therefore tend to 0 as n — oo (see Remarks 1.31 and 3.3). O

Lemma 3.8
For any real number « # 2mn, m € Z,

1 sin(n 4+ 3a
7+cosa+cos2a+-~-+cosna:(712). (3.15)

2 2sin s

Proof

Using the exponential expression for the cosine function, the left-hand side of
(3.15) can be written in the form
n

;+kz_:1coskoz; Z etk

k=—n
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2n

1 . .
— Ze ina E ezk:a
2
k=0
2n

— %e—ina Z(eia)k.

k=0
Because €@ = 1 if, and only if, o is an integral multiple of 2,

2n

1 —inm ik 1 —inal _ (eioc)2n+1
5 T = e T
k=0
1 e~ ine _ ei(n+1)a

= 0,+£2m,... . 3.16
2 1 _ eza ) « # ) Tr’ ( )
Multiplying the numerator and denominator of this last expression by e~*®/2,
we obtain the right-hand side of (3.15). O

The expression

R RS S R
Dn(a):% Z e :%—l—;;cosk‘a,

k=—n

known as the Dirichlet kernel, is a continuous function of « which is even and
periodic in 27 (Figure 3.4). Based on Lemma 3.8, the Dirichlet kernel is also
represented for all real values of a by

sin(n + 1)a

— a#0,2m,...
Dy, (a) = 27 sin 5o
2n+1

, a=0,2m,... .

27

9n2rn

D (o)

—T T o

Figure 3.4 The Dirichlet kernel Dy.
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Integrating D,,(«) on 0 < o < 7, we obtain
T 1 /m/1 " 1
/ D, (a)da = f/ ( + > cos ka) doao= = forallneN. (3.17)
0 TJo \2 =1 2
Now we use Lemmas 3.7 and 3.8 to prove the following pointwise version of
the fundamental theorem of Fourier series.

Theorem 3.9
Let f be a piecewise smooth function on [—7, 7] which is periodic in 27. If
1 T
a0 = 5 77Tf(:z)d:c,
1 ™
an =— [ f(z)cosnz dz,
™ —Tr
1 (7 .
bp,=—[ f(x)sinnz dx, neN,
L
then the Fourier series
[ee]
S(x) =ao+ > (apcosnz + bysinnz),
k=1

converges at every z in R to 3[f(zT) + f(z7)].

Proof

The nth partial sum of the Fourier series is

Sp(x) =ag + > (arcoskx + bysin kx).
k=1

Substituting the integral representations of the coefficients into this finite sum,
and interchanging the order of integration and summation, we obtain

"

Sp(z) = 1 / F(&) [; + zn: (cos k€ cos kx + sin k€ sin ka:)} d¢
k=1
U 1 n
:7/ f(6) [-i— Zcosk(f—m)} de.
T™J-xm 2 k=1
By the definition of D,, we can therefore write

Su@) = [ F©)Du(e - x)de

—T

_ / " fe 4 O Da ().

—TT—T
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As a functions of ¢, both f(x +t) and D, (t) are periodic in 27, so we can use
the relation (3.14) to write

™

Su(x) = [ flx+t)Da(t)dt.

—T

On the other hand, in view of (3.17) and the fact that D,, is an even function,

1 0 ™
S+ @) = 1) [ Dade+ fah) [ Do
-7 0

Hence

+ [+ - faIDa0ar
0

and we have to show that this sequence tends to 0 as n — oo.
Define the function

flz+1t) = fz7)

m , —mT<t<0
90 =3 fa D" fat)
T , 0<t<m.

Using (3.16) we can write

™

Sule) = 3l + £ = [ g0 ~ DD, (o)t

1 ™

— 27 g(t)(ei(nJrl)t o efint)dt7
™ —T

and it remains to show that the right-hand side tends to 0 as n — co. Because
f is piecewise smooth on [—m, 7], the function ¢ is also piecewise smooth on
[—7, 7] except possibly at ¢ = 0. At ¢ = 0 we can use L’Hépital’s rule to obtain

. T J\rTt) L+
tl—lgli 9lt) = tglgli iett CAC

Consequently g is piecewise continuous on [—m, ], its Fourier coefficients con-
verge to 0 by Lemma 3.7, and therefore

1 ™

— [ gt)eF"tdt -0 asn — oo.
2 J_
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Remark 3.10

1. If f is continuous on [—,7] then 1[f(z") + f(z7)] = f(z) for every z € R,
so that the Fourier series converges pointwise to f on R. Otherwise, where f
is discontinuous at x, its Fourier series converges to the median of the “jump”
at x, which is 1[f(z") + f(27)], regardless of how f(z) is defined. This is
consistent with the observation that, because the Fourier series S is completely
determined by its coefficients a, and b,, and because these coefficients are
defined by integrals involving f, the coefficients would not be sensitive to a
change in the value of f(z) at isolated points. If f is defined at its points of

discontinuity by the formula
1 _
Fla) = 5[FG) + F),

then we would again have the pointwise equality S(x) = f(z) on the whole
of R.

2. Using the exponential form of the Fourier series, we have, for any function
f which satisfies the hypothesis of the theorem,

- ; 1
nan;O k; cne’™ = §[f(:c+) + f(z7)] forall z € R,
where

1 [ ;
Cn = %/ﬂ flx)e " dx.

3. Theorem 3.9 gives sufficient conditions for the pointwise convergence of the
Fourier series of f to 3[f(x") 4+ f(z™)]. For an example of a function which is
not piecewise smooth, but which can still be represented by a Fourier series,
see page 91 [16], or Exercise 3.26.

As one would expect, the interval [—m, 7] may be replaced by any other
interval which is symmetric with respect to the origin.

Corollary 3.11

Let f be a piecewise smooth function on [—I,] which is periodic in 2[. If

1 l
ag = ﬂ‘/_lf(x)dxu

1 l
ap = 7/ f(x)cos ?I dz,
-

o
3
I

1 l
7/ f(x)sin ?aj dz, n €N,
-1
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then the Fourier series

ag + Z <ancos —x + bysin nwa>

converges at every z in R to 3[f(z™) + f(z7)].

Proof
Setting g(z) = f(lx/m) we see that g(z + 27) = g(x), and that g satisfies the
conditions of Theorem 3.9. O

In Example 3.4 the function f is piecewise continuous on (—, 7], hence its
periodic extension to R satisfies the conditions of Theorem 3.9. Note that f is
discontinuous at all integral multiples of 7, where it has a jump discontinuity
of magnitude |f(z;7) — f(x, )| = 2. At =0 we have

1 1
—[fO0T)+ f(07)] ==
SO0+ £(07) = 5
which agrees with the value of its Fourier series
4 o0
L
at © = 0. Because f(0) was defined to be 0, the Fourier series converges to
f at this point and, by periodicity, at all other even integral multiples of 7.
The same cannot be said of the point = m, where f(r) =1 # S(7) = 0. By
periodicity the Fourier series does not converge to f at x = £m,+3m,... . To

obtain convergence at these points (and hence at all points in R), we would
have to redefine f at 7w to be

1-1 =0,

sm (2n+ 1)z

fm) = S[f (=) + f(77)] =

In this same example, because f is continuous at © = 7/2, we have f(7/2) =
S(m/2) = 1. Hence

4 1 . T
1—;Z2n+1sm(2n+l)§

41 N
= n+1

which yields the following series representation of 7 :
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Y PR (3.18)
= 375 7 ‘ :

Given any real function f, we use the symbol f* to denote the positive part
of f, that is,
+ _ fl) if f(x) >0
f(a’){o if f(z) <0
1

= 51f(@) + [ (@)]]-

Similarly, the negative part of f is

@) = 3l - fa) = 7 RO

and we clearly have f = fT — f~.

Example 3.12

The function f(t) = (2cos 1007t)™, shown graphically in Figure 3.5, describes
the current flow, as a function of time ¢, through an electric semiconductor, also
known as a half-wave rectifier. The current amplitude is 2 and its frequency
is 50.

To expand f, which is clearly piecewise smooth, in a Fourier series we first
have to determine its period. This can be done by setting 7/l = 1007, from
which we conclude that I = 1/100. Because f is an even function, b, = 0 for
all n € N and a,, are given by

!
ap = 2il/_lf(t)dt

l
=3 /0 F(tde

1/200
= 100/ 2 cos 1007tdt
0

=2/7,

1)

2

ANWANWANA

—0.01 0.01 002 0.03 t

Figure 3.5 Rectified wave.
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2 l
ap, = 7/ f(t)cos DTy at
U Jo l
1/200
= 200/ 2 cos 1007t cos 100n7t dt
0

1/200
= 200/ [cos(n 4 1)1007t + cos(n — 1)1007t]dt, n € N.
0

When n =1,
1/200
a; = 200/ (cos 2007t 4 1)dt = 1.
0

For all n > 2, we have

) 1/200
ap = — { sin(n + 1)1007t + sin(n — 1)1007rt]
T |n+1 n—1 0
2 1 1 T
== (n+1 — n_l)cosn2
0
= _m cosny.
Thus
4 4
a’2:37ﬂ.’ a3:O7 a4:—157ﬂ_’ CL5:0,....

Because f is a continuous function we finally obtain

2 4 /1 1
f(t) = = 4+ cos 1007t + — | = cos 200t — — cos 4007t + - - -
™ T\ 3 15

— 2 | cos100mt — i CU" os200nmt  forall ¢ € R.
0 Lot 4n? —1

The continuity of f is consistent with the fact that the series converges uni-

formly (by the M-test). The converse is not true in general, for a convergent

series can have a continuous sum without the convergence being uniform, as

in the pointwise convergence of Y 2™ to 1/(1 — x) on (—1,1). But this cannot

happen with a Fourier series, as we now show.

Theorem 3.13

If f is a continuous function on the interval [—m, x| such that f(—n) = f(n)
and f’ is piecewise continuous on (—, ), then the series

Z Y |an|2 + |bn|2
n=1
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is convergent, where a,, and b,, are the Fourier coefficients of f defined by

1 /(" 1 /7
an =— [ f(x)cosnz dx, b,=—[ f(z)sinnz dx.

) _x T

Observe that the conditions imposed on f in this theorem are the same
as those of Theorem 3.9 with piecewise continuity replaced by continuity on
[—7, 7.

Proof

Because f’ is piecewise continuous on [—, 7], it belongs to £2(—m,7) and its
Fourier coefficients

1
ih= 5 | s
al, == [ f'(z)cosnz dr,
) _n
1 ™
b, == [ f'(z)sinnz dz, neN,
™ —T

exist. Integrating directly, or by parts, and using the relation f(—7) = f(m),
we obtain

1
dh = 51/ (m) ~ F(-m)] =0,
ap = —f(x)cosnz| + L f(x)sinnx dx = nb,,
Y TJox
/ 1 . T n
b, = —f(x)sinnz| —— f(z)cosnz dz = —nay,.
n — T
Consequently,
N
Sy =3 \lanl* +[ba
n=1
N
1
=2 \lah + b

—n

IA

[fjnl 3 () )]m,

n=1 n=1
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where we use the CBS inequality in the last relation. By Bessel’s inequality
(1.22) we have

N

S (al P + 8,7 < / I ()] da < oo

n=1 -

The series Y 1/n? converges, and thus the increasing sequence Sy is bounded
above and is therefore convergent. O

Corollary 3.14

If f satisfies the conditions of Theorem 3.13, then the convergence of the Fourier

series
oo

ap + Y (apcosnz + bysinnx) (3.19)

n=1

to f on [—7, 7] is uniform and absolute.

Proof

The extension of f from [—m, 7] to R by the periodicity relation
flx+27)=f(z) forallz eR

is a continuous function which satisfies the conditions of Theorem 3.9, hence
the Fourier series (3.19) converges to f(z) at every x € R. But

|apcosnx + bysinnz| < |a,| + |[by] < 24/ \an\Q + \bn|2,

and because Z \/|an|? + |bn|? converges, the series (3.19) converges uniformly
and absolutely by the M-test. O

Based on Corollaries 1.19 and 3.14, we can now assert that a function which
meets the conditions of Theorem 3.9 is continuous if, and only if, its Fourier
series is uniformly convergent on R. Needless to say, this result remains valid
if the period 27 is replaced by any other period 2I.

Corollary 3.15

If f is piecewise smooth on [—I,[] and periodic in 2I, its Fourier series is uni-
formly convergent if, and only if, f is continuous.
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EXERCISES

3.8
3.9

3.10

3.11

3.12

3.13

3.14

3.15

Prove Equation (3.14).

Determine which of the following functions are piecewise continuous
and which are piecewise smooth.

() f2) = V7, 2 € R
(b) ) =lsinz|, z € R.

(c) )=z, 0<z <1, f(x+1) = f(z) for all z > 0.
(d
(e

) flz) = |z|3/2,71§x§1, flx+2) = f(z) for all z € R.

)

Show that the function f(x) = |z| is piecewise smooth on R, but
not differentiable at = 0. Give an example of a function which is
piecewise smooth on R but not differentiable at any integer.

fx
flz
I
fz

J=[z]=nforalzenn+1), neZ

Show that the function

x%sin (1/x T

is differentiable, but not piecewise smooth, on R.

Assuming f is a piecewise smooth function on (—I,1) which is peri-
odic in 2[, show that f is piecewise smooth on R.

Suppose that the functions f and g are piecewise smooth on the
interval I. Prove that their sum f + g and product f - g are also
piecewise smooth on I. What can be said about the quotient f/g?

Determine the zeros of the Dirichlet kernel D,, and its maximum
value.

Verify that each of the following functions is piecewise smooth and
determine its Fourier series.

a) fe)=z, —-n<z<m flr+2n)=f(x)forall z € R.
b) f(x)=|z|, -1<2 <1, f(x+2)= f(z) for all z € R.

fl@y=¢€", —2<2<2 f(x+4) = f(z) for all z € R.
flx)y=23 —1<x<l, f(r+2l)=f(z)foral zecR.



116 3. Fourier Series

3.16 In Exercise 3.15 determine where the convergence of the Fourier
series is uniform.

3.17 Determine the sum S(z) of the Fourier series at x = 2 in Exercise
3.15(e) and at x = £ in Exercise 3.15(f).

3.18 Use the Fourier series expansion of f(z) =z, -7 <z <7, f(z+
27) = f(z) on R, to obtain Equation (3.18).

3.19 Use the Fourier series expansion of f(z) = |z|, -7 <z <m, f(xz+
27) = f(z) on R, to obtain a representation of 72.

3.20 Use the Fourier series expansion of f in Example 3.12 to obtain a
representation of .

3.21 Determine the Fourier series expansion of f(x) = 2% on [, 7], then
use the result to evaluate each of the following series.

o 1
(a) anl w2
o0 1
(B) >, _ (D"
oo 1
(C) anl (2n)2
o0 1
d T ————
( ) anl (2TL _ 1)2

3.22 Expand the function f(z) = [sinz| in a Fourier series on R. Verify
that the series is uniformly convergent, and use the result to evaluate
the series Y 02 (4n* —1)"tand > (—=1)" T (4n? — 1)~ 1.

3.23 Show that the function f(x) = |sinz| has a piecewise smooth deriv-
ative. Expand f’ in a Fourier series and determine the value of the
series at * = nm and at © = 7/2 + nm, n € Z. Sketch f and f’.

3.24 Suppose f is a piecewise smooth function on [0,]. The even periodic

extension of f is the function f, defined on R by

3 _ f(.%‘), 0<z <l
fe(x){ f(=x), -l <x <0,

flz+20) = f(x), z € R;
and the odd periodic extension of f is

< ] flx), 0<z<l
fol) = { —f(=z), —l<z<0,

flx+20) = f(z), x eR.



3.3 Boundary-Value Problems 117

(a) Show that, if f is continuous on [0,1], then f, is continuous on
R, but that f, is continuous if, and only if, f(0) = f(I) = 0.

(b) Obtain the Fourier series expansions of f. and fo.

(c) Given f(z) = z on [0,1], determine the Fourier series of f, and

Jo-

3.25 For each of the following functions f : R — R, determine the value
of the Fourier series at x = 0 and = = 7, and compare the result
with f(0) and f(m):

(a) Even periodic extension of sinz from [0, 7] to R.
(b) Odd periodic extension of cosz from [0, 7] to R.
(¢) Odd periodic extension of e” from [0, 7] to R.

3.26 Show that the Fourier series of f(z) = z'/3 converges at every
point in [—7, 7). Because f is continuous and lies in £2(—m, ), con-
clude that its Fourier series converges pointwise to f(z) at every
x € (—m, ), although f is not piecewise smooth on (—m, ).

3.3 Boundary-Value Problems

Fourier series play a crucial role in the construction of solutions to boundary-
value and initial-value problems for partial differential equations. A solution
of a partial differential equation will naturally be a function of more than one
variable. When the equation is linear and homogeneous, an effective method
for obtaining its solution is by separation of variables. This is based on the
assumption that a solution, say u(z,y), can be expressed as a product of a
function of  and a function of y,

u(z,y) = v(@)w(y). (3.20)

After substituting into the partial differential equation, if we can arrange the
terms in the resulting equation so that one side involves only the variable x
and the other only y, then each side must be a constant. This gives rise to two
ordinary differential equations for the functions v and w which are, presumably,
easier to solve than the original equation. The loss of generality involved in the
initial assumption (3.20) is compensated for by taking linear combinations of all
such solutions v(z)w(y) over the permissible values of the parametric constant.
Two well-known examples of boundary-value problems which describe physical
phenomena are now given and solved using separation of variables.
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3.3.1 The Heat Equation

Consider the heat equation in one space dimension

du 9%u

which governs the heat flow along a thin bar of length I, where u(z,t) is the
temperature of the bar at point z and time ¢, and k is a positive physical
constant which depends on the material of the bar. To determine u we need to
know the boundary conditions at the ends of the bar and the initial distribution
of temperature along the bar. Suppose the boundary conditions on u are simply

w(0,t) =u(l,t) =0,  t>0; (3.22)

that is, the bar ends are held at 0 temperature, and the initial temperature
distribution along the bar is

u(z,0) = f(z), 0<z <, (3.23)

for some given function f. We wish to determine u(x,t) for all points (x,t) in
the strip (0,7) x (0, 00).
Let
u(z,t) = v(z)w(t).
Substituting into (3.21), we obtain
v(z)w'(t) = kv (z)w(t),
which, after dividing by kvw, becomes

v'(x)  w'(t)
v(x)  kw(t) (3:24)

Equation (3.24) cannot hold over the strip (0,1) x (0,00) unless each side is
a constant, say —A%. The reason for choosing the constant to be —\? instead
of A is clarified in Remark 3.16. Thus (3.24) breaks down into two ordinary
differential equations,

0"+ X =0, (3.25)
w + XNkw = 0. (3.26)

The solutions of (3.25) and (3.26), are

v(x) = acos Az + bsin Az, (3.27)
w(t) = ce Nt (3.28)
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where a, b, and c are constants of integration. Because these solutions depend
on the parameter A\, we indicate this dependence by writing vy and wy. Thus
the solutions we seek have the form
— : —X%kt
ux(z,t) = (axcos Az + bysin Az )e , (3.29)
where a) and by are arbitrary constants which also depend on .
The first boundary condition in (3.22) implies

ux(0,t) = a,\e_’\zkt =0 forallt>0,
from which we conclude that a) = 0. The second boundary condition gives
un(l,t) = bysin Al e ¥t for all ¢ > 0,

hence bysin Al = 0. Because we cannot allow by to be 0, or we get the trivial
solution uy = 0 which cannot satisfy the initial condition (unless f = 0), we
conclude that

sin A\l =0,

and therefore Al is an integral multiple of 7. Thus the parameter A can only
assume the discrete values

Ap = — n € N.

Notice that we have retained only the positive values of n, because the negative
values have the effect of changing the sign of sin A,z, and can therefore be
accommodated by the constants by, = b,. The case n = 0 yields the trivial
solution. Thus we arrive at the sequence of solutions to the heat equation, all
satisfying the boundary conditions (3.22),

—(nm/1)?kt

Un(2,t) = by, sin nl—ﬂx e neN.

Equations (3.21) and (3.22) are linear and homogeneous, therefore the formal
sum

18

oo
u(z,t) = Un(x,t) = Z bpsin %x e~ (nm/D%kt (3.30)
n=1

n=1

defines a more general solution of these equations (by the superposition prin-
ciple).
Now we apply the initial condition (3.23) to the expression (3.30):

u(x,0) = Z by, sin nli:c = f(x).
n=1
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Assuming that the function f is piecewise smooth on [0,!], its odd extension
into [—I, 1] satisfies the conditions of Corollary 3.11 in the interval [—[,!], and
the coefficients b, must therefore be the Fourier coefficients of f; that is,

9
by, = f/ f(z)sin " da.
1/, l

Here we are tacitly assuming that f(z) = [f(z*) + f(z7)] for all . This
completely determines u(z,t), represented by the series (3.30), as the solution
of the system of Equations (3.21) through (3.23) in [0,1] x [0, c0).

Remark 3.16

1. Although the assumption u(z,t) = v(z)w(t) at the outset places a restriction
on the form of the solutions (3.29) that we obtain, the linear combination (3.30)
of such solutions restores the generality that was lost, in as much as the sequence
sin(nmz /1) spans £2(0,1).

2. The reason we chose the constant v/ (z)/v(x) = w'(t)/kw(t) to be negative
is that a positive constant would change the solutions of Equation (3.25) from
trigonometric to hyperbolic functions, and these cannot be used to expand f(z)
(unless A is imaginary). The square on A was introduced merely for the sake of
convenience, in order to avoid using the square root sign in the representation
of the solutions.

In higher space dimensions, the homogeneous heat equation takes the form
up = kAu, (3.31)

where A is the Laplacian operator in space variables. In R™ the Laplacian is
given in Cartesian coordinates by

32 82 32
R T

n

A

Example 3.17

The dynamic (i.e., time-dependent) temperature distribution on a rectangular
conducting sheet of length a and width b, whose boundary is held at 0 tem-
perature, is described by the following boundary-value problem for the heat
equation in R2.

Uy = k(umx +uyy)7 (xay) € (O,CL) X (Oab)v t> Oa
u(0,y,t) = u(a,y,t) =0, y € (0,b), t >0,
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u(z,0,t) = u(z,b,t) =0, z € (0,a), t >0,
u(x,y,O) = f(x,y), ('r7y) € (O,Cl) X (O,b),

where we use the more compact notation

_ Ou _ Ou 0%y 0% 0%u

Ut—ay U/x_%v Um:@, ny:m; uyy_aiy27

The assumption that

u(z,y,t) = vz, y)w(t)

leads to the equation v(z, y)w'(t) = kw(t)[ves(z,y) + vyy(z, y)]. After dividing
by vw and noting that the left-hand side of the resulting equation depends
on t and the right-hand side depends on (z,y), we again assume a separation
constant —\? and obtain the pair of equations

w' 4+ Nkw =0, (3.32)
Vgz + Vyy + A0 = 0. (3.33)
Equation (3.32), as is (3.26), is solved by the exponential function (3.28). We

can use separation of variables again to solve (3.33). Substituting v(x,y) =
X (2)Y (y) into (3.33) leads to

X/I(:L,) Y//(y) 9
+ + A7 =0,
X(z)  Y(y)
where the variables are separable,
X'@) _ Y0 e

X(@) Yy
and —p? is the second separation constant. The resulting pair of equations has

the general solutions

X (x) = Acos ux + Bsin uz,

Y (y) = A’ cos \/ﬂ@/ + B'siny/ M- w2y.

The boundary conditions at x = 0 and y = 0 imply A = A’ = 0. From the
condition at x = a we obtain u = p,, = nw/a for all positive integers n, and
from the condition at y = b we conclude that

VA2 = 2 = mr/b, m € N,

n m2

and therefore
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Thus we arrive at the double sequence of functions

nm mm
umn(xa Y, t) = bmneik)\fn"t sin —x sin Tyv m,n €N,
a
which satisfy the heat equation and the boundary conditions.

Before applying the initial condition we form the formal double sum

nw mm
z,y,t E byne F Mnlsin g sin L (3.34)
a
m,n=1

which satisfies the boundary conditions on the sides of the rectangular sheet.
Now the condition at t = 0 implies

Z bmn sin g sin %y (3.35)

m,n=1

Assuming f is square integrable over the rectangle (0, a) x (0,b), we first extend
f as an odd function of z and y into (—a, a) x (—b,b). Then we multiply Equation
(3.35) by sin(n'm/a)x and integrate over (—a,a) to obtain

Z by SIN Ty

n=1

n/
—2/fa:ysm—:ﬁdm
a

sin 733
a

Multiplying by sin(m’7/b)y and integrating over (—b,b) yields

/ 2

n'm 2 bora

b ||sin —x|| ||si = 4/ / f(z,y)si
a 0Jo
Since
2 @ n’7r
||lsin(n'7/a)x|” = / sin? (m) dr =a
—a a
and

b /
fsinon'm /oy = [ sin? ("7 )y =
a

—b

the coefficients in (3.34) are given by

/ f(z,y)sin M7 sin —y dzdy. (3.36)
0 a b
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The expression on the right-hand side of (3.35) is called a double Fourier
series of f and the equality holds in £2 over the rectangle (0,a) x (0,b). Under
appropriate smoothness conditions on the function f, such as the continuity
of f and its partial derivatives on [0,a] x [0,b], (3.35) becomes a pointwise
equality in which the Fourier coefficients b,,,, are defined by (3.36). The series
representation (3.34) is then convergent and satisfies the heat equation in the
rectangle (0, a) x (0, b), the conditions on its boundary, and the initial condition
att =0.

It is worth noting that the presence of the exponential function in (3.30)
and (3.34) means that the solution of the heat equation decays exponentially
to 0 as t — oo. This is to be expected from a physical point of view, because
heat flows from points of higher temperature to points of lower temperature;
and because the edges of the domain in each case are held at (absolute) zero,
all heat eventually seeps out. Thus, in the limit as t — oo, the heat equation

becomes
Au =0,

known as Laplace’s equation. This is a static equation which, in this case,
describes the steady state distribution of temperature over a domain in the
absence of heat sources; but, more generally, Laplace’s equation governs many
other physical fields which can be described by a potential function, such as
gravitational, electrostatic, and fluid velocity fields. Some boundary-value prob-
lems for the Laplace equation are given in Exercises 3.34 through 3.37. We shall
return to this equation in the next chapter.

3.3.2 The Wave Equation

If a thin, flexible, and weightless string, which is stretched between two fixed
points, say * = 0 and « = [, is given a small vertical displacement and then
released from rest, it will vibrate along its length in such a way that the (ver-
tical) displacement at point « and time ¢, denoted by u(z,t), satisfies the wave
equation in one space dimension,

U = gy, O<z<l t>0, (3.37)

¢ being a positive constant determined by the material of the string. This
equation describes the transverse vibrations of an ideal string, and it differs
from the heat equation only in the fact that the time derivative is of second,
instead of first, order; but, as we now show, the solutions are very different.
The boundary conditions on w are naturally

w(0,t) =u(l,t) =0, >0, (3.38)
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and the initial conditions are
u(z,0) = f(z), w(x,0) =0, O<z <, (3.39)

f(x) being the initial shape of the string and 0 the initial velocity. Here two
initial conditions are needed because the time derivative in the wave equation
is of second order.

Again using separation of variables, with u(x,t) = v(x)w(t), leads to

= —\%

Hence
v (x) + Nu(z) =0, 0<z<l,
w” () + EX2w(t) =0, t >0,
whose solutions are
v(x) = acos Az + bsin Az,
w(t) = a’ coscAt + b’ sin cAt.

As in the case of the heat equation, the boundary conditions imply a = 0 and
A = nn/l with n € N. Thus each function in the sequence

up(z,t) = (ancos #t + b,sin ?t) sin nllx, n €N,

satisfies the wave equation and the boundary conditions at x = 0 and « = [, so
(by superposition) the same is true of the (formal) sum

u(z,t) = Z (ancos chwt + bysin CnTTt)sin nll:r (3.40)

n=1

The first initial condition implies
= nmw
ZansinTx:f(x), 0<a <l
n=1

Assuming f is piecewise smooth, we again invoke Corollary 3.11 to conclude
that

1
ap = %/ f(x)sin nllx dzx. (3.41)
0

The second initial condition gives
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hence b,, = 0 for all n.
The solution of the wave equation (3.37) under the given boundary and
initial conditions (3.38) and (3.39) is therefore

u(x,t) = Z 1, COS #t sin (3.42)
n=1

nmw
T
where a,, are determined by the Fourier coefficient formula (3.41). Had the
string been released with an initial velocity described, for example, by the
function

ut(z,0) = g(z),

the coefficients b, in (3.40) would then be determined by the initial condition

X enm enm
Z Tbnsin - ¢= g(x)

n=1

as l
2
b, = — [ g(x)sin T d.
ent Jo l

Note how the vibrations of the string, as described by the series (3.42),
continue indefinitely as t — oco. That is because the wave equation (3.37) does
not take into account any energy loss, such as may be due to air resistance
or internal friction in the string. This is in contrast to the solution (3.30) of
the heat equation which tends to 0 as ¢ — oo as explained above. In Exercise
3.32, where the wave equation includes a friction term due to air resistance,
the situation is different.

EXERCISES

3.27 Use separation of variables to solve each of the following boundary-
value problems for the heat equation.

(a) ur = gy, 0 <z <m, t>0,
u(0,t) = u(m t) =0, t >0,

(z,0) =sin®*z, 0 <z <.

e

(b) ur = ktge, 0 <z <3, t>0,
u(0,1) = uz(3,¢) =0, t >0,
u(x,0) = sin Fz — sin 2.

The condition that u, = 0 at an endpoint of the bar means that the
endpoint is insulated, so that there is no heat flow through it.
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3.28

3.29

3.30

3.31

3.32

If a bar of length [ is held at a constant temperature Tj at one end,
and at T3 at the other, the boundary-value problem becomes

U = ktgy, O<x<l, t>0,
U(O,t) =T, U(l,t) =T, t>0,
u(z,0) = f(z), 0<z <l
Solve this system of equations for u(x,t). Hint: Assume that u(z,t) =

v(x,t) + ¢¥(x), where v satisfies the heat equation and the homoge-
neous boundary conditions v(0,t) = v(l,t) = 0.

Solve the following boundary-value problem for the wave equation.

Ut = Ugg, O<ax<m >0,
u(0,t) = u(l,t) =0, t>0,
u(z,0) = z(l — x), u(2,0) =0, 0<z<l.

Determine the vibrations of the string discussed in Section 3.3.2 if
it is given an initial velocity g(x) by solving

Ut = Uy, O<zx<l, t>0,
u(0,t) =u(l,t) =0, t>0,
u(z,0) = f(z),  w(z,0)=g(x), 0<z<lL

Show that the solution can be represented by d’Alembert’s formula

1 _ 5 xz+ct _
u(e,t) = 5Fe+ ct) + flo =) + 5o [ gryar,
2 2¢ Jp_
where f and ¢ are the odd periodic extensions of f and g, respec-
tively, from (0,1) to R.

If gravity is taken into account, the vibrations of a string stretched
between x = 0 and x = [ are governed by the equation u; =
ugy — g, where ¢ is the gravitational acceleration constant. De-
termine these vibrations under the homogeneous boundary condi-
tions u(0,t) = wu(l,t) = 0, and the homogeneous initial conditions
u(xz,0) = u(x,0) = 0.

If the air resistance to a vibrating string is proportional to its veloc-
ity, the resulting damped wave equation is

2
Ut + KUy = CUgy
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for some constant k. Assuming that the initial shape of the string
is u(z,0) = 1, 0 < & < 10, and that it is released from rest, de-
termine its subsequent shape for all (z,t) € (0,10) x (0,00) under
homogeneous boundary conditions.

3.33 The vibrations of a rectangular membrane which is fixed along its
boundary are described by the system of equations

Uty = (U + Uyy), 0<z<a, 0<t<b t>0,
u(0,y,t) = u(a,y,t) =0, 0<y<b, t >0,
u(z,0,t) = u(z,b,t) =0, 0<z<a, t >0,

u(z,y,0) = f(z,y), w(x,y,0)=g(x,y), 0<z<a, 0<y<b.

Solve this system of equations in the rectangle (0,a) x (0,b) for all
t>0.

3.34 Determine the solution of Laplace’s equation in the rectangle (0, a) x
(0,b) under the conditions u(0,y) = u(a,y) =0 on 0 < y < b and
u(z,0) = f(z), uy(x,b) =g(z) on 0 < z < a.

3.35 Solve the boundary-value problem

Ugy + Uyy = 0, O<ax<l, 0<y <1,
u(0,y) =u.(l,y) =0, 0<y<L,

u(z,0) =0, u(z,1) = sin 3%17

3.36 Solve the boundary-value problem

Ugy + Uyy = 0, O<z<m,
ur(ovy):um(ﬂ_ay)zoa O<y<7r,

uy(x,0) = cosz, uy(z,m) =0, 0<z<m.
3.37 Laplace’s equation in polar coordinates (r, ) is given by
1 1
Upy + —Up + S Uss = 0.
r r

(a) Use separation of variables to show that the solutions of this
equation in R? are given by

U (r,0) = ag + dg logr, n=0
TS (P 4 dpr ™) (ancosnf + bpsinnd), n e N,

where a,,b,, and d, are integration constants. Hint: Use the
fact that u(r,0 + 27) = u(r, ).
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(b) Form the general solution u(r,0) = >, u,(r,0) of Laplace’s
equation, then show that the solution of the equation inside the
circle r = R which satisfies u(R, ) = f(0) is given by

u(r,0) = Ag + i (%)n (A, cosnb 4+ Bpsinnb),
n=1

for all r > R, 0 < 6 < 2m, where A,, and B,, are the Fourier
coefficients of f.

(c) Determine the solution of Laplace’s equation in polar coordi-
nates outside the circle r = R under the same boundary condi-

tion u(R,0) = f(0).



4

Orthogonal Polynomials

In this chapter we consider three typical examples of singular SL problems
whose eigenfunctions are real polynomials. Each set of eigenfunctions is gener-
ated by a particular choice of the coefficients in the eigenvalue equation

(pu) + ru+ Apu =0, (4.1)
and of the interval a < & < b. In all cases the equation
p(u'v — uv’)|Z =0, (4.2)

of course, has to be satisfied by any pair of eigenfunctions u and v.

If {¢, : n € Ny} is a complete set of eigenfunctions of some singular SL
problem, then, being orthogonal and complete in E%(m b), the sequence (¢p,,)
may be used to expand any function f € £§(a7 b) by the formula

=3 Lo o (4.3)

5 ¥n
n=0 HSOan

in much the same way that the trigonometric functions cosnz or sinnx were
used to represent a function in £2(0, 7). Thus we arrive at a generalization of
the Fourier series which was associated with the choice p(z) = 1, r(z) = 0,
p(x) = 1, and (a,b) = (0,7) in (4.1). Consequently, the right-hand side of
Equation (4.3) is referred to as a generalized Fourier series of f, and

_fren),

= 3 s n € Np,
lenll,

n
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are the generalized Fourier coefficients of f.
A corresponding result to Theorem 3.9 also applies to the generalized
Fourier series: If f is piecewise smooth on (a,b), and

b
mejg/f@%@MWm

S(2) = cugal®)

then the series

converges at every x € (a,b) to 3[f(z)+ f(z7)]. A general proof of this result
is beyond the scope of this treatment, but some relevant references to this
topic may be found in [5]. Of course the periodicity property in R, which was
peculiar to the trigonometric functions, would not be expected to hold for a
general orthogonal basis.

4.1 Legendre Polynomials

The equation
(1— 2" —2zu' +du=0, —-1<z<l, (4.4)

is called Legendre’s equation, after the French mathematician A.M. Legendre
(1752-1833). Tt is one of the simplest examples of a singular SL problem, the
singularity being due to the fact that p(z) = 1 — 2% vanishes at the endpoints
x = £1. By rewriting Equation (4.4) in the equivalent form

/ 2z A

u —1_x2u’—i—1_x2u:07 (4.5)

we see that the coefficients are analytic in the interval (—1,1), and the solution
of the equation can therefore be represented by a power series about the point
x = 0. Setting

x) = chgck7 -l<a <1, (4.6)

and substituting into Legendre’s equation, we obtain

(1 —2?) Z k(k —1)epa®2 — 22 kepa® + /\chxk =
k=2 k=1 k=0

D [k +2)(k + Dekga + (A = B — k)egla® =0,
k=0



4.1 Legendre Polynomials 131

from which
k(k+1)—A

2= )k 2)

Equation (4.7) is a recursion formula for the coefficients of the power series

(4.7)

(4.6) which expresses the constants ¢ for all k£ > 2 in terms of ¢y and ¢;, and
yields two independent power series solutions, one in even powers of x, and the
other in odd powers.

If A =n(n+ 1), where n € Ny, the recursion relation (4.7) implies

O=cpi2=cCpga=cCnig=""+,

and it then follows that one of the two solutions is a polynomial. In that case
(4.7) takes the form

. _k(k+1)—n(n+1)c _(k‘—n)(lﬂ—H”L—&-l)C (4.8)
MR T+ D)(k+2) " (k+Dk+2) ¢ '

Thus, with ¢y and ¢; arbitrary, we have

n(n+1 n—1)(n+2
oo B SUELICEE
n(n—2)(n+1)(n+3) (n=3)(n—-1)(n+2)(n+4)
Cq = Co, Cs = C1
4! 5!
and the solution of Legendre’s equation takes the form
T e e
-1 2 — -1 2 4
SRS P TSRS

= coug(x) + crur (),

where the power series ug(x) and wui(x) converge in (—1,1) and are linearly
independent, the first being an even function and the second an odd function.

For each n € Ny we therefore obtain a pair of linearly independent solutions,

n=0, wu(x)=1
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n=2, wup(r)=1-3x2
1
ul(x):x—§m3—5x5+ )
n=3, up(r)=1-6z2+3z*+
5
u () = o — —a3,

one of which is a polynomial, and the other an infinite power series which
converges in (—1,1). We are mainly interested in the polynomial solution, which
can be written in the form

™ + apor™ 2 4+ ap_gx" 4+ (4.9)

This is a polynomial of degree n which is either even or odd, depending on the
integer n. By defining the coefficient of the highest power in the polynomial

to be
o — (2n)! 135 (2n—1)

- 2n(n!)2 n!
the resulting expression is called Legendre’s polynomial of degree n, and is
denoted by P, (z). As a result of this choice, we show in the next section that
P, (1) =1 for all n. The other coefficients in (4.9) are determined in accordance
with the recursion relation (4.8):

, (4.10)

o n(n —1) .

"R 0n 1) "
nn—1) (2n)!
2(2n — 1) 27(n!)?

(2n —2)!
- 27(n — 1D)!(n — 2)!
23
AT T 42 -3)
(2n —4)!
272l(n — 2)!(n — 4)!

(2n — 2k)!
9 kl(n — k)\(n — 2k)!’

Ap—ok = (fl)k n > 2k,

where we arrive at the last equality by induction on k. The last coefficient in
P, is given by

n!

9n.(n/2)l(n/2)!

ag = (_l)n/Q
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if n is even, and
(n+1)!
an (23!
when n is odd. Thus we arrive at the following representation of Legendre’s
polynomial of degree n,

a; = (_1)(n—1)/2

1 2 o —2k)
Palz) = o2 kZ_O(_l)kk!(n(— k‘)!(nz%)!x *, (411)

where [n/2] is the integral part of n/2, namely n/2 if n is even and (n — 1)/2
if n is odd. The first six Legendre polynomials are (see Figure 4.1)

Po(z) =1, Pi(z) =z,
Py(z) = 1(322 — 1), Py(z) = (523 — 3z),
Py(z) = £(352% — 3022 +3),  Ps(x) = £(632° — 702° + 152).

—
8

A
£ (x)
1
R (x)
P;(x)
P, (x)

l | -
—1 1 Y
Py(x)

_1 —

Figure 4.1 Legendre’s polynomials.
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The other solution of Legendre’s equation, known as the Legendre function
Qn, is an infinite series which converges in the interval (—1,1) and diverges
outside it (see Exercise 4.3). The Legendre function of degree n = 0 is given by

1 1
Qola) =+ 35+ 32° -

1lo 1tz
2 B\ 12 )

This becomes unbounded as x tends to £1 from within the interval (—1,1). The
same is true of Qq(z) (Exercises 4.3 and 4.4). The other Legendre functions
@, can also be shown to be singular at the endpoints of the interval (—1,1).

The only eigenfunctions of Legendre’s equation which are bounded at +1 are
therefore the Legendre polynomials P,. With p(z) = 1 —22 = 0 at z = %1, the
condition (4.2) is satisfied.

Thus the differential operator

in Legendre’s equation is self-adjoint. Its eigenvalues A,, = n(n+1) tend to oo,
and its eigenfunctions in £2(—1,1), namely the Legendre polynomials P,, are
orthogonal and complete in £2(—1,1), in accordance with Theorem 2.29. We
verify the orthogonality of P, directly in the next section.

EXERCISES

4.1 Verify that P, satisfies Legendre’s equation when n = 3 and n = 4.

4.2 Use the Gram—Schmidt method to construct an orthogonal set of
polynomials out of the independent set

{1,2,2% 23 2%, 2% : -1 <z <1}

Compare the result with the Legendre polynomials Py(z), Pi(z),
Py(z), Ps(z), Py(x), and Ps(z), and show that there is a linear re-
lation between the two sets of polynomials.

4.3 Use the ratio test to prove that (—1,1) is the interval of convergence
for the power series which defines the Legendre function @, (z). Show
that the singularities of Qo(x) at = %1 are such that the product
(1—2?)Q}(x) does not vanish at z = +1, whereas (1—22)Qq(z) — 0
as  — =£1, hence the boundary condition (4.2) is not satisfied when
u = Qo, p(xr) =1 — 2% and v is a smooth function on [—1,1].
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4.4 Prove that

Q1<x>:1—§log(1”).

1—2x

4.5 Prove that, for all n € Ny,

Po(-a) = (“1)Po(a),
Pant1(0) =0,
L aEn=1)En-3)--(3)1)
PO =0 e ) )

4.6 Show that the substitution z = cosf, u(cosf) = y(#) transforms
Legendre’s equation to

d? d

d—eg + cosf)% +n(n+1)sinf y =0,

where 0 < 6§ < 7. Note the appearance of the weight function sin 6
in this equation.

sin 6

4.2 Properties of the Legendre Polynomials

For any positive integer n, we can write

n

(22 —1)" = Z(l)kk;!(n:nik;)!IQan

k=0
[n/2] !
_ 1 k 2n—2k
SR ey AT
k=0
n n'
—)k g2k 4.12
LD DR G e sk (4.12)
k=[n/2]+1
Because
_ [ n/2+1 if n is even
b= Wz]“‘{ n/241/2  ifnisodd
implies

n—2 if n is even
n—1 if n is odd,
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it follows that the powers on z in the second sum on the right-hand side of
Equation (4.12) are all less than n. Taking the nth derivative of both sides of
the equation, therefore, yields

o, an 2 gyt 2n—2k
a7 V" = G X OV
_ v%é](nk(?n?k)'“(”“%) n=2k
=n! 2 K(n — k‘)! T
[n/2]
2n — 2k)!
ol . k ( n72k'
" kzzo( T [T T

Comparing this with (4.11), we arrive at the Rodrigues formula for Legendre

polynomials,
1 dr

P, (x) = o dgc—n(z? -1, (4.13)
which provides a convenient method for generating the first few polynomials:
Po(z)
() = 5@ 1) =,
P = L= L ),

It can also be used to derive some identities involving the Legendre polynomials
and their derivatives, such as

Pr(@) — Pp_y(z) = 2n + 1) Py(), (4.14)
(n+1D)Ppi1(x) +nPy_1(z) = 2n+ 1)zP,(z), neN, (4.15)

which are left as exercises.

We now use the Rodrigues formula to prove the orthogonality of the Legen-
dre polynomials in £2(—1,1). Suppose m and n are any two integers such that
0 < m < n. Using integration by parts, we have

1 1 n
/Pn(m)xmd:c: L /z d — (2% = 1)"dx

1 2nnl J_ dam

1 m dTL_l n
_ 1 n—2
-m o,y d" 2 2 n m(m— 1) m—2 d 2 n
onnl © dz™—2 (@ ) . * 2mn) _1x dxmn—2 (@ )da
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Noting that all derivatives of (x? — 1)" of order less than n vanish at x = +1,
and repeating this process of integration by parts, we end up in the mth step
with

1

1 m n—m-—1
(—=1)™m! d 9
P, Mdr = - 1" =0,
/,1 (z)a"da 2np!  dgn—m-—1 (@ ) =

Because 0 < n —m — 1 < n. Thus we see that P, is orthogonal to z™ for all
m < n, which implies that P, 1 P, for all m < n. By symmetry we therefore
conclude that

(P, Pp)=0  for all m #n.
To evaluate || P,]||, we use formula (4.13) once more to write
2 [ L WO PR
_ 2 — n n
1P = [ PR = s [ v @ @de, (@0
where y(z) = (22 — 1)", and then integrate by parts:

1 1
/ y ™ (2)y™ (2)dz = — / y ™D @)y () da
-1

-1

= (—1)"(211)!/ y(x)dz. (4.17)

1 1
(71)”/ (22 — 1)"dzx = / (1—2z)"(1 4 z)"dx

-1 -1
n

1
_ 1— n—1 1 n+1d
n+1/_1< 2" (1 ) e

n! ' 2n
R aenen

(n)? (1 + )+ !

(2n)! 2n+1

-1

B (n!)222n+1
T @2n)!(2n+ 1) (4.18)
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Combining Equations (4.16) through (4.18), we get

2
Pn = a5, 1 N)
1Pall = /5=, neNg

and hence the sequence of polynomials

1 3 5 2n+1
EP@(%), \/gPl(ac), \/;Pg(at)7 R 5 P.(z), ...

is a complete orthonormal system in £2(—1,1). Note how || P, || , unlike ||sin nz||
and ||cos nz||, actually depends on n and tends to 0 as n — oo.

Example 4.1

Since the function

0, —l<z<0
f(x){ 1, O<z<l1

is square integrable on (—1,1), it can be represented in £2(—1,1) by the

Fourier-Legendre series
o0

flx)= > cnPu(x),

n=0

in which the Fourier-Legendre coefficients ¢, are determined, according to the
expansion formula (4.3), by

P) 2n+1 [t
Cp = s 2> _nt / P, (z)dx.
[ 2 Jo

The series Y ¢, P, is also referred to as a Legendre series and ¢, its Legendre
coefficients. Thus

f(z) = %Po(x) + Zpl(x) - %Pg(ai) 4o (4.19)

Observe that, in as much as

—1l<x<0
O<ax<l1l

1 1 ~1/2
—SPy(a) = fla) - = = )
@)= 3R = @) -5 ={ 1
is an odd function, the Legendre series representation of f does not contain
any even Legendre polynomials except Py. Furthermore, because P, (0) = 0 for
every odd n, the right-hand side of (4.19) at = 0 equals
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%po(()) - % - %[f(oﬂ + £(07)]

in agreement with the generalized version of Theorem 3.9 referred to at the
beginning of this chapter.

The Legendre polynomials are generated by the function (1 — 2zt + t2)*1/ 2

in the sense that

Po(x)t", |t <1, |z <1. 4.20
1—2xt+t2 Z d « (4.20)

To prove this identity we note that, for every fixed x in [—1, 1], the left-hand
side of (4.20) is an analytic function of ¢ in the interval (—1, 1), which we denote

x) =Y ap(x)t", |t <1. (4.21)
n=0

This function satisfies the differential equation

(1— 2zt + tQ)aa—J; =(zx—1)f. (4.22)

Substituting the series representation (4.21) into (4.22) leads to the recursion
relation

(n+1apt1(z) + nap—1(x) = 2n+ Dzxay(r), n € Ny,

which is the same as the relation (4.15) between P11, P,—_1, and P,. The first

two coefficients in the Taylor series expansion of (1 — 2zt + t2)1/? are

ap(z) =1=Py(z), ai(x)=2a=P(x),

therefore it follows that a,(x) = P, (z) for all n € Ny.
Setting = 1 and # = —1 in (4.20), we obtain

n __ 1 — _ n
2, Pl *mfl—fzt’

n=0 n=0
S P = e = g = D
1+2t+t2 1+t

Hence
P,(1)=1, P,(-1)=(—-1)" for all n € Ny.
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EXERCISES
4.7 Use the Rodrigues formula to prove the identity (4.14), then conclude
that
* 1
Py(t)dt = m[PnH(x) = Pr1(w)],

1
/ P,(t)dt =0 foralln eN.
-1

4.8 Prove the identity (4.15).

4.9 Show in detail how Equation (4.22) follows from Equation (4.21),
and how the two equations imply the recursion relation for a,,.

4.10 Show that if 0 <r < 1, then

|1—r619| ZP cos 0)r

Hence deduce that, if x and y are nonzero vectors in R3 such that
r=|Ix||/|lyl| <1 and 6 is the angle between them, then

‘ ZP (cosO)r

ly — X|| ||y|

In particular, if ||ly|| = 1, then

Z P, (cos®) [|x|" .

Thus, if two masses are located at x and y, then the gravitational
potential between them may be represented (up to a multiplicative
constant) by a power series in ||x|| with coeflicients P, (cos 8).

||Y—XH

4.11 Expand each of the following functions in Legendre polynomials.
(@) flx)=1-23 -1 <z <1
(b) flx) =lz|, -1 <z <1
Compute the first six terms (n =0 up to n = 5) in (b).
4.12 Use Equation (4.15) to prove that
P lIPall? = (2n=1) (@Pa_1, P}y 0 1Pat I = @nt1) (@Pay Paoi),

and hence conclude that ||P,||* = 2/(2n + 1).
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4.13 Expand the function

-1, -1<z<0
1, O<ax<l1

)=

in a Legendre series. Use the formulas in Exercise 4.7 to evaluate the
coefficients. Compute the value of the series at z = 0 and compare
it with the average value of f(07) and f(07).

4.14 Give two Legendre series expansions of the function f(z) = z on
[0,1], one in even degree polynomials, and the other in odd degree.
Is the expansion valid at x = 07 Repeat the procedure if the function
is f(z) =1on[0,1].

4.3 Hermite and Laguerre Polynomials
4.3.1 Hermite Polynomials

Legendre’s polynomials were defined as a set of solutions of a certain differential
equation (Legendre’s equation). The same procedure may be followed to define
the Hermite polynomials. But, instead, we start by defining these polynomials,
then deduce the equation (Hermite’s equation) that they satisfy, although this
is not the natural order in which the theory developed; for both equations arise
naturally in mathematical physics, as we show later in this chapter.

For each n € Ny, the function H,, : R — R is defined by

2 dn 2
Hy(z) = (—1)"e" ——e ", 4.23
(1) = (~1)e e (4.23)
This yields a sequence of polynomials
Ho(.%‘) = 1, Hl((E) = 2567
Hy(z) = 422 — 2, H3(z) = 823 — 12,

8
322° — 16023 + 120z,

Hy(x) = 162% — 4822 + 12,  Hs(x)

known as Hermite polynomials, named after the French mathematician Charles
Hermite (1822-1901). Using the formula (4.23), we arrive at the following prop-
erties for the set {H, : n € Ny}.
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1. H, is a polynomial of degree n.

Proof
d .
%6_12 — _9pe
d> 2 2

@6_” = (—295)26_“”2 — 2"

d3
ﬁe_xz = (—296)36_’”2 + 1226
x

By induction, we obtain

dn
dm—n‘e_”2 = (—23@)"@‘“2 —l—p(gc)e_””z7

where p is a polynomial of degree less than n. Therefore

(—1)"e” [(~22)" + p(z)]e
= (22)" + (=1)"p(x). (4.24)

2. The set {H, : n € Ny} is orthogonal in £i712 (R).

Proof

Assuming m < n,
(Hono Hy), 12 = / Hyo(2) Hyy (2)e ™ dar

= (=1)" /oo Hm(x)d—ne_’czdx.

o dz™

Integrating by parts n times, and noting that, for any polynomial p,
p(z)e”

2 .
¥ — 0 as |z| — 0o, we obtain

(Hp, Hp) o2 = (—1)2" [m LZCTLHm(a:)} e dx = 0.

Consequently, H,, is orthogonal to H,, for all m < n and hence, by the
symmetry of the inner product, for all m # n. O
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3. ||Hn|® = 2"nly/7.

Proof

| H, |2 = / H2(2)e™" dx

oo dn
=(-1" N Hn(x)dx—ne*ﬁdx
d’ﬂ

_ /Oo {dann(x)] e~ do

o 2
= / 2"nle™™ dx,
—o0
where the last equality follows from Equation (4.24). But
/ e dr = /7

(see Exercise 4.15), hence we arrive at the desired equality.

4. For every z € R,

(oo}

zt—t2 1 n
2wt :ZEH"(m)t .

n=0

(4.25)

In other words, e2t=t* s g generating function for the Hermite

polynomials.

Proof

For every = € R the function f(¢,z) = e2et=t" ig analytic in ¢ over R, and

is therefore represented by the power series

oo 8”
fa =3 12T

n

n=0 t=0
Because
% ‘l’;ez%(mﬁ
ot |,_, ot 0
_ 2 9" ey
otm ‘0
dn
= (-)et eV
y -
= (e e,
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where y = x — t, it follows that

anf I dr 9
g | (T =

Theorem 4.2

H,, satisfies the second-order differential equation

u’ —2zu +2nu=0, zcR.

Proof
Differentiating the identity (4.25) with respect to x, we obtain
2 =1
2ttt = Z EH;(x)t"
n=1

where the left-hand side can also be written as
o0
zt—t2 1 n
2ttt = 2§ aHn(gc)ze i

n=0

By comparing Equations (4.27) and (4.28) we arrive at the relation
H/ (z) =2nH,_1(z), neN.
Differentiating (4.25) with respect to ¢ gives

o0

2xt—t2 _ 1 n— 1
2(.7; — t)e = TLE:1 m t E .Hn+1
from which
=1 = L
2 § —H,(x)t" =2y —H,(x)t"™* E Hn
’ n=0 TL' (l‘> n=0 TL i +1
(oo}
n+1
=2 x)t" H
Z < (n+ 1) - Z n1 (@

(4.26)

(4.27)

(4.28)

(4.29)
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Comparing the two sides of this equation, we see that

2xHy(x) = Hy(x)
2¢H,(z) =2nH,_1(z) + Hp41(xz), neN. (4.30)

Combining Equations (4.29) and (4.30) gives
2eH, () = Hy () + Hppa (2),

and differentiating this last equation, we end up with

Hy/(x) = 2z H, () + 2H, () — H}, 44 (2)
= 2zH] (z) + 2H,(z) — (2n + 2)H, ()
=2zH] (x) — 2nH,(z).

O
Equation (4.26) is called Hermite’s equation, and we have shown that one

solution of this equation is the Hermite polynomial H,,. As with Legendre’s
equation, the other solution turns out to be an analytic function which can be

represented by a power series in x (see Exercise (4.21)). Multiplication by e’
converts Hermite’s equation to the standard Sturm-Liouville form
(e u) +2ne " u=0, z€R, (4.31)

in which p(x) = e A =2n, plx) = e~ and the differential operator

ey
dx dx

is formally self-adjoint. Because H,,(z), but not the infinite series solution (see
Exercise 4.22), lies in Eiﬂz (R), we therefore conclude that the sequence of
Hermite polynomials (H,, : n € Ny) forms a complete orthogonal system in

£2 . (R).

4.3.2 Laguerre Polynomials

The differential equation
au’ +(1—z)u' +nu=0, 0<z<oo, neN, (4.32)

is known as Laguerre’s equation, after the French mathematician Edmond
Laguerre (1834-1886). Its standard form

(xe ") +ne *u=0 (4.33)
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is obtained by multiplication by e™*, the weight function in this case. Note
that p(x) = e~ vanishes at © = 0, so no boundary condition is needed at
this point. The nonsingular solutions of Laguerre’s equation are given, up to
an arbitrary multiplicative constant, by the Laguerre polynomials

Lo(.%') = 1,
Ll(x) =1- Z,

1
Lo(zx)=1—-2z+ §x2,

e’ d"”
nl dzm
where L, has degree n. Because L,, are eigenfunctions of the SL operator in
Equation (4.33), we would expect to have (L, Ly),—. = 0 for all m # n, and
this follows immediately from the observation that, for all m < n,

(@™, Lp) - :/ 2" Ly (x)e™ " dx
0

1o

x
n! Jo dzm

| oo n—m
(—l)mﬁ / d (z"e™)dx = 0.
0

n! dxn—m

L,(z) = (z"e™), (4.34)

(x"e™")dx

Furthermore,
(", Lyp) e = (—1)"/ z"e Pdx = (—1)"n!,
0

and because the coefficient of 2™ in L, is (—1)"/n!, it follows that

_1 n "
Ll = (L L) = T (o, L) =1

for all n, and the Laguerre polynomials are in fact orthonormal (and complete)
in £2_,(0,00).

EXERCISES
4.15 Show that ffoooe’””Qda: = /7 by using the equality

o0 2 2 o0 o0 2 2
(/ e " dx) :/ / e~ T ) dedy.
0 o Jo

Hint: Evaluate the double integral by transforming to polar coordi-
nates.
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4.16 Show that the powers of x in the polynomial H,(x) are even if n is
even, and odd if n is odd.

4.17 Prove that, for all n € Ny,
(2n)!

Hy,(0) = (=1)" 1 Hsn11(0) = 0.
4.18 Use induction to prove
[n/2]
o Z k (21‘)” 2k
kl(n — 2k)!"

4.19 Expand the function f(z) = 2™, m € Ny, in Hermite polynomials.
4.20 Expand the function

f(x){o’ <0

1, x>0
in terms of Hermite polynomials. Compute the first five terms.
4.21 The differential equation
v = 2zu’ + 2 u =0,

in which A is not necessarily an integer, is a generalized version of
Equation (4.26), and is also called Hermite’s equation.

(a) Assuming that u(z) = Y ;o cx2z"" and substituting into the
equation, show that

2k +1r—X)
(k+r+2)(k+r+1)

Chy2 = ck, k€ No.

(b) If r = 0, the solution is

2\ — 2)
uglw) = 1 Tra® + ==t

Ifr =1, we get
2(A—=1) 5 22N —1)(A—3) |

u(z) = — T x° =

3! 5!

(c) Conclude that the general solution of Hermite’s equation for any
real A is u(z) = coug(z)+crug (x), where ¢y and ¢; are constants.
What happens when A is a nonnegative integer?
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4.22

4.23

4.24
4.25

4.26
4.27
4.28

With ug and u; as in Exercise 4.21, prove that each of the functions
e*IQUO(z) and e~ 2ul(x) tends to a constant as |x| — oo, and that
this constant is 0 if, and only if, the solution is H,. Conclude from
this that the only solutions of Hermite’s equation in £§712 (R) are
the Hermite polynomials.

xT

Prove that

where

are the binomial coefficients.

3

Express z° — x as a linear combination of Laguerre polynomials.

Expand f(z) = 2™, where m is a positive integer, in terms of
Laguerre polynomials.

Expand f(z) = e*/? in a Laguerre series on [0, 00).
Verify that L, satisfies Equation (4.32).

Determine the general solution of Laguerre’s equation when n = 0.

4.4 Physical Applications

The orthogonal polynomials discussed in this chapter have historically been
intimately tied up with the study of potential fields and, more recently, quan-
tum mechanics. Here we look at two typical examples where the Legendre and
Hermite polynomials crop up. The first is in the description of an electrostatic

field generated by a spherical capacitor, as a result of solving Laplace’s equa-

tion in spherical coordinates. The second is in representing the wave function

for a harmonic oscillator.

4.4.1 Laplace’s Equation

In R3 the second-order partial differential equation

Ou P

— 4.
522t ot 9 =0 (4.35)
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Figure 4.2 Spherical coordinates.

is called Laplace’s equation, after the French mathematician Pierre de Laplace
(1749-1827). It provides a mathematical model for a number of significant phys-
ical phenomena, such as the static distribution of an electric, gravitational, or
temperature field in free space, as pointed out in Section 3.3. In this context the
scalar function u = u(x, y, z) represents the electric potential, the gravitational
potential, or the temperature at the point (z,y, z). Under the transformation
from Cartesian coordinates (z,y, z) to spherical coordinates (r,0, ), defined
by (see Figure 4.2)

x =rcosfsinp
y=rsinfsinp

Z =TCosp,

where r > 0, -7 < 0 <7, 0 < ¢ <7, Equation (4.35) takes the form

0 ([ 50u 1 0%u 1 0 ou

— — — — | sinp— | =0. 4.36

or (r 87’) + sin? o 96> + sin  dg (Sln(p(?@) (4.36)
Assuming that the function u is symmetric with respect to the z-axis, it will
be independent of § and Equation (4.36) becomes

0 ([ ,0u L 9 (. ou\
o (r 61") + Sng 9o (&ngpa(p) = 0. (4.37)
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We use the method of separation of variables to solve Equation (4.37), so
we assume that u(r, ) is a product of a function of r and a function of ¢,

u(r; @) = v(rjw(p),

then substitute into (4.37). After division by vw this gives

1d [ ,dv 1 d dw
RNy G L - 2 (sinp™” 4.38
vdr <T dr) wsin @ dp <Sm@d<p>’ (4.38)

where the left-hand side depends only on r, and the right-hand side depends
only on . Assuming Equation (4.38) holds over a domain {2 (open, connected
set) of the rg-plane, each side must be a constant, which we denote A. Thus
we obtain the pair of equations

r2v” 4+ 2rv’ — \v =0, (4.39)

—— (sinpw”)’ + Aw = 0. (4.40)
sin ¢

Setting £ = cos ¢ in Equation (4.40), and noting that
d ded d

dp " dpd T MR

1 d dw d oy dw
Bl et =) =2 (1= habad
S dy (Sm“"dso> € {( &) ds] |
leads to Legendre’s equation

Ela-e%

dé dé

If A\=n(n+1), n € Ny, then the solutions of Equation (4.40) are given by the
Legendre polynomials

}—!—)\w—().

wn(%") = Pn(g) = Pn(COSW)-

Equation (4.39), on the other hand, is of the Cauchy—Euler type and the
substitution v(r) = r* yields

[a(a — 1) +2a—n(n+1)]r* =0,
which implies &« = n or a = —n — 1, hence
UTL(T) = apr" + bnrinil

for some arbitrary constants a,, and b,,. Thus the sequence

Up (1, 0) = vp(r)wn(p) = (anr™ + b717"7n71)Pn(COS ®)
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satisfies Laplace’s equation (4.37) for each n € Ny, and the complete solution
of the equation is therefore formally given by

o

=2

Z A" + byr ") Py (cos ). (4.41)

Two observations are worth noting in connection with the representation
(4.41) of the solution to Laplace’s equation. The first is that the Legendre func-
tions @, (cos ) were not taken into account, because these functions become
unbounded along the z-axis (where cos ¢ = +1). For the same reason the terms
b,r~"~! are dropped (by setting b, = 0) if the domain (2 includes the origin
r = 0. The second observation, already mentioned in Remark 3.16, is that the
generality lost in the assumption that wu(r, ) is a product of a function of r
and a function of ¢ is restored by taking a linear combination of these solutions
as we do in (4.41), P, being complete in £2(—1,1). Of course the constants a,,
and b,, are determined by additional (boundary) conditions.

Suppose, for example, that u(r, ) satisfies Laplace’s equation inside the
ball 0 <r < R and that u(R, ) = f(p) on the spherical surface r = R, where
f is a given function in £2(0, 7). Using (4.41) with b,, = 0 for all n,

u(r, ) = Z an7" Pp(cos p). (4.42)
n=0

Applying the boundary condition at » = R, we obtain

u(R,0) =Y anR"Py(cosp) = f(p),

n=0

from which we conclude that a, R"™ are the Fourier-Legendre coefficients of
f () when expanded in terms of P,(cos ). Thus

([P

2n+1/ g (©)de,

n

and therefore

2 1
ap = Z]; / JF(p)Py(cos)sing dp, n € No. (4.43)
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Figure 4.3 Spherical capacitor.

Outside the ball, in the region » > R, the nonnegative powers of  become
unbounded and their coefficients must therefore vanish. Hence the solution in
this case is given by

u(r,p) = Z b~ Py (cos ),

n=0
where 5 ) -
by, = %R"'H/ f(@)Pr(cos@)sin ¢ dp.
0

Example 4.3

If opposite electric charges are placed on two hemispherical conducting sheets,
which are insulated from each other, an electric field is generated between them,
both inside and outside the spherical surface. The apparatus is called an electric
capacitor (see Figure 4.3). Suppose the radius of the spherical capacitor is 1. If
the upper hemisphere has potential 1, and the lower hemisphere has potential
—1, determine the potential function inside the sphere.

Solution

Let u denote the potential function of the electric field at any point in space
outside the conducting surfaces. The electric potential (and hence the elec-
tric charge) on each hemisphere is distributed symmetrically about the z-axis,
therefore u depends only on r and . Inside the sphere it has the form (4.42).
On the spherical surface,
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1, 0<e<7/2
u(l, @) _{ -1, w/2<¢p<m.

Applying the formula (4.43), with R =1 and f(¢) = u(1, ¢),

_2n+1
2

Qn

w/2 ™
/ P, (cos p)sin p dp +/ (=1)P,(cosy)sing dcp]
0 /2

on+1 1
i /O [Po(&) — Po(—&)]de.

Therefore a,, = 0 for even values of n, and

_2n+1

Qnp

/2Pn(§)d§:(2n+1)/ P (§)d
0 0

when n is odd. Thus

Based on the result of Exercise 4.7, a general formula for a,,, when n is odd, is
given by

1
on =0+ 1) [ Pl
— n_l(O) — Pn+1(0)

The potential inside the capacitor is therefore

3 7 11 ¢
u(r, ) = irPl(cos ) — §T3P3(COS ©) + Er"%(cos )+

4.4.2 Harmonic Oscillator

In quantum mechanics the state of a particle which is constrained to move on a
straight line (the x-axis) is described by a wave function ¥(z,t). If the motion
is harmonic, the dependence on time ¢ is given by

W (z,t) = p(x)e P,
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where F is the total energy of the particle and # is a universal constant known
as Plank’s constant. The location of the particle is then determined by the
function 1 (z) in the sense that |¢(z)|* / [|¢||* is a measure of its probability
density in R. If the particle is located in a potential field V' (z), the function
satisfies the time-independent Schrodinger equation

2m

V't g [E = V(@) =0.
By defining A = 2mE/h? and r(z) = —2mV (x)/h?, Schrodinger’s equation

takes the form of a standard Sturm-Liouville eigenvalue equation
" 4+ N+ ()] = 0. (4.44)

On the interval —oco < & < 0o, the condition that ¢ — 0 as * — oo defines a
singular SL problem.

When V (z) is proportional to 22, the resulting system is called a harmonic
oscillator. For the sake of simplicity we take V() = h22?2/2m, so that Equation
(4.44) becomes

P+ (A=) = 0. (4.45)
If we set u(z) = ez2/27j}(x), it is a simple matter to show that
1" ! —
u’ —2zu" + (A —1)u =0,

which is Hermite’s equation when A = 2n + 1. Its solution is therefore H,,.
Consequently, the eigenvalues of Equation (4.45) are

An=2n+1, n € Ng,

which determine the (admissible) energy levels E, = (2n + 1)h?/2m of the
particle in the harmonic oscillator, and the corresponding eigenfunctions are
given by

V(@) = e " 2Hy(@), neN,
which represent the wave functions of the particle in the admissible energy

levels. The functions 6’12/2Hn(x), which belong to £L2(R), are called Hermite
functions. The probability that the particle is located in the interval (a,b) is

given by
b 2
1 ’ H2(z)e""d
72/ Hﬁ(i’)e_wzdmz {‘é n(x)e Q‘T .
| Hullo-22 Ja [ H2(z)e**dw
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EXERCISES

4.29 In Example 4.3, determine the surface where u(r, ) = 0.

4.30 In Example 4.3, determine the potential function outside the sphere
r=1.

4.31 Find the solution wu(r,¢) of Laplace’s equation inside a sphere of

radius R if
(10, 0<p<7/2
U(R’(p)_{ 0, /2 <@ <.

4.32 Suppose u satisfies Laplace’s equation inside the hemisphere 0 < r <
1,0<p<m/2. Ifu(r,m/2) =00on 0 <r <1and u(l,p) =1on
0 < ¢ < 7/2, show that

> W (An+3Y\  (2n)!
u(r, p) = Z(_l) (2n+2) 22<n(n)!)2

n=0

2" P, o (cos ©)

inside the hemisphere.

4.33 Suppose u satisfies Laplace’s equation inside the hemisphere 0 < r <
R, 0< ¢ <7/2. Ifu,(r,m/2) =00n 0 <r < R,and u(R,¢) = f(p)
on 0 < ¢ < 7/2, show that

u(r, ) = Z C2n (%)2" Py, (cos p),
n=0

/2
Con = (dn + 1)/ f(©)Pap(cos )sing dp.
0
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Bessel Functions

We start by presenting the gamma function and some of its properties. This
function is used to define the Bessel functions, hence its relevance to the subject
of this chapter.

5.1 The Gamma Function

The gamma function is defined for all x > 0 by the improper integral

I(z) = /OOO e~ at. (5.1)

This integral converges for all positive values of x, therefore it clearly represents
a continuous function on (0, 00). In fact we can show that I" is of class C*° on
(0,00) (see Exercise 5.1). Integrating by parts, we have

F(x—l—l):/ et gt = _e_ttm‘go—i-x/ A
0 0

oo
:x/ e 1y,
0

which gives the characteristic recursion relation of the gamma function

I'(x+1) =zI'(z), x> 0. (5.2)
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If x = n is a positive integer, then

I'(n+1) =nl'(n)
=nn—-1)In-1)

.: n!(1).

With
r) = [etdt =1,
we have

I'(n+1)=n!
which means that the gamma function I" is an extension of the factorial map-
ping n — (n — 1)! from N to (0, c0).

Equation (5.2) implies
r 1
I(z) = M7

x

where the right-hand side can be extended to (—1,0) U (0, 00). Since
lim I'(z+1) = (1) = 1,

the gamma function has a simple pole at = 0. Using the relation (5.2) re-
peatedly, we see that

B I'(x+n)
= i@t Gtn-D’ n € N.

This allows us to extend I" from (0, 00) to R, except for the integers 0,—1,—2,.. .,
where I' has simple poles (see Figure 5.1). Because

I'(z) >/ ettt at 2/ e tdt =e !
1 1

for all z > 1, and I'(z + 1) = «I'(z), we also conclude that I'(z) tends to oo
as T — 00.
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Figure 5.1 The gamma function.

EXERCISES

5.1 Prove that the gamma function, as defined by (5.1), belongs to
C*(0, 00).

5.2 Prove that I'(1/2) = /7.

5.3 Prove that

(2n)1y/7

[(n+1/2) = =50,

n € Np.
5.4 The beta function is defined by

1
O(z,y) = / t* (1 —t)vLde, x>0,y >0.
0

(a) Use the transformation v = t/(1 — t) to obtain

[ele] uz—l
B(x,y) Z/O Wdu

(b) Prove that, for any s > 0,
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(¢) With s =u+ 1 and z = = + y, show that

1 1 >
_ 7(u+1)ttm+y71dt
(u+ )7+ F(m+y)/o ‘ ’

then use (a) to obtain the relation
Ble,y) = =—~

5.5 Prove that
L) (x+ 3)

221‘
I'(2x)

=2/

5.6 The error function on R is defined by the integral

2 T
erf(z) = ﬁ/o e ' dt.

Sketch the graph of erf(x), and prove the following properties of the
function:

(a) erf(—z) = —erf(x).
(b) lim,— 1 erf(z) = £1.

(c) erf(z) is analytic in R.

5.2 Bessel Functions of the First Kind

The differential equation

22y +ay + (2 — 1)y =0, (5.3)
where v is a nonnegative parameter, comes up in some situations where separa-
tion of variables is used to solve partial differential equations, as we show later
in this chapter. It is called Bessel’s equation, and we show that it is another
example of an SL eigenvalue equation which generates certain special functions,
called Bessel functions, in much the same way that the orthogonal polynomials
of Chapter 4 were obtained. The main difference is that Bessel functions are
not polynomials, and their orthogonality property is somewhat different.

Equation (5.3) has a singular point at © = 0, so we cannot expand the
solution in a power series about that point. Instead, we use a method due to
Georg Frobenius (1849-1917) to construct a solution in terms of real powers
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(not necessarily integers) of x. The method is based on the premise that every
equation of the form
q(z) ,  r(x)

v+ ==y =5y =0,
x x
where the functions ¢ and r are analytic at x = 0, has a solution of the form

o0

y(x) =" epak =a'(co + 1z + coa? + 1), (5.4)
k=0

in which ¢ is a real (or complex) number and the constant ¢ is nonzero [12].
Clearly ¢ can always be chosen so that ¢g # 0. The expression (5.4) becomes a
power series when t is a nonnegative integer.

Substituting the expression (5.4) into Equation (5.3), we obtain

S (k+t)(k+t—Depa™™ + > (k+t)cpatt
k=0 k=0

oo oo
+ g ekttt 2 E ettt =0,
k=0 k=0

or

o0 oo o
E (k + t)%cpah™t 4+ g cpaFttt? 2 g ettt = 0.
k=0 k=0 k=0

Collecting the coefficients of the powers xt, zf*1, zt+2

following equations

, ..., z'T7 we obtain the

t?co — %o =0 (5.5)
(t+1)%c; —v%c; =0
(t+2)%cy — V%o +co =0

(t+j4)%c; — v?cj + cj_a = 0. (5.7)
From Equation (5.5) we conclude that ¢ = +v.
Assuming, to begin with, that ¢ = v, Equation (5.6) becomes
(v+1)%c; —v2c1 = 2v+ 1) = 0.
Since 2v + 1 > 1, this implies ¢; = 0. Now Equation (5.7) yields
(v +4)% = vlej +cjo = j(j + 2v)¢; +cj2 =0,
and therefore ]

Cj = —————=—Cj_2. 5.8
PTG %
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Because ¢; = 0, it follows that ¢; = 0 for all odd values of j, and we can assume
that j = 2m, where m is a positive integer. The recursion relation (5.8) now
takes the form

1 1
m— "= < < Cm—2 = — 5 m—2s EN’
2 2m(2m + 2v) C2m=2 22m(v +m) Cam=2 "
which allows us to express c¢s, ¢4, Cg, - . . in terms of the arbitrary constant cg:
1
Cg=————C¢C
T2t
1 1
Cyp = — Co = C
T2 +2) T 2+ 1)(v+2) 0
1
T TSI D+ 2 +3) "
_1)ym
Com = ( ) Co. (59)

22mml(v+ D)(v+2)--- (v +m)

The resulting solution of Bessel’s equation is therefore the formal series

x¥ Z Comx®™. (5.10)
m=0
By choosing
1
A1
T T (5-11)

the coefficients (5.9) are given by

) (1
v 2mmIlN(v+m+ 1)

Com,

The resulting series

v = (_1)m 2m
* 'm,z::O vt2mmll(v+m + 1)33

is called Bessel’s function of the first kind of order v, and is denoted J,(z).

Thus o 1y om
10 =(3) X ommer (5) (5.12)

m=0

and it is a simple matter to verify that the power series

i (_1)171 m2m
22mmIlN(m 4+ v +1)

m=0
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converges on R by the ratio test. With v > 0 the power z¥ is well defined when
x is positive, hence the Bessel function J, (z) is well defined by (5.12) on (0, c0).
Since

. 1, v=20
lim JV(J;):{ 0 b0

the function J, may be extended as a continuous function to [0,00) by the
definition J,(0) = lim,_,o+ J, () for all v > 0.

Now if we set t = —v < 0 in (5.4), that is, if we change the sign of v in
(5.12), then
T\ Y (=1)™ x 2m
(@)= (5 (D), : 1
Tou(@) (2) %m!F(m—l/—Fl) (2) z>0 (5-13)

remains a solution of Bessel’s equation, because the equation is invariant under
such a change of sign. But it will not necessarily be bounded at x = 0, as we
show in the next theorem.

Theorem 5.1

The Bessel functions J, and J_, are linearly independent if, and only if, v is
not an integer.

Proof
If v =n € Ny, then

1@ = (5)" Y s (3)

m=0

But because 1/I'(m —n + 1) = 0 for all m —n 4+ 1 < 0, the terms in which
m =20,1,...,n— 1 all vanish, and we end up with

0= (5)" 3 e 2 (3)

m=n

T > _1\ym+n T\ 2m+2n
:(5) 22: (m—|—(n)1!)F(m+1) (5) )

—-n
m=0

n X (=)™ T\ 2m
z:()mlf(min—kl) (5)

I
—
—
—
3
~~
N8
N
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Now suppose v > 0, v ¢ Ny, and let

aJy(z) +bJ_,(x) = 0. (5.14)

Taking the limit as ¢ — 0 in this equation, we have lim,_,q+ J,(z) = 0 whereas
lim, .o+ |J_,| = oo because the first term in the series (5.13), which is

i (5)

dominates all the other terms and tends to £oo. Thus the equality (5.14) cannot
hold on (0, c0) unless b = 0, in which case a = 0 as well. O

Based on this theorem we therefore conclude that, when v is not an integer,
the general solution of Bessel’s equation on (0, c0) is given by y(z) = ¢1J,(z) +
coJ_, (). The general solution when v is an integer will have to await the
definition of Bessel’s function of the second kind in Section 5.3.

In the following example we prove the first of several identities involving
the Bessel functions.

Example 5.2

%[xﬂ’Jy(x)] = -z YJ,11(x), x>0,v>0. (5.15)

Proof

x~"J,(x) is a power series, so it can be differentiated term by term:

d —v _ d - (71)m 2m
dx 2" ()] = dx Z 22mtvmll(m + v + 1)x

m=0

_ i (=1)™2m p2m—1
22mtvmll(m+v+1)

m=1

_ —ZL‘_V i (_1)m x2m+u+1
B 22mAvH i (m 4 v + 2)

m=0

v
= —2 JV+1.



5.2 Bessel Functions of the First Kind 165

Bessel’s functions of integral order, given by

e —1\)m 2m—+n
Tu(z) =" m,((mlln), (g) . neNy, (5.16)
m=0
are analytic in (0, 00), and have analytic extensions to R as even or odd func-
tions, depending on whether n is even or odd. We have already established,
in Example 2.13, that Jy has an infinite set of isolated zeros in (0, c0) which
accumulate at co. We can arrange these in an increasing sequence

So1 < 8oz < &3 <

such that £y, — o0 as k — oo. Using mathematical induction, we can show
that the same is also true of J,, for any positive integer n: Suppose that the
zeros of Jp,, for any positive integer m, is an increasing sequence (&,,,; : k € N)
n (0,00) which tends to co. The function = ™.J,,(x) vanishes at any pair of
consecutive zeros, say &,,,;, and £, ;. 1, therefore it follows from Rolle’s theorem
that there is at least one point between §,,, and &, ., where the derivative
of =™ J,,(x) vanishes. In view of the identity (5.15),

Tnia @) = =2 e T (@),

hence Jy,41(x) has at least one zero between §&,,;. and &,, ;. Thus we have
proved the following.

Theorem 5.3

For any n € Ny, the equation J,(z) = 0 has an infinite number of positive
roots, which form an increasing sequence

€n1<£n2<£n3<'”

such that &,,; — oo as k — oo.

The first two Bessel functions of integral order are
_ 0 (_ l)m (:L- ) 2m
Jol) = mz=o (m!)2 \2

2 .TC :CG

N w BRI

Si(w) = i ml( m—|— 1)! (g)%ﬁ1

=0

x 3 z’ n
2 23112 252!3! 27314
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5 N()x

Figure 5.2 Bessel functions Jy and J;.

The similarities between these two expansions on the one hand, and those of the
cosine and sine functions, are quite striking. The graphs of Jy(x) and Ji(x) in
Figure 5.2 also exhibit many of the properties of cosx and sin z, respectively,
such as the behaviour near x = 0 and the interlacing of their zeros. When
we set v = 0 in the identity (5.15) we obtain the relation Jj(z) = —Ji(x),
which corresponds to the familiar relation (cos)’z = —sinz. But, unlike the
situation with trigonometric functions, the distribution of the zeros of J, is
not uniform in general (see, however, Exercise 5.8) and the amplitude of the
function decreases with increasing = (Exercise 5.32).

In the next example we prove another important relation between Jy and
J1, one which we have occasion to resort to later in this chapter.

Example 5.4
/ tJo(t)dt = xJ1(x) for all z > 0.
0
Proof
/w tJo(t)dt = /w i (=™ t2m L gt
o 0 = (ml)222m
B > (_1)m$2m+2
B mz::O (m!)2(2m 4 2)22m

(—1)m ($>2m+1

ml(m + 1)1 \2

|
M

5 =z Ji(x).
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EXERCISES

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

Verify that the power series which represents 2" .J,,(z) converges on
R for every v > 0.

Prove that

2 . 2
Jl/g(:t)zuasmx, J,l/g(x):wacosa:,

and sketch these two functions.

Prove that zJ/ (z) = vJ,(z) — xJ,41(x), and hence the identity of
Example 5.2.

Use Exercises 5.8 and 5.9 to prove that

5 /s
J32(x) =1 — (smx —cosm) .

T T

Prove the identity [z J, (x)]" = 2" J,—1(z), and hence conclude that

2 (cosx

J_g)2(x) = — + sinac) )

T x

Use the identities of Example 5.2 and Exercise 5.11 to establish

1

T (@) = 5[ Jv-1(@) = T (@)].

Prove that 5
v
Jvs1(x) + Jo-1(2) = ;JV(QC)'

Derive the following relations:

(a) [y t2Ji(t)dt = 2xJ1(x) — 22 Jo(z).

(b) [y Js(t)dt =1 — Ja(x) — 21 (z) /.
Use the identities Jj(z) = —Ji(z) and [zJ,(z)]" = zJo(x) to prove
that

/1‘ t"Jo(t)dt = x" Jy (x)+(n—1)ax" ' Jo(z)—(n—1)? /1 "2 Jo(t)dt.
0 0
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5.16 Verify that the Wronskian W (x) = W(J,, J_, ), where v ¢ Ny, sat-
isfies the equation W’ + W = 0, and thereby prove that

2

(A [ S—
@) == Fora =

Using the result of Exercise 5.4(c), and evaluating the integral ex-

pression for 3(v,1 —v) by contour integration, it can be shown that

W(z) = —2sinvw

™

(also see [8]).

5.3 Bessel Functions of the Second Kind

In view of Theorem 5.1, it is natural to ask what the general solution of Bessel’s
equation looks like when v is an integer n. There are several ways we can
define a second solution to Bessel’s equation which is independent of J,, (see,
for example, Exercise 5.17). The more common approach is to define Bessel’s
function of the second kind of order v by

1
J,(z)cos v — J_p ()], 0,1,2, ...
V()= ) s 1/7r[ (z)cosvm ()] v#
lim, ., Y,, n=0,1,2,....

In this connection, observe the following points:
(i) For noninteger values of v, Y}, is a linear combination of .J,, and J_,. Because
J_, is linearly independent of J,, so is Y.

(ii) When v = n, the above definition gives the indeterminate form 0/0. By
L’Hopital’s rule, using the differentiability properties of power series,

Yo(z) = % [anix) - (-1 )”6%97;(@ _J
- %Oogg +’Y> Jn() ( ) miczo m'};—:;rg"*‘m) (g)2m
SRR e
where

1 1 1
ho=0, hyp=14+ =+ =+ + —,
2 3 m
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and
v= lim (h, —logm)=0.577215---

is called Euler’s constant. Note that the last sum in the expression for Y,
vanishes when n = 0, and that the presence of the term logz.J, («) implies Y,
is linearly independent of J,. That the passage to the limit as v — n preserves
Y,, as a solution of Bessel’s equation is due to the continuity of Bessel’s equation
and Y, with respect to v. For more details on the computations which lead to
the representation of Y;, given above, the reader is referred to [17], the classical
reference on Bessel functions.

The asymptotic behaviour of Y, (x) as x — 0 is given by

2 T
Zog = -
Yo (2) ) el (5.17)
[ ULV EA R |
T 2 ) )

where f(z) ~ g(x) as © — ¢ means f(z)/g(x) — 1 as © — ¢. Thus Y,,(z) is
unbounded in the neighborhood of x = 0. As x — 0,

2 21 41

Y. ~ —1 , Y; ~——— Y- ~——

o(z) ~ —logz (@) ~ =~ 2(2) ~ ——

In view of Theorem 5.3 and the Sturm separation theorem, we now conclude
that Y,, has an infinite sequence of zeros in (0,00) which alternate with the

zeros of J,. Yy and Y7 are shown in Figure 5.3.

yi
Yy

\ O

w
S

/
=Y

Figure 5.3 Bessel functions Yy and Y.
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EXERCISES

5.17

5.18

5.19

5.20

5.21
5.22

5.23

5.24

5.25

Show that the function

yn(z) = Jn(x) /1 ﬁdt

satisfies Bessel’s equation and is linearly independent of J,, (z).

Verify the asymptotic behaviour of Y and Y7 near z = 0 as expressed
by (5.17).

Prove that d
a[x”Yy(x)] =2"Y,_1(x).

Prove that
%[x_”Y,,(m)] = -2 Y, 41(2).
Prove that Y_,,(z) = (—1)"Y,,(x) for all n € Ny.

The modified Bessel function of the first kind I, is defined on (0, c0)
by
I(x) = i7", (iz), v >0,

where ¢ = y/—1. Show that I, satisfies the equation

22y +ay — (22 + )y = 0. (5.18)

Based on the definition of I, in Exercise 5.22, show that I, is a real
function represented by the series

oo

@)=, e )

Prove that I,,(x) # 0 for any x > 0, and that I_,,(z) = I,,(z) for all
n € N.

Show that the modified Bessel function of the second kind

Ky (2) = s——[I_,(2) — I(2)]

also satisfies Equation (5.18). Iy and K are shown in Figure 5.4.

2sinvm
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Figure 5.4 Modified Bessel functions Iy and K.

5.4 Integral Forms of the Bessel Function J,,

We first prove that the generating function of J,, is
e?=m1/2)/2 — Z I z#0. (5.19)
This can be seen by noting that

20 raNi
ewz/2 _ E (7)

. 9

gl \2

=0

=3 L (3)

and that these two series are absolutely convergent for all z in R, z # 0, hence
their product is the double series

o1z 35 W (g)ﬁkz]’—k.

7=0 k=0

Setting j — k = n, and recalling that 1/(k +n)! = 1/I'(k +n + 1) = 0 when
k +n < 0, we obtain

e 3 (S e ()

n=—oo

Zn

oo

Z Jn(x)z

n=—oo
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which proves (5.19). The substitution z = e

1 1
= (z— > =1isinf,
2 z

zw sinf _ E J 'Ln6’

n=—oo

now gives

hence

The function e?*sin?

(5.20)

is periodic with period 27 and satisfies the conditions

of Theorem 3.9, thus the right-hand side of (5.20) represents its Fourier series
expansion in exponential form, and J,(z) are the Fourier coefficients in the

expansion. Therefore

1 ™

Jn(l') — % eiz sin oefmedo
_ i " ei(a: sin OfnG)dg
2m
1 ™
=5 cos(xsinf —nd)df, because J,(x) is real,
™

1 ™
7/ cos(zsinf — nd)db, n € Ny,
T Jo

(5.21)

which is the principal integral representation of J,,. The formula (5.21) imme-

diately gives an upper bound on J,,

1 U
()| g—/ d9=1 forallne N,
™ Jo

a result we would not have been able to infer directly from the series definition.

It also confirms that Jy(0) =1 and J,(0) = 0 for all n > 1.

Going back to Equation (5.20) and equating the real and the imaginary

parts of both sides, we have

[ee]
cos(z sin 0) Z Jn(x)cosnb,
sin(x sin0) = Z I (z)sinnb.

n—=—oo
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Because J_, () = (—1)"J,(z), this implies

cos(x sin 0) )+2 Z Jam (z)cos 2mb, (5.22)

sin(zsin ) = 2 Z Jam—1(x)sin(2m — 1)8. (5.23)
m=1
Now Equations (5.22) and (5.23) are, respectively, the Fourier series expansions

of the even function cos(zsin#) and the odd function sin(zsinf). Hence we
arrive at the following pair of integral formulas,

Jom(z) = %/ﬂ cos(z sin f)cos 2mé do, m € Ny, (5.24)
0
Jom—1(z) = %/W sin(z sin 0)sin(2m — 1)6 d6, m € N. (5.25)
0
EXERCISES

5.26 Show that

1 iy

Jl(x) == / sin 0 sin(nf — x sin 6)d#,
T™Jo

then use induction, or Equation (5.20), to prove that

1 ™
J®) = 7/ sin® 0 cos(nf — x sin 6 — kn/2)d6, keN.

™ Jo

5.27 Use the result of Exercise 5.26 to prove that
n,k € Np.

,S’“’(z)‘ <1 for all

5.28 Prove that

(a) Jo(z) +23 00—y Jom(z) = 1.

(b) Jo(z) +2> 0 (—=1)™Jop(z) = cosz.
(¢) 2300 o (=1)"Jom1(x) = sinz.

(

d) > (2m —1)Jop1(x) = x/2.
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5.29 Use Parseval’s relation to prove the identity
Jo(x)+23 Jix) =1
n=1

Observe that this implies |Jo(z)| < 1 and |J,(x)| < 1/v/2, n € N.
5.30 Use Equations (5.24) and (5.25) to conclude that

2 71'/2
Jom () = 7/ cos(zsin@)cos2mb df, m € Ny,
0

™

9 /2
Jom—1(x) = 7/ sin(z sin 0)sin(2m — 1)6 d6, m € N.
0

™

5.31 Prove that lim,, o Jn,(z) = 0 for all € R. Hint: Use Lemma 3.7.
5.32 Prove that lim, ., J,(x) = 0 for all n € Ny.

5.5 Orthogonality Properties

After division by x Bessel’s equation takes the form

2
2" 4y + (o — V;)y — 0, (5.26)

where the differential operator

L—i xi _;’_x_f
T dx dx T

is formally self-adjoint, with p(z) = = and 7(x) = —v2/x in the standard form
(2.33). Comparison with Equation (2.34) shows that p(z) = z is the weight
function, but the eigenvalue parameter does not appear explicitly in Equation
(5.26). We therefore introduce a parameter p through the change of variables

x = px, y(x) — y(pr) = u(z).

Differentiating with respect to z,

W' (z) = py' (p)
u(x) = pPy" ().
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Under this transformation, Equation (5.26) takes the form
L2
zu’ +u' + (,MZI - > u =0, (5.27)
x

where the eigenvalue parameter is now A = p2. Equations (5.26) and (5.27) are
equivalent provided p # 0.

If Equation (5.27) is given on the interval (a,b), where 0 < a < b < 0o, then
we can impose the homogeneous, separated boundary conditions

aru(a) + agu'(a) = 0, B1u(b) + Byu’ (b) = 0,

to obtain a regular Sturm-Liouville eigenvalue problem. The eigenfunctions
then have the form

cudy (Mx) + dMYV(l’Lm)7

where p1, ¢y, and d, are chosen so that the boundary conditions are satisfied.
The details are generally quite tedious, and we simplify things by taking a = 0.

Suppose, therefore, that Equation (5.27) is given on the interval (0,b).
Because p(0) = 0, no boundary condition is needed at z = 0, except that
lim,_,o+ u(z) exist. At x = b we have

B1u(b) + Byu’ (b) = 0. (5.28)

The pair of equations (5.27) and (5.28) now poses a singular SL eigenvalue
problem and, based on an extension of the theory developed in Chapter 2, it
has an orthogonal set of solutions which is complete in £2(0,b). For the sake
of simplicity, we restrict v to the nonnegative integers. This allows us to focus
on the main features of the theory without being bogged down in nonessential
details. The assumption v = n € Ny is also the most useful from the point of
view of physical applications. The general solution of Equation (5.27) is then
given by

u(z) = epdp(ux) + d, Y, (px).

The condition that u(z) have a limit at = 0 forces the coefficient of Y;, to
vanish, and we are left with J,(ux) as the only admissible solution.

Let us start with the special case of Equation (5.28) when [, = 0; that is,
u(b) = 0. (5.29)

Applying this condition to the solution J, (ux) gives

Jo(ub) =0,  neN,. (5.30)
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We have already determined in Theorem 5.3 that, for each n, the roots of
Equation (5.30) in (0,00) form an infinite increasing sequence which tends
to oo,

£n1<€n2<£n3<”"

The solutions of Equation (5.30) are therefore given by

N’kb = gnkv

and the eigenvalues of Equation (5.27) are

5 2
)\k—pi—(zk> , keN.

Note that the first zero £,, = 0 of the function J,, for n > 1, does not
determine an eigenvalue because the corresponding solution is

In(pox) = Jp(0) =0 foralln € N,

which is not an eigenfunction. The sequence of eigenvalues of the system (5.27),
(5.28) is therefore

O<M =i <do=pa<dg=pi<---,
and its corresponding sequence of eigenfunctions is

In(px)y Jn(pez), Jn(psx), ... .

For each n € Ny, the sequence (J,,(pz) : k € N) is necessarily orthogonal and
complete in £2(0,b). In other words

b
(Tulige) T}, = [Tl Ty (531)
=0 forall j #k,

and, for any f € £2(0,b) and any n € Ny, we can represent f by the Fourier-
Bessel series

2
o ()l

the latter equality being, of course, in £2(0,b). If f is piecewise smooth on (0, b)
Equation(5.32) holds pointwise as well, provided f(z) is defined as 3[f(z™) +
f(z7)] at the points of discontinuity.
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To verify the orthogonality relation (5.31) by direct computation is not
a simple matter, but we can attempt to determine ||.J,,(agz)||. Multiplying
Equation (5.27) by 2zu/,

2z’ (zu) + (pPx? — v?)2uu’ =0
[(zu')?] + (pa? = v*)(u?) = 0.
Integrating this last equation over (0,b),
(xu’)2|g + 2 {x2u2|g — 2f0bxu2d:c} — 1/2uz|?J =0,

b

= Jul? = 5 [(pew)? + (2u)? — v?u?]

=5 i
With v = n € Ny, u(z) = J,(uz
have

), and v/ (x) = pJ), (px), 1 > 0, we therefore

b
1o ()% = / T2 (e

b

1
= 55 [(W2® = n®) i () + p2a I (per)
K 0
Because n?.J,,(0) = 0 for all n € Ny,
b2 2b2 _ ’I’L2
2 2 K
It 2 = 5 )+ = T2 ), (53)
When g = i, the last term drops out, by (5.30), and
b2
2
[ Tn (i)l = E[J;L(Mkb)]2~
Using the result of Exercise 5.9,
1
Jr(pib) = rkb[njn(ﬂkb) = pigbni1 (b)) = = Jnp1 (i d),
we finally obtain
b2
||Jn(#k$)“i = 7‘]72L+1(,“kb)' (5.34)

2

Example 5.5

To expand the function

1, 0<xr <2

ﬂ@:{o, 2<x<4
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in a Fourier—Bessel series under the condition Jy(4p) = 0, we first evaluate the
coeflicients in the series:

(f(@), Jo(py)), / f(x)Jo(ppx)xdx

2
= / Jo(ppx)zde
0

1 2pg
== / Jo(y)ydy
0

M
2

= 7J1(2M )7
oy F

where we used the result of Example 5.4 in the last equality, 44, being the
zeros of Jy. From the formula (5.34) we get

o () l|2 = 82 (44,

Now, by (5.32),

I Ji(2u)
- 4,
42 ) Jo(uk:r), 0<z<

Observe that, by setting = 1 in this equation, we arrive at the identity

— S (2u) Jo(py)
kZ::l 1 Jt (Agu) )

because 1 is a point of continuity of f. At the point of discontinuity x = 2, we
have

i J1(2p) Jo(2py,) 4f(2+) +f27) _,

=1 P J7 (4y,) 2

The more general condition (5.28)

Bru(b) 4+ Byu’(b) =0

can, in principle, be handled in a similar fashion, although it requires more
work. If 5, # 0 and 8, # 0, we can assume, without loss of generality, that
B4 = 1. The solution u(z) = J,(pz) must then satisfy

B1Jn(ub) + pJy, (ub) = 0. (5.35)
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The positive roots of this equation determine the eigenvalues ,uz of the problem.
The corresponding eigenfunctions are wug(z) = J,(pix). The norm of each
eigenfunction is determined by substituting into (5.33) to obtain

b2 9 u2b2 —n?
1) 15 = 5 T3 b))+ S T2 ()
H,
1
52 (5167 + pib® — n?] T2 (1y.d). (5.36)
k

To solve Equation (5.35) for u is, in general, not a simple matter. We should
recall that J,, and J;L cannot have a common zero, because the solution to the
initial-value problem for Bessel’s equation is unique, so one would most likely
have to resort to numerical methods to determine p;. But if 8; = 0, that is, if
the boundary condition at b is

W' (b) = 0, (5.37)

then the eigenvalues are determined by the roots of the equation p.J) (ub) = 0.
The first is p, = 0, corresponding to the eigenvalue

Ao =0,
and the eigenfunction
U()(.’E) = J()(O) =1.
Note that this function solves Equation (5.27) but not (5.26). As mentioned
earlier, these two equations are not equivalent if p = 0.

With n = 0, the other values of p;, must satisfy J|(u;b) = 0 or, equivalently,
J1(1,b) = 0. Thus the sequence

= &15/b, k=1,2,3,...,
where £, are the positive zeros of Ji, yields the remaining eigenvalues of the
problem, e
e = b%’“ keN,
corresponding to the eigenfunctions

ug(z) = Jo(ugpx), ke N.

Under the boundary condition (5.37), if n is a positive integer, then 0 is not
an eigenvalue, and we obtain the eigenvalues A\, = ,u% by solving

Jn(pib) = 0.

The corresponding eigenfunctions are then wug(z) = J,(uix). In any case,
whether n is 0 or positive, the norm of J, is calculated from the formula (5.36)
with 8; = 0.
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Example 5.6

In R? the cylindrical coordinates (r,6,z) are related to the Cartesian coordi-
nates (x,y, z) by
r =rcosb, y = rsind,

r=Va? 42,

where 0 < r < oo and —7 < 6 < w. The Laplacian operator in cylindrical
coordinates has the form

A_iz+12+162 82
T or2  ror

2o a2
Given the cylindrical region
R={(r0,2):0<r<b—-n<0<m0<z<h},
we seek a potential function u which satisfies Laplace’s equation
Au=upr + 7 + 7 2ugg + Upe = 0

in 2, and assumes the following values on the boundary of (2:

u(r,6,0) =0, 0<r<b, —r<0<m,
u(b,0,z) =0, <0<, 0<z<h,
u(r,0,h) = f(r), 0<r<hb, —r <6<

This is often referred to as a Dirichlet problem in 2.

The general Dirichlet problem is to determine the function v in a domain
{2 which satisfies Laplace’s equation Au =0 in {2 and v = f on the boundary
012, where f is a given function defined on 9f2. When 0f2 and f satisfy certain
regularity conditions, the problem is known to have a unique solution in C?(2)
(see [13)).

Solution

Because u is independent of # on the boundary, we can assume, by symmetry,
that it is also independent of 8 inside (2. Using separation of variables, let

u(r, z) = v(r)w(z), 0<r<hb,
and substitute into Laplace’s equation to obtain

V(M w(z) + 7 (M w(z) +u(r)w” (2) = 0.
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This leads to the pair of equations

20" (r) + o' (r) + p?ro(r) = 0 (5.38)
W(2) — 12(2) =0, (539)

where the separation constant was assumed to be —u?. Equation (5.38) is
Bessel’s equation with v = 0, whose continuous solution in 0 < 7 < b is Jo(ur).
Under the boundary condition v(b) = 0, the eigenfunctions are Jo(u,r) corre-
sponding to the eigenvalues A\, = ui = (£,,/b)%. As before, &5y, o, Eps,- - -
are the positive zeros of Jy.

The corresponding eigenfunctions of Equation (5.39) under the condition
w(0) = 0 are sinh(p;z). Hence the sequence of eigenfunctions of the original
problem is

ug(r, 2) = Jo(pgr)sinh(py,2), ke N.

Before applying the nonhomogeneous boundary condition at z = h, we form
the more general solution

u(r, z) = Z crug(r, 2).
k=1

Now the condition u(r, h) = f(r) implies

f(r) = exsinh(uh) Jo (pyr) (5.40)
k=1

which is the Fourier—Bessel series expansion of the function f, assuming of
course that f is piecewise smooth on (0,b). The coefficients in the expansion
are given by
1 b
cxsinh(ugh) = — / F) o) dr,

[Jo(kxr)ll; Jo
and this completely determines ¢, for all positive integers k. Bessel functions
usually appear in the solution of Laplace’s equation when cylindrical coordi-
nates are used, hence they are often referred to as cylinder functions.

EXERCISES

5.33 Determine the Fourier—Bessel series expansion Y . ¢xJo () on [0, b],
where i, are the positive roots of the equation Jo(ub) = 0, for each
of the following functions.

(a) f(z) =1
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(b) f(z) ==
(c) flz)=2"
(@) f@) =¥ 2
1, 0<z<b/2
() f@) =4 12,  a=b/2
0, b/2 <z <b.

5.34 Expand the function f(z) = 1 on [0, 1] in terms of Jo(uzx), where
1, are the nonnegative zeros of J;.

5.35 Expand f(x) = z on [0,1] in terms of Jy(u,x), where u; are the
positive zeros of J;.

5.36 For any positive integer n, expand f(z) = 2™ on [0, 1] in terms of
Jn (), where p,, are the positive zeros of J,.

5.37 Determine the coefficients in the series > ¢xJ1 (p4,2) which represents
the function

fz) = x, 0<x<1
10, 1<z <2
on [0,2], where u, are the positive zeros of Ji(2p). Is the represen-
tation pointwise on [0, 2]?

5.38 Show that 0 is an eigenvalue of Bessel’s equation (5.27) subject to
the boundary condition (5.28) if, and only if, 3,/8, = —v/b, and
that the corresponding eigenfunction is z”, where v > 0.

5.39 The heat equation on a circular flat plate is given in polar coordinates
(r,0) by

1 1
ug =k { urp + —ur + —ugg | -
r r
Suppose that the temperature v = u(r, t) does not depend on 6 and
that 0 < r < 1. If the edge of the plate is held at zero temperature for
all t > 0, use separation of variables to show that the temperature
on the plate is given by
u(r,t) = Z cne_“iktJO(,unT) for allr € [0,1), t>0, (5.41)
n=1
where p,, are the positive zeros of Jy.
5.40 If the initial temperature on the plate in Exercise 5.39 is u(r,0) =

f(r), prove that the Fourier—Bessel coefficients in (5.41) are given
by
B 2

Cn
JE (k)

/ £ Joptr)rdr.
0
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5.41 A thin elastic circular membrane vibrates transversally according to
the wave equation

1
Utt:C2<UTT+UT>7 0<r<R,t>0.
r

If the boundary condition is u(R,t) = 0 for all ¢ > 0, and the initial
conditions are

u(r,O):f(r), ut(r,O)zg(r), 0<r<R,

determine the form of the bounded solution u(r,t) in terms of J,, for
all r € [0,R) and t > 0.
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The Fourier Transformation

The underlying theme of the previous chapters was the Sturm—Liouville theory.
The last three chapters show how the eigenfunctions of various SL problems
serve as bases for £2, either through conventional Fourier series or its general-
ized version. In this chapter we introduce the Fourier integral as a limiting case
of the classical Fourier series, and show how it serves, under certain conditions,
as a method for representing nonperiodic functions on R where the series ap-
proach does not apply. This chapter and the next are therefore concerned with
extending the theory of Fourier series to nonperiodic functions.

6.1 The Fourier Transform

Suppose f : R — C is an £? function. Its restriction to (—I,1) clearly lies in
L2(—1,1) for any [ > 0. On the interval (—I,1) we can always represent f by
the Fourier series

f(z)

Z cpemm e/l (6.1)

n=—oo

1
Cn = 2%/ f(x)em e/, n € Z. (6.2)
-l
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Let A¢ = 7/l and &, = nA{ = nx/l. The pair of equations (6.1) and (6.2)
then take the form

F@) = 5 D2 C(E ) AL (63)

l
C(&,) = 2lc, = [ l f(z)e T dz. (6.4)

If we now let | — oo, that is, if we allow the period (—I,1) to increase to R so
that f loses its periodicity, then the discrete variable £,, will behave more as a
real variable £, and the formula (6.4) will tend to the form

/ f(z)e %% dg. (6.5)

The right-hand side of (6.3), on the other hand, looks very much like a Riemann
sum which, in the limit as | — oo, approaches the integral

fa) = 5= [ cleentae (6.

Thus the Fourier coefficients ¢, are transformed to the function C(&), the
Fourier transform of f, and the Fourier series (6.1), which represents f on
(—1,1), is replaced by the Fourier integral (6.6) which, presumably, represents
the function f on (—o0, 00).

The procedure described above is, of course, not intended to be a “proof”
of the validity of the formulas (6.5) and (6.6). The integral in (6.5) may not
even exist. It is meant to be a plausible argument for motivating the definition
(to follow) of the Fourier transform (6.5), which can then be used to represent
the (nonperiodic) function f by the integral (6.6), in much the same way that
the Fourier series were used in Chapter 3 to represent periodic functions.

For any real interval I, we use the symbol £!(I) to denote the set of func-

tions f : I — C such that
/\f(x)|dx < 00.
I

Thus, if I is a bounded interval, any integrable function on I, and in particular
any piecewise continuous function, belongs to £!(I). Furthermore,

€ £Y0,1) & a > —1,

€ LY(1,00) & a < —1.
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If I is unbounded, a function may be integrable (in the improper sense) without
belonging to £!(I), such as sin z/z over (0, 00) (see Exercise 1.44). That is why
we refer to £1(I) functions as absolutely integrable functions on I in order to
avoid this confusion when I is unbounded. As with £2(I), it is a simple matter
to check that £!(I) is also a linear space.

Definition 6.1
For any f € LY(R) we define the Fourier transform of f as the function f :
R — C defined by the improper integral

fo= [ fwea (6.7)

We also use the symbol F(f) instead of f to denote the Fourier transform of
f

Because ’eif’” ’ = 1 we clearly have

i@ = [ @l <o

that is, f is a bounded function on R. By the linearity of the integral,
Flerfi +eafz2) = aalF(f1) + 2 F(f2)

for all ¢1,co € C and all fi, fo € £(R), which just means that the Fourier
transformation F : f — f is linear.

Example 6.2

For any positive constant a, let

1, |z|]<a

falw) = { 0, |z|>a.
Then "
fal§) = / e ey = i (671‘5“ — eiga) = %sinag,

as shown in Figure 6.1. Note that limg, ., fo(€) does not exist and that f(z) = 1
does not lie in £!(R).
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yi YA
2a
_ 2sinaf
| y=£x) y )5(5.') £
O o— = N\ /\ /\ [ =
—a a X N~/ \/J v 2

Figure 6.1

fw) =e”

X

Figure 6.2

Example 6.3

In the case of the function f(x) = e~1* we have (see Figure 6.2)

1 1
*1—z§+1+z’§
2
C14€%

When |f]| is integrable over R (i.e., when f € £!(R)) we have seen that its
Fourier transform f is bounded, but we can also prove that f is continuous. This
result relies on a well-known theorem of real analysis, the Lebesgue dominated
convergence theorem, which states the following.

Theorem 6.4

Let (fn : n € N) be a sequence of functions in £*(I), where I is a real interval,

and suppose f, — f pointwise on I. If there is a positive function g € £([)
such that
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|frn(2)] < g(z) for all z € I, neN,
then f € £1(I) and

The proof of this theorem may be found in [1] or [14], where it is presented
within the context of Lebesgue integration, but it is equally valid when the
integrals are interpreted as Riemann integrals. Note that the interval I is not
assumed to be finite.

To prove that f is continuous, let £ be any real number and suppose (&,,)
is a sequence which converges to £. Since

i) - i) < [l — e )

70" — 7187 || f(2)] < 2| f(2)] € LY(R),

and

lim |e~%® — e~ = 0,
n—oo

Theorem 6.4 implies

lim |£(6,) = f(©) < lim [ |e7 6 — 7| f(2)] da

n—oo n—oo
— 00

= / lim |e_i€””J - e_i5$| |f(z)] dx

00 n—oo
=0.

In order to study the behaviour of f(g) as || — oo, we need the following
result, often referred to as the Riemann—Lebesgue lemma.

Lemma 6.5

Let f be a piecewise smooth function on R.
(i) If [a, b] is a bounded interval, then

b
lim / f(x)e*dx = 0.

|€]—o0

(ii) If f € £L1(R), then

o0 .
lim f(x)e*dx = 0.

‘5‘_’00 — 00
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Proof

(i) Let 1, za, . . ., &, be the points of discontinuity of f and f’ in (a, b), arranged
in increasing order, and let a = g and b = z,,41. We then have

Tk+41

/abf(x)eiffdx = :i_::/x f(x)e"dx,

and it suffices to prove that

Th+1

lim f(x)e®dx = 0 for all k.

[€]—00 J g

Integrating by parts,

Th41 . 1 . Tk+1 1 Th41
| s = Lraes F/(a)eS dr,
T 1

k

Tk Zg Tk

and the right-hand side of this equation clearly tends to 0 as £ — +oo.
(ii) Let € be any positive number. Because |f| is integrable on (—oo, 00), we
know that there is a positive number L such that

13
< /|Z>L|f(x)ld$< :

But, from part (i), we also know that there is a positive number K such that

'/_LL f(z)edx

00 L
‘/ f(z)e®dx —/ f(x)edx
—o00 —L

< g for all |¢] > K.

Therefore, if |£] > K, then ’ffooo f(x)eigxdm} <e. O

We have therefore proved the following theorem.

Theorem 6.6

For any f € £L!(R), the Fourier transform

fa) = [ fwe s

is a bounded continuous function on R. If, furthermore, f is piecewise smooth,
then

lim f(€)=0. (6.8)

§]—o0
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Remark 6.7

1. Lemma 6.5 clearly remains valid if e’¢* is replaced by either cos £z or sin £x.
2. The Riemann—Lebesgue lemma actually holds under the weaker condition
that | f| is merely integrable, but the proof requires a little more work (see [16]
for example). In any case we do not need this more general result, because
Lemma 6.5 is used in situations (such as the proof of Theorem 6.10) where f
is assumed to be piecewise smooth.

3. In view of the above remark, Equation (6.8) holds for any f € £!(R) without
assuming piecewise smoothness.

We indicated in our heuristic introduction to this chapter that the Fourier
transform f , denoted C in (6.5), plays the role of the Fourier coefficients of the
periodic function f in the limit as the function loses its periodicity. Hence the
asymptotic behaviour f (&) — 0 as & — oo is in line with the behaviour of the
Fourier coefficients ¢,, when n — +o00. But although Theorem 6.6 states some
basic properties of f , it says nothing about its role in the representation of f
as suggested by (6.6), namely the validity of the formula

fa) = 5 [ Feesie (69)

The right-hand side of this equation is called the Fourier integral of f. This
integral may not exist, even if the function f (&) tends to 0 as || — oo, unless
it tends to O fast enough. Furthermore, even if the Fourier integral exists, the
equality (6.9) may not hold pointwise in R. This is the subject of the next
section.

EXERCISES

6.1 Determine the Fourier transform of each of the following functions.

1—fzf, |z|<1

@ s ={ M Es]

cosx, |r|<w

o) s ={ g0 MET

1, 0<zx<1
(c) f(z) _{ 0, otherwise.
6.2 Given any f : I — C, prove that
(a) If I is bounded and f € £2(I), then f € £L1(I),

(b) If f is bounded and f € £1(I), then f € £2(I).
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6.3

6.4

6.5

6.6

6.7

6.8

Let ¢ : I x J — C, where I and J are real intervals, and suppose
that, for each = € I, p(x,-) is a continuous function on J. If ¢(-, )
is integrable on I for each ¢ € J, and there is a positive function
g € LY(I) such that |p(z,€)| < g(x) for all z € T and & € J,
use the dominated convergence theorem to prove that the function
F(&) = [;(x,&)dx is continuous on J.

Under the hypothesis of Exercise 6.3, if ¢(x, ) is piecewise continu-
ous on J, prove that F is also piecewise continuous on J.

If the function ¢(z,-) in Exercise 6.3 is differentiable on J and
|e(x,+)| < h(z) for some h € L(I), prove that F is differentiable
and that its derivative F'(£) equals [;p¢(,&)dz. If ¢, is continuous
on J, prove that F’ is also continuous on J. Hint: For any £ € J,

Un(@,8) = (&, — &) He(x,&,) — 9(@,8)] = @e(x,€) as &, — & Use

the mean value theorem to conclude that |¢,,(z,£)| < |h(z)| on I x J.

Using the equality
oo 7§w 1
e ~dr =~ forall £ >0,
0 €
show that, for any positive number a,

e n!
/ e dx = f"ﬁ’ E>a, neN.
0

Note that if we set & = 1 in this last equation, we arrive at the
relation n! = I'(n + 1).

Use Exercises 6.3 and 6.5 to deduce that the gamma function
re) = / e xt T lde
0

is continuous on [a,b] for any 0 < a < b < oo, and that its nth

F(”)(f) = /Oooe””j; (mffl) dx

is continuous on [a,b]. Conclude from this that I € C*°(0, c0).

derivative

Use Lemma 6.5 to evaluate the following limits, where D,, is the
Dirichlet kernel defined in Section 3.2.
w/2

(a) lim,— oo D, (z)dx
—m/2

/2
(b) limy,— o / D, (z)dx
0
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(¢) limy,— oo D, (x)dx
/6

6.9 Let f and g be piecewise smooth functions on (a,b), and suppose
that x1,...,x, are their points of discontinuity. Prove the following
generalization of the formula for integration by parts.

b
/ @) (@)dz = fb)g(b) — fat)g(a™)

/ f(@)g(x)de + z[ (w5, )9(@r, ) — Fa)g(at)).

6.2 The Fourier Integral

The main result of this section is Theorem 6.10, which establishes the inversion
formula for the Fourier transform. The proof of the theorem relies on evaluating

* sinx
dx,
0 X

which is known as Dirichlet’s integral. To show that this integral exists, we

00 . 1. b .
/ ST gy — / T e+ tim [ g, (6.10)
0 0 x X

T b—oo Jq

the improper integral

write

Because the function sinz/z is continuous and bounded on (0, 1], where it
satisfies 0 < sinz/z < 1, the first integral on the right-hand side of (6.10)
exists. Using integration by parts in the second integral,

b sinx cosb b cosz
dxr =cosl — — dzx,
1 b 1

x 22

and noting that

/ cosx / ’cosx
1

/ L

<1—f
b’
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Figure 6.3

we see that limp_ flb(cos z/2%)dz exists. Hence the integral [ (sinz/z)dx
is convergent (see Exercise 1.44 for an alternative approach). The integrand
sin z/x is shown graphically in Figure 6.3.

Now that we know Dirichlet’s integral exists, it remains to determine its

value.

Lemma 6.8

Proof

Define the function

8

fx) =

=

sinx ™
de = —. 6.11
——de =3 (6.11)
1
- O<z<m
251n§x
xTr =
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It is a simple matter to check that f and its derivative are both continuous on
[0, 7]. By Lemma 6.5,

lim /Tr f(z)sin&x dx = 0. (6.12)

§—o0 Jo

Therefore

© sinx . ™ Sin gz
dr = lim dzx
0

X £—o0 0 X

Tsinéx
= lim/ £ dzx
§—o0 Jo T

1 (" smffc

= lim — dzx by (6.12)
§—00 2 Jo sin 2:5
1 [Tsin(n+ 3
= lim 7/ wdm
n—oo 2 [y sin 5

Going back to the definition of the Dirichlet kernel

1 tkx
Dn(x) = % Z € b )
k=—n

and using Lemma 3.8 to write
1 sin(n+ 3)z

2r  siniw

o .
smx
dr= lim = D
0 x n—oo

by Equation (3.17). O

D, (x) =

we conclude that

Although the function
sinéx

x
is continuous with respect to both z > 0 and ¢ € R, the function defined by

the improper integral )
K () :/ s1n£xdx
0
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This implies that the function |sin&xz/z| is not dominated (bounded) by an
L£1(0,00) function, which clearly follows from the fact that |sinz€/z| is not
integrable on (0, c0) (see Exercise 1.44). The situation we have here is analogous
to the convergence of the Fourier series

i sinné
n

n=1

to a discontinuous function because its convergence is not uniform. Based on
this analogy, the improper integral

F@w:/mwu@Mx

is said to be uniformly convergent on the interval I if, given any ¢ > 0, there
is a number N > a such that
oo
/ p(x,§)dx
b

The number N depends on € and is independent of &.

b>N = <e for all £ € I.

b
ﬂ@—/@@@m

Corresponding to the Weierstrass M-test for uniform convergence of series,
we have the following test for the uniform convergence of improper integrals.
We leave the proof as an exercise.

Lemma 6.9

Let ¢ : [a,00) x I — C, and suppose that there is a function g € £!(a, 00) such
that |¢(z,£)| < g(z) for all £ in the interval I. Then the integral [ ¢(z,¢)dx
is uniformly convergent on I.

If a function ¢(z, ) satisfies the conditions of Lemma 6.9 with I = [«, ]
and if, in addition, ¢(z,-) is continuous on [a, 8] for each = € [a, 00), then the
function

F@%:/ww@£mx

is also continuous on [«, 3] (Exercise 6.3), and satisfies

/ €)de = / / ¢)déda. (6.13)

This follows from the observation that the uniform convergence

b
/¢($,§)d$—>F(§) as b — o0
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implies that, for every € > 0, there is an N > 0 such that

b>N =

F(§) - /ab o(,§)dz| < /boo g(z)dr < e

[ffﬂﬂdé—llb[fqﬂ%éﬁkdx fo%ﬂdﬁ—/gilbw@aOdWK

<e(f - o).
In other words, under the hypothesis of Lemma 6.9, we can change the order
of integration in the double integral

/aoo /j o(z,€)dédr = /j /:O o(z, &)dzde.

This equality remains valid in the limit as 3 — oo provided F' is integrable on
[a, 00).

Pushing the analogy with Fourier series to its logical conclusion, we should
expect to be able to reconstruct an £ function f solely from knowledge of its
transform f , in the same way that a periodic function is determined (according
to Theorem 3.9) by its Fourier coefficients. Based on Remark 3.10 and Equation
(6.6), we are tempted to write

=

f@) =5 [ Feeas,

assuming that x is a point of continuity of f, and we would not be too far off the

mark. The only problem is that, although continuous and bounded,

f ‘ may not
be integrable on (—o0,c0), so that the above integral may not converge. Some
treatments introduce a damping function, such as =€/ 2_into the integrand
to force convergence, and then take the limit of the resulting integral as e — 0.
Here we introduce a cut-off function, already suggested by the Fourier series
representation

N
f(z) = lim Z cpe™, (6.14)
n=—N

N—o0

which is further elaborated on in Remark 6.11.
Corresponding to Theorem 3.9 for Fourier series, we have the following
fundamental theorem for representing an £! function by a Fourier integral.
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Theorem 6.10

Let f be a piecewise smooth function in £!(R). If

= /oo fz)e % dg, £ EeR, (6.15)
then

lim — f(&)eiede = %[f(a:"’) + f(z7)] for all x € R. (6.16)

Before attempting to prove this theorem, it is worthwhile to consider some
important observations on the meaning and implications of Equation (6.16).

Remark 6.11
1. The limit

1 . .
Jim o [ f@)etae (6.17)

is the Cauchy principal value of the improper integral

G/A»oo

1 [,
ﬂ/_oof( )etde = lim 7/ f(&)etede. (6.18)

The restricted limit (6.17), as is well known, may exist even when the more
general limit (6.18) does not. If f lies in £'(R) then, of course, the two limits
are equal.

2. If f is defined by

f() = 3lFh) + )] (619)

at every point of discontinuity x, then (6.16) becomes

zwfd _ —1 £
f( L—»oo 27'('/ f v (f),
the inverse Fourier transform of f , or the Fourier integral of f .

3. When f € £1(R) and (6.19) holds, Equations (6.15) and (6.16) define the

transform pair
O =FDE© = [ e,

) = ) = 5 [ Heetae
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a representation which exhibits a high degree of symmetry. Some books adopt

the definition ) ~
£ _ —ix€
fo) = =] faeiaa,

1 * i€z
f@)= = [ e

and thereby achieve complete symmetry. Our definition is a natural develop-

from which

ment of the notation used in Fourier series.

4.1f f = 0 then (6.16) implies f = 0, assuming of course that Equation (6.19) is
valid. This means that the Fourier transformation F, defined on the piecewise
smooth functions in £!(R), is injective.

Proof

/_LL f(e)eiweae = /_ LL [/_o; f (y)e_ifydy] €' dg
= /_ Z /_ LL fly)e v dedy,

where we used Equation (6.13) to change the order of integration with respect
to y and &, because the function

Flg)ee)

satisfies the conditions of Lemma 6.9. Integrating with respect to £, we obtain

L o .
By izt ge sin L(x — y)
| d@etag =2 [ S pay

 sin L
= 2/ nf(x + n)dn. (6.20)
- M
Suppose now that § is an arbitrary positive number. As a function of
7, f(z + n)/n is piecewise smooth and its absolute value is integrable on
(—o0, —d] U [0, 00), so we can use Lemma 6.5 to conclude that
. sin Ln
lim
L=ooJipglzs 1

fl@+n)dn=0.

Taking the limits of both sides of Equation (6.20) as L — oo, we therefore have

% sin Ln

L
lim / f(&)e'™ede = 2 lim
—L

L—oo L—oco _5

5 -
—9 thréo/o Sann [f(x+n) + flz—n)ldn.

f(z+mn)dn
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But
5 o s
in L — +
lim / i nf(x +n)dn = lim / sin Lnf(m +n) = fl@ )dn
L—oo 0 n L—oo 0 n
5 .
L
+ lim f(x+)/ — ndn.
L—oo 0
Now Lemma 6.5 implies
4 — (gt
lim sin Lnf(]j +n) = fl@ )dn =0,
L—oo 0 Ui
and Lemma 6.8 gives
. /6 sinanh7 _ /OO Sinxdﬂ;‘ _ E,
L—oo Jg n 0 T 2
hence s
. sin Ln oom I
Jim T fla+m)dn =3 f(z™).
Similarly,
i [0y = 7 g0
Jim | ” @ —n)dn = 5 f(z").
Consequently, .
Jin [ Fe)eas = n{fa®) + 1))
and we obtain the desired equality after dividing by 2. O

The similarity between Theorems 3.9 and 6.10 is quite striking, although it
is somewhat obscured by the fact that the trigonometric form of the Fourier
series was used in the statement and proof of Theorem 3.9, whereas Theorem
6.10 is expressed in terms of the exponential form of the Fourier transform and
integral. The correspondence becomes clearer when the formulas in Theorem
3.9 are cast in the exponential form

1 4 .
Cn = 5= f(x)e_lzgdxy
2 J_,
al 1
. nr __ + —
Jim _7NC716 = 5lf@™) + fla7)]-

On the other hand, the trigonometric form of Theorem 6.10 is easily derived
from Euler’s relation e = cos 6 +isin §. Suppose f € L'(R) is a real, piecewise
smooth function which satisfies

fla) = SlFh) + )]
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at each point of discontinuity. Such a function has a Fourier transform
~ o .
o= [ fae
— 00

= /00 f(x)cos Exdr — i/oo f(z)sinéx dx

— A(6) — iB(), (6.21)

where
A6 = /_ f(z)cos&x dx, (6.22)
B(¢) = /_OO f(&)sinéx dx, & E€R, (6.23)

are the Fourier cosine and the Fourier sine transforms of f, respectively.
From Theorem 6.10 we can now express f(z) as

L
ﬂmzlmglf[mofw@mM@.

L
f(z) = lim i[ [A(§)cos x€ + B(&)sin x€]d€

L
= nggo %/0 [A(§)cos x€ + B(&)sin x€]d€
_ 1 /OO[A(g)cost + B(¢)sinz€]d¢, xR (6.24)
T Jo

If f is even, then (6.23) implies B(§) = 0 and the transform pair (6.22) and
(6.24) take the form

A& = 2/00 f(z)cos &x dx, (6.25)
0
f(z) = ;_/Ooo A(&)cos z€ dE. (6.26)
If f is odd, then A(§) = 0 and we obtain
B(¢) = 2/OO f(z)sinéx dx, (6.27)
0
flx) = %/0 B(z)sinz¢ d¢. (6.28)

The attentive reader will not miss the analogy between these formulas and
the corresponding formulas for a, and b, in the trigonometric Fourier series
representation of a periodic function.
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Example 6.12

Applying Theorem 6.10 to Example 6.2, we see that

1 [t , 1
lim —/ Esinaﬁe”fdfz lim 7/ Esinaé‘cosx{ d€

L L—oco 77 - L

2 [>*1

= — — sin a cos x€ d&

mJo §

because sin a&/¢ is an even function and cos £z is the even (real) part of e¥?.
Therefore, recalling the definition of f,, we arrive at the following interesting
evaluation of the above integral,

0, T < —a
. 1/2, T=-a
2 1.
— — sina& cos € d§ = 1, —a<z<a
mJo & 1/2, r=a
0, T > a.

The fact that the right-hand side of this equality is not a continuous function
implies that the integral in the left-hand side does not converge uniformly.

Example 6.13

The function

f) = { sinz, lz| < 7

0, |z| > 7

is odd. Hence its cosine and sine transforms are, respectively,

and

B(¢) = 2/000 f(z)sinéx dx

s
= 2/ sinzsinéx dz
0

= _£$m1_@w—1i§am1+©w
_ 2sinwg
T

f(z) and B(&) are shown in Figure 6.4.
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A A

1 ‘/%0 B (E..)
n\/ b
1

Figure 6.4 f and its sine transform.

=Y
|
W
|
[=]
(&
w
J

By (6.28) the Fourier integral representation of f is therefore

2 [ sinw .
f(z) = ;/0 = sin z€ d¢. (6.29)
Note here that
nmwé

m

im ——=sinzé = £—sinx,

g—+11 — ¢2 ¢ 2

so the integrand (1 — &%)~ !sinwésinz¢ is bounded on 0 < & < oo, and is
dominated by ¢/ €% as € — oo for some positive constant ¢. The Fourier integral
(6.29) therefore converges uniformly on R to the continuous function f.

Example 6.14

We have already seen in Example 6.3 that the Fourier transform of the even
function e~ is

2

Fe ") () = el

which is an £! function on R, hence, using (6.26),

2 o0
ozl _ 7/ cos:z:zdg'
mJo 1+¢

At 2 = 0 we obtain the familiar result

s
o 1+& 2

We conclude this section with a brief look at the Fourier transformation in
L2, the space in which the theory of Fourier series was developed in Chapter
3. Exercise 6.2 shows that, in general, there is no inclusion relation between
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L1(R) and £%(R), but bounded functions in £!(R) belong to £2(R), because
[1fI? < M [|f| whenever |f| < M. Suppose that both f and g are piecewise
smooth functions in £!(R), and hence bounded, and that their transforms f and
g also belong to £L!(R). According to Theorem 6.6, the functions f and g are
continuous and bounded on R. The improper integrals

oo o0
| feesa [ a@esa
— 00 — 00
are also piecewise smooth on R, for they represent the functions 27 f(x) and
2mg(x), respectively, by Theorem 6.10. Here, of course, we are assuming that f
and g are defined at each point of discontinuity by the median of the “jump”

at that point. Thus the functions f, g, f, and § all belong to £2(R), and we
can write

2 (f9) =20 [ fl)goids
- | [ rei@easas
_ /_ O:O /_ Z F(2)e € g (€) dude
- [ et
- <f,g>. (6.30)

When g = f, we obtain a relation between the £2 norms of f and its Fourier
transform,

7] = 2w 12, (6.31)

which corresponds to Parseval’s relation (1.23). Equations (6.30) and (6.31)
together constitute what is known as Plancherel’s theorem, which actually holds
under weaker conditions on f and g. In fact, this pair of equations is valid
whenever f and g lie in £2(R). The proof of this more general result is based
on the fact that the set of functions £2(R) N £*(R) is dense in £2(R), that is,
that every function in £2(R) is the limit (in £2) of a sequence of functions in
L2(R) N LY(R).

EXERCISES

6.10 Express each of the following functions as a Fourier integral in
trigonometric form:
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[ |sinz], lz] <7

(a) f(m) - 0, |.’£| >
1, O<e<1

B f@ =10 s<0 2>1

-z, —l<z<0
0, || > 1.

cosz, O<z<m/2
—cosx, —7m/2<x<0
0, |z| > /2.

|
(s,
{,
|

cos T, O<z<m
<0, z>m.

6.11 Use the result of Exercise 6.10(e) to show that

T_ m&mfﬁ.
2 o 1-¢
6.12 Prove that
2 [ i
e 0T — 7/ /’C;lﬁdg for allx >0, «a > 0.
m™Jo & +a?

Explain why the equality does not hold at x = 0.
6.13 Prove that

00 ¢3 _:
fflinxf ¢ = Te=vcosz for all x > 0.
o & +4 2
Is the integral uniformly convergent on [0, 00)?

6.14 Determine the Fourier cosine integral for e ™ cosz, z > 0. Is the
representation pointwise?

6.15 Prove that

/2, O<zr<m

/ msinmfdfz /4, T=m
Y !

x>

6.16 Determine the Fourier transform of f(z) = (1 +2%)7!, z € R.
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6.17 Given ] ]
1—|z|, z| <1
f(”‘{ 0, o > 1,
show that )
o sin(£/2)}
fo =[5
then conclude that
> sin%¢
e d€ = .

12
6.18 Verify the equality HfH =27 ||f||* in the case where f(z) = e~ 7.

6.19 Express the relation (6.31) in terms of the cosine and sine transforms
A and B.

6.3 Properties and Applications

The following theorem gives the fundamental properties of the Fourier transfor-
mation under differentiation. The formula for the transform of the derivative is
particularly important, not only as a tool for solving linear partial differential
equations, but also as a fundamental result on which the existence of solutions
to such equations is based.

Theorem 6.15

Let f € L1(R).
(i) If f/ € LY(R) and f is continuous on R, then

F(NE) =ieF (&),  EeR. (6.32)
(ii) If 2 f(x) € LY(R), then F(f) is differentiable and its derivative
ZFNO=F(~iaf)E),  €cR, (6.33)

is continuous on R.

Proof

(i) |f'| being integrable, its Fourier transform F(f') exists and

A = [ T P@)e e,
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The continuity of f allows us to write [ f/(t)dt = f(z) — f(0), hence the two

limits
L f@) = -Uﬁg/f

exist. But because f is continuous and integrable on R, lim, . f(z) = 0.
Now integration by parts yields

FUN© = S, vie [~ p@eeas

= i§F(f)()-

(i) A A

f(§+AA§2— fe /Z ) 1<£+A5A)r£_ e 1§Idx.
In the limit as A — 0, we obtain

i _ hm / It —i(§+Az _ o—ikx .

ad Aé
By hypothesis, the limit

lm f(o)f e b aye i

AE—0 A€

is dominated by |z f(z)| € L*(R) for every £ € R, therefore we can use Theorem
6.4 to conclude that

LFNNO = [ inf@lean = F(—in)(©)

dg —
O
Using induction, this result can easily be generalized.
Corollary 6.16
Suppose f € L}(R) and n is any positive integer.
(i) If f*) € LY(R) for all 1 < k < n, and f"~1) is continuous on R, then
F(FM)(E) = (1&)"F(£)(©)- (6.34)
(ii) If 2" f(x) € L*(R), then
dr Cn
FHIE) = FI(—ix)" f1(8)- (6.35)

der
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The integrability of |z" f(x)| on R may be viewed as a measure of how fast
the function f(x) tends to 0 as x — o0, in the sense that f(x) tends to 0
faster when n is larger. Equation (6.34) therefore implies that, as the order of
differentiability (or smoothness) of f increases, so does the rate of decay of f.
Equation (6.35), on the other hand, indicates that functions which decay faster
have smoother transforms.

Example 6.17

Let
fz) = e*“"Q, z €R.

To determine the Fourier transform of f, we recall that

/ T e r = 7 (6.36)

(Exercise 4.15). Because f satisfies the conditions of Theorem 6.15, Equation
(6.33) allows us to write

féf(§)::—ij/&)we_mze_%zdx

dg§ —oo
Ay
- _% /_OO e (—if)e " dx
)

The solution of this equation is
f(€) = cem/,

where the integration constant is determined by setting & = 0 and using Equa-
tion (6.36); that is,

¢ = f(0) = V7.
Thus F(e==")(€) = /me ¢ /4,

6.3.1 Heat Transfer in an Infinite Bar

Just as Fourier series served us in the construction of solutions to boundary-
value problems in bounded space domains, we now show how such solutions
can be represented by Fourier integrals when the space domain becomes un-
bounded. The question of the uniqueness of a solution obtained in this manner,



6.3 Properties and Applications 209

in general, is not addressed here, as it properly belongs to the theory of par-
tial differential equations. But the equations that we have already introduced
(Laplace’s equation, the heat equation, and the wave equation) all have unique
solutions under the boundary conditions imposed, whether the space variable
is bounded or not. This follows from the fact that, due to the linearity of these
equations and that of their boundary conditions, the difference between any
two solutions of a problem satisfies a homogeneous differential equation un-
der homogeneous boundary conditions, which can only have a trivial solution
(see [13]).

Example 6.18

Suppose that an infinite thin bar has an initial temperature distribution along
its length given by f(z). We wish to determine the temperature u(z,t) along
the bar for all ¢ > 0. To solve this problem by the Fourier transform, we assume
that f is piecewise smooth and that |f] is integrable on (—o0, 00).

The temperature u(z,t) satisfies the heat equation

Uy = Kg,, —00<zx<oo, t>0, (6.37)
and the initial condition
u(z,0) = f(z), —oo<z<o0. (6.38)
As before, we resort to separation of variables by assuming that
u(z,t) = v(z)w(t).
Substituting into Equation (6.37), we obtain the equation

V@) 1w
v(z)  kw(t)’

—oco<x<oo, t>0,

which implies that each side must be a constant, say —\?. The resulting pair
of equations leads to the solutions

v(z) = A(N)cos Az + B(A)sin Az,

w(t) = C(N)e ™,
where A, B, and C' are constants of integration which depend on the parameter
A. Since there are no boundary conditions on the solution, A will be a real
(rather than a discrete) variable, and A = A(\) and B = B(\) will therefore be

functions of A, and we can set C'(A) = 1 in the product v(x)w(t). Corresponding
to each A € R, the function

ux(z,t) = [A(N)cos Az + B(N)sin )\x]e_k)‘zt
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therefore satisfies Equation (6.37), A(\) and B(\) being arbitrary functions of
A € R. We do not lose any generality by assuming that A > 0 because the
negative values of A do not generate additional solutions.

ux(z,t) cannot be expected to satisfy the initial condition (6.38) for a gen-
eral function f, so we assume that the desired solution has the form

1 (o)
u(z,t) = ;/0 ux(z, t)dA

1 o0
—— / [A(X)cos Az + B(A)sin Az]e * td. (6.39)
T Jo

This assumption is suggested by the summation (3.30) over the discrete values
of A\, and the factor 1/7 is introduced in order to express w in the form of a
Fourier integral. At ¢ = 0, we have

w(z,0) = / TTA)cos Az + B(M)sin Az]d)
T Jo
= f(z), xzeR (6.40)

By Theorem 6.10 and Equations (6.22) to (6.24), we see that Equation (6.40)
uniquely determines A and B as the cosine and sine transforms, respectively,

of f:
A = [ flweos ry dy
B(A) = /_OO f(y)sin Ay dy.

Substituting back into (6.39), and using the even and odd properties of A and
B, we arrive at the solution of the heat equation (6.37) which satisfies the initial
condition (6.38)

1 RO 2
u(z,t) = o / / f(y)[cos Ay cos Az + sin Ay sin Az]e ¥ T dyd\

= %/0 [m f(y)cos(z — y)A e*w‘ztdyd)\. (6.41)

The solution (6.41) can also be obtained by first taking the Fourier trans-
form of both sides of the heat equation, as functions of x, and using Corollary
6.16 to obtain

Gy = k(i€)20(E, t) = —kE2 (€, t).

The solution of this equation is

a8, 1) = ce M,
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where, by the initial condition, ¢ = 4(§,0) = f(f) Thus, as a function in &,

a(E,t) = f(e)e e

is the Fourier transform of w(x,t) for every ¢ > 0, and u can therefore be

represented, according to Theorem 6.10, by the integral

o) = o= [ F@e et
L[ e

1 o0 o0 (o B 2
—or || twee s agay,

Here the fact that ‘f(é“)‘ e~ket ig integrable on —oo < £ < oo allows us to

replace the Cauchy principal value in (6.16) by the corresponding improper
integral, and the change of the order of integration in the last step is justified

by the assumption that | f| is integrable. Now, because e—ke™t

of &, we have

wet) == [ 1) [ costa =y e agay,

which coincides with (6.41).
Using the integration formula (see Exercise 6.23)

o0 1
/ e’ cos 26 dE = 2 \/zez” P forallzeR, b>0,
0

we therefore have

1 > 2
w(z,t) = ——— e~ (—)"/4kt g
@ =5 ) y

= % /jo f (x + 2\/Hp) e’dep.

is an even function

(6.42)

Integrating by parts, it is straightforward to verify that this last expression for
u(x,t) satisfies the heat equation. It also satisfies the initial condition u(z,0) =

f(z) by the result of Exercise 4.15.



212 6. The Fourier Transformation

Example 6.19

The corresponding boundary-value problem for a semi-infinite bar, which is
insulated at one end, is defined by the system of equations

U = ktgy, 0<z <00, t>0 (6.43)
ug(0,8) =0, t>0 (6.44)
u(z,0) = f(z), 0<z<oo. (6.45)

The solution of Equation (6.43) by separation of variables leads to the set
of solutions obtained in Example 6.18,

ux(z,t) = [A(X)cos Az + B(N)sin )\x]e_’”\%, 0 <A< o0

For each solution in this set to satisfy the boundary condition at x = 0, we

must have
5‘u A

oz |,_,
If A = 0 we obtain the constant solution ug = A(0), and if B(A\) = 0 the
solution is given by

= AB\)e "t =0 forall t > 0.

up(z,t) = A(N)cos Az e kAt (6.46)

That means (6.46), where 0 < A < oo, gives all the solutions of the heat
equation which satisfy the boundary condition (6.44).
In order to satisfy the initial condition (6.45), we form the integral

u(z,t) = l/ up(z, t)d\ = l/ A(N)cos zA e,
™ Jo T Jo
When t =0,
u(z,0) = f(z) = l/ A(N)coszA dA. (6.47)
T Jo

By extending f as an even function into (—oo,c0), we see from the represen-
tation (6.47) that A()) is the cosine transform of f. Hence, with f € £L}(R),

AN = / fy)cos Ay dy = 2/ f(y)cos Ay dy,
—o0 0
and the solution of the boundary-value problem is given by
2 o0 oo
u(z,t) = 7/ / f(y)cos Ay cos Ax e_k/\2tdyd)\. (6.48)
m™Jo Jo

Using the identity 2 cos Ay cos A\x = cos A(y — z) + cos A(y + =) and the formula
(6.42), this double integral may be reduced to the single integral representation

1 e 2 2
u(zt) = e~ W= /akt | —(y+a)?/4kt] g
() wm/o fw] I
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To obtain an explicit expression for the solution when

1, O<y<a

f(y)={ 0. y>a

we can use the definition of the error function given in Exercise 5.6,

2 T
erf(z) = ﬁ/o e*p2dp,

to write

u(z,t *(9*95)2/4’%_’_e*(y+a:)2/4kti| dy

=), I

1 (a—x)/2Vkt )2 1 (a4z)/2Vkt )2
= — e Pdp+ — e Pdp
VT o VT Jojovii

1 (a—z)/2Vkt ) 1 (a4z)/2Vkt )
:ﬁA e_p dp—’—ﬁ‘/o e_p dp

Lt (H) L (WU)
2 2Wkt) 2 2kt
From the properties of the error function (Exercise 5.6) it is straightforward to
verify that, for all ¢ > 0,

u(z,t) - 0 as x — oo,

u(x,t) — erf (a/2\/H) as z — 0,
and that, for all x > 0,
u(z,t) -0 as t— oo.

Ast — 0,
1 when 0 < x < aq,

u(@, t) — { 0 when z > a.

Thus, at any point on the bar, the temperature approaches 0 as ¢ — co; and at
any instant, the temperature approaches 0 as x — oco. This is to be expected,
because the initial heat in the bar eventually seeps out to co. It is also worth
noting that u(a,t) — 1/2 = [f(a™) + f(a™)]/2 as t — 0, as would be expected
(see Figure 6.5).
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Figure 6.5 Temperature distribution on a semi-infinite rod.

6.3.2 Non-Homogeneous Equations

The nonhomogeneous differential equation y — ¢ = f can be solved directly
by well-known methods when f is a polynomial or an exponential function, for
example, but such methods do not work for more general classes of functions.
If f has a Fourier transform, we can use Corollary 6.16 to write

j+&9=1

Thus the solution of the differential equation is given, formally, by

A 1
—1
yle)=F <f§>x 6.49
(@) Oa)@ (6.49)
We know the inverse transforms of both f and (€ 4+ 1)~1, but we have no
obvious method for inverting the product of these two transforms, or even
deciding whether such a product is invertible. Now we show how we can express
F~Y(f-g) in terms of f and g under relatively mild restrictions on the functions
f and g.
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Definition 6.20
Let I be a real interval. A function f : I — C is said to be locally integrable on

I if |f] is integrable on any finite subinterval of I.

Thus all piecewise continuous functions on I and all functions in £!(I) are
locally integrable.

Definition 6.21

If the functions f,g : R — C are locally integrable, their convolution is the
function defined by the integral

feoto) - | et

for all x € R where the integral converges.

By setting x—t = s in the above integral we obtain the commutative relation

frgla /f g(z — 8)ds = g% f(2).

The convolution f * g exists as a function on R under various conditions on f
and g. Here are some examples.

1. If either function is absolutely integrable and the other is bounded. Suppose
f € £LY(R) and |g| < M. Then

1f * g(@)] < /OO Fx— o)l g(0)] de
<M/ ()] dt < o0.

2. If both f and g vanish on (—o0,0), in which case

Frgla /fx—t t)dt = /faz—t

3. If both f and g belong to £2(R). This follows directly from the CBS inequal-
ity.
4. If either f or g is bounded and vanishes outside a finite interval, then f * g
is clearly bounded.

But we need more than the boundedness of f * g in order to proceed.
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Theorem 6.22

If both f and g belong to £1(R) and either function is bounded, then f * g also
lies in £}(R) and
F(f*9) = fg. (6.50)

Proof

For f x g to have a Fourier transform we first have to prove that |f % g| is
integrable on R. Suppose, without loss of generality, that |g| is bounded on R
by the positive constant M. Because

[f(z=t)g(t)] < M[f(z —t)]

and M |f(x — t)| is integrable (as a function of x) on (—oo,00) for all £ € R, it
follows from Lemma 6.9 that the integral

f gl /fz—t (t)at

is uniformly convergent. Consequently, for any a > 0, we can write

/oa|f*g<x>|dx:/o“
/ / f(z —1t)g(t)| dtdx
- /Z / *#(e = )g(t)| dudt

:/C: |g(t)|/0a|f(x—t)|dxdt

S/ |/ flx —t)| dzdt
/Z' ”'dt/ml (@) da.

This inequality holds for any a > 0, therefore |f * g| is integrable on (0, c0).
Similarly, |f * g| is integrable on (—oc0,0) and hence on R.

h flz —t)g(t)dt| dx
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To prove the equality (6.50) we write

/ / fx —t)g(t)e " dtdx
:/ / f(@ - )e @D g(t)e € dudt
/ f(s ’gsds/ g(t)e tat

)3(£),

where the change in the order of integration is justified by the uniform conver-
gence of the convolution integral. O

Using Equation (6.50) and the result of Example 6.3 we therefore conclude
that a particular solution of y — 3" = f is given by

y(x) = F! (f<s>§21+1> (x)

=[x (e_l l) (z) (6.51)

=5 /_oo flx— t)e_lt‘dt
= ;/Z F(t)e 1=t (6.52)

We leave it as an exercise to verify, by direct differentiation, that this integral
expression satisfies the equation y — y”/ = f, provided f is continuous.

In this connection, it is worth noting that the kernel function e~1*~* in
the integral representation of y in Equation (6.52) is no other than Green’s
function G(z,t) for the SL operator

d2
L= ) +1 (6.53)
on the interval (—oo, 00), subject to the boundary conditions lim, 1o, G(z,t) =
0; for the nonhomogeneous equation Ly = f is solved, formally, by

via) =17 = [~ Gl

This solution tends to 0 as x — 400, as it should, being continuous and in-
tegrable on (—oo,00). Under such boundary conditions, the solution of the
corresponding homogeneous equation y — ¢/ = 0, namely c1e? + coe™%, can

only be the trivial solution.
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To solve the same equation y — 3" = f on the semi-infinite interval [0, o),
we need to impose a boundary condition at x = 0, say

y(0) = yo.

In this case the same procedure above leads to the particular solution

1 o0
w0 =5 [ foel
2 Jo
but here the homogeneous solution
yp(x) =ce™™, x>0

is admissible for any constant c. Applying the boundary condition at x = 0 to
the sum y = y, + y;, yields

1 (oo}
Yo = 7/ f(t)e tdt +c,
2 0

from which ¢ can be determined. The desired solution is therefore

y(z) = ;/OOO f)e e tar + (yo - ;/OOO f(t)e—tdt> e ?.

If yo = 0, that is, if the boundary condition at x = 0 is homogeneous, then

vo) = [ 50 (e e

and, once again, we conclude that Green’s function for the same operator (6.53)
on the interval [0, 00) under the homogeneous boundary condition y(0) = 0 is
now 1
Gl(z.t) = = (e~ 17—t _ g=(z+t)y
(2,1) = 5ot — e~ @40)

In Chapter 7 we show that the Laplace transformation provides a more effec-
tive tool for solving nonhomogeneous differential equations in [0, c0), especially
where the coefficients are constants.

EXERCISES

6.20 Prove the following formulas.

Flf(x—a))(€) = e ™ f(€)
Fle™ f(2)](€) = f(€ - a).
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6.21 The Hermite function of order n, for any n € Ny, is defined by
Y (x) = e " 2H,(z), —oc0 <z < o0,

where H, is the Hermite polynomial of order n. Prove that 12)n exists
and satisfies

Da) = (=0)" V21, ().
Hint: Use Example 6.17 and induction on n
6.22 Solve the integral equation
/ u(x)cos Exdx = { L, O<t<m

0 0, T < €< 00.

6.23 Prove the integration formula (6.42). Hint: Denote the integral by
I(z), show that it satisfies the differential equation 2bI'(z)+zI(z) =
0, and then solve this equation.

6.24 Assuming that
To, | <a
f(x) ——{ 0 ]

0, lz] > a

in Example 6.18, prove that

w(a, t) = % [erf (%) +erf <;L\;;§ﬂ .

Compare this to the solution in Example 6.19, and explain the sim-
ilarity between the two.

6.25 Show that the solution of the boundary-value problem
Up = kg, 0<x <00, t>0
u(0,t) =0, t>0
u(z,0) = f(z), 0<z<oo,

where f is a piecewise smooth function in £1(0, 00), is given by

1 > 2 2
w(rt) = ——— [e—@—m) Jakt _ o —(y+a) /4kt} du.
(1) zm/o f) Y
This is a mathematical model for heat flow in a semi-infinite rod

with one end held at zero temperature.

6.26 If f(x) =1 on (0,a) and 0 otherwise in Exercise 6.25, express u(x,t)
in terms of the error function.
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6.27

6.28

6.29

Use the Fourier transform to solve the initial-value problem for the
wave equation

utt:C2ymz, —o<r<oo, t>0
u(z,0) = f(z), —oco<x<o0
ug(xz,0) =0, —00 < & < 00,

where f is assumed to be a piecewise smooth function in L£(R).
Show that the solution can be expressed as

1 [ . ,
u(et) = 5 [ Feeoscrs s
2 J_ o
and derive the d’Alembert representation

u(e,t) = S7 -+ et) + f(a — ct)].

Solve the wave equation on the semi-infinite domain 0 < x < oo
under the initial conditions in Exercise 6.27 and the boundary con-
dition «(0,¢) = 0 for all ¢ > 0.

Verify, by direct differentiation, that the integral expression (6.52)
solves the equation y — y” = f.
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The Laplace Transformation

If we replace the imaginary variable ¢£ in the Fourier transform
~ 0 .
fo=[ e
—oo

by the complex variable s = o + ¢, and set f(x) = 0 for all < 0, the function
defined by the resulting integral,

F(s) = /000 f(x)e *dux, (7.1)

is called the Laplace transform of f. When Res = o is positive, the improper
integral in Equation (7.1) exists even if |f| is not integrable on (0, 00), such as
when f is a polynomial, and herein lies the advantage of the Laplace transform.
Because of the exponential decay of e~ 77, for ¢ > 0, the Laplace transformation
is defined on a much larger class of functions than £1(0, 00).

7.1 The Laplace Transform

Definition 7.1

We use € to denote the class of functions f : [0,00) — C such that f is locally
integrable in [0,00) and f(x)e™**
number a.

remains bounded as z — oo for some real
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1 H(x)

Figure 7.1 The Heaviside function.

Thus a function f € & is characterized by two properties: first, that f
is allowed to have singular points in [0,00) where f is nevertheless locally
integrable; and, second, that f has at most exponential growth as x — oo, that
is, that there is a real number « such that f(z) is dominated by a constant
multiple of the exponential function e=** for large values of z. More precisely,
there are positive constants b and ¢ such that

[f(z)] <ce*®  forall x >b. (7.2)

For the sake of convenience, £ will also include any function defined on R
which vanishes on (—o0,0) and satisfies Definition 7.1 on [0,00). If we now
define the Heaviside function H on R\{0} by (see Figure 7.1)

1, z >0
H(x):{ 0, <0

then the following functions all lie in £.

(i) H(x)g(z) for any bounded locally integrable function g on R, such as cos z or
sinz. Here «, as referred to in Definition 7.1, can be any nonnegative number.
(ii) H(z)p(x) for any polynomial p. Here « is any positive number.

(iii) H(z)ek*, a > k.

(iv) H(x)logz, a any positive number.

(v) H(z)x*, p > —1, a any positive number.

But such functions as H(ﬁlc)e$2 or H(x)2*" do not belong to £. In the above
examples of functions in &€, we take f(0) to be f(0T), and it is of no consequence
how f is defined at x = 0. That is why we chose not to define H at that point.
The rate of growth of a function f is characterized by the smallest value of «
which makes f(z)e™** bounded as z — co. When such a smallest value exists,
it is referred to as the exponential order of f, such as & = 0 in (i) and o = k
in (iii). In (ii), (iv), and (v) a can be any positive number. A function which
satisfies the inequality (7.2) is said to be of exponential order.

H
H
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Definition 7.2

For any f € &, the Laplace transform of f is defined for all Res = ¢ > « by
the improper integral

L(f)(s) = / " fe)e e, (7.3)

Basically, this definition is tailored to guarantee that f(z)e ** lies in
L£1(0,0). By the estimate (7.2),

/Oo ‘f(x)e—(o-ﬁ-i&)w
0

we see that the integral (7.3) converges for all ¢ > «a. The convergence is
uniform in the half-plane ¢ > a + € for any € > 0, where the integral can be
differentiated with respect to s by passing under the integral sign. The resulting
integral

o0
dr < c/ e (=T « 50 for all o > «,
0

/Ooo ef(z)e*%dz

also converges in o > « + €. Consequently the Laplace transform L£(f) is an
analytic function of the complex variable s in the half-plane Res > «. As in
the case of the Fourier transformation, the Laplace transformation L is linear
on the class of functions &, so that

Laf +bg) =aLl(f)+bL(g), a,beC, f,g€€.

Example 7.3

The constant function f(x) =1 on [0, 00) clearly belongs to £, with exponential
order a = 0, and its Laplace transform is

i 1
L(1)(s) = /0 e Fdx = " seC, Res > 0.

Similarly, the function f : [0,00) — R defined by f(z) = 2™, n € N, also
belongs to &£, with o > 0. For all Res > 0 we have, using integration by parts,

oo
/ e Fdx
0

oo
n 1 —
= — 2" e 5y
s Jo

L(z")(s)
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' o0
= % e *dx
5% Jo
n!
n!
= E(x")(s) = W, n e NQ.

The integrability of | f(z)e™**| does not depend on Im s = £, therefore it is
more convenient, for the sake of evaluating the integral (7.3), to set Ims = 0.
Being analytic on Res > « in the complex s-plane, the function F' = L(f) is
uniquely determined by its values on the real axis s > «.

Example 7.4

For any p > —1, the Laplace transform

E(x“):/ ate  dx
0

exists because the singularity of z# as x — 07 is integrable. To evaluate this
indefinite integral, we take s to be real and set sx = t. If s is positive,

oo 17
E(x“):/ (t) ot
0 S S

— 1 = —lp

1

This result can now be extended analytically into Res > 0, and it clearly
generalizes that of Example 7.3.

Example 7.5

For any real number a,

L(e**)(s) :/ e~ (mT gy = ! , 5> a.
0

s—a

Hence,
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On the other hand,

. o0 . 1
L(e*)(s) = / e~ (mia)T gy — —, s> 0.
0 s —1ia
Therefore
1 1 1
L(si = — —
(sinaz)(s) 24 (s—ia s—i—ia)
a
= m, s > 0.

To recover a function f from its Laplace transform L£(f) = F, we resort
to the Fourier inversion formula (6.16). Suppose f € £ so that |f(x)e™*"| is
integrable on [0,00) for some real number a. Choose § > « and define the

x)e B T

0, z <0,

function

which clearly belongs to £(R). Its Fourier transform is given by

€)= [ e e s = L9 +i€) = F(5+ )

If we further assume that f is piecewise smooth on [0, c0), then g will also be
piecewise smooth on R, and we can define g to be the average of its left and
right limits at each point of discontinuity. By Theorem 6.9,

= lim 7/ F(B +if)e'™td¢,  ©>0.

With ( fixed, define the complex variable s = 3 + i, so that ds = id{ and the
integral over the interval (—L, L) becomes a contour integral in the complex
s-plane over the line segment from 3 —iL to § + ¢L. Thus

f@)e = Tim / T e as,
L—oo 271 B—iL
and L e
flx) = Lh—>n<io2m/ﬂ_m F(s)e*®ds, (7.4)

which is the desired inversion formula for the Laplace transformation £ : f +— F.
Symbolically, we can write (7.4) as

fl@) = L7HF) (),
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where
) 1 [BHL
LTHF = lim — F(s)e™d
(F)w) = Jim o | F()erds
is the inverse Laplace transform of F'.

One should keep in mind that (7.4) is a pointwise equality. It does not
apply, for example, to functions which have singularities in [0, 00), for these are
excluded by the assumption that f is piecewise smooth. Furthermore, because
f(07) =0, we always have

1 ok 1, .
im — F(s)ds==f(07). 7.5
Jim o [ Fys =550 (7.5)
The contour integral in (7.4) is not always easy to evaluate by direct integration.
On the contrary, this formula is used to evaluate the integral when the function
f is known. The same observation applies to (7.5). For example, with reference
to Example 7.3, if € > 0,

e+l | 0, x <0
Llim 2—/ —e"ds =4 1/2, r=0
o0 L Je—ir 8 1, x> 0.

The inversion formula clearly implies that the Laplace transformation £ is
injective on piecewise smooth functions in €. Thus, if F = L(f) and G = L(g),
where f and g are piecewise smooth functions in £, then

F=G = f=g.

EXERCISES

7.1 Determine the Laplace transform F'(s) of each of the following func-
tions defined on (0, c0).

(a) f(z) = (az +b)?
(b) f(x) =coshx
(¢) f(z)=sin’z
(d) f(x)=sinzcosz
c, O<z<a
(¢) flz) = 0, a <z <00
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7.2 Determine the inverse Laplace transform f(x) for each of the follow-
ing transform functions.

() F(s)=
(b) Fs) =
(©) F(5) = 55
(@) Fls) = -
(©) Fls) =220

(f) F(s)=1/s%?
1452 + 555 + 51
F = .
(&) F(s) = 55 125 295 1 12
7.3 If a > 0, prove that

L(f(@)(s) =  F(s/a),
where F(s) = L(f(x))(s).

7.2 Properties and Applications

As with the Fourier transform, when a function and its derivative have Laplace
transforms, the transform functions are related by a formula which is easily
derived by using integration by parts. We should recall at the outset that a
piecewise continuous function is always locally integrable. Hence all piecewise
continuous functions of exponential growth lie in €.

Theorem 7.6

(i) If f is a continuous and piecewise smooth function on [0, co) such that both
e ** f(x) and e~ ** f'(x) are bounded, then

L(f')(s) =sL(f)(s) = f(0T),  Res>a. (7.6)
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(ii) If f is a piecewise continuous function on [0, 00) and e~** f(z) is bounded,
then )
L ([ ft)dt) (s) = ;E(f)(s), x>0, Res > a. (7.7)

Proof

(i) The assumptions on f guarantee the existence of both £(f)(s) and L(f')(s)
on Res > «. Integrating by parts,

/0 " Pl e

= efsmf(xﬂo —|—s/0 flz)e™*%dx
=sL(f)(s) — f(01), Res > a.

L(f')(s)

Note that the continuity of f is needed for the second equality to be valid (see

Exercise 6.9).
:/ f(t)de
0

(ii) Let
is bounded on [0,00) by some positive con-

Because the function |e™* f(z)

stant, say M, we have

M
|<M/ edt < ; ar 1), x>0, a #0,

hence

M
e lg(a)] < —.
|

This implies that e~ *®g(z) is bounded on [0, 00). Now g is continuous and its

derivative ¢’ = f is piecewise continuous on [0, 00), so we can use part (i) to
conclude that

L(f)(s) = L(g')(s) = sL(g) — g(0T).
With ¢g(0%) = 0 we arrive at the desired result. The case where o = 0 is
straightforward. O

By induction on n, we can generalize (7.6) to arrive at the corresponding
formula for the nth derivatives of f, and we leave the details of the proof to
the reader.
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Corollary 7.7

Let f,f',..., f»=1 be continuous and piecewise smooth functions defined on
[0,00). If f,f,..., f") are of exponential growth, then f(™ has a Laplace
transform on Re s > «, for some real number «, given by

[:(f(n))(s) _ s"ﬁ(f)(s) . Snflf(0+) _ 5n72f/(0+) . — f(nfl)(OJr) (78)

Example 7.8

(i) Using the result of Example 7.5 and Theorem 7.6,

L(cosaz)(s) = £ (i;i sinax) (s)

1 a .
:E Sm—slno

S
= - s> 0.
52 4 a?’

(i) Given .
E(f)(s)zm, s>1,

we can apply the formula (7.7) to obtain

1 1 r
_ pr-1 — 3 —
flx)=L (552 — 1) (x) = /0 sinh tdt = coshz — 1.

According to Theorem 7.6, differentiation of f is transformed under £ to
multiplication by s, followed by subtraction of f(07), and integration over (0, x)
is transformed to division by s. Conversely, if f € £ and L(f) = F, then we
can show that

L(f)(s) =~ L(F)(s) = ~F'(5) (79)

L(f/x)(s) = /OO F(z2)dz, (7.10)

where it is assumed in (7.10) that the function f(x)/z is locally integrable, and
the contour of integration in the z-plane from s to oo is such that Im z remains
bounded. We leave it to the reader to prove these two formulas.
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7.2.1 Applications to Ordinary Differential Equations

Theorem 7.6 and its corollary make the Laplace transform an effective tool for
solving initial-value problems for linear ordinary differential equations, espe-
cially when the coefficients in the equation are constant. It reduces the prob-
lem to first solving an algebraic equation and then taking the Laplace inverse
transform of the solution. Consider, for example, the second-order differential

equation
y' +ay +by = f(x), x>0, (7.11)
where a and b are constants, under the initial conditions
y(0") =,  ¥'(0%) =y (7.12)

Using Corollary 7.7, with L(y) =Y and L(f) = F, we obtain
s2Y — syg —y1 + a(sY —yo) + bY = F.
Hence

F(s) Yo(s +a) +y
s24+as+b s2+as+b

Y(s) =

and the solution is given by
y(x) = L7HY)(2)

= [ FO Ty g [t b

= Yp(2) + yn ().

yp is, of course, a particular solution of the nonhomogeneous equation (7.11),
and yp is the corresponding homogeneous solution. This method provides a
convenient way for obtaining y,,, especially when the function f is not continu-
ous. The homogeneous part of the solution is simply the inverse transform of a
rational function in s, which may be evaluated by using partial fractions, and
which vanishes when the initial conditions on y and y’ are homogeneous, that
is, when yy = y; = 0. Thus the nonhomogeneous terms in either the differential
equation or the boundary condition merely add more terms to the transform
function Y, but otherwise pose no extra complication.

b

Equations (7.11) and (7.12) in fact represent a mathematical model for
current flow in an RLC electric circuit. As shown in Figure 7.2, this consists of
a resistance, measured by R, an inductance L, and a capacitance C', connected
in series and supplied with an input voltage v(¢), which depends on time ¢. If
the current in the circuit is denoted y(t), then the drop in potential across each
of the three circuit elements is given, respectively, by

o) = Ru®).  wul) =Ly, ve = [ v
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v(t) C) L

| |
[
C

Figure 7.2 RLC series circuit.

According to Kirchoff’s law, the sum of these potential drops is equal to the

input voltage,
t

1
Ry+ Ly + —= | y(r)dr =v(t).
CJi,
By differentiating with respect to ¢ and dividing by L, we end up with the
second-order equation

y' + %y/ + %y = f(®),
where the coefficients are constant and f = o'/L is given. If y and y’ are
specified at t = 0, when the circuit switch is closed, then we have a system of
equations similar to Equations (7.11) and (7.12). The current is determined by

solving the system along the lines explained above.

Example 7.9
Solve the initial-value problem

Y + 4y +6y=e", t>0,
y(0)=0,  y'(0)=0.

Solution
The Laplace transform of the differential equation is

1

Y +4sY +6Y = ,
s+1

and the transform function is
1 1

YO = D570 IO+
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To invert this rational function we use partial fractions to write

1 1 1 5+2 1 1
Y(s)=< - = 5 - = 5
3s+1 3(s+2)2+2 3(s+2)2%2+2

By the linearity of the inverse transformation, we therefore have

y(t) = se "t — Lp [( s+ 2

3 3 Lo [(1} (t). (7.13)

5+2)2+2]()_3 5+2)2 42

To evaluate the last two expressions, we need to determine the effect of
translation in s on the inverse Laplace transform £~'. This is provided by the
following translation theorem.

Theorem 7.10
If f €& and L(f)(s) = F(s) on Res > a, then

L(e™[f)(s) =F(s—a), s—a>a (7.14)

L[H(z —a)f(z —a)l(s) = e *¥F(s), a>0, s>a. (7.15)

Proof

Equation (7.14) is a direct result of the definition of the Laplace transform,

I

= F(s—a), s—a> .

To prove (7.15), note that

e ¥F(s)= /000 f(x)e @)y
= / flx —a)e”*"dx

_ /Ooo H(z - a)f(x — a)e*da

= L[H(z — a)f(x — a)](s)-
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Going back to Equation (7.13) in Example 7.9, since

£t ( > ) (t) = cos V2t

242

_ 1 1 V2 I .
£t <52+2> )= ﬁﬁ ! <52+2> = ﬁsm\/ﬁt,

we can apply the formula (7.14) to obtain

o LR = e cos V2t
[ Jo

(s+2)2+2
-1 L = Le_% sin
<[] 0=

The solution (7.13) is therefore given by
1 1

1
y(t) = ge_t — (3 CcOS \/it + 37\/5 sin \/§t> e—2t.

Remark 7.11

One may wonder why the second-order equation in the above example has to
have two initial conditions at x = 0 to determine its solution, whereas a similar
equation, y —y” = f with 0 < 2 < oo, which was discussed at the end of
Chapter 6, required only one condition, namely y(0) = yo. The reason is that
this last equation was solved using the Fourier transformation under the tacit
assumption that y is an £! function which, being continuous, tends to 0 as

x — 00. This constitutes a second boundary condition.

In Example 7.10 we could just as well have used the conventional method
for solving differential equations with constant coefficients. But in the following

example, where the nonhomogeneous term is not continuous, there is a clear

advantage to using the Laplace transform.

Example 7.12
Solve the initial-value problem
Y +3y=f(t), t>0,
y(0) =1,

where
0, t<0
fty=4 t, 0<t<l
0, t>1.
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Figure 7.3

Here y(t) represents the current in an RL circuit where the input voltage f(t) =
t is switched on at t = 0, and then switched off at t = 1.

Solution

By expressing f in the form f(¢t) = ¢[H(¢t) — H(t — 1)],

we can use the formula (7.9) and Theorem 7.10 to write
d

L(F)(s) = = LIH(®) — H(t = 1))](s)

I
T ds |s s

Y (s)—1= - — o —

(48 -1= 5 -
P S S N B B B
5 T 543 2543 s2s+3 ss+3

With

we use (7.7) to write
£ (is i 3) ) = /01t 3 dr — %(1 — e H ()
£t <5125,+13> (t) = /Ot %(1 — e 3T)dr = % (t + ée_‘% - ;) H(t).
Now (7.15) implies
e (eisi3> () =

1
3
L 11 1 1 a0y 1
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hence
1 10 1 1 2 1
= (t+—e - )H@t)— = (t—Ze 3D 2 ) H(t -1
o=y (14 e =g - g (1= 3 P

1 1\ 10
—(t—= —e 3¢, 0<t<1
3( 3)?96 =
%e—?’t? £ 1

Although f is discontinuous at x = 1, the solution y is continuous on (0, c0).
This is to be expected, because the inductance L does not allow sudden changes
in the current in an RL circuit.

The method used to arrive at the solutions in Examples 7.8, 7.9, and 7.12
forms part of a collection of techniques based on the properties of the Laplace
transformation, known as the operational calculus, which was developed by
the English physicist Oliver Heaviside (1850-1925) to solve linear differential
equations of electric circuits. This method is not limited to equations with
constant coefficients, as the next example shows.

Example 7.13

Under the Laplace transformation, Laguerre’s equation
2y’ + (1 —2)y +ny=0, x>0, n € Ny,
becomes

1Y sy(0) — 5/ (0)] + Y — y(0) + [V~ y(0)] + Y =0
(s=8)Y +(n+1-8)Y =0
Y' n+l-s_ n  n+l
Y s(s—1) s—1 s
Integrating the last equation, we obtain
(s—1)"
sntl 7

Y(s)=c¢

where c is the integration constant. Taking the inverse transform,

o) =eet | C 23 @

=ce® L] s
@+1WH]()
C xT dn —x . .n
= ae dxin(e X )

Laguerre’s polynomial L,, is obtained by setting ¢ = 1.
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7.2.2 The Telegraph Equation

The Laplace transform can also be used to solve boundary-value problems for
partial differential equations, especially where the time variable ¢ is involved;
for then the transform can usually be applied with respect to t over the semi-
infinite interval [0, 00). Consider the equation

= Autt + But + C’LL, 0<t< oo, (716)

where A, B, and C' are nonnegative constants. This equation, known as the tele-
graph equation, describes an electromagnetic signal u(x,t), such as an electric
current or voltage, traveling along a transmission line. The constants A, B, C
are determined by the distributed inductance, resistance, and capacitance (per
unit length) along the line (see [7], vol. 2). If the transmission line extends over
—00 < & < 00, then two initial conditions (at t = 0) on u and w,; are sufficient
to specify u. But if it extends over 0 < z < oo, then we need to specify u at
x = 0 as well, in which case the boundary conditions take the form

Here f(t) is the input signal which is transmitted, and the two initial conditions
are needed because Equation (7.16) is of second order in t (if A = 0 we do
not need the condition on u;). We can attempt to solve Equation (7.16) by
separation of variables, using the Fourier integral as we did previously, but the
fact that all the boundary conditions are nonhomogeneous makes the procedure
more difficult. It also places unnecessary restrictions on the behaviour of v and
fast— .

We can simplify things by solving Equation (7.16) under two sets of bound-
ary conditions: first with f = 0, and then with ¢ = h = 0. Because (7.16) is
linear and homogeneous, the sum of these two solutions is also a solution of
the equation, and it satisfies the three nonhomogeneous boundary conditions.
In both cases, the Laplace transform can be used to construct the solution. Let
us take the second case, where the boundary conditions are

u(0,t) = f(t), t=0,
u(z,0) = u(x,0) = 0, x> 0.

Assuming that f, u, uz, Uge, us, and ugy all lie in € as functions of ¢, and
that v and its first partial derivatives are piecewise smooth functions of ¢, we
can apply the Laplace transformation with respect to ¢t to Equation (7.16) to
obtain
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Upe = (As* + Bs + O, (7.17)

where

U(z,s) = /000 u(z,t)e stdt (7.18)

and Res is greater than some real number a. If, for example, the signal u is
bounded we may take a = 0. Note that differentiation with respect to x may
be taken inside the integral (7.18) because the latter converges uniformly on
Res > a+ ¢ for any € > 0. For every fixed value of the parameter s, Equation
(7.17) has the general solution

U(l’, s)=c1 (S)e)\(s)ﬂc + CQ(S)Q_A(S)Z.,

where ¢1 + ¢ = U(0,8) = L(f)(s) = F(s) and A(s) = VAs2+ Bs+ C. If we
take the principal branch of the square root, where Re A(s) > 0, the solution
e®)% becomes unbounded in the right half of the s-plane and must therefore
be dropped (by setting ¢; = 0). The resulting transform function

Ulz,s) = F(s)e &)

can, in principle, be inverted to yield the desired solution u(z,t) = L~ (U)(z, t),
although the computations involved may be quite tedious. Nevertheless, there
are a number of significant special cases of Equation (7.16) where the solution
can be obtained explicitly.

(i) If A=1/c* and B = C =0, (7.16) reduces to the wave equation

Upy = Uy
Here the transform function
Ulz,s) = e *%/°F(s)
is easily inverted, using formula (7.15), to
u(z,t) = H(t —x/c)f(t —z/c).

This expression indicates that there is no signal at a point  until ¢ = x/c. Thus
the signal f(¢) moves down the line without distortion or damping and with
velocity c¢. This is to be expected, because the damping factor Bu; is absent
and, consequently, no energy is dissipated in the transmission.

(i) If As? + Bs+ C = (s +b)?/c? is a perfect square, then

Ulz,s) = e~ H02/ep(s)
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and the solution is

u(z,t) = e PH({t —x/c)f(t —x/c).

Here the signal f(¢) again moves down the line with velocity ¢, undistorted, but
attenuated by the damping factor e ~**/¢. A transmission line therefore becomes
distortionless if it is designed so that the distributed resistance, inductance,
and capacitance are such that the relation B2 = 4AC holds. The interested
reader may refer to [10] on this point and on some other interesting historical
background to the telegraph equation.

(iii) If A= C =0 and B = 1/k, where k is a positive constant, we obtain the
heat equation

Up = Klgy.

In this case the Laplace transform of v is
Ulz,s) = e *V/ER(s), (7.19)

which is not readily invertible. To determine £~(U) we need another rule
which allows us to invert the product of two transforms. By analogy with the
Fourier transformation we should expect this to involve the convolution of the
inverse transforms.

If the functions f and g are locally integrable on [0, c0), then their convo-
lution

frate)= [ o= 090t = [ gt~ i =g ¢ 50

is well defined and locally integrable on [0, 00). For if [a,b] is any finite interval
in [0, 00), then

b b .
/|f*g(x)|dx§//0 If(z —t)||g(t)] dtda
b b
:/ /0 H(z —t)|f(z — )] |g(t)| dtdz

b b
:/0 [/ H(x—t)lf(w—t)ldx] lg(®)] dt

b [ pb—t

<[ [ H() £ ) dy] ()]t
0 a—t

Because f is locally integrable and 0 < ¢ < b, the integral of H|f| over [a—t, b—t]

is uniformly bounded by a constant, and, because g is also locally integrable,

|f * g| is integrable on [a, b]. The convolution fx*g is also (piecewise) continuous
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if either f or g is (piecewise) continuous, and (piecewise) smooth if either f or
g is (piecewise) smooth (Exercise 7.16).

If f(z) and g(z) are dominated as x — oo by e**, then one can easily check
that f * g(x) will be dominated by e?* for any 8 > «. Consequently, if f and
g belong to £, then so does their convolution f * g, and its Laplace transform

L(f*g)(s /0 “"/Ox f(t)g(x — t)dtdx
= /O /0 H(x —t)f(t)g(x — t)e”*dtdz

B /ooo o /ODO gly)e D dyar
= L(H)L()().

In the third equality, the order of integration is reversed, and this is justified by
the uniform convergence of the double integral on Re s > 3+ ¢ for any positive
€. Thus we have proved the following convolution theorem which corresponds
to Theorem 6.22 for the Fourier transformation.

is given by

Theorem 7.14
Let f,g € &£ It L(f)(s) = F(s) and L(g)(s) = G(s), then

L(f *g)(s) = F(s)G(s).
Now we can go back to Equation (7.19) to conclude that

u(z,t) = £ (e*m S/kF(s)) (t)
= feL7t (V) o).

The function £=(e~*V*/¥)(t) can be evaluated by using the inversion formula
(7.4), which requires some manipulations of contour integrals (see Exercise
7.21), or it may be looked up in a table of Laplace transforms. In either case

r-1 ( z\/j) (1) = 4:kt3 —a® 4kt

hence

t
u(z,t) = \/% /0 Ft —7)r 32 /4T g (7.20)

Here the solution u differs considerably from that in the first two cases. It tends
to 0 as x — oo at any time ¢ and also as t — co at any point x, and the signal
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f is distorted as it spreads along the line with no fixed velocity. This is not
surprising, as the original equation (7.16) is radically changed by dropping the
first term. It changes from a hyperbolic equation, with wavelike solutions, to
a parabolic equation whose solutions travel in a diffusive manner, in much the

same way that heat or gas spreads out.

EXERCISES

7.4 Sketch each of the following functions and determine its Laplace

7.5

7.6

7.7

transform.

(a) (z—1)H(z—1)

(b) (z—1)?H(z —1)

(c) 2*[H(x — 1) — H(z — 3)]

(d) H(z —w/2)cosx

(e) (1—e™")[H(z) - H(z - 1)].

Use the Heaviside function to represent the function

x, 0<z<l1
e 7 z>1

by a single expression. Sketch the function and determine its Laplace
transform.

Determine the inverse Laplace transform of each of the following
functions.

(€) <% +e)
1
s—1
1+e7 75
249 7

()

(e—38 + e—s)

()

If f is not assumed to be continuous in Theorem 7.6(i), what would
Equation (7.6) look like?
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7.8 Solve the following initial-value problems:

(a) ¥y’ +4y +5y =0, y(0)=1, y(0)=1

(b) 9y" =6y +y =0, y(0) =3, y'(0) =1

(c) ¥ + 2y + 5y = 3e “sinz, y(0) =0, y/(0) =3

(d) v + 2y — 8y = —25623, y(0) = 15, ¥/ (0) = 36

(e) y" =3y’ +2y=H(t—1), y(0) =0, y'(0)=1

(f) v+ 2y =z[H(z) — H(z - 1)]

(g) y’+y={ Sig;m giffﬂ , y(0) =0, ¥/(0) =0.

7.9 Invert each of the following transforms.
s

® oy

) 1oz ()

SWED

(d) cot=(s+1).

7.10 The function Si: R — R, defined by the improper integral

Si(z) = / ﬂd
0

is called the sine integral. Prove that

c (SiI;m) (5) = tan~! C)

L£[Si(2)](s) = %tan_l (i) .

7.11 (a) Let f € &€ be a periodic function on [0, 00) of period p > 0. Show
that

p
L(f)(s) = 1_727;;5/0 f(z)e™**dux, s> 0.

(b) Use this to compute L(f), where f(z) =« on (0,1), f(z+1) =
f(z) for all z > 0, and f(z) =0 for all z < 0.

7.12 Prove that £(f)(s) — 0 as Res — oo for any f € £.
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7.13

7.14

7.15

7.16

7.17

7.18

7.19

Use the Laplace transformation to solve the integral equation
Jy (@ —1t)3y(t)dt = f(x), and state the conditions on f which ensure
that the method works.

If f(z) =e® and g(x) = 1/+/mx prove that
f+g(a) = e exf(v/a).
Use this to evaluate L[e” erf(y/z)] and Llerf(y/x)].

Determine L([z]), where [z] is the integer part of the nonnegative
real number x; that is,

[x]=n forallz € [n,n+1), n € Np.

Given two locally integrable functions f, g : [0,00) — C, show that

(a) f * ¢ is continuous (smooth) if either f or g is continuous
(smooth).

(b) fx*g is piecewise continuous (smooth) if either f or g is piecewise
continuous (smooth).

Use the Laplace transformation to obtain the solution of the wave
equation
Upp = c2um, z>0,t>0,

subject to the boundary condition
u(0,t) = cos? t, t>0,
and the initial conditions

u(z,0) = u(x,0) =0, 0<z <L

Solve the boundary-value problem
U — at = Kgy, z>0,t>0,

U(Ovt) = f(t)’ t>0,
u(z,0) =0, x > 0.

Solve the boundary-value problem

utt+2ut+u:c2um, x>0, t>0,
u(0,t) = sint, t>0,
u(z,0) = u(z,0) =0, x> 0.
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7.20 In Equation (7.20), prove that u(z,t) — f(t) as x — 0.

7.21 Use contour integration in the s-plane to prove that
1

LR @) = e,

where a > 0. Conclude from this formula that

Lfl(efa\/g) _ a 67(12/430_

2V



Solutions to Selected Exercises

Chapter 1

1.2

1.4

1.7

1.8

1.10
1.12
1.14
1.17
1.21
1.22
1.23

(a) Complex vector space, (b) real vector space, (¢) not a vector space,
(d) real vector space.

Assume that the numbers are different and show that this leads to a
contradiction. Assuming {z1,...,x,} and {y1,...,ynt1} are bases of the
same vector space, express each y;, 0 < ¢ < n, as a linear combination
of x1,...,z,. The resulting system of n linear equations can be solved
uniquely for each z;, 0 < ¢ < n, as a linear combination of y;, 0 <i < n
(why?). Since y,,+1 is also a linear combination of z1,...,z, (and hence
of y1,...,Yn), this contradicts the linear independence of y1, ..., Yn41-

Recall that a determinant is zero if, and only if, one of its rows (or
columns) is a linear combination of the other rows (or columns).

Use the equality ||x + y||> = [|x||*+2Re (x,y) +|ly||*. Consider x = (1, 1)
and y = (4,17).

() 0, (b) 2/3, (c) 8/3, (d) V14.

P/ = V72, (F f2) VNl = 048 fa) /L fsll = V2,

No, because |z| = x on [0, 1]..

a=-1,b=1/6.

Use the definition of the Riemann integral to show that f is not integrable.

(i) 1/+/2, (ii) not in £2, (iii) 1, (iv) not in £2

Examine the proof at the beginning of Section 1.3.
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1.24 Use Exercise 1.23 to show that f and g must be linearly dependent.
Assuming g = af show that o > 0.

1.25 a > —1/2.
1.26 a < —1/2.
1.28 Use the CBS inequality. f(z) =1/y/x on (0, 1].

1
1.30 sin®z = Zsina: 1 sin 3z.
1.32 Use the fact that, for any polynomial p, p(x)e™

T —-0asx— oo.

1.34 (a) The limit is the discontinuous function

1, lz| > 1
lim LA 0, lz] <1
n—oo 14 gzn 1/2, rz=1

undefined, r=—1

1.35 (a) Pointwise, (b) uniform, (c) pointwise.

1.37 Pointwise convergent to

ro={ i)

1—u, 0<x <1

1.40 The domain of definition of f,, is not bounded.
1.42 (a) R, (b) x # —1.

1.50 (a) 1, (b) 1, (c) 0.

1.51 (a) Convergent, (b) convergent, (c) divergent.
157 1 =1, co = =2/, c5 = —1/m7.

1.58 ap =7/2, ay = —4/7, a3 =0, by =0, by = 0.

1.61 ay = 1/n. L? convergence.

Chapter 2

2.1 (a) y = e*®(cicosV/3x + cosiny/3x) + e /4.
(b) y = c12% + co + 23

1
(¢) y=a""(c1 + cologz) + 7oL
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2.3

2.5
2.7
2.8

2.10
2.12
2.13

2.15
2.17
2.19
2.21

2.23

2.27

2.29

2.31
2.32

cn+2:—%+lcn,y=co (1—2x2+§x4+-~-)+01 (w—x3+%x5—|—-~-),
|z| < 1.
A second-order equation has at most two linearly independent solutions.

(a) y" +2y +5y =0, (b) 22y +zy —y =0, (c) 2y +y' = 0.

Use Lemma 2.7 and the fact that a bounded infinite set of real numbers
has at least one cluster (or limit) point. This property of the real (as well
as the complex) numbers is known as the Bolzano—Weierstass theorem
(see [1]).

Use Theorem 2.10.

The solutions of (a) and (c¢) are oscillatory.

y = 2~ Y?(cycosz + cpsinz). The zeros of 2~ 1/2

2ing are {nr}, n € Z.

cosz are {5 + nr}, and
those of z~

Use Theorem 2.10.

(a) V2 X e C, (b) e V%, Rev/A > 0.

(a) p=1/22, (c) p=e /3.

p=e*. N\, =n?1? + 1, up(x) = e *sin\, .
A =n272(b—a)~2, uy(z) = Sin<mr(x—a)) .
(a), (b), (c), and (f).

2
Change the independent variable to £ = x+3 and solve. \,, = ({Zl) +
0

1
Refer to Example 2.17.

Multiply by @ and integrate over [a, b].

Chapter 3

3.2

3.4

3.6

No, because its sum is discontinuous at = = 0 (Example 3.4).

4 oo 1
T — x| = g + = ano m cos(2n + 1)z. Uniformly convergent by
the Weierstrass M-test.

Use the M-test.
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3.9 (a) and (c¢) are piecewise continuous; (b), (d), and (e) are piecewise
smooth.

3.11 Use the definition of the derivative at = 0 to show that f/(0) exists,
then show that lim,_ o+ f'(x) does not exist.

o (_1)n+1 ]

3.15 (a) S(z) = 2Zn:1 — ——sinna.

(d) cos®x = §cos:lc + 1cos 3z
4 4 ‘

3.16 The convergence is uniform where f is continuous, hence in (b), (c), and
(d).

3.17 In Exercise 3.15 (e), S(+2) = 1(e? + e~2), and in (f) S(£l) = 0.

2 _ ° -2
3.19 72 = 82n20(2n+ 1)-2.
2 n
2 _ T o (—1) _ -

3.21 z° = 3 + 4Zn:1 o cosna. Evaluate at x =0 and z = 7.

3.23 f’ is an odd function which is periodic in © with f’(xz) = cosx on [0, 7],
hence S(z) = Z:O:1 bisinkx where b, = 2—: {1';(2_711)]9} ,k>1,0, =0.
S(nm) =0, S(5 +nn) = f'(§ +nm) =0.

3 1

3.27 (a) u(x,t) = Ze_tsina: - Ze_gtsin?)m.

(b) u(z,t) = e‘kﬂzt/‘lsing—x - e_25k”2t/3ﬁsin5ﬂ%.
oo 2 l

3.29 u(x,t) = anl ansinnllx cos nl—ﬂt, ay = 7/0 x(l — x)sinnl—ﬂ$ dz.

3.31 Assume u(zx,t) = v(x,t) + 1(x) where v satisfies the homogeneous wave
equation with homogeneous boundary conditions at = 0 and « = [. This
leads to ¥(r) = 5% (2? — lx), and v(z,t) = ZOO ansin Lz cos ¢

lzcz ) ) ne1 T I T
2
with a, = ff/ 1/1(x)sin@x dz.
lJo l
3.33 Assume u(z,y,t) = v(x, y)w(t) and conclude that w” /w = 2 Av/v = —\*

(separation constant). Hence w(t) = A cos A\t + B sin A\t. Assume v(z,y) =
X(2)Y (y), and use the given boundary conditions to conclude that

n?  m?
A=Apn = g—i-b—zm m,n € N,
X(z) =sin Ex, Y (y) = sin %y,
a

nm mm
Umn (T, Y, 1) = (ApmnCoSAmnct + BppsinA,,ct)sin —z sin Y-
a
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Apply the initial conditions to the solution

iE y; Z Z umn z,y,t

n=1m=1

to evaluate the coeflicients. This yields
Apn = / / f(x,y)sin —x sin Ty dxdy,

Bn = / / x,y)sin —x sin —y dxdy.
mnab b

-1
3.35 u(z,y) = (Sinh 327r> sin 3%3: sinh %y.

3.37 (b) Use the fact that v must be bounded at r = 0 to eliminate the coef-
ficients d,,.

(c) u(r,0) = Ap + Z:;l (f) (A, cosnf + Bpsinnd).

Chapter 4

4.3 From the recursion formula (4.7) with k = 2j, it follows that
Corinya2@+D)
i 126D |

oF =22 <1 forallzc (—1,1).
j=oo g x|

The same conclusion holds if k& = 25 + 1. Because Q((z) = (1 — 2?)~1,
. 7 _
Jim p(a)Qo(z) =

whereas

Jim p(2)Qo(2) =

4.5 The first two formulas follow from the fact that P, is an even function
when n is even, and odd when n is odd.

—1)"(2n)! n(2n—1)---(3)(1
Pon(0) = ap = % == ( (2n)-)~'(4§(;§ ).
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4.7 Differentiate Rodrigues’ formula for P, and replace n by n + 1 to obtain

. 1 dn

LT Q) dgn [((Zn + 1>372 - 1) (332 - 1)n—1} ’

then differentiate P,_; and subtract. The first integral formula follows
directly from (4.14) and the equality P,(£1) = (+1)™. The second results
from setting x = 1.

4.11 (a) 1—a2® = Py(z) — 2Pi(z) — 2Ps().
(b) || = 5Po(z) + §Pa(x) — 15 Pal) +

413 f(x) = Z:o:() enPp(x), where ¢,, = (2n+1) /2/ f(x)P,(z)dzx. Because

fis odd, ¢, = 0 for all even values of n. For n = 2k +1,

1
Cok+1 = (4k + 3)/ Pyjyq(z)dx
0

= (4k +3)—— T3 [P2(0) — Pay42(0)]

oy [ (2R) (2k +2)!
= (=1 [22’%%! 22642(k + 1)1(k 4 1)!

ke (2R)! (4K +3)
= D S (2k +2)’

k € Np.

Hence f(z) = 3Pi(z) — ZPs(x) + 15 Ps(2) + -+ . At 2 =0,

S caPa(0) = 0= 2[7(07) + £(07)]
n=0

4.15 (ffooo e*$2dm) =4[ e ~@ ) dpdy = 47 ”/ e’ r drdf = .

4.16 Replace t by —t in Equation (4.25) to obtain

1 _ L
Z an(x)(_t)n e~ 2wt—t Z - t"
n=0 n n=0 n!

which implies H,,(—z) = (—=1)"H,(z).
4.17 Setting x = 0 in (4.25) yields

=1 P I
ZﬁHk(O)tk et = 2}(—1) th :
k=0 n=

By equating corresponding coefficients we obtain the desired formulas.
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4.19

4.23

4.25

4.28

4.29
4.31

4.33

If m = 2n,

on _ (20)! G~ Hop()
T g kz::O(Qk)!(n—k:)!'
Ifm=2n+1,

oni1 _ (2n+1)! Hopy1 () R N
T TR 2 )Ry TS e

n

Use Leibnitz’ rule for the derivative of a product,

9 =3 (1) sg®

k=0
with f(z) = 2" and g(z) = e~ *.

o0

x :ano ¢nLn(x), where cn:/o e P Ly (x)dr = (—1) Wm —n)l”

m!m!

e’ 1 2
u(z) =c1+ca ;dx:clJch 10gx+x+§§+... _

The surface ¢ = 7/2, corresponding to the xy-plane.

The solution of Laplace’s equation in the spherical coordinates (r,¢) is
given by Equation (4.42). Using the given boundary condition in Equation
(4.43),

2 1 /2
ay = nt / 10P,, (cos p)sin p dp
2R™  J,

_5(2n+1) [
== /0 P, (z)dz

5
= E[Pn—l(o)*Pn—&-l(o)]v n €N,
where the result of Exercise 4.7 is used in the last equality. We therefore
arrive at the solution

u(r,p) =5+05 i {Pn_l(()) — P 41(0)] (%)n P, (cos @)]
=5 {1 + S%Pl(cosp) - g (%)3P3(cosgo) + - ] .

Note that u(R,¢) — 5 is an odd function of ¢, hence the summation
(starting with n = 1) is over odd values of n.

In view of the boundary condition u,(r, 7/2) = 0, f may be extended as
an even function of ¢ from [0,7/2] to [0, 7]. By symmetry the solution
is even about ¢ = /2, hence the summation is over even orders of the
Legendre polynomials.
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Chapter 5

5.1

5.3

9.5

5.7
5.9
5.11
5.17

5.25

5.27
9.29

For all n € N, the integral I,(z) = On e~ 't*~1dt is a continuous function
of x € [a, b], where 0 < a < b < co. Because

oo oo
0< / e i ldt < / ettt tdt 5 0,
n n

it follows that I,, converges uniformly to I'(x). Therefore I'(z) is continu-
ous on [a, b] for any 0 < a < b < 00, and hence on (0, ). By a similar pro-
cedure we can also show that its derivatives I"(z) = [° e "t*~!logtdt,
I'(z) = [ e "t*"!(log t)?dt, - - - are all continuous on (0, c0).
P+l = (=21 2) = 2% 1 (1) From Exercise 5.2 we

2 2 2 2 ploznt \2)- '
know that I" (3) = /7.

Use the integral definition of the gamma function to obtain
1 o0 o0
22e= 1P (x) I (.’L‘+ 2) = 4/ / 6_((124‘52)(2056)21_1(&—I—ﬁ)dadﬁ,
o Jo
then change the variables of integration to & = o + 8%, n = 2a0 to arrive
at the desired formula.
Apply the ratio test.
Differentiate Equation (5.12) and multiply by z.

Substitute v = —1/2 into the identity and use Exercise 5.8.

Substitute directly into Bessel’s equation. Note that, whereas J,(z) is
bounded at & = 0, ¥, (x) is not. Hence the two functions cannot be linearly
dependent.

The definition of I,,, as given in Exercise 5.22, extends to negative values
of v. Equation (5.18) is invariant under a change of sign of v, hence it is
satisfied by both I, and I_,.

Follows from the bounds on the sine and cosine functions.
Applying Parseval’s relation to Equations (5.22) and (5.23), we obtain

/ cos?(zsin §)df = 27rJ§(:17) + 4 Z ng(x)
m=1

—T

/ sin?(x sin 0)df = 4m Z J2 i (2).

- m=1

By adding these two equations we arrive at the desired identity.
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5.31 Apply Lemma 3.7 to Equations (5.24) and (5.25).

b b?
533 (a) (1, Jo(ux2))e= fy Jo(pa)zde = lijl(ukb), 1o () 2= T (11i)-

Therefore

b 4b

¢) (2%, Jo(pyx) =<—
< Ok >$ O
o 2b2

22y oMb —d
bk l,ukjl(ﬂ b)

X

L ().

b/2 b
(e) (f, Jo(ugm)), :/0 Jo(px)rde = mJl(ukbﬂ). Hence

5.35 From Exercises 5.13 and 5.14(a) we have (z,J; (%)), fo Ji( ukx)

dx = —Jo(p) /1 = Ja(py)/ 11, and, from Equation (5.34)7 ||J1(,ukx)||z
2J3(uy,)- Therefore

x—2z

J1(pg), 0<z<l
kl#kJ2Nk g

5.37 Using the results of Exercises 5.13 and 5.14(a),

1
G, = [ e Gna)de = — i) = i)

1
= 7(]2 M)
o (k)
Bessel’s equation also implies
1 42 —1
17 () 1 = 2071 ) + 5 (43 — D)7 (2p1,) = —25—T7 (2414)-
2445, 244,
Consequently,
= feJ2 (1
QZ J1 (), O<z<2.

- (4pf —1)J 2/%)

This representation is not pointwise. At = 1, f(1) = 1 whereas the
right-hand side is [f(17) + f(17)] = 3.
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5.39 Assuming u(r,t) = v(r)w(t) leads to

K/ = 1 (v” + 11/) = —Mz.
kw v r

Solve these two equations and apply the boundary condition to obtain
the desired representation for w.

5.41 Use separation of variables to conclude that

(o)
u(r,t) = Z Jo(p,7)[akcos pyct + bysin pyct),

k=1
2 R
= —— d
Ok RQJ%(MkR)/O f(’I’)Jo(,U,kT')’I" T,
9 R
b, = —/ r)J r)rdr.
g e R2JF (e R) Jo a(r)Joliue)

Chapter 6

6.1 (a) f(f) = 5%(1 —cos¢). (c) f(g) = % (1 _ e—ig) _

6.3 For any fixed point £ € J, let &,, be a sequence in J which converges to
£. Because

IF(E,) - F(6)] < / o, €,) — (. €)| do,

and |p(z,€,) — p(z,&)| < 2g(x) € LY(I), we can apply Theorem 6.4 to
the sequence of functions ¢,,(z) = ¢(z,§,,) — ¢(z, ) to conclude that

Jim |P(E) = F©) < [ [o(e.6,) = o(w.6)|do

- / lim |p(,€,) — o(z,€)|dz = 0.

—
ITL oo

6.5 Suppose £ € J, and let £, — &. Define

QO(I, ﬁn) — QO(:E’ 5)
£ — ¢ ’

then 1, (z,£) — ¢¢(x,§) pointwise. ¢,, is integrable on I and, by the
mean value theorem, ¢, (x, &) = ¢, (x,n,,) for some n,, between £, and &.

wn(x’g) =
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6.8
6.9

6.10

6.13

6.15

6.17

Therefore |1, (z,£)| < h(x) on I x J. Now use the dominated convergence
theorem to conclude that [; v, (z,&)dx — [} p¢(x,&)dz. This proves

F(&,) — F(S) /
—=ns 2 x, &)dx.
The continuity of F” follows from Exercise 6.3.

(a) 1, (b) 1/2, (c) 0.

Express the integral over (a,b) as a sum of integrals over the subintervals

(a,z1),...,(x,,b). Because both f and g are smooth over each subinter-
val, the formula for integration by parts applies to each integral in the
sum.
) T 1+ cosmé
(a) fiseven, hence B(§) =0, A(§) =2 sinzcoséx dzx = Qﬁ,
0 _
2 [*°1+ cosxf
and f(z) = — —— > cosx& dE.
fla) = 2 [ con e
2 (& —sin€ |
(¢) f(z)= f/ ——sinx¢ d€.
mJo 3
Define

e rcosx x>0
fa)={ © o
e” cosx, x < 0.

Because f is odd its cosine transform is zero and
2¢°
¢a

Now f(z) may be represented on (—oo, c0) by the inversion formula (6.28),

B(¢) = 2/ e Pcoswsinéx dr =
0

2 o0 3
e Fcosx = f/ 3 sinz d€.
T Jo

' +4
Because f is not continuous at z = 0, this integral is not uniformly
convergent.
Extend

1, O<zx<m
f(a:){()’ T>m

as an odd function to R and show that its sine transform is B(§) =
2(1 — cosmg) /€.
Show that the cosine transform of f is
1—cos§  sin®(£/2)

¢ (£/2)?
Express f(x) as a cosine integral and evaluate the result at = 0, which
is a point of continuity of f.

A(§) =2
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6.19

6.21

6.23

6.25

6.27

12
Equation (6.31) implies that HfH = |A|I? + |BI* = 2x || ]I

¥, (z) decays exponentially as || — oo, so it belongs to £}(R) and ¢
therefore exists. From Example 6.17 we have ¢,(£) = v2m)(§). Assum-
ing 1, (€) = (—i)" V3T, (€), we have

buir(©) = F (7 P Hupa (@) (€)
= F [e—f /2<2xH (x) = H},(2))] (€)
F [19(w) — v, (2)] (€)
;(0 — i€, (€)

(—i)" V2[4, () + £, ()]
= (=0)" V21, 4 (2),

where we used the identity Hyni1(2) = 22H,(z) — H! (z) and Theorem
6.15. Thus, by induction, 1, (€) = (—i)"v/2m,, () is true for all n € No.

Define the integral I(z) = [° e~ cos 2¢ d¢ and show that it satisfies
the differential equation I'(z) = —zI(z)/2b, whose solution is I(z) =

1(0)e==" /4 where 1(0) = /)b

I
s

The boundary condition at = 0 implies A(\) = 0 in the representation
of u(x,t) given by (6.39), so that u is now an odd function of z. By
extending f(x) as an odd function from (0,00) to (—o0,00) we can see
that B(\) is the sine transform of f and the same procedure followed in
Example 6.18 leads to the desired result.

The transformed wave equation iy (&,t) = —c?€%a(€,t) under the given
initial conditions is solved by a(&,t) = f(&)cosc{t. Taking the inverse
Fourier transform yields the required representation of w.

Chapter 7

7.1

53 52 5
1
(d) s24+4
2s
(g) (82 — 1)2
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7.2 (b) 2cosh3z — g sinh 3z.

1 —aX
(d) 2(1—6 )
(f) 2/x/m.
75 f(z)=2[H(z) — H(x —1)] + e *H(z — 1).
1 AN U B
LUPE) =5 (1 =) = ze™" + — e,
7.6 (¢) Hx —3)+ H(xz — 1).

7.7 If f has jump discontinuities at the points z1, . .., z, then the sum f(z7)—
fxf)+ -+ f(z;) — f(z;}) has to be added to the right-hand side of
(7.6).

L oo ! 2
7.8 (e) y(r) =H(x—1) ¢ 2=1) v +§ —e¥ 4"
7.9 (c) E (e7bw —ema7) .
x

7.11 (a) Write

£ = [ " e da

0
> p(ntl)p

= / Flx)e " dz

n=0""P
0 D
=3 [ e e,
n=0 0

then use the equation f(z + np) = f(z) to arrive at the answer.

(b) £(f) = — {1<1 ey - ] |

1—e5 |52 s
7.13 The left-hand side is the convolution of #® and y(z). Applying Theorem

7.14 gives 3!Y (s)/s* = F(s), from which Y (s) = s*F(s)/6. From Corol-
lary 7.7 we conclude that

y() = = f D) + SLTFO) + FO)s + (075 + f7(07)]

The integral expression for f(z) implies that f(™(0%) = 0forn =0,1,2,3
(we also know from Exercise 7.12 that s™ cannot be the Laplace transform
of a function in &£ for any n € Ny). Assuming that f is differentiable to
fourth order (or that y is continuous), the solution is y(x) = f*)(z)/6.
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—S

s(1—e—#)’

717 u(z,t) = H(t — z/c)cos®(t — z/c).
7.19 u(z,t) = e ®/°H(t — x/c)sin(t — x/c).

7.15 L([z])(s) =

7.21 F(s) = e~%V*/\/s is analytic in the complex plane cut along the negative
axis (—oo, 0]. Using Cauchy’s theorem, the integral along the vertical line
(8 —ioo, 8 + ic0) can be reduced to two integrals, one along the bottom
edge of the cut from left to right, and the other along the top edge from
right to left. This yields
1 B+ioco
LY F)(z) = — F(s)e*ds

/ cosa\f J——

= 7/ e~ cosat dt.
™ Jo

Noting that the last integral is the Fourier transform of e‘“z, and us-
ing the result of Example 6.17, we obtain the desired expression for

L7Y(F)(z).
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N={1,2,3,..

Notation

)

No ={0,1,2,3,...}

—{.., -2

-1,0,1,2,...}

rational numbers

real numbers

complex numbers

RorC,1

set of continuous functions on the interval I, 3,5

functions on I which have continuous derivatives up to order
k, 5

functions on I which have continuous derivatives of all orders, 5
Lebesgue integrable functions on the interval I, 186

Lebesgue square-integrable functions on I, 15

Lebesgue square-integrable functions on I with respect to the
weight function p, 18

locally integrable functions on [0, c0) of exponential growth at
00, 221

inner product in £2, 6,14

inner product in £, 18

£? norm, 14

Ez norm, 18

2
p

the sequence of functions f, converges pointwise to f, 20-21
fn converges uniformly to f, 22,23

fn converges to f in £2, 31-32
Fourier transform of f, 187



262 Notation

F =L(f) Laplace transform of f, 223

f*xg convolution of f and g, 215

f* positive and negative parts of the function f, 111
L adjoint of the differential operator L, 55-56

L* formal adjoint of L, 57

A Laplacian operator, 119

W(f,9) Wronskian of f and g, 45
G(z,¢) Green’s function, 68-69
D, () Dirichlet’s kernel, 106

erf error function, 160

P, Legendre polynomial of order n, 133
Qn Legendre function of order n, 134
H, Hermite polynomial of order n, 141

~
S

Laguerre polynomial of order n, 146

Bessel function of the first kind of order v, 162
Bessel function of the second kind of order v, 169
modified Bessel functions of order v, 171

gamma function, 157

SRS
=

Heaviside function, 222



analytic function 43
Ascoli-Arzela theorem 75

basis 4

Bessel functions

— generating function for 171

— integral representation of 172
— modified 171

— of the first kind 160, 162

— of the second kind 169

— orthogonality of 174, 175, 177
beta function 159
Bolzano-Weierstrass theorem 247
boundary conditions 44

— homogeneous 44

— periodic 44

— separated 44

boundary-value problem 44

Cauchy principal value 198
Cauchy sequence in £2 33
Cauchy-Euler equation 43
Completeness of £2 33
Completeness theorem 83
convergence of sequence
~in £* 31, 32

— pointwise 20

— uniform 22
convergence of series

— absolute 25

~in £* 33

— pointwise 26

uniform 26

Index

convolution 215
cylindrical coordinates 180

differential equation

— homogeneous 41

— linear 42

— nonhomogeneous 41

— regular 42

— singular 42

differential operator

— adjoint 56-57

— formal adjoint of 57

— formally self-adjoint 57
— self-adjoint 57
Dirichlet integral 193
Dirichlet kernel 106
Dirichlet problem 180
dominated convergence theorem 188

eigenfunction 58
eigenvalue 56
eigenvector 56
electric capacitor 152
equation

— Bessel 160

— Cauchy—Euler 43
— heat 118-120, 122, 123
— Hermite 89, 143

— Laguerre 89, 146
— Laplace 148-153

— Legendre 89, 130
— Schrédinger 154

— telegraph 236

— wave 124-126
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Index

error function 160
Euclidean space 9
exponential order 222

Fourier coefficients 97

Fourier integral 198

Fourier series

— exponential form 100

— fundamental theorem of 97

— generalized form of 129

— L% convergence of 93-102

— pointwise convergence of 102-117
— trigonometric type 95-97

— uniform convergence of 112, 114
Fourier—Bessel series 176
Fourier-Legendre series 138
Fourier transform 187

— cosine transform 201

— sine transform 201

gamma function 157-159
Gram—Schmidt method 12
Green’s formula 66
Green’s function 68

harmonic oscillator 153
Heaviside function 222

Hermite polynomials 141, 143, 145, 147,

148
— generating formula for 141
Hilbert space £2 34
— completeness of 33
— density theorem for 34

inequality

— Bessel’s 38

— Cauchy—Bunyakovsky—Schwarz
(CBS) 7

— triangle 8

initial conditions 42

initial-value problem 42

inner product 6

inner product space 6

inverse Fourier transform 198

inverse Laplace transform 226

isolated zero 49

Lagrange identity 66

Laguerre polynomials 145, 146

Laplace transform 223

Laplacian operator 120

Lebesgue dominated convergence
theorem 188

Legendre function 134

Legendre polynomials 133

— generating function for 143

— Roderigues’ formula for 136

Leibnitz’ rule 251

linear independence 3

linear operator 55

— adjoint of 55

— self-adjoint 55

linear vector space 1

locally integrable functions 215
norm

— of operator 76

— of vector 7

orthogonal vectors 11
orthonormal vectors 11

Parseval’s (completeness) relation 38
piecewise continuous function 103
piecewise smooth function 104
Plancherel’s theorem 204

potential function 123

power series 30

projection vector 12

Riemann—Lebesgue lemma 189

sequence of functions 20

sine integral 241

solution of differential equation 41
— by separation of variables 117
— oscillatory 53

— zeros of 49

spherical capacitor 152

spherical coordinate 148

Sturm comparison theorem 51
Sturm separation theorem 50

Sturm—Liouville (SL) eigenvalue problem

58, 67
— completeness of eigenfunctions for
79-88
— existence of eigenfunctions for 68-79
— regular 67
— singular 68, 88

translation theorem 232
uniform convergence of integral 196

vector space 1

— complex 2

— dimension of 4
— real 2

— subspace of 4

weight function 18
Weierstrass approximation theorem 81
Weierstrass M-test 26
Wronskian 45



