Raffaele Chiappinelli
Differential Equations, Fourier Series, and Hilbert Spaces



Also of Interest

POTENTIALS
AND PARTIAL
DIFFERENTIAL
EQUATIONS

TOPICS IN
COMPLEX

ANALYSIS .-

DIFFERENTIAL

EQUATIONS

Fourier Meets Hilbert and Riesz

An Introduction to the Corresponding Transforms

René Erlin Castillo, 2022

ISBN 978-3-11-078405-3, e-ISBN (PDF) 978-3-11-078409-1
in: De Gruyter Studies in Mathematics

ISSN 0179-0986

Potentials and Partial Differential Equations

The Legacy of David R. Adams

Edited by Suzanne Lenhart, Jie Xiao, 2023

ISBN 978-3-11-079265-2, e-ISBN (PDF) 978-3-11-079272-0
in: Advances in Analysis and Geometry

ISSN 2511-0438

Topics in Complex Analysis
Dan Romik, 2023
ISBN 978-3-11-079678-0, e-ISBN (PDF) 978-3-11-079681-0

Advanced Mathematics

An Invitation in Preparation for Graduate School

Patrick Guidotti, 2022

ISBN 978-3-11-078085-7, e-ISBN (PDF) 978-3-11-078092-5

Differential Equations

A first course on ODE and a brief introduction to PDE
Shair Ahmad, Antonio Ambrosetti, 2023

ISBN 978-3-11-118524-8, e-ISBN (PDF) 978-3-11-118567-5



Raffaele Chiappinelli

Differential Equations,
Fourier Series, and
Hilbert Spaces

Lecture Notes at the University of Siena

DE GRUYTER



Mathematics Subject Classification 2020
Primary: 41-01, 46-01; Secondary: 34-01, 35-01, 54-01

Author

Raffaele Chiappinelli

University of Siena

Department of Information Engineering and
Mathematical Sciences (DIISM)

Via Roma 56

53100 Siena

Italy

raffaele.chiappinelli@unisi.it

Figures by Rita Nugari

ISBN 978-3-11-129485-8
e-ISBN (PDF) 978-3-11-130252-2
e-ISBN (EPUB) 978-3-11-130286-7

Library of Congress Control Number: 2023940856

Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie;
detailed bibliographic data are available on the Internet at http://dnb.dnb.de.

© 2023 Walter de Gruyter GmbH, Berlin/Boston
Cover image: RED_SPY / iStock / Getty Images Plus
Typesetting: VTeX UAB, Lithuania

Printing and binding: CPI books GmbH, Leck

www.degruyter.com


mailto:raffaele.chiappinelli@unisi.it
http://dnb.dnb.de
www.degruyter.com

Introduction

This book is intended to be used as a rather informal, and surely not complete, text-
book on the subjects indicated in the title. It collects my lecture notes held during three
academic years at the University of Siena for a one-semester course on “basic mathe-
matical physics,” and is organized as a short presentation of a few important points on
the arguments indicated in the title, the interested audience being advanced (third year)
undergraduate or first year postgraduate students in mathematics, physics, or engineer-
ing.

Chapter 1and Chapter 4 of this book are devoted to, respectively, completing the stu-
dents’ basic knowledge on ordinary differential equations (ODEs), dealing in particular
with those of higher order, and providing an elementary presentation of the partial dif-
ferential equations (PDEs) of mathematical physics, by means of the classical methods
of separation of variables and Fourier series. For a reasonable and consistent discussion
of the latter argument, some elementary results on Hilbert spaces and series expansion
in orthonormal vectors are treated with some detail in Chapter 3.

In brief, my hope is that the present notes can serve as a second quick reading on
the theme of ODEs and as a first introductory reading on Fourier series and Hilbert
spaces and on PDEs. A complete discussion of the results on ODEs and PDEs that are
here just sketched is to be found in other books, specifically and more deeply devoted to
these subjects, some of which are listed in the Bibliography (see for instance [1] and [2],
respectively; see also the recent [3], covering both subjects).

Prerequisites for a satisfactory reading of the present notes are not only a course of
calculus for functions of one or several variables and linear algebra (as treated, for in-
stance, in [4]), but also a course in mathematical analysis where — among others — some
basic knowledge of the topology of normed spaces is supposed to be included. At any
rate, during the final preparation of the manuscript I decided to insert a further chapter
dealing with metric and normed spaces, adding it to the originally planned three chap-
ters of the book whose content I have indicated before. The goal of this addition is also
that of preparing the possibly interested student (typically, a mathematics undergradu-
ate) to follow in his subsequent career a course in functional analysis; some familiarity
with metric and normed spaces is clearly a conditio sine qua non to appreciate the con-
tent of such kind of course. In any case, the study of this additional chapter (appearing
in the book as Chapter 2) is in no way strictly necessary for the understanding of the re-
maining three chapters; I have paid particular attention to organize things so that this
study be confined to the role of additional sources of information for those interested
in a deeper analysis of the statements and results shown in Chapters 1, 3, and 4.

Siena, May 2023 Raffaele Chiappinelli
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Preliminaries

Topology in R": balls, interior points, open sets
For each vector x = (x;,...,X,) € R" put

x|l = \’Z X2 (0.0.1)
i=1

and call ||x|| the (Euclidean) norm of x. Recall that:
- |Ix|l=0forallx ¢ R", and |x|| = 0iff x = 0;

—  IAx] = |AllIx|| for all A € R and all x € R";

- Ix+yl < lIx| + |yl for all x,y € R".

Of the above three properties of the norm, the last is called the triangle property and is
the only one non-trivial to check on the sole basis of (0.0.1). In fact, it is a consequence
of the Cauchy-Schwarz inequality:

Ix -yl < IxIlyll, (0.0.2)

where x - y is the scalar product of x and y, defined putting
n
Xy =) xy;
i=1

for x = (xg,...,Xy) andy = (y1,...,Y,); these statements will be proved in the more
general context of inner product spaces (Chapter 3, Section 3.1).
We see from (0.0.1) that

Ix;] < lIx| Vi=1,...,n (0.0.3)
Given x, € R" and r > 0, the set
B(xg, 1) = {x e R" : |x - x| < 1}
is called the spherical neighborhood (or simply the ball) of center x,, and radius r. Thus,
when n = 1, B(x,, r) is merely the interval |x, - r, X, + r[. A point x € R" is said to be

interior to a subset A of R" if there exists an r > 0 such that B(x,r) ¢ A. A is said to be
open if any point of A is interior to A.

Example 0.0.1. The set

A={x=xy) e R*:x>0,y>0}

https://doi.org/10.1515/9783111302522-202
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is open; indeed, given any x, = (Xg,Yy) € A4, letting r, = min{x,y,}, we check that
B(xy,rg) c A. To see this, note that if x = (x,y) € B(xy, 1), then by (0.0.3) we have

Ix =Xl < |06, y) = (%0, Y0)|| < o < Xo

and therefore —x, < x — X < X, whence in particular x > 0. Similarly we check that
y > 0, so that (x,y) € A.

Continuous functions from R" to R"

Definition 0.0.1. LetA c R",letf : A — R™, and let x, € A. We say that f is continuous
at the point x,, if given any € > 0, there exists a § > 0 such that for any x € A n B(x,, §)
we have f(x) € B(f(xp), €).

Definition 0.0.1immediately implies a basic property of continuous functions. Recall
that given any three sets 4, B, and € and given any two functionsf : A - Band g : B —
C, the composition of g with f, denoted g o f, is the map defined on A putting

gNHX) =g(fx), xe€A.

In order for the above definition to make sense, it is clearly enough that g be defined on
the subset f(A) of B.

Theorem 0.0.1. Let A c R", letf : A — R™, and let g : B — RP with f(A) c B c R™ Iff
is continuous at x, € A and g is continuous at f(x,), then g » f is continuous at x,,.

Proof. Let e > 0 be given. As g is continuous aty, = f(x,), there is an r > 0 so that
for any y € B n B(y,,r) we have g(y) € B(g(y,),€). In turn, the continuity of f at x,
guarantees that, for some 6 > 0, f(x) € B(y,,r) for any x € A n B(x, §). It follows that
for any such x we have g(f(x)) € B(g(y,), €), whence the result. O

As a consequence of Theorem 0.0.1 and of the continuity in R* = R x R of the alge-
braic operations x = (x,y) — x +y and x = (x,y) — xy (or by direct application of the
definition), we obtain in particular the following theorem.

Theorem 0.0.2. LetA c R"andletf,g : A — R.Iff and g are continuous at x, € A, then
also f + g and fg are continuous at x,.

We recall the following fundamental result, which will be proved in more generality
in Section 2.5 of Chapter 2. A subset A ¢ R" is closed if its complement A° = R" \ A is
open. A is said to be bounded if it is contained in some ball.

Theorem 0.0.3 (Weierstrass theorem). Let K < R" be closed and bounded and let f :
K — R be continuous. Then f attains its maximum and minimum values in K; that is,
there exist points x,, X, € K such that

flxg) <f(x)<f(x;) VYxeK.
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Differential calculus for functions of several variables: partial and directional
derivatives

Definition 0.0.2. Let A ¢ R", letf : A — R, and let x;, be an interior point of A. Given a
vector v € R", v # 0, if the limit

of

_ i £ Ko + V) = f(Xo)
N

: (0.0.4)

exists and is finite, we call it the directional derivative of f at x; along the direction v.

Remark 0.0.1. As x, is assumed to be interior to A, there is an r > 0 such that
B(xy,r) c A. Thus, for ¢t € R such that |¢| < r/|[v], we have x;, + tv € A, for

Ixo +tv — x|l = lltvl] = |tl[[v] < 7.
This shows that the map

is well defined in the neighborhood J,, =] — r/|v|,r/lvI[ of t = 0, and (0.0.4) then shows
that
o i DO =80 _doy, o,
3 (xp) = }er(} ; = (0) = ¢,(0). (0.0.5)
In other words, the directional derivative of f at x, along the direction v is nothing
but the derivative at t = 0 of the auxiliary function ¢,,, which in turn represents the
restriction of f to the straight line x; + tv passing through the point x, with direction v.

f

Whenv = e,, the ith unit vector of the canonical basis of R", one writes =~ rather

than 5 af and calls -~ the ith partial derivative of f. Assuming that all partial derlvatlves
of f ex1st at the pomt Xo, One puts

Vf<x0)=(af O S (x0)>

and calls Vf(x,) the gradient of f at x,,.

Differentials

Definition 0.0.3. Let A ¢ R", letf : A — R, and let x, be an interior point of A. We
say that f is differentiable at x, if there exists a linear map L : R" — R such that
f(xo +h) =f(xq) + L(h) + o(|h]) as h — 0, that is to say, such that

hm f(XO + h) _f(XO) _L(h)

=0.
h—0 Id]

In this case the map L (which is unique) is called the differential of f at the point x;.
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It is easy to check thatif n = 1, i. e, if f is a function of one variable, then differen-
tiability at a point x, is equivalent to the existence of the derivative f'(x,) at that point
(and in this case, the linear map L : R — R indicated in Definition 0.0.3 is simply the
map h — f'(xp)h). In the general case, differentiability is a stronger property than the
mere existence of the partial derivatives, as shown by the next theorem (which we re-
port without proof) and by the existence of counterexamples to the reverse implication.

Theorem 0.0.4. Let A ¢ R", letf : A — R, and let x, be an interior point of A. If f is
differentiable at x, then f has directional derivative at x, along any direction v, and

of

=—(xg) = L(v),

aV( 0) =L(v)
where L is the differential of f at x,. In particular, %(xo) = L(e;) fori =1,...,n and
therefore

L) =Vf(xg)-v (veR").

Theorem 0.0.4 tells us that the differential of f at X, is represented by the gradient
vector Vf(xy).

The next result we recall says that if the existence of the partial derivatives is ac-
companied by their continuity, then we regain differentiability.

Theorem 0.0.5. Let A ¢ R", letf : A — R, and let x; be an interior point of A. Sup-
pose that f possesses all partial derivatives in a neighborhood of x, and that they are all
continuous at x,. Then f is differentiable at x,.

A function f defined in an open subset A of R" possessing continuous partial deriva-
tives in the whole of A is said to be of class C! in A.

By virtue of the definitions and theorems recalled above, many important results
from the differential calculus for functions of one variable can be extended to functions
of several variables. We illustrate this with two important examples.

Theorem 0.0.6 (Fermat’s theorem). Let A ¢ R" and let f : A — R. Suppose that f attains
a local maximum or minimum at the point x, € A. Then, if x, is interior to A and f has
partial derivatives at x,, we have Vf(x,) = 0.

Proof. Suppose for instance that x; is a (local) minimum point for f; this means that
there is an r > 0 such that B(x,,r) c A and

f(x) = f(xg) Vx € B(xg,1).
Fix anindex i € {1,...,n} and observe that x; + te; € B(x,,r) for any t € ]-r,r[, whence

h(t) = f(xo + te;) = f(xo) = h(0)
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for all such t, showing that the function h has a local minimum at ¢ = 0.
Therefore, h'(0) = 2%(xo) = 0, and as this holds for all i the result follows. O

Theorem 0.0.7 (Mean value theorem). Let A be an open subset of R" and letf : A — R be
of class C* in A. Let x,y be two points in A and suppose that the segment joining x and y
lies in A. Then there is a point z on the segment such that

fO) -fx) =Vf(2)- (y - x).
Proof. By the assumption on the pair x,y we know that
x+tly—-x)eA foreveryte [0,1].

Now reason as before: put v = y — x and consider the function g defined in [0, 1] by the
equality

g = f(x + tv). (0.0.6)
We claim that g is differentiable in [0,1] and that
g'(ty) = %(x +1tv) Vi, € [0,1]. (0.0.7)

Indeed,

gty +h) - g(ty) — lim fX+(ty + hy) - f(x + tyv)
" ,

"(t,) = li
8 (t) hlgtl) h—0 h

so we obtain (0.0.7) by Definition 0.0.2 of the directional derivative and the assumption
that f is of class C! in the whole open set A, which allows to use Theorems 0.0.4 and 0.0.5;
by the former of these, we also know that

of

%(X +tV) = V(X + tyv) - v. (0.0.8)

Now return to our auxiliary function g. By Lagrange’s mean value theorem, we know
that there is a t € 0, 1[ such that

g -g(0) =g'(),
and if we rewrite this equality using (0.0.6), (0.0.7), and (0.0.8), we obtain
fO) -fX) = Vf(x +ty - x)) - (y - %).

Putting z = x + £(y — x), this ends the proof of Theorem 0.0.7. O






Notations

List of most frequently used notations

- The symbols x, y (or x, y) are reserved to vectors of R"(n > 1).

- L Jwill always denote intervals (bounded or not, closed or not) in R.

- The symbols s, t are reserved to real numbers, and in particular they are used in Chapter 1 to denote the
independent variable in ODEs.

- X', %(t), and (Dx)(t) denote the derivative of the function x = x(t) of the real variable t.

- fx(t)dt (indefinite integral of the function x = x(t)) denotes any primitive of the function x = x(t) (that
is, any function F such that F’ = x).

- AxB={(a,b) : a € A b € B} is the Cartesian product of the sets A, B.

- B(xg,r) = {x € X : d(x,xy) < r}is the (open) ball of center x, € X in a metric space (X, d).

- Qwill usually denote a bounded open setin R”.

- C(A,R™),withA c R", denotes the set of all continuous functions from A to R™. In case m = 1, we write
C(A) rather than C(A, R). A similar proviso holds for other function spaces too.

- %(Xo):ﬂf (xp) denote the partial derivative of f = f(x) = f(xy,...,X,) with respect to x; at the point x,.

- Vf(xg) = (%(xo),..., %(xo)) is the gradient of f = f(x) = f(xq,...,X,) at X.

2 2
- A= % +eee % is the Laplacian of f.

https://doi.org/10.1515/9783111302522-203
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1 Ordinary differential equations

Introduction

This chapter begins with the well-known formula (see, e. g., Apostol’s book Calculus [4])
X(t) = cel @t  plawat j e~ lawdty pyar (1.0.)

giving the explicit solutions of the linear equation x’ = a(t)x + b(t), and one of its targets
is to lead the reader to the extension of (1.0.1) to first-order linear systems such as

X' = A()X + B(t), (1.0.2)

where A, B are, respectively, an nxn matrix and an n-column vector with real continuous
elements. As will be clear from the discussion in Section 1.3, this generalization is based
on the fusion (if we can say so) between some well-known and basic facts from linear
algebra on the one hand and the (global) existence theorem for the Cauchy problem
attached to (1.0.2) (see Lemma 1.3.1) on the other hand.

In this presentation, two intermediate steps need to be made for the described ex-
tension of (1.0.1) to (1.0.2). The first consists in passing from the linear equation x’ =
a(t)x + b(t) to the general first-order equation (in normal form)

x' = f(t,x). (1.0.3)

We do this in Section 1.1 with a quick look at the main existence and uniqueness theo-
rems concerning the initial value problem (IVP) for (1.0.3); practically no proofs will be
given for the statements involved, and we refer since this very beginning to for instance
the books of Hale [5] or Walter [1] for an adequate treatment of this topic. The second
intermediate step consists of course in passing from the first-order equation (1.0.3) to
first-order general systems X' = F(t, X), and this is sketched in a straightforward way in
Section 1.2.

Section 1.4 deals with the important case in which the matrix A in (1.0.2) is inde-
pendent from ¢ (linear systems with constant coefficients) and gives the opportunity to
discuss a nice and conceptually important extension of the familiar Taylor series expan-
sion

2
eX:1+x+%+~-~:

of the exponential function of the real variable x to the case where x is replaced by an
n-by-n matrix A.

The final Sections 1.5 and 1.6 of this chapter deal with higher-order differential
equations, with the declared target of gaining some familiarity with second-order linear
equations. Giving special importance to the second-order equation

https://doi.org/10.1515/9783111302522-001
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x" = f(t,x,x") (1.0.4)

is justified not only by its importance in physics coming from the fundamental principle
of dynamics

F=ma

and thus from the classical paradigm stating the uniqueness of the motion of a particle
with given initial position and velocity, but also by the fact that (1.0.4) are the simplest to
examine from the point of view of boundary value problems (BVPs), in which the initial
conditions on x and x’ at a given point t, belonging to the interval I = [a, b] (assuming f
is defined on I x R?) are replaced by conditions involving x and/or x' at the endpoints a
and b of the interval. Such kind of problems (i) yield a good starting point for the study
of nonlinear operator equations and (ii) give rise to the classical theory of Sturm and
Liouville for linear equations, which will be cited with some details in the Additions
to Chapter 3. Finally, they serve as an introduction to the much more difficult BVPs for
second-order partial differential equations (PDEs), in particular those of mathematical
physics, which we shall synthetically discuss in Chapter 4.

1.1 Ordinary differential equations (ODEs) of the first order
Example 1.1.1. The first-order linear equation

x' = a(t)x + b(t), (111
with coefficients a, b € C(I), can be solved by means of the explicit formula

X(t) = cel a0t pfavd J e Ja0dty e 112)

where for f € C(I), the symbol j f(t) dt denotes an arbitrarily chosen primitive of f inI.
For instance, the equation

x'=—§+1, t€]0,+o0[ =1,

has the solutions x(t) = ¢/t + t/2,c € R.

Example 1.1.2. Some simple nonlinear equations can also be solved explicitly. For in-
stance, consider

x' = a(t)h(x),
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where h € C(B), B ¢ R. If along a solution x(t) we have h(x(t)) # 0, then x'(t)/h(x(t)) =
a(t), and integrating both members of this equality gives x(¢) itself if one is able to find
a primitive of 1/h. For instance, the equations

@ x' =3x5, Gi)x =20, (i) x' = x(1 - x)

can be solved to yield respectively

1 e
evx WO

@ x(t) = (t+k)°, (i) x(t) =

with k € R. The three equations all have in addition the solution x = 0; moreover, (iii)
has a second “trivial” solution, namely, x = 1.

Consider now a first-order differential equation in general (normal) form:
x' = f(t,x), (1.1.3)

where f = f(t,x) is a real-valued function defined in a subset A of R?. To study (1.1.3) we
first need to define precisely what is a solution of it.

Definition 1.1.1. A solution of the differential equation (1.1.3) is a function u = u(t), de-
fined in some interval J = J,, ¢ R, such that:

(@) uisdifferentiable in J,

() (t,u(t)) e Aforallte],and

(© u'(t)=f(tu(t) forallte].

Exercise 1.1.1. Prove that if f is continuous on its domain A, then any solution of (1.1.3)
is of class C' on its interval of definition.

Remark on the notations. In order to emphasize and clarify the concept of solution,
we have employed in Definition 1.1.1 a different symbol for the unknown (x) of the dif-
ferential equation and for a solution (u) of it. Of course, this is simply a matter of taste in
the use of notations, and throughout these Notes we will ourselves use the same symbol
with both meanings (as already done in the examples displayed above).

These examples suggest that we have to expect infinitely many solutions of an equa-
tion like (1.1.3). A fundamental remark is that in Example 1.1.1, there is exactly one solu-
tion satisfying a given “initial” condition of the form x(t;) = X,: just impose that condi-
tion in (1.1.2) to obtain uniquely c. One can check that it is the same for equations (ii) and
(iii) in Example 1.1.2, but it is not the same for (i) if we take the initial condition x(t;) = 0,
for we have in this case the two different solutions uy(t) = (t - t0)3 and u,(t) = 0.

Driven by these remarks, we shall study from now on the initial value problem (IVP),
also called Cauchy problem, for the differential equation (1.1.3), which is written
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{ x' = f(t.x)

114
x(tp) = Xo 1

and consists in finding a solution u of the differential equation, defined in an interval J
containing the point ¢, and such that u(t,) = x,. Of course the point (¢y, x,) € 4, and we
shall look for assumptions on f which guarantee for any such initial point the existence
and uniqueness of a solution to (1.1.4) at least in a “small” interval around ¢.

The first assumption one makes about f is that it be continuous on its domain A. For
such f, consider the integral equation (relative to the point (¢, X;) € A)

t
X=Xy + Jf(s,x) ds (1.1.5)

)

and define a solution of (1.1.5) to be a continuous function u, defined on some interval J
containing ¢, and satisfying the equation in J, meaning that (¢, u(t)) ¢ Afor ¢ € J and

t
u(t) = xo + Jf(s, u(s))ds vte]j. (1.1.6)

ty

Lemma 1.1.1. Suppose that f : A — R is continuous. Then the IVP (1.1.4) is equivalent to
the integral equation (1.1.5), in the sense that any solution of (1.1.4) is a solution of (1.1.5)
in the same interval, and vice versa.

Proof. Thisis a mere consequence of the definitions, Exercise 1.1.1, and the fundamental
theorem of calculus.

Consider now the special case in which A is a strip in the plane parallel to the x-axis,
i.e, A =IxRwithI c Raninterval. This geometrical assumption helps to make it clear
that the solutions of (1.1.5) — that is, of (1.1.4) — are precisely the fixed points of a particular
map F.Indeed, first note that given any map u : /] — R, the condition (¢, u(t)) € A = IxR
— required to give meaning to f(t, u(t)) — simply means that J c I. Moreover, by (1.1.6)
we have the following lemma. O

Lemma 1.1.2. Suppose that f : I x R — R is continuous. Let (t;,x,) € I x R and let | be
an interval containing t,. Finally, let F : C(J) — C(J) be the mapping defined as follows:

foru e C(J),

t

F(u)(t) = xg + jf(s, u(s))ds, tej. (1.1.7)

)
Then u is a solution of (1.1.5) in the interval | if and only if F(u) = u.

Remark 1.1.1. That the map F defined in (1.1.7) operates in C(J) follows from the con-
tinuity of f, which was already employed before. F is directly related to the map Ny
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acting in C(J) and defined by the equality Nf(u)(t) = f(t, u(t)); this is sometimes called
the Nemytskii operator induced by the function f. The study of Nemytskii’s operator is
fundamental when dealing with nonlinear problems. To see explicitly how F works, take
forinstance J = I = R, f(t,X) = x°, (ty, Xp) = (0,0). Then

t
Fu)(t) = Ju3(s) ds, teR.
0

If we take for instance u(t) = sin t, then it is easily checked that

(cos t)3

2
F(u)(t) = —cost + + 3
Local existence and uniqueness of solutions to the IVP
In the remaining of this section, we state without proof some basic existence and unique-

ness results for solutions of the IVP (1.1.4); proofs of these statements can be found, for
instance, in the book [1]. First, some more definitions are needed.

Definition 1.1.2. A function f : A ¢ R* — R is said to be Lipschitzian with respect to the
second variable in A if there exists a constant L > 0 such that

[ft.,x) - ft.y)| <Lix -yl V(tx),(tYy) €A (1.1.8)

Definition 1.1.3. Let A be an open subset of R%. Amap f : A ¢ R* — R is said to be
locally Lipschitzian with respect to the second variable in A if each point (¢,, Xy) € A has
a neighborhood U = U(¢,, X;) ¢ A in which f is Lipschitzian.

Here we provide the standard form of the local existence and uniqueness principle
for solutions of (1.1.4).

Theorem 1.1.1. Letf : A — R with A an open subset of R%. Assume that:
(@) f is continuous in A;
(b) f islocally Lipschitzian with respect to the second variable in A.

Then given any (ty,x,) € A, there exists a neighborhood I of t, such that (1.1.4) has a
unique solution defined in I,.

Example 1.1.3. The system

{ x' = sin(a(t)x) (1.1.9)

x(ty) = X,

where a is continuous on an interval I, can be solved uniquely for each point x, € R
and near each point ¢, € I. Indeed, letting I, be a closed, bounded neighborhood of ¢,
contained in I, we have
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sin(a(t)x) - sin(a(t)y)| < |a(®)|lx -yl < Lix -yl
with L = max;, |a(t)].

In practice, to check the local Lipschitz condition (b) in Theorem 1.1.1 is an easy
task when (as in the example above) f = f(t, x) has a continuous partial derivative with
respect to x in A. Indeed, recall that if g is a differentiable function defined on an interval
I ¢ R, then given any two points x and y in I we have g(x) - g(y) = g'(2)(x —y) for some
z between x and y (mean value theorem). Then we have the following proposition.

Proposition 1.1.1. Suppose that f : A — R (with A open in R?) satisfies the following
conditions:

(i) the partial derivative %(t, X) exists at each point (t,x) € A;

(ii) the function g—’; : A — R s continuous in A.

Then f is locally Lipschitzian with respect to x in A.

Proof. Pick a point (ty,x,) € A and let R = [a, b] x [c, d] be a rectangular neighborhood
of (ty, xy) contained in A. Then for any (¢, x), (t,y) € R there exists a z between x and y
such that

Ift,x) - f(t.y)| = %(t,z)(x -y)| < Klx -yl,

with K = max; ,)cp %(t, x)|; K is well defined because of (ii) and the Weierstrass theo-
rem (Theorem 0.0.3) on continuous functions over compact sets. O

Example 1.1.4. The equations

, _ arctan(tx)

I:tX_l , @A)
X Sl I X e - (@ + X))

can be solved uniquely near each point (t,, xy) belonging respectively to the half-space
{(t,x) : x > 0} or to the punctured ball {(¢t, x) € R%: 0 < t* + x* < 1}, which both are open
subsets of R,

Exercise 1.1.2. With reference to (i) of Example 1.1.2, show that the function f
R x R — R defined putting

2
f(t,x)=x:3
is not locally Lipschitzian.
Continuation of solutions, maximal solutions, global solutions

Definition 1.1.4. Let u and v be two solutions of x' = f(t, x) in the intervals I, and I,,,
respectively. We say that vis a continuation of uif I, c I, and v = uinI,. The continuation
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is said to be proper if I, c I, properly. A solution is said to be maximal if it has no proper
continuation.

Lemma 1.1.3. Suppose that the assumptions of Theorem 1.1.1 are satisfied and let u and v
be two solutions of x' = f(t, x) defined in the same interval J. If u(t) = v(t) for somet € ],
then u(t) = v(t) for all t € J.

Theorem 1.1.2. Suppose that the assumptions of Theorem 1.1.1 are satisfied. Then any
solution of x' = f(t,x) has a unique maximal continuation.

Now let (ty, xy) € A and let u be the “local” solution of the corresponding IVP (1.1.4),
whose existence is granted by Theorem 1.1.1 and defined in a neighborhood I, of t,. The
theorem just stated ensures that u, can be uniquely continued to a maximal interval
containing I,. Therefore, we have the following theorem.

Theorem 1.1.3. Suppose that the assumptions of Theorem 1.1.1 are satisfied. Then for any
(to> Xp) € A, the IVP (1.1.4) has a unique maximal solution.

Question: where are the (maximal) solutions of an ODE defined?

On the basis of Theorem 1.1.2, when speaking of a solution of x' = f(t, x), one always
means a maximal solution. Now, the question written above has no definite meaning
in general, but it does when A = I x R, in which case it is natural to ask whether the
solutions are defined on the whole of I.

Definition 1.1.5. Letf : I x R — R. A solution of x' = f(t, x) is said to be global if it is
defined on the whole of I.

For instance, looking at the three equations appearing in Example 1.1.2 (in all of
which I = R), we see that the solutions of (i) are all global, while for (ii) and (iii) some of
them are global and some others (precisely, those for k < 0) are not. Moreover, we can
consider for instance the equation x’ = x%, having the global (trivial) solution u = 0 and
the solutions

1
t)=-—r7,
u(t) t+k

none of which is global. It is therefore natural to ask which additional conditions one
has to impose on f in order to guarantee that all solutions of x' = f(t, x) are global.

Definition 1.1.6. Amap f : I x R — R s said to be sublinear with respect to the second
variable if there exist a, § € C(I) such that

If (&, )| < a@®)|x| + B(t) (1.1.10)

forallt e I and x € R.
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Examples.

(@) Iff(t,x) = a(t)x + b(t) with a,b € C(I), then f is sublinear.

(i) Iff(t,x) = \/m then f is sublinear since \/TXI <|x|+1forallx e R.
(iii) If (¢, x) = X%, it is easy to check that f is not sublinear.

Theorem 1.1.4. Letf : I x R — R with I an open interval in R. Assume that:
(@) fiscontinuousinlI x R;

(b) f is locally Lipschitzian with respect to the second variable in I x R;

(c) f is sublinear with respect to the second variable in I x R.

Then given any (t,,X,) € I x R, the maximal solution of (1.1.4) is defined on I. In other
words, for any (t,, X,) the IVP (1.1.4) has a unique global solution.

1.2 Systems of first-order differential equations

A system of two differential equations of the first order in the two unknowns x,y has
the form

x" = f(t.x,y)
1.2.1
{ Y =gtx.y), azD

where f,g : A ¢ R® - R are given functions. For instance,

{ x' = x(a - by)

V= ycr 0, (1.22)

where a, b, c,d are all positive constants, is the Lotka—Volterra system modeling prey—
predator competition. In general, a system of n first-order differential equations has the
form

X1 = it X, Xg, .05 Xy)

Xy = fo(t; Xy, Xg ..., Xp) (1.2.3)

X0 = fult, X, Xgs 5, Xp),

where f;,, ..., f, are given real-valued functions defined in a subset A of R"** and can be
written in vector form as

X' = F(@t,X), (1.2.4)

where X = (x1,Xp,...X,) € R"and F = F(t,X) : A — R" is the vector-valued function,
defined in A, whose component functions are (f},f5, ..., f,)-
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The vector form (1.2.4) of the system (1.2.3) allows for an almost immediate extension
of the definitions and results already seen for the scalar equation x’ = f(t, x). Here, we
just resume the main points of this extension and refer again to [1] for details and proofs.

A. Solution of (1.2.4)
A solution of (1.2.4) is a function U, defined in an interval J;; ¢ R, that is differentiable
in J; such that, for all t € Jy,

(t,U®)eA and U'(t)=F(t,U®)).

B. The IVP for (1.2.4)
The IVP for (1.2.4) is written

I _
{ X' = Ft.X) (1.2.5)

X(ty) = Xo,

where (ty,X,) € 4, and consists in finding a solution U of (1.2.4) defined in a neighbor-
hood of ¢, such that U(¢,) = X,.

C. Lipschitz and locally Lipschitz functions F : A ¢ R™" — R™

Definition 1.2.1. Let A be an open subset of R""!, Amap F = F(t,X) : A —» R™ is said to
be locally Lipschitzian with respect to X in A if each point (y, X,;) € A has a neighborhood
U = U(ty,Xy) ¢ A where F is Lipschitzian with respect to X, that is, it satisfies the
inequality

|[EF(t.X)-F(t,Y)| <LIX - Y| (1.2.6)

for some L > 0 and for all (¢t,X),(t,Y) € U.

In (1.2.6), the symbol |.| stands for the Euclidean norm in R™:

n
IXI =D %2 ifX = (..., x).
i=1

D. Local existence and uniqueness of solutions of the IVP (1.2.5)

Theorem 1.2.1. Let F : A — R" with A an open subset of R™*1, Assume that:
(a) F is continuousin A;

(b) Fislocally Lipschitzian with respect to the second variable X in A.

Then given any (ty,X,) € A, there exists a neighborhood I, of t, such that (1.2.5) has a
unique solution defined in I,.



10 — 1 Ordinary differential equations

The following propositions are helpful to check that condition (b) in Theorem 1.2.1
is satisfied.

Proposition 1.2.1. F = (f;,...,f,,) : A — R™ is Lipschitz (locally Lipschitz) in A ¢ R™*! if
and only if foreachi=1,...,m, f; : A — R s Lipschitz (locally Lipschitz) in A.

Proposition 1.2.2. f : A — R is locally Lipschitz in A ¢ R" provided that for each

i=1,...,n, the partial derivative g—)’; exists and is continuous in A.
1

Example 1.2.1. Given any t; # 0 and any X, y, € R, the system

x" =xlogy = f(t,x,y)
Yy = (YD)t = gt x,y) .27
X(t) = xp.  Y(t) =Y

has a unique solution defined in an appropriately small neighborhood of ¢,, for the func-
tions f and g are plainly continuous in their (open) domain of definition A = (R \ {0}) x
R x ]0, +00[, and so are the partial derivatives

of of x og 2x  og 2y
= (xy)=logy, =y =5, =Xy ==, 20y ==.
ax(x y) = logy ay(x Y) y ax(x y) ; ay(x y) ;

In fact, in this simple example f, g are of class C! in A. The same can be said for the
system

x' = txsiny
R 12.8
y - ml”z ()

x(ty) = xp,  Y(ty) =Y.

E. Global solutions of (1.2.4) (when A = I x R")
Definition 1.2.2. Amap F : I x R" — R™ is said to be sublinear with respect to the
second variable if there exist a, f € C(I) such that

[F@tX)| < a@®)IX]l + B(t) (1.2.9)

forallt e I and X € R™.

As in Proposition 1.2.1, F = (f;,....f;,) : A — R™ is sublinear if and only if each f;
is sublinear. With these definitions for the vector case at hand, we can state the general
form of the global existence and uniqueness theorem.

Theorem 1.2.2. Let F : I x R" — R" with I an open interval in R. If F is continuous,
locally Lipschitzian with respect to X and sublinear with respect to X in I xR", then given
any (ty, Xp) € I x R", the IVP (1.2.5) has a unique solution defined on all of I.
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For instance, the system (1.2.8) has a unique solution defined on |1, 1[; likewise, the
problem

x' = txarctan xy + 1
y = %% +elx (1.2.10)
x1) =0, y=1

has a unique solution defined on ]0, +oo/[, for the inequality |x|/1+ xt <1 holding for all

X € R shows that the right-hand member of the second equation in (1.2.10) is sublinear
in each of the strips ]0, +oo[ x R?, ]-00,0[ x R%.

Exercise 1.2.1. Show that the system

X' =txsiny +1=f(t,x,y)

Y= 5= =gtxy)
x1)=0, y@)=1

(1.211)

has a unique solution defined on ]0, +co[. In this example, the function g does not have
partial derivatives in its domain of definition A = (R\ {0}) x R?, but is nonetheless locally
Lipschitzian with respect to X = (x,y) in A because of the inequality

X1 -1y < 1x -vl, (1.2.12)

which holds for any norm by virtue of the triangle inequality.

Remark 1.2.1. The definitions and results given in Section 1.1 about the continuation of
solutions and related questions remain valid also for systems of ODEs. In particular, it
follows that when F : I x R" — R" satisfies the assumptions of Theorem 1.2.2, then every
(maximal) solution of the system X' = F(t, X) is global. Indeed, any solution U : J; — R
of this system is in particular a solution of the IVP (1.2.5), with ¢, any point of J;; and
X, = U(ty). Now if we denote with Z : I — R" the global solution of the IVP (1.2.5) given
by Theorem 1.2.2, it follows first (from Lemma 1.1.3) that Z is a continuation of U and
then that J; = I, for otherwise U would not be maximal.

1.3 Linear systems of first-order ODEs

Consider now the following special form of (1.2.1):

' — a(t)x + bt t
{x a(t)x + b(t)y + c(t) 1.3.1)

Y =d(t)x +e(t)y + (1),

where a, b, c,d, e, f are real-vaued functions defined in an interval I, called the coeffi-
cients of the system (1.3.1). In general, a linear system of n first-order differential equa-
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tions has the form

+ A ()X, + by (E)
+ Ay (1) Xy + Dy (0)

X} = Qg (DX + g (OXg + - + A (DX + by (D).

Putting
X1 an
X a
X = 2] A= 21
Xn any

(1.3.2) can be written

X' = A(X + B(t).

Consider the homogeneous system associated with (1.3.4):

(1)
Qo

X' = A(DX.

Also, consider the initial value problem (IVP) associated with (1.3.4):

{ X' = A(OX +B(t)
X(ty) = X,.

1.3.2)

(1.3.3)

(1.3.4)

(1.3.5)

(1.3.6)

Lemma 1.3.1. If the coefficient functions a; and b; are continuous on I, then for any
(ty»Xp) € I x R" the maximal solution of (1.3.6) is defined on all of I. In other words, for

any (ty, X,) € I x R", the IVP (1.3.6) has a unique global solution.

Proof. We can apply Theorem 1.2.2because with F(t,X) = A(t)X+B(t), itis easily checked

that F is:

— continuous,

— locally Lipschitzian,
— sublinear.

Indeed, the ith (i = 1,...,n) component f; of F has the explicit form

filt, X) = fi(t. X0, .., Xp) = an(OXq + A(OXg + -+ - + Qi (X, + by(0),

so that the continuity of f; is evident from its special dependence on X and the continuity

of the coefficients a;; and b;; as to local Lipschitzianity, just observe that

E
axj

Finally, the sublinearity of f; follows from the inequality

(t.X) =a;(t) (t,X)eIxR",

ij=1...

, .



1.3 Linear systems of first-order ODEs =—— 13

fit, )] < ) |a(0)x; + by(0)| < a@®)IX]| + B(e),

j=1
where a(t) = Z}’zl |a,-]-(t)| and S(t) = |b;(®)I. O

Remark 1.3.1. It follows from Lemma 1.3.1 (and Exercise 1.1.1!) that every solution
of (1.3.4) belongs to the vector space CY(I,RY) of all R"-valued functions defined on I
and continuous on I together with their first derivative.

We will now see what special properties the solution sets of (1.3.4) and of (1.3.5) have.

Lemma 1.3.2. Let S and S, be respectively the set of all solutions of (1.3.4) and the set of
all solutions of the homogeneous system (1.3.5), or in symbols,

S={UeC{I,RY): U'(t) = A()U(t) + B(t), t € I}, 1.3.7)
Sp = {U e CHIL,RY) : U'(t) = A(Q)U (), t € I}. (1.3.8)
Then:
(i) Sy is a vector subspace of CY(I, R,
() S=8y+X,=1{U+X,:U € Sy}, where X,, € S is arbitrarily fixed.
Proof. Let T be the map defined putting, for U € C}(I, R"),
TU)(t) =U'(t) -ADU®), tel.
It is easy to check that T is a linear map of E = C}(J, R") into F = C(I, R"). Now since
Sy ={U ¢ E:T(U) =0},
(i) follows immediately (S, is just the kernel Ker T of T). On the other hand,
S={U<E:T(U) =8B}
so that statement (ii) is another elementary fact from linear algebra. O

Proposition 1.3.1. Let E, F be vector spaces and let T be a linear map of E into F. If the
equation

Tx=y (yeF) (1.3.9)
has a solution x, then the set S, = {x € E : Tx = y} of all solutions of (1.3.9) is given by
Sy =KerT +X,.

Proof. This is left as an exercise.

In brief, the statements of Lemma 1.3.2 are straightforward consequences of the lin-
earity of the system (1.3.4). This same fact, used in conjunction with the existence and
uniqueness of solutions of the IVP for first-order linear systems, stated before for con-
venience as Lemma 1.3.1, implies other and fundamental properties of the solution sets
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for equations (1.3.4) and (1.3.5). To fully appreciate this statement, let us recall formally
a second fact from linear algebra. O

Proposition 1.3.2. Let E, F be vector spaces and let T be a linear map of E into F. If T is
bijective (i. e., it is an isomorphism) and E has dimension n, then also F has dimension n.

Proof. This is left as an exercise. O

Theorem 1.3.1. The set of all solutions of the homogeneous system (1.3.5) is a vector sub-
space of dimension n of C'(I, R").

Proof. Fixapointt, € I and consider the map H;, of CY(I, R") into R" defined as follows
for every U € CY(I, R"):

H,, (U) = U(ty).

Hy, is evidently linear; we could call H; the evaluation map at t,. Consider now the
restriction K, of H, to Sy: we claim that K, is a bijective map of S, onto R". Indeed, let
X, € R"; by the existence and uniqueness lemma, Lemma 1.3.1 (used with B = 0), there
is a unique U € ct (I, R that is a solution of the IVP

{ X' = AX

1.3.10
X(to) = Xo. ( )

In other words, there is a unique Uy, € S, such that K, (U) = U(ty) = X, so that K,
is in fact an isomorphism of S, onto R". The statement in Theorem 1.3.1 thus follows
from Proposition 1.3.2 — or, more literally, from the equivalent statement in which it is
assumed that the target space F has dimension n. O

Fundamental system of solutions of (1.3.5). Fundamental matrix

Definition 1.3.1. A fundamental system of solutions of (1.3.5) is any set of n linearly in-
dependent solutions of (1.3.5), or equivalently (in view of Theorem 1.3.1) any basis of the
vector space S, defined in (1.3.8).

It follows that if V4, V,,..., V,, are n linearly independent solutions of (1.3.5), then
any solution U of (1.3.5) can be written in a unique way as a linear combination

U=qVi+---¢,V, (c; € R). (1.311)

The following proposition is useful when checking the linear independence (1. i.) of
n solutions of (1.3.5).

Proposition 1.3.3. Let V,V,,...,V, bensolutions of (1.3.5). The following statements are
equivalent:
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(i) thereexistsat €I such that Vy(t), Vo(D),..., V,(f) are L i. vectors of R";

(i) Vy, V..., V, arel i vectors of C\(I; R");

(iii) for every t € I, V;(t), Vy(2), ..., V,(t) are L i. vectors of R".

Proof. This is left as an exercise. O

Definition 1.3.2. A fundamental matrix of (1.3.5) is the n x n matrix formed by a funda-
mental system of solutions of (1.3.5).

Notation. Given an n x n matrix A, we denote by Alits ith column and write
A=(AY...1a"N.

With this notation, if we display a vector X = (x,...,X,) € R" as a column vector as
in (1.3.3), by the usual rules of product of matrices we see that

AX = A+ x, A"

If Vi, V,,...,V, are n linearly independent solutions of (1.3.5), let E denote the cor-
responding fundamental matrix:

E=]...1V),

constructed putting E'= V;. With these notations, looking at formula (1.3.11) we see that
the content of Theorem 1.3.1 can be resumed saying that any solution U of (1.3.5), i.e.,
any U € S, can be written

U=EC (CeR"). (1.3.12)

We now return to the inhomogeneous equation (1.3.4) and to its solution set S.
Lemma 1.3.2, part (ii), tells us that it is enough to have one solution X, of (1.3.4) to have
all solutions of it, because S = S, + X,;; and by what has just been said above about S,
we conclude that the solutions of (1.3.4) are all given by the formula

U=EC+X, (CeR".

To find an X, € S, one uses the method of variation of constants, which consists
in looking for an X, of the form

X,(t) = E()C(t), (1.3.13)

with E a fundamental matrix of (1.3.5); the terminology (due to Lagrange) explains that
we are replacing in (1.3.12) the constant C with a function C = C(t) to be determined. To
do this, impose that EC be a solution of (1.3.4); this means that
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%(E(t)C(t)) =AE@)C(t) + B(t) (tel). (1.3.14)

It is easy to check that

d

E(E(t)C(t)) =El(t)C(t) + E()C'(¢)

and that
E'(t) = AQOE(®)

(which shows that E is a matrix solution of (1.3.5)); using these two relations in (1.3.14)
yields the following condition on C:

E@)C'(t) = B(¢).

Thanks to the invertibility of E, this is equivalent to the condition C’ = E"'B and can be
satisfied taking for C any primitive of the (continuous) vector function E-'B.

We can finally resume the information about the linear systems (1.3.4) in the follow-
ing theorem.

Theorem 1.3.2. The solutions of the linear system (1.3.4) are all given by the formula
U(t) = E(t)C + E(t) J[E(t)]_lB(t) dt, (1.3.15)
where E is a fundamental matrix of the homogeneous system (1.3.5), C € R", and for

F € C(,R™), the symbol f F(t) dt denotes an arbitrarily chosen primitive of F in I.

Remark 1.3.2. Thereader isinvited to appreciate both the beauty of formula (1.3.15) and
its strength as an extension of formula (1.1.2) with which this chapter has begun.

1.4 Linear systems with constant coefficients. The exponential
matrix

Recall that for every x € R,

o0 n 2
X— X el X .«
e _Zﬁ_l+x+2—!+ ) (1.4.9)

n=0
Definition 1.4.1. Given any n x n matrix A, define

O AN 2
eA:zA—:I+A+A—+-~-, 14.2)
(1 2!

where A" = A x - -- x A is the n-times usual product row by columns of A times itself.
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In this section, we show that e is a fundamental matrix for the system of ODEs

X' = AX
so that, on the basis of Theorem 1.3.2, the solutions of the system
X' = AX + B(t)
will be given by the formula
U(t) = eC+e* Je‘”“B(t) dt (CeR".
Recall that in explicit form, if A = (al-]-), 1<i,j <n,(1.44) is written

!

X = Ay Xy + ApXy + - -+ + Qg Xy + by ()
!

X2 = a21X1 + a22X2 + -0+ az,an + bz(t)

!
Xy = Ay Xy + AoXo + + -+ + AppXyy + by (D).

Two points have to be discussed:
— the actual convergence of the series of matrices (1.4.2);
- the verification of e being a fundamental matrix for (1.4.3).

A. Series of matrices and their convergence
Let

M, ={A=(ay), 1<ij<n}

(1.4.3)

(1.4.4)

(14.5)

(1.4.6)

1.4.7)

denote the set of all n x n real matrices. M,, becomes a vector space when equipped with
the usual operations of sum and product by a real number. A norm in this vector space

can be introduced in a natural way putting

n
— 2
lAl =) &
ij=1

(14.8)

A very useful criterion for the convergence of series in a Banach space, which is a
complete normed vector space (see Section 2.4 of Chapter 2), is given by the following
theorem, which extends the well-known criterion of the absolute convergence for a

numerical series.

Theorem 1.4.1. Let E be a Banach space and let (x,) be a sequence in E. If the numerical

series Y .2, Ix, || converges, then the series Y >, X, converges in E.
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The proof of Theorem 1.4.1is essentially the same as that for numerical series, and
can be seen in Chapter 2, Section 2.4.

Consider the particular space M,, of the real matrices, normed via (1.4.8). First note
that this is a Banach space as it is isometrically isomorphic to R”. Moreover, here we
have an additional and useful property of the norm.

Lemma1.4.1. Let A,B € M,. Then
IABI < |A]IBI. 1.4.9)
Proof. Thisis left as an exercise (recall that (AB);; = 4; .B and use Schwarz’ inequality).
O
Proposition 1.4.1. For any A € M, the series
(e8] n AZ
Z— :I+A+2—+~-~

| |
“~ ! !

converges in the normed space M, Its sum is denoted with e* and is called the exponential
matrix of A.

Proof. On the basis of Theorem 1.4.1 and the completeness of M, it is enough to show
that the series

00 An An
n=0 nl n

converges. However, by virtue of Lemma 1.4.1 we have
la"| < 141" (n € N)

so that the series (1.4.10) is term-by-term majorized by the convergent series Y, |lA|" /n!
(whose sum is e/ see (1.4.1)), and thus converges by the familiar comparison criterion
for series with non-negative entries. O

B. The exponential matrix e” as a fundamental matrix for X’ = AX
Let us first remark some properties of the matrices of solutions of a general linear
homogeneous system

X' = A@)X. (1.4.11)

Proposition 1.4.2. Let V;,V,,...,V, € C}(I, R") and let E denote the corresponding ma-
trix

E=(V...IVp)
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constructed putting E'= Vi (1 i< n). Then the following properties are equivalent:
@) Vi, V,,...,V, are solutions of (1.4.11);
(i) E is a matrix solution of (1.4.11), that is,

E'(t) = A()E(t) Vtel; (1.4.12)
(iii) for every C € R", X(t) = E(t)C is a solution of (1.4.11).

Proof. (i) = (ii) (already seen in the method of variation of constants): The matrix equal-
ity in (1.4.12) can be verified “by columns” and - since (AB)! = AB' for anyA,B e M, -is
thus equivalent to statement (i).

(ii) = (iii): If (1.4.12) holds, then

%(E(t)c) =E(t)C=A()E(t)C Vtel.
(iii) = (i): By assumption, E(t)C = ¢;V; + ---¢,V, is a solution of (1.4.11) for every
C € R". Thus, taking in particular C = e;, it follows that V; is a solution for everyi. [

Proposition 1.4.3. IfE = E(t) is a matrix solution of (1.4.11), then E is fundamental <
E(¢t) is invertible Vt € I & 3t € I : E(?) is invertible.

Proof. This follows from Proposition 1.3.3, which gives equivalent criteria for the linear
independence of n solutions of (1.4.11). O

Let us go back to the exponential matrix. By Proposition 1.4.1, we can consider for
every t € R the matrix
ot _ 3 (t4)

Lot e B (1.4.13)

n=0

Theorem 1.4.2. Given the linear system with constant coefficients X' = AX, the matrix
E(t) = ™ is a fundamental matrix for it. Therefore, the general solution of X' = AX is

X@) =e”c, CeRM (1.4.14)

Proof. Due to Propositions 1.4.2 and 1.4.3, it will be enough to show that
- %(em) =Ae vt e R;

tA
- e |t:0:I'

While the second equality is an immediate consequence of the definition (1.4.13), the
first requires some more care. For every i,j with 1 < i,j < n we have

don] _ Dy _ A" _d(SE
[E(e )],,:ae )U:E<Z o >UZE<ZE(A )U>

y n=0 n=0
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the equality sign between the first and the second line being allowed because power
series can be differentiated term-by-term, as will be recalled in Section 2.7 of Chapter 2.
Therefore,

Computation of e

In order for formula (1.4.14) to be of practical use, methods for computing e* start-
ing from a given A are necessary. The simplest case is when A is diagonal, for if A =
diag(ay, ..., a,), then

af 0
s 0 0
K
0 a,
S0
etal 0
R , (1.4.15)
6 eir'zn
because

0 k o ak a. . .
A - <A_> :{ Yoo U= et (i=])
@)= 2 j Lo (i ).

The next case is when A is diagonable, that is, when A is similar to a diagonal
matrix, this in turn meaning that there is an invertible matrix P such that

PlAP =D, (1.4.16)

with D diagonal. Indeed, the definition (1.4.2) shows that if A, B € M,, are similar, then so
are their exponentials e, eP ,forif B = PLAP for some invertible P, then

B*=B-B-----B=(P'AP).(P'AP)-.... (P"14P) = P1A*P,
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so that using (1.4.2) we obtain ef = plep. Therefore, (1.4.16) implies that el = P’letAP,
whence

e = pe'’p, (1.4.17)

so that, utilizing (1.4.15) for e” and knowing the similarity matrix P, one can recover
e, However, knowing the similarity matrix P and the resulting diagonal matrix D
amounts to knowing the eigenvectors of A and the corresponding eigenvalues. In-
deed, provided that P is invertible we can write the equivalences

PAP=D & AP=PD & (AP)' = (PD)' & AP'=PD' (1<i<n),
so that, putting V; = P' and D = diag(A,, ..., A,), we arrive at

The condition of invertibility on P is equivalent to the condition that V; be linearly
independent, that is, that they form a basis of R" (assuming, as we are doing for simplic-
ity, that A be diagonable in the real field, so that P and D are real matrices).

Theorem 1.4.3. Suppose that A € M, is diagonable in the real field and let Vy,...,V, be
n linearly independent eigenvectors of A corresponding to the eigenvalues A,,...,A, as
in (1.4.18). Then the general solution of X' = AX is

X(t) = k"' v, + - k,e™'V,  (kp,...,ky, € R). (1.4.19)
In other words, the functions
X, () = v, . X () = eMY,

form a fundamental system of solutions of X' = AX.

Proof. From Theorem 1.4.2 and formula (1.4.17) we have, putting K = P~'C,

X(t) = ec = Pe®PC = PePk. (1.4.20)
However,
eht 0
N R (1.4.21)
0 ..

so that, with K = (ky, ..., ky),

e’k = kle’lltel +oe k,,e’l"ten.
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Putting this in (1.4.20) we obtain (1.4.19), since Pe; = P = V;. O

Remark 1.4.1. For the sake of simplicity, we will not deal with the important case in
which the (real) coefficient matrix A has some complex (and necessarily conjugate)
eigenvalues. Of course, A could still be diagonalized in the complex field, in which case
Theorem 1.4.3 remains essentially unaltered: we refer for this to Hale [5] or Walter [1].

1.5 Higher-order ODEs

A. An ordinary differential equation of order n (briefly, an nth-order ODE) has the form
XM = f(t,x, %', xY, (1.5.1)
where f : A » Rwith A ¢ R, A solution of (1.5.1) is a function u such that
u™ () = f(t,ut), ' (t),..., u™ V() Vte], (15.2)

where J, ¢ R is an interval. For this definition to make sense, it is of course re-
quired that u be n times differentiable in J, and that the (n + 1)-tuple of real numbers
tu®),u'(@),..., u("’l)(t)) belong to A for every ¢ € J,,.

Example 1.5.1. Consider the following:

"

x'=0, u(t)=ct+d,

1
x" =g =const, u(t)= Egt2 +ct+d.

Example 1.5.2. More generally, given g € C(I),

t ,s

X" =g(t), )= J(Jg(y)dy)ds+ct+d,

thy “fp
where ¢, is any point of I.

Example 1.5.3. Consider

mx" = —kx, u(t) = ccoswt + dsin wt, <w = %)

In the above examples, we see that the solution depends upon two arbitrary con-
stants ¢ and d, so that the solution will be uniquely determined if we assign two initial
conditions (“initial position and velocity” in the mechanical interpretation).

The concepts of maximal solution and global solution (when A = I x R") of (1.5.1)
are given in the same way as for the casen = 1.
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Likewise, here too we observe the regularization property of solutions of an ODE:
equality (1.5.2) shows that if f is continuous, then any solution u of (1.5.1) has a neces-
sarily continuous nth derivative, so that u € C"(J,,).

B. The IVP problem (Cauchy problem) for (1.5.1)

Definition 1.5.1. The initial value problem (IVP) for the nth-order ODE (1.5.1) consists —
given an (n + 1)-tuple of real numbers (to,xf ,xg, .. ,x,(:) € A - in finding a solution u
of (1.5.1) such that:

(i) wuisdefined in a neighborhood of ¢;

(i) ulty) = X3, u'(tg) = x3, ..., u™ V(ty) = x2.

For instance, the IVP for a third-order ODE will be written as

XIH :f(t, X, X’,X”)
X(ty) = Xo

x'(ty) = Yo

x"(ty) = 2,

(1.5.3)

where (ty, Xg, Yo, Zo) iS a given point in A = dom(f) ¢ R*.

Exercise 1.5.1. Check that the IVP

x" =t
X(to) = XO (154)
x'(to) = Yo

has a unique solution, which is given by the formula

u(t) = %(P -8)- %tﬁ(t —to) + tyy + (Xo — tYo)-

Question. Do we have general existence and uniqueness results for solutions of the IVP
for (1.5.1)? The next step will help to answer this question.

C. Equivalence between an nth-order ODE and a first-order system
Proposition 1.5.1. The nth-order ODE (1.5.1) is equivalent to the system

Xp =X,
!

X5 = X
2773 (15.5)

Xy = f(t X0 Xgs .5 Xp)

in the following precise sense:
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(@) ifu:J, — Ris a solution of (15.1), then the vector function U = (u,u',...,u™ V) is
a solution of (1.5.5);

(b) viceversa, if U = (ug,Uy,...,u) : Jy — R" is a solution of (1.5.5), then its first
component uy is a solution of (1.5.1).

Proof (for the casen = 2). (a) Letu : J, — R be a solution of (1.5.1). Then, by definition,
u' () = f(tu),u' (1), te], (1.5.6)

Consider the vector function U = (u, u'). Then U satisfies trivially the first equation of
the system

X =x
{ 1o 157
X2 :f(t>X1)X2)>

while the second one is satisfied by virtue of (1.5.6).
The verification of (b) is equally simple. O

D. Existence and uniqueness theorems for the IVP
Write (1.5.5) in the vector form X’ = F(t,X), where F = (F,,...,F,) : A — R" is defined
putting, for X = (xq,...,Xp),

{ Ft,X) =Xy, 1<i<n-1 (1.5.8)

F,(t,X) = f(t, X1, ..., Xp).

Now observe that:
— F continuous & f continuous,
—  Flocally Lipschitz < f locally Lipschitz,
— Fsublinear & f sublinear,

because for every 1 < i < n -1, F; trivially satisfies these conditions.

Therefore, all existence and uniqueness theorems for the IVP for the system X' =
F(t,X) translate into existence and uniqueness theorems for the IVP for (1.5.1), under
the corresponding assumptions (continuity, etc.) upon f.

For instance, for the case n = 2 we have the following theorem.

Theorem 1.5.1. Consider the IVP

X" =ft,x,x")
1.5.9
{ X(ty) = Xo» X’(to) =Yo> ( )

where f = f(t,x,y) is a real-valued function defined in an open subset A ¢ R®. Suppose
that f is:
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(a) continuousinA;
(b) locally Lipschitz with respect to X = (x,y) in A.

Then for every (ty, Xo,Yo) € A, there exists anry > 0 such that the IVP (1.5.9) has a unique
solution defined in the neighborhood ]t, — ry, ty + ry[ of t;.
Proof. The equation x” = f(t,x, x") is equivalent to the system

I _
{ ;’ =])”)(t,x ). (15.10)

As remarked before, our assumptions on f are inherited from the function F : A — R?
defined putting

F(t,x,y) = (0.f(t,x,y))

and therefore, by virtue of the local existence and uniqueness theorem, Theorem 1.2.1,
for first-order systems, the IVP

! _
{ X' =F(t,X) (1.5.11)

X(ty) = (X0, ¥0)

has a unique solution U defined in a neighborhood I of ¢,. By the special form of (1.5.10),
we have

U=wv) = (uwu).
By Proposition 1.5.1, part (b), u is a solution of x" = f(t, x, x'); moreover, since
U(ty) = (u(ty), u'(ty) = (Xg.Yp)

we conclude that u : I, — R solves our original problem (1.5.9). O

Example 1.5.4. Check the applicability of Theorem 1.5.1 for the equations

2 2

3 !
- . sin x)x
+x'% () x" = tsin(xx’), (i) x” = (S0

Vi-e

@ x" =x

Exercise 1.5.2.

— State and prove (following the same pattern shown in the proof of Theorem 1.5.1)
an existence and uniqueness theorem for global solutions of (1.5.9).

—  Where are the maximal solutions of equations (ii) and (iii) in Example 1.5.4 defined?

Exercise 1.5.3. Consider the equation

x" =a(t)Vx? +x'2, (15.12)
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where a € C(I).

(a) Write the first-order system equivalent to (1.5.12).

(b) Show that the IVP for (1.5.12) — whatever the initial conditions — has a unique global
solution.

(c) What is the solution u of (1.5.12) such that u(1) = u'(1) = 0?

1.6 Linear ODEs of higher order
A linear ordinary differential equation of order n is usually written as
x® 4+ a,(x™V + -+ a,(tx = b(b), (1.6.1)

where the coefficient functions a; (1 < i < n) and b are real-valued functions defined on
aninterval I c R.

Example 1.6.1. Consider

X"+ (tIn X + —— =1, I=1]0,1[.
1-¢t2

The first-order system equivalent to (1.6.1) is

X =Xy
X3 = X3
(1.6.2)
Xrll—l = Xn
Xh == (O)Xp + - — @Gp(O)X + b(t) = f(t, X0, Xg, .., Xp),

with f : I x R" — R. As usual, we write the system (1.6.2) in vector form:
X' = A(OX + B(b),

with

o
(=)
—_
o
o

[e)
o
o
—_
o ©

-a, -G, . -0 -0

Thus, we shall use (i) the results about the equivalence between an nth-order ODE
and a first-order system and (ii) the results about linear systems.
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Proposition 1.6.1. Let

A = {u: uisasolution of (1.5.1)},
A ={U : U is a solution of (1.5.5)}

andletG: A — A, H : A — A be the maps defined as follows:

Gw = wu',...,u™) (ueA), (1.6.3)
HU) =w (U= y,...,u,) €A). (1.6.4)

Then
HGw)=u YueA and GHU))=U VUE€A. (1.6.5)

In other words, G is a bijective map of A onto A, whose inverse map is H.

Proof. Use Proposition 1.5.1 and check the equalities in (1.6.5), using in particular the
fact that, due to the special form of the system (1.5.5), we have

U = (U Uy, ..., Uy) = (g, u, ..., u™Y)
for any U € A.

From now on, we shall always suppose that the coefficients a; and b of (1.6.1) are
continuous on I. It then follows that any (maximal) solution u of (1.6.1) is (i) defined on
I and (ii) of class C"; that is, u € C"(I).

As done with first-order linear equations and systems, we consider the homo-
geneous equation associated with (1.6.1):

(

x™ 4 g (O + -+ a,(t)x =0, (1.6.6)

which is equivalent to the homogeneous linear system
X' = A@X. 1.6.7)

O

Theorem 1.6.1. The set of all solutions of (1.6.6) is a vector space of dimension n. More
precisely, it is an n-dimensional vector subspace of C"(I).

Proof. (a) Let S, and S, be the sets of solutions of (1.6.6) and (1.6.7), respectively. They
are both vector spaces (precisely, subspaces of C"(I) and C'(I, R"), respectively) by the
linearity and homogeneity of the equations involved.

(b) The map G : S; — S, defined in Proposition 1.6.1 putting

Gw = (wu',...,u™) (weSy
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is evidently linear, and by the same proposition is thus an isomorphism of S, onto S,
Since dim S, = n (by Theorem 1.3.1), we conclude that also dim S, = n. O

General solution of (1.6.1) and its relation with the general solution of the
homogeneous equation

It follows from Theorem 1.6.1 that if vy,...v, are n linearly independent solutions
of (1.6.6), then any solution u of this equation is a linear combination of them:

u= Clvl + "'Cnvn.

As to the non-homogeneous equation (1.6.1), by the same argument used for linear
systems (that is, on the basis of Proposition 1.3.1), we have the following corollary.

Corollary 1.6.1. Ifv,,...v, arelinearly independent solutions of (1.6.6) and z is a solution
of (1.6.1), then any solution u of (1.6.1) can be written as

u=C1V1+"'CnVn+Z,
with ¢y,...,¢, € R

Criterion for the linear independence of solutions: Wronskian determinant
Proposition 1.6.2. Letvy,...v, € C"(I) be n solutions of the homogeneous equation (1.6.6)
and let W be their Wronskian determinant, defined putting

vy (8) R P (3]
! !

we =det| V1O o O g 1.6.8)
vin_l)(t) ... vﬁl"‘l)(‘)

Thenvy,...v, are linearly independent if and only if, for any t € I, W(t) # 0.

Proof. Givenvy,...v,, put
Vi=(p..v\"™), 1<i<n-1,

so that V; is the ith column of the n-by-n matrix in (1.6.8). From the properties of the map
G defined in (1.6.3), we know that

V4, ...V, linearly independent solutions of (1.6.6)
Vi = G(wy), ..., V, = G(v,) linearly independent solutions of (1.6.7).

Moreover, from Proposition 1.3.3, we know that

Vi,..., V, linearly independent solutions of (1.6.7) &
vt € I, Vi(t),..., V,(t) linearly independent vectors of R",



1.6 Linear ODEs of higher order =— 29

so that the conclusion of Proposition 1.6.2 follows from the familiar criterion of L i. of
vectors in R" via determinants, since

W(t) = det(Vy(t)]...|V,(®)).
Moreover, we have (again by Proposition 1.3.3)

Wit)#0 Vieleodtel: W({) +0. O

Example 1.6.2. Consider

x" - Zt_)z( =t tel0,+oo[=1. (1.6.9)

If we consider the homogeneous equation associated with (1.6.9) and look for solutions
of the form t“, we easily find the two solutions

Vi(t) = t2> Vy(t) = %,
which are linearly independent, because for all ¢
W(t) = -3.

On the basis of Corollary 1.6.1, in order to find all solutions of (1.6.9) it remains to find
one particular solution of the same equation. We do this using the method of variation
of constants, discussed for linear systems in Section 1.3.

Let us see here how the method of variation of constants works for second-order
linear ODEs

X"+ a; ()X + ay(t)x = b(0). (1.6.10)
Let v;, v, be two linearly independent solutions of the homogeneous equation
X"+ a,()x" + ay(H)x = 0. (1.6.11)

The system of two first-order equations equivalent to (1.6.10) is (see (1.6.2))

! _
{ X =y (1.6.12)

! —

Y = —ay(t)x — ay(t)y + b(0).

We have

vy, v, Li solutions of (1.6.11) & V; = <z}> V, = (:}) L.i. solutions of
1 1
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the homogeneous system corresponding to (1.6.12). Now recall from the section on linear
systems (Section 1.3) that a solution X, of (1.6.12) is obtained by the formula

X,(t) = E() J[E(t)]_lB(t) dt,

where E is a fundamental matrix. In our case, we take

Vi Wy
E=|V,) = .
( 1| 2) <V1 Vé)

Recall that if
a b
A=
<c d)
with det A # 0, then the inverse matrix A~ is given by
Al 1 <d —b)
detA\-¢ a/
Therefore,
E’1:i< vy —V2>
W\-v; v
Fo- b )0 (2)
W\-vi v, /J\b) W\wb)’
e I (E)-
v v/ ) W\ vb
_ <v1 [ & (=vyb) + v, | %(Vlb)>

The first component z of X, is a solution of (1.6.10):

—V,(6)b(t)
w(t)

vy (£)b(1)
w(o)

2(t) = vy(t) J dt + vy(t) J dt. (1.6.13)

Using formula (1.6.13) in Example 1.6.2, we easily find that z(t) = ¢ /4, so that the
general solution of (1.6.9) is given by

3
u(t):ct2+?+% (c,d € R).

We give the following exercises on second-order linear ODEs:

X"+ ay(t)x" + a,(t)x = b(t), (1.6.14)
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X"+ ay(t)x" + a,(t)x = 0. (1.6.15)

We have seen that if v;, v, are L i. solutions of (1.6.15), then the general solution of (1.6.14)
is

u(t) = cvy(t) + dvy(t) + z(t),

where ¢, d € R and z is given by (1.6.13).
Consider the special case in which (1.6.15) has constant coefficients:

x" +ax' +ayx = 0. (1.6.16)

Then there is a simple rule (that can be recovered for instance by the results of Section 1.4
on systems) to find two independent solutions vy, v,: consider the characteristic equa-
tion associated with (1.6.16),

)l2+a1/1+a2 =0,
and let A4, A, be its roots. Then if these are real and distinct, take
vy(t) = ellt, Vy(t) = et
If they are complex conjugate, so that A, = a + i (B # 0), take
vy(t) = e cos Bt, v, (t) = e sin .
Finally, if A; = A, = A, take
vy () = e"t, Vy(t) = te’l.

Using these simple rules and (1.6.13), solve the following exercises.

Exercise 1.6.1. Check that the general solution of the equation

" 1
-X=— 1.6.17
X' -x= 1 ( )
is
et et
u(t) = ce' +de™ + 5 [-t-e " +In(1+e")] - - In(1+e").

Exercise 1.6.2. Write the general solution of the following equations:

x" -3 +2x =1t (1.6.18)

x" +4x =tant (0 <t< g) (1.6.19)
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1.7 Additions and exercises

A1. Boundary value problems for linear second-order ODEs
In this chapter, we have taken as a starting point for our study of ODEs the Cauchy prob-
lem (or initial value problem [IVP]) — that is, the question of the existence of a solution
to the differential equation that satisfies additional condition(s) in a given point ¢, be-
longing to the domain of the independent variable ¢. For this kind of problem, we have
recalled or established existence and uniqueness results for the solution and studied
the implications of this in particular to linear equations and systems; for instance, the
“dimensional theorem,” Theorem 1.3.1, is a nearly immediate, but nonetheless funda-
mental, consequence of these results.

If we look in particular at second-order linear equations, the IVP for them has the
form

X" +a,(Ox" +ay()x = y(t), tel
x(ty) =a (1.7.1)
X’(to) = B,

where [ is the interval on which the coefficients a;, a, are defined and continuous and
ty € I. By the arguments discussed in Sections 1.5 and 1.6 (see in particular Exercise 1.5.2
applied to linear equations) we conclude that (1.7.1) has - for each given a, 8 € R and
y € C(I) — a unique solution that is defined on the whole of I.

The situation just described may change quite dramatically if we add to the equa-
tion different kinds of supplementary conditions to be satisfied by the solution, as the
following very simple examples show.

Example 1.7.1. The problem

x" =k (= const.)

x(0) =a
x(1) =p

has a unique solution whatever a and p; it is given by

(g q_ % ke
x(t)-(ﬁ a 2>t+a+2t.

Example 1.7.2. The problem

xX"+x=0
x(0)=0
x(m) =0

has infinitely many solutions:
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x(t) =Csint, CeR
Example 1.7.3. The problem
X" +x =sint
x(0)=0
x(m) =0

has no solution whatsoever. Indeed, if there were such a solution x, then multiplying
both members of the equation (which has become an equality!) by sin ¢ and integrating
we would have

/s /s
J[x"(t) + X(0)] sin tdt = j sin’ tdt = 7. 17.2)
0 0

However, a repeated integration by parts yields

J x"(t) sin tdt = [x'(t) sin t]g — [x(t) cos t]g - j x(t) sin tdt
0 0

Vs
=- J x(t) sin tdt.
0

Hence the left-hand side in equality (1.7.2) is 0, contradicting the equality itself.

In order to understand this variety of situations, we simply have to go back to what
we have seen in Section 1.6 about the general solution of linear second-order equations.
For the sequel of this section we put

Lx = x" + a;()x" + a,(D)x, 1.7.3)

where a;, a, € C([a, b]), and consider the problems

Lx=y(t), a<t<b Lx=0, a<t<b
(BVP) 1 x(a)=a (BVPO) { x(a)=0
x(b) = B, x(b) = 0.

Theorem 1.7.1. The problem (BVP) has a solution for any giveny € C([a,b]) and any
given a, B € R if and only if the homogeneous problem (BVPO0) has only the trivial solu-
tion u = 0. Moreover; in this case, the solution to (BVP) is unique.

Proof. Aswe have seen in Corollary 1.6.1, the solutions of the second-order linear differ-
ential equation Lx = y(t) are all given by the formula

u(t) = cv(t) +dvy(t) +z(t) ¢, deRR, 1.7.4)
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where vy, v, are any two linearly independent solutions of the homogeneous equation
Lx = 0 and z is any particular solution of Lx = y. So the question is: in equation (1.7.4),
can we find ¢,d € R so that u satisfies also the boundary conditions in (BVP)? This
is quite easy to answer, for imposing the boundary conditions on u we find the linear
algebraic system

{ cvy(a) + dvy(a) = a - z(a)
cvy(b) + dvy(b) = B — 2(b)

and this will have a (unique) solution (c, d) for any given a,§ and z if and only if the
homogeneous system

{ cvy(a) + dvy(a) =0
cvy(b) + dvy(b) =0

has only the solution ¢ = d = 0. However, this is precisely the case in which (BVP0) has
only the trivial solution u = 0. O

Remark 1.7.1. The proof of Theorem 1.7.1 shows that using formula (1.7.4), representing
the “general solution” of a second-order linear differential equation, the existence (and
uniqueness) problem for (BVP) reduces to recalling the basic property of linear maps of
R" into itself of being surjective if and only if they are injective.

Remark 1.7.2. The proof also shows that it works for more general BVPs such as

Lx=y(t) a<t<b
(BVP) 1 B,[x]=a
Bb[x] :ﬁ)

where B,, B, are linear boundary operators acting on x of the form
B,(x) =px(@) +¢x'(@ (p.q€R)

and similarly for Bj,.

Exercise 1.7.1. Interpret Examples 1.7.1 to 1.7.3 in the light of Theorem 1.7.1.

Exercises

E1. Solutions of some of the exercises given in the text

Section 1.1

Exercise 1.1

By Definition 1.1.1, if we say u : J, — R is a solution of the differential equation x’' =
f(t,x), this means that u is differentiable in J, and that u’ = z,, with z,(t) = f(t, u(t)) for
tef,
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Now the map z, of J;, into R can be written as the composition z, = f o H, where
H :J, — R*is defined via

H®) = (tu), te],

Note that the composition is well defined because, by proviso (b) of Definition 1.1.1,
H(t) € A (the domain of f) for every t € J,,.

As u (being differentiable) is continuous, it follows that H is continuous; and since
we know that the composition of continuous functions is a continuous function (as re-
called in Theorem 0.0.1 of the Preliminaries), the continuity of z, — that s, of u' —follows
from that of f. Therefore, in this case u is not only differentiable, but of class C* in J,,.

Section 1.2
Exercise 2.1
The domain of definition of the given F,

F(t,x,y):(txsiny+l, ;

) = (f(t,X,)’),g(t,X,)’))’

is the open set A = (R \ {0}) x R?. Moreover, f and g are continuous in A and have
continuous partial derivatives in the open set

Ay = (R\ {0}) x (R*\ {(0,0)}).

This guarantees the existence and uniqueness of a local solution to the differential sys-
tem for any initial condition

X(to) = Xo,y(to) :yo Wlth to :/: 0 and (Xo,yo) 313 (0, 0)

However, this does not prove the statement contained in the text of Exercise 1.2.1. To this
purpose, since t; = 1in equation (1.2.11), it is useful to consider the strip

S =10,+00[ x R? c A.

As noted in the text of Exercise 1.2.1, the lack of partial derivatives of g in S is overcome
by the fact that g (and therefore F) is locally Lipschitz continuous with respect to X =
(x,y)in S; indeed,
1
lg(t.X) - g(t,Y)]| < K=Yl ve#0, VK.Y R,

so that

lg(t.X) - g(t, V)| <KIX - Yl
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as long as t varies in a small neighborhood of a point ¢, + 0.
Finally, f and g are both sublinear with respect to X in S, for we have

[f (6. X)| = ltxsiny + 1] < [t]|x] + 1 < [¢|I1X] + 1 = a(®)IX]| + B(t)

and

1X1 _
T yOIXII.

|86, 0] =
The desired statement is now proved by applying the global existence theorem, Theo-
rem 1.2.2.

Section 1.3

Proof of Proposition 1.3.1

In the statement of Proposition 1.3.1 and related results, we use the notation A + B (with
A, B subsets of a given vector space E) in the obvious way, that is,

A+B={a+b|acADbceB}.

In case B is the singleton {c}, we write for convenience A + ¢ rather than A + {c}.

(1) Let us first prove that S, ¢ ker T + xo, with x, a fixed element in S,. Pick x € S,
(thus by definition of S, Tx = Tx, = y) and write X = X — X + Xg = Z + Xo. Now z € ker T,
for

Tz=Tx-xy) =Tx-Txg=y-y=0.
This shows that x = z + x; € ker T + x,.
(ii) Vice versa, to show thatker T + xy € S, let x € ker T + X, so that x = z + x, for
some z € ker T. Then

Ix=Tz+Txy =Yy

sothatx € Sy.

Proof of Proposition 1.3.2
Let the vectors Xy, . .., x,, form a basis of E; we claim thatif T : E — F is an isomorphism,
then the vectors y; = Tx; (i =1,...,n) form a basis of F.

(@yy,...,y, are linearly independent vectors of F, for if ¢;y; + - - - ¢y, = 0 for some
Cy5...,Cq € R, then

0= T+ €Ty = T(CXy + - o) = T2
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As T is injective, this implies that z = 0, and the Li. of x;,..., X, then implies that ¢; =
~=¢, = 0.

(M) yq, ...,y also generate F. Indeed, let y € F and (by the surjectivity of T) letx € E
be such that y = Tx. Write x = ¢;x; + - - - ¢, X,, for suitable ¢, ..., ¢, and see that

Y=T(C1 X1+ CpXp) = CY1 + -+ CYn>

showing that y is a linear combination of y;, ..., y,.

Proof of Proposition 1.3.3
(i) = (ii): Suppose that V,(t), Vy(?), ..., V, () are Li. and let c;, ..., ¢, € R be such that

e Vy +--yVy = 0. 1.7.5)

This is an equality between vectors of Cl(I ; R™), which are functions defined on I, and
thus (1.7.5) means precisely that

C1V1(t) + - CnVn(t) = 0 Vt € I (176)

Note that the same symbol 0 denotes in (1.7.5) the zero of the vector space C 1 (I;R™ and
in (1.7.6) the zero of the vector space R". Taking ¢t = f in (1.7.6), we conclude from our
assumption that ¢; = --- = ¢, = 0, thus proving the 1.i. of the vectors V;.

(ii) = (iii): Suppose now that V3, V,, ..., V, are L. i. vectors of C'(I; R™). Take any tgel
andlet¢;,...,c, € Rbe such that

C1V1(t0) + - CnVn(to) = 0 (177)
We want to show that ¢; = 0 for all i. Indeed, consider the function
Z = C1V1 + - 'CnVn,

and consider that (a) Z is a solution of (1.3.5) and (b) Z(t;) = 0. Thus, by the uniqueness
theorem, Z must be the identically zero solution; thatis, Z = 0 in Cl(I ;R™). The definition
of Z and our assumption now imply that ¢; = 0 for all i.

The implication (iii) = (i) is obvious.

Section 1.5

Exercise 5.2

1. Assuming that the domain A of the definition of f is a “solid strip” I x R? in R?, a con-
dition to be added to assumptions (a) and (b) of Theorem 1.5.1 in order to have solutions
of x" = f(t,x,x") defined on I is that f be sublinear in X = (x,y), meaning that it satisfies
in the strip an inequality of the form
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IF&.X)] = [ft,x,y)| < a(t)\x* +y* + B(t) (1.7.8)

for suitable a, B € C(I); the term +/x? + y% in (1.7.8) can of course be replaced by |x| + |y|.
2.The functions appearing in equations (ii) and (iii) of Example 1.5.4 are respectively

(sinx)y

Vi-t?

and evidently satisfy the sublinearity condition (1.7.8); the maximal solutions are thus
defined on R and ]-1, 1], respectively.

f(t,x,y) =tsin(xy) and f(t,x,y) =

Section 1.6
Exercise 6.1
Two independent solutions of the homogeneous equation x” — x = 0 are

Vi) =€, ) =el,

and their Wronskian determinant is W (t) = 2.
To find a solution of the given equation x” — x = 1/(1 + e') we use formula (1.6.13),
which yields in our case

—t t
_t| € 1 _t J/ e 1
z(t)=e J —(_2) Tie dt +e —(_2) T et dt.

Thus, we need solve the two integrals

c(t) = j 1

—dt
ef(1+etl)

and

t
_ e
d(t) = j <t

The latter can be solved immediately, as we have

t t
J ¢ dt:Jd(1+e)=ln(1+et)+K.
1+et 1+et

As to the former, we first put y = e’ — so that dy = ydt - to obtain

J b - J 1L
firen” ) yaryy®
Now we use the decomposition of fractions into simpler fractions to write

1 a8 € 1.1 1
YA+y) y ¥ 1ty oy Y2 1+y
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This yields

1 1
— — dy=-Iny--+In(1+y)+H,
Jy2(1+y)y Y y Y

so that

_ 1 ot t
C(t)_Jet(1+et)dt_ t-e +In(l+e')+H.

Choosing H = K = 0, we finally have

_e et ¢ -t oy € t
z(t) = Ec(t) - Td(t) = 7[—t —e +In(1+e")] - 71n(1+ e).

E2. Further exercises

Exercise 1.7.2. Obtain the explicit solutions in Example 1.1.2 following the path indi-
cated in the text itself of the example.

(i x'=3x*3

X = x(t) being a solution of (i) means that x'(t) = 3(X(t))2/ 3 for all ¢ in some interval J.
Therefore,

x'(t)

W=3 (tG])

provided that x(t) # 0 for t € J. Integrating both members of the above equality we
obtain

X'(t) B B
det—Jgdt—3t+C,

whence, making in the first integral the substitution x(¢) = y and recalling that j yidy =

% for each real a # -1, we get (putting for convenience C = 3k)

3(x(t)"”* = 3¢ + 3k,
which yields the solutions
x(t) = (t+k® (keR).

It is clear that the solution x = 0 must be considered separately.
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(i) x' = -2tx*

Proceeding as before, we write

X0 . (. _ 2
| R |20de=-¢+c

Since [ 1/y* = ~1/y, we then have (putting C = k)

1

2
-———=-t"-k
x(t)
and we conclude with the formula
1
X(t) = ——,
® t2+k

which yields all solutions of (ii) except the trivial one x = 0.
(iii) x' = x(1-x)

Here we have two “trivial” solutions, x = 0 and x = 1.

Consider the more general form x’ = ax(1 — bx) of (iii) (with a,b > 0). We check to

have the solutions

at

X(t) = m (K € IR)
Indeed, using the identity

_t _1.bh 1

ax(1-bx)  ax a(1-bx)

we see that a solution x = x(t) must satisfy the equality

x'(t) x'(t) _ B
j =0 dt+le_bX(t) dt = Jadt—at+C,

which leads to

_ Xl _
In |x(t)] = In |1 - bx(t)| = In Tobx(@] - at +C,
whence
x(t) o at
1T bx(© =Ke (K € R).

We can now recover x(t) from (1.7.10), obtaining (1.7.9).

1.7.9)

(1.7.10)
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Exercise 1.7.3. Solve the IVPs

{ x' = -4t3x% q { X' =2 + 3t
x(0)=-1 x1)=0

and for each of them check if the (maximal) solution is global or not.
— The answer to the second problem is a priori immediate, as it concerns a linear
equation. Using the solution formula (1.1.2), we find explicitly

x(t) = 3(t* - t)e".
— As to the first problem, since f(t,x) = —4t°x?% is defined on R? = R x R, it follows

that global solutions of the given equation are those defined on the whole of R. Now,
except for the trivial solution x = 0, the other solutions are obtained writing

!
JX—(t)dtz—4Jt3dt=—t4+K,

x*(t)
whence
S R o o)
Xx(t)
which finally yields
x(t) = ﬁ.

This shows that only the solutions with H > 0 are global. For H = 0 we have two
maximal solutions (differing only for the interval of definition, respectively J; =
]-00,0[ and J, = ]0, +oo[) and similarly for H < 0 we have three maximal solutions.
The (unique) maximal solution of the given Cauchy problem is

X(t) = 11, tef =111

t4_

and is therefore not global.

Systems of linear equations with constant coefficients (Section 1.4)

Here we give a few simple examples (some of them taken from Apostol’s book Calculus
[4]) that illustrate formula (1.4.19) giving the general solution in terms of the eigenval-
ues and eigenvectors of the matrix coefficients in the case that A is diagonable in the
real field. (Note: as already done in the text, when not necessary we will not distinguish
between a vector of R" being displayed as a row vector or as a column vector.)
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Exercise 1.7.4. Consider the system

I _
{ X =+ 4y 1.7.11)

y = x+2y.
The eigenvalues of the coefficient matrix A are given by the equation

5-14 4

det(A—M):det< 1 9-1

>=(5—A)(2—A)=A2—7/1—4=0,

yielding A; = 6,4, = 1. The eigenvectors corresponding to A; are the non-zero solutions
of the equation (A — 6I)X = 0 (I being the identity matrix), that is,

(i 4)6)-6)
1 -4/\y/) \o/)’
yielding y = x/4. Therefore, we can take V; = (4,1) as an eigenvector to A;. Similarly we

find that V,, = (1,-1) is as eigenvector associated with A,. Applying formula (1.4.19) we
thus find

; . 4 1 4k, % + k,e! x(t)
X(t) = kle ltV1 + kze ZtVZ = kleet <1> + kZet <_1> = ( k1136t — kzzet > = (y(t))

as solutions of the system (1.7.11). The solution is made unique by imposing an initial con-
dition; for instance, the solution of (1.7.11) satisfying the condition X(0) = (x(0),y(0)) =
(2,3) is given by

{ x(t) = 4€8 — 2e!
y(t) = % + 2¢.

Exercise 1.7.5. Consider now the following slight modification of (1.7.11):

x' =5x+4y 540
y =x+2y HereA=(1 2 0], (1.7.12)
' =x+2y+2z 12 2

for which we find the eigenvalues

and the corresponding eigenvectors
Vi=(823), V,=(1-11), V;=(0,0,1).

It follows that the general solution of (1.7.12) is
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x(t) = 8k;e® + kye'
Y(t) = 2k,e% - kye' (1.7.13)
Z(t) = 3k186t + kzet - k3€2t,

and for instance the solution that satisfies the initial condition X(0) = (0,0,1) = e3 is

X(t) = (0,0,€%).

Exercise 1.7.6. Find the general solutions of the systems

x'=x

y =x+2.

X+y

(A){ X = and (B){ (17.14)
Y =x-

Also, find the solution of the system (B) satisfying the initial condition x(1) = 1, y(1) = 10.

Exercise 1.7.7. Consider the three matrices

1 0 0 1 0 1
A:<1 1), B:<1 0), C:<-1 0) (17.15)

and establish which of them is diagonable in the real field.

Exercise 1.7.8. Consider the matrices

1 0 0
A=10 1 0], B=
1 1 2

o = -
o = o
N O o

and check that A is diagonable, while B is not.

Exercise 1.7.9. The matrix
2 11
A=12 3 2
3 3 4
has the eigenvalues

Alzl, Az:jl, A3:7.

(We have repeated A, because of its appearance with algebraic multiplicity 2.)
Show that A is diagonable.






2 Metric and normed spaces

Introduction

The goal of this chapter is that of helping to bridge the gap that a student may find be-
tween a basic course of calculus, where one typically learns to manage and compute
derivatives and integrals of real-valued functions of one or several real variables and to
solve some elementary differential equations, and a course in functional analysis, which
one will very likely have to follow in a Master on pure and/or applied mathematics. To
do this, he/she must necessarily gain — among others — elementary knowledge of:

— Banach and Hilbert spaces;

— some concrete function spaces.

While Hilbert spaces will be treated in the next chapter in connection with the study of
Fourier series, a good common frame for the presentation of the remaining arguments
is provided by the study of normed vector spaces; however, this would by far not be
sufficient for the study of weak topologies, which is a necessary ingredient of a course in
functional analysis and applications to PDEs. Therefore, we choose the context of metric
spaces (Section 2.2) as a good intermediate step between general topological spaces and
normed vector spaces; this should provide a quite general and flexible frame both to
serve the scope of this book and to prepare the reader to make further steps on his/her
own account when needed.

A beautiful illustration of the abstract, but intuitive, language of metric spaces —
which is largely taken from that of the familiar Euclidean space — and in particular of the
idea of metric completeness is given for instance by the contraction mapping theorem
(Theorem 2.2.4), one of the simplest, yet most useful, fixed point theorems in analysis.

In order to appreciate further the quite general context of metric spaces, we include
in this chapter — besides the strictly necessary Sections 2.3 and 2.4 — two final sections,
devoted to compactness (Section 2.5) and connectedness (Section 2.6), with the aim of
giving not only the basic facts about these two important topological concepts, but also
more general versions of two of the most famous and useful theorems in analysis, hoth
known in their simplest form to first year mathematics students: the Weierstrass theo-
rem on the achievement of

i (), max f(x)
for a continuous real-valued function f on a bounded closed interval [a, b] and the “in-
termediate value theorem,” which asserts that any continuous function that changes
sign on an interval must necessarily have a zero.
On the other hand, as a motivation for the study of metric spaces we find it good
to start this chapter dealing concretely with the convergence of sequences and series of

https://doi.org/10.1515/9783111302522-002
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functions (Section 2.1). Our order of presentation aims at rendering more transparent
the concept of uniform convergence for them in the light of the distance

dif.g) = Sug[f(x) g (%)

that equips the space (B(A), d) of bounded real functions defined on A; see Sections 2.3
and 2.4. This also makes clear, via the alternative idea of convergence in the mean, in-
duced by the distance

b
dy(f,g) = jlﬂx) g0 dx,

that we can have on the same function space (in this example, C([a, b])), and generally
speaking on the same set, two or many different distances, and we are therefore stimu-
lated to study the connections between the various types of convergence.

2.1 Sequences and series of functions. Uniform convergence

A sequence (f;,) of real-valued functions defined in a set A is said to converge point-
wisely in A if for every x € A, the numerical sequence (f,,(x)) is convergent. In this case,
the function f : A — R defined putting

fO0 = lim f,(x)  (x € A)
is called the pointwise limit function of the sequence (f;,).
Exercise 2.1.1. Forn € N and x € R put

sin® nx nx

fulx) = arctannx, f,(x) = Tl £,00 = g

For each of the three cases, compute the set of convergence of the sequence (f;,) (that is,
thesetA = {x € R: (f,,(x)) converges}) and the pointwise limit function of the sequence.

Exercise 2.1.1 shows, among others, that the pointwise limit of a sequence of con-
tinuous functions need not be continuous itself. To understand this fact, the concept
of uniform convergence of a sequence of functions is crucial, and we are now going to
introduce it.

Bounded functions

Let A be any set. A real-valued function f defined on A is said to be bounded if its image
f(A) = {f(x) : x € A} is a bounded subset of R, that is, if there exists a constant k such
that |[f(x)| < k for all x € A. Therefore, for such an f, the number
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sup|f(x)| = min{k € R: [f(x)| < k ¥x € A}

XeA

is well defined, and it is characterized by the following two properties:

[f ()| < sup|f(x)| VxeA, 211
XeA
(fx)| < k¥x € A) = sup|f(x)| < k. (212)
X€A

Definition 2.1.1. Let A be any set. A sequence (f;,) of real-valued, bounded functions
defined in A is said to converge uniformly to the (bounded) functionf : A — Rif

Jlim suplf,(x) - f(x)| = 0.
X€A
Clearly, if (f,,) converges uniformly to f, then it converges pointwisely to f, for
[fu¥) = f0] < sug[fn(x) -fX)] (xeAneN).
X€E

This — together with the uniqueness of the limit of real sequences — implies in particular
that the uniform limit function of (f;,) (when it exists) is unique and coincides with its
pointwise limit.

Example 2.1.1. The sequence (arctan nx) converges pointwisely, but not uniformly, on
R to the function

7 x>0
fx)=4 0 x=0
-5 x<0
Indeed,
b
sup|f, () - f(x)| = 2 vn e N.
xeR
Example 2.1.2. The sequence nZsz converges uniformly to 0 on [0, 1], for
1
[0,1] n+xt " n

On the other hand, the sequence H’r’l—’z‘xz converges pointwisely, but not uniformly, to 0 on
[0,1], because

nx 1
= max =—, forallneNN.
01 1+n2x2 2

sup ———
[O,E 1+ n’x?
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The following statement shows the importance of uniform convergence as far as
the continuity of the limit function is concerned.

Theorem 2.1.1. Let (f,,) be a sequence of real-valued, bounded functions definedin A c R
and converging uniformly to the (bounded) function f : A — R. If each f,, is continuous
in A, then so is the limit function f.

The proof of Theorem 2.1.1 could be given right now, but we prefer to postpone it
for a while (see Theorem 2.3.2) because it gains clarity and conciseness in the context
of metric function spaces. On the other hand, when applied in case A is an interval,
Theorem 2.1.1 implies in turn two more basic statements concerning the limit function
of a sequence: the first is known as passage to the limit under the sign of integral and
the second as passage to the limit under the sign of derivative.

Theorem 2.1.2. Let (f,) be a sequence of real-valued, continuous functions defined in the
interval [a, b] and converging uniformly to the function f : [a,b] — R. Then

b b
lim [0 dx = [ oo x

Proof. First, f is continuous on the basis of Theorem 2.1.1. Next, for each n € N we have

b

[ ho0ax- ff(x) dx

a

b
< Jlfn(x) -f0o|dx < Ly(b-a), (2.1.3)

a

with L, = supye(q [fn(x) = f(X)I. Since by assumption L, — 0 as n — oo, it follows that
the left-hand side of (2.1.3) also does so, proving the result. O

Note. From now on, when speaking of uniform convergence of a sequence (f;,), we tac-
itly assume that both the f;;’s and the limit f are bounded functions.

Theorem 2.1.3. Let (f,) be a sequence of real-valued C' functions defined on some interval
I c R. Suppose that:

(i) thereal sequence (f,(x)) converges for at least one x € I;

(ii) the sequence (f,) of the derivatives converges uniformly onI to a function g.

Then (f,) converges pointwisely on I to a limit function f which is itself of class C' on I,
and we have

flo0 =800
for every x € I. Finally, if I is bounded, then the convergence of (f;,) to f is uniform.

Proof. Let xy € I be such that (f,(x,)) converges and put [ = lim,_,, f,,(xp). As f;, is of
class Cl, by the fundamental theorem of calculus we can write
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X

00 = fr(xp) + Jf,:(t) dt (xel,neN). (2.1.4)

Xo

Letting n — oo in (2.1.4) and using Theorem 2.1.1 for the sequence (f;)) on [xo, x], we see
that (f,,(x)) converges for any x € I (that s, (f;,) converges pointwisely on I) and precisely
that

fx) = nli_}ngofn(x) =1+ Jg(t) dt (x el). (2.1.5)

This shows that f € C!(I) and that f’ = g in I. Thus, it remains only to show that (f,)
converges uniformly to g in case I = (a, b) is a bounded interval. However, for x € I, if
for example x > x;, we have

X X

00 - F(0)] = l/,,(m N Jf,:m dx—1- jg(t) dt

Xo

X

< V) - 1)+ [150 - 800 a

Xo

< [fulxo) = U] + Hy(b - @),
with H,, = sup,; I (x) — f'(x)|. Therefore,

L, = sup |[f,(x) = f0)| < [fuXo) = 1| + Hy(b - a).

x€la,b)
Letting n — oo the result follows. O
The following simplified form of Theorem 2.1.3 is often useful.

Corollary 2.1.1. Let (f,) c C'(I) and suppose that as n — co

fo—f fi—g uniformlyonl.

Thenf ¢ C'(I) andf' = g.

Series of functions

The importance of uniform convergence can be seen even better by looking at series of
functions. Let again (f;,) be a sequence of real-valued functions defined in A and suppose
that the numerical series Y .2, f,(x) converges for each x € A — in other words, that
Yne1fn converges pointwisely on A. Then we can consider the sum function of the series,
defined by putting
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f0) =) fl0) (xeA), 2.1.6)
n=1

and ask as above if, for instance, f is continuous (or ck)if so are all fn- This problem is of
high interest in practice, partly because (except for a few special cases) we do not know
explicitly the function f and partly because in many applications we obtain the solution
of a problem - for example, of a differential equation — precisely in the form (2.1.6),
where f,, (n € N) are “elementary” solutions of the problem.

Example 2.1.3 (The Dirichlet problem for the Laplace equation in a rectangle). Let R =
{x,y) € R>:0 < x < 7,0 <y < 1}, letR = {xy) € R:0<x<m0 <y<1
and let h € C([0,]) be such that h(0) = h(;r) = 0. The problem is to find a function
ueCRnN c? (R) —that is, twice continuously differentiable in the open rectangle R and
continuous up to the boundary of R — which satisfies the boundary value problem

2 2
Au:%+gy—‘z‘:0 (x,y) €R
u(my) =u(x,1) =u(0,y)=0 0<x<m0<y<l 217
u(x,0) = h(x) 0<x<m.

Using separation of variables, a solution u of (2.1.7) can be found in the form

sinhn(1-y)

2.1.8
sinhn ( )

o0
u(x,y) = Z ¢, sin nx
n=1

where for z ¢ R we put sinhz = (¢ — e7?)/2and forn ¢ N

SEES

n
Cph = J h(x) sin nx dx.
0

One has to check not only that the definition of u is sensible —i. e., that the series defin-
ing u is convergent at any point of R — but also that the resulting u has the necessary
regularity properties (that is, u € C(R) n C3(R)) required to be a solution of (2.1.7); this
will be discussed in some detail in Chapter 4, Section 4.4.

Returning in general to the continuity of an f defined as in (2.1.6), this will be granted
by Theorem 2.1.1 provided that each f,, is (bounded and) continuous on A and that the
series converges uniformly in A, meaning by definition that the sequence (s,) of the
finite sums

Sp= ) fx (MeN)
k=1

does so.
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A useful criterion to check the uniform convergence of a series is the popular Weier-
strass M-test, which is stated as follows.

Proposition 2.1.1. Suppose that (f,) is a sequence of bounded functions defined on a set
A and suppose that there exists a sequence (M), with M,, > 0 for all n € N, such that:

@ <M, forallx e Aandalln € N;

(ii) the series Y >, M, is convergent.

Then the series Y 2, f, converges uniformly in A.

The Weierstrass M-test is a simple consequence of a general result (Theorem 2.4.1)
that will be given later in this chapter in the context of Banach spaces. However, in order
to appreciate its usefulness we shall start employing it in the examples that follow. One
thing to observe immediately is that assumptions (i) and (ii) of Proposition 2.1.1 imply
convergence of the series

> i)
n=1

for every x € A - that is, pointwise convergence on A of Y °, f, — by virtue of the com-
parison test for numerical series.

We now state for further use the specific form that Theorem 2.1.2 and Theorem 2.1.3,
or more precisely its Corollary 2.1.1, take for series of functions.

Corollary 2.1.2 (Term-by-term integration of a series of functions). Let (f;,) be a sequence
of real-valued, continuous functions defined in the interval [a, b]. Suppose that the series
Y021 fn converges uniformly to the function f : [a,b] — R. Then

b
WICLED) jfnoodx

n=1

R >

Corollary 2.1.3 (Term-by-term derivation of a series of functions). Let (f;,) be a sequence of
real-valued, C! functions defined in an interval I c R. Suppose that the two series

Dhe 2h
n=1 n=1

converge uniformly on I to the functions f and g, respectively. Then f € C'(I) and f' =
that is,

D< iﬁ:)(X) = i Dfy(X).
n=1 n=1
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Example 2.1.4. The series

2w )

converges for any x > 0, and its sum function is C' on 0, co[. Indeed, if a is any positive
number, we have for x > a

<

;m(ni) i1n<1+i> L
vn+Inn nx/~ n na) n3?’

where a, ~ b, means that lim,,_,, a,/b, = 1. As to the derivatives, note that for x > a

showing that also the series Y2, |f, ()| is uniformly dominated by Y2, # Thus, by
the Weierstrass M-test, both series Y'°, f, and Y »°; f. converge uniformly in [a, oo[. As
this holds for any a > 0, it follows that the sum function is ¢! on 10, ool.

Example: power series
A power series is a series of the form

Y ay(x - xp)", (2.1.9)
0

where x, € Ris called the center of the series and (a,) is a sequence of real numbers. (To
be better understood, power series should indeed be considered in the complex plane,
where they are at the basis of the theory of analytic functions of a complex variable; see
for instance Rudin [6].) Putting y = x — X,, we see that it is enough to consider power
series of the form

> ayx" 2.1.10)
0

having center x, = 0. The basic example is, of course, the geometric series Y’ x",
which we know, by explicit calculation of its nth partial sum,

e
Sp= Yy X =1+Xx 44X = ,
0

to converge exactly for those x belonging to the interval ]-1,1[. The special feature of
power series is precisely that kind of behavior; indeed, we are going to show that —
except if the series converges only for x = 0 (for example, Y ¢° n"x") or for every x € R
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(for example, >¢° ’r‘l—':) — there exists a number R > 0 such that (2.1.10) converges if |x| < R
and does not converge if [x| > R; the behavior at the points x = +R must be checked in
each case. To prove this statement, the key point is the following result.

Theorem 2.1.4. Suppose that the series Y ° a, X" converges in a point x, # 0. Then:
() the series converges absolutely in every point x with |x| < |x;
(i) the series converges uniformly on every interval [-r,r] withr < |x].

Proof. (i) Fix an x with |x| < |x;|. We have

n n
X X
|a.X"| = la,lIxI" = |an||x1|”<u> < M<u> (2.1.11)

eyl X

for some M > 0andalln € N, because a,x; — 0forn — oo, as a necessary consequence

of the assumed convergence of the series ¢ a,x{'. Thus, the series ¢ |a,x"| converges,

because it is term-by-term majorized by the geometrical series Y3 a,q", q = |x|/Ixy| < L.
(i) Work as before improving inequality (2.1.11) to

n

|a,x"| < M<ﬂ) < M(%) (2112)
1

X, |

holding for all x € [-r,r] and all n € N, and then use the Weierstrass M-test (Proposi-
tion 2.1.1) with M, = M(r/|x,|)". O

Remark 2.1.1. It follows from Theorem 2.1.4 that if the series (2.1.10) does not converge
in a point x,, then it cannot converge in any point x with |x| > [x,].

Proposition 2.1.2. Suppose that the series (2.1.10) converges at some x = x; #+ 0 and does
not converge at some x = x,. Then there exists a real number R > 0 such that:

- (21.10) converges if |x| < R;

— (21.10) does not converge if |x| > R.

Proof. Let
o0
S= {x €R:) ax" converges} (21.13)
0

and put R = sup, s x| (note that by our assumptions, S is non-empty and bounded, for
necessarily |x| < |x,| if x € S; see Remark 2.1.1). Now simply use the properties of the
supremum to prove both statements in Proposition 2.1.2 (in particular, if |x| < R, there
must be an x; € S such that |x| < |x;]; then use Theorem 2.1.4). O

Definition 2.1.2. The radius of convergence of the power series (2.1.10) is the extended
non-negative number R defined as follows:
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— R =0if(2.1.10) converges only for x = 0;
— R =+00if (2.1.10) converges for every x € R;
— R =sup,.s (with S as in (2.1.13)) in the other cases.

The radius of convergence can be explicitly computed if we know the coefficients
a, and especially their asymptotic behavior: this, together with further information on
power series, is shortly indicated in the final section of this chapter. An excellent refer-
ence for a complete discussion of power series is, for instance, Rudin’s book [6]; for an
even more general approach, see Dieudonné [7].

2.2 Metric spaces and continuous functions

Distance. Open sets. Interior of a set

Definition 2.2.1. Let X be a non-empty set. A distance (or metric) on X is a function d :
X x X — R satisfying the following properties:

(i) d(x,y)=0forallx,y e Xandd(x,y) = 0ifand only if x = y;

(i) d(x,y) =d(y,x)forallx,y € X;

(iii) d(x,y) < d(x,z) + d(z,y) for all x,y,z € X (“triangle inequality”).

A metric space is a pair (X, d), where d is a distance on X.

Example 2.2.1. X = R" is a metric space endowed with the usual Euclidean distance

n

do6y) = Ix =yl = D06 -y)? 2.2.1)
i=1

between the points x = (X;,...x,) andy = (y;,...,y,) of R%. If n = 1, (2.2.1) reduces to
the absolute value |x - y| of x — y.

Example 2.2.2. More generally, let E be a real vector space. Suppose E is equipped with
a norm, that is, a function ||.| from E to R, satisfying the following properties:

@) x|l = 0forallx € E, and |x|| = 0iff x = 0;

(i) [Ax| = |AllIx]l forall A € R and all x € E;

(i) Ix +y|l < x|l + |yl for all x,y € E.

Then E is called a normed vector space, and it is easily checked that the function d :
E x E — R defined by putting

dx,y)=lx-yl (xy€E) (222

is a distance on E, which is said to be induced by the norm.
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Exercise 2.2.1. Consider the function space C([a, b]) and show that the usual algebraic
operations of pointwise sum and product by a real number make it into a vector space,
which can be normed putting

b
Ixlly = J|x(t)| dt. 2.23)

a

The distance induced by this norm is therefore

b
d(x,y) = J|x(t) - y(t)| dt. (2.2.4)
a
Exercise 2.2.2. Let X be any set and letd : X x X — R be defined as follows:

{ dix,y)=1 ifx+y (2.2.5)

dix,y)=0 ifx=y.

Show that d is a distance on X.
In the following definitions, we assume that (X, d) is a metric space.

Definition 2.2.2. For x € X and r > 0, the set
Bix,r)={yeX:dy,x) <r}

is called the ball (or spherical neighborhood) of center x and radius r.

Note that B(x,r) is non-empty as it contains x; however, it may be reduced to {x}
itself (see Exercise 2.2.2). If X = R, then B(x, r) is the interval |x —r,x + r[;if X = R? and
z = (Xg,Yg), then B(z,r) is the circle defined by the inequality

(x - xo)2 +(y —yo)2 <rt
Definition 2.2.3. Let A be a non-empty subset of X. A point x € A is said to be interior to
Aif B(x,r) c Afor some r > 0. A is said to be open if each of its points is interior to A.

The whole space X is evidently open; the empty set is open by definition.

Exercise 2.2.3. The union of any family of open sets is open. The intersection of a finite
family of open sets is open.

Exercise 2.2.4. Aballis an open set. Show that for each x € B(x,, ), one has B(x,r(x)) c
B(xy,r), where r(x) = r — d(x, xy) > 0.

Exercise 2.2.5. The interval ]a, +oo[ = {x € R : x > a} is open in R.
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Given a subset A of X, the set of all points which are interior to A is called the interior
of Aandisdenoted int A. We have intA c A, and it follows by Definition 2.2.3thatintA = A
if and only if A is open.

Exercise 2.2.6. Show that for any A c X, intA is an open set (use Exercise 2.2.4).

Remark 2.2.1. If X is a metric space with distance d, any non-empty subset F of X be-
comes itself a metric space with distance dp = djp,p (restriction of d to F x F); this
distance is said to be induced on F by that of X. Thus, it makes perfectly sense to speak,
for instance, of the metric space [0, 1] (where, without further mention, the distance is
that induced by the Euclidean distance on R).

Convergent sequences and Cauchy sequences. Complete metric spaces
Definition 2.2.4. A sequence (x,,) of points of X is said to converge to the point x, € X if
given any € > 0, there exists an integer n, such that d(x,, xy) < e for alln > ny.

In other words, (x,,) converges to X, if any given neighborhood of x, contains all x,,
except for a finite number of indices. It follows by the properties of the distance d on X
that there is at most one point x, to which a sequence (x,) can converge; it is called the
limit of the sequence (x,,), and in this case we write

’}LIEOXH =Xy Or X, — Xp.
Definition 2.2.5. A sequence (x,,) of points of X is said to be a Cauchy sequence if given
any € > 0, there exists an integer n, such that d(x,, x,;) < € for all n,m > n,,.
Exercise 2.2.7. Any convergent sequence is a Cauchy sequence.

Definition 2.2.6. A metric space (X, d) is said to be complete if any Cauchy sequence in
X converges to a point of X.

Example 2.2.3. The Euclidean space R" (see Example 2.2.1) is complete. The set Q of
rational numbers, equipped with the distance inherited by R, is not complete.

Example 2.2.4. Let X = C([a, b]) with the distance induced by the norm

x|l = max |x(t)|.
telab]

Aswill be shown —in a more general context —in Corollary 2.3.1, this is a complete metric
space. On the other hand, if C([a, b]) is equipped with the integral norm considered in
Exercise 2.2.1, the resulting metric space is not complete.

Continuous functions between metric spaces

Definition 2.2.7. Let (X, d) and (Y, d') be metric spaces and let f : X — Y. We say that f
is continuous at the point x; € X if given any € > 0, there exists an r > 0 such that for
every x € X with d(x, xy) < r we have
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d'(f(x),f(xg)) < €.

In terms of neighborhoods, this is the same as saying that given € > 0, there is an
r > 0 such that f(B(xy,7)) < B(f(xg), €).

By virtue of Remark 2.2.1, the same definition applies with the obvious changes if f
is only defined on a subset A of X.

Theorem 2.2.1. Let X,Y,Z be three metric spaces and letf : X — Yandg:Y — Z. Iff is
continuous at x, € X and g is continuous at f(x,), then g » f is continuous at x.

Proof. The proof is the same as that of Theorem 0.0.1 given in the Preliminaries. O

Theorem 2.2.2. Let X and Y be metric spaces and let f : X — Y. Then f is continuous
at x € X if and only if for any sequence (x,,) ¢ X convergent to x, the sequence (f(x,))
converges to f(xp).

Proof. (a)Suppose thatf is continuous at x, € X, and givene > Oletr > 0be such that for
every x € B(x,,r) we have f(x) € B(f(xy), €). Take a sequence (x,,) C X converging to x,
and let ny € Nbe such that x,, € B(x,, r) for n > ng; then it follows that f(x,,) € B(f(xg), €)
for n > n,, proving the result.

(b) Assume that f(x,,) — f(x,) whenever x,, — x, and suppose by way of contradic-
tion that f is not continuous at x;,. Thus, there is an €, > 0 such that, for any § > 0, we
can find an x € B(x,, §) such that f(x) ¢ B(f(x;), €)- Taking §,, = % (n € IN), we construct
a sequence (x,) that converges to x,, but such that f(x,) ¢ B(f(xy),€,) for any n € N.
In particular, (f(x,)) cannot converge to f(xy), contradicting our assumption and thus
proving the result. O

Example 2.2.5. Let X = C([a,b]) normed as in Example 2.24 and let F : X — R be
defined as follows:

b
F(x) = Jx(t) dt (x € X).

If we take any two functions x, y € X, we have

b

J(X(t) —y(0)dt

a

b
< [ -yl dt < 0 - @ -y,

a

[F0O) - F(y)| =

which shows that F is not only continuous, but indeed Lipschitz continuous (see Defini-
tion 2.2.9 below). By virtue of Theorem 2.2.2, it follows that if (x,,) ¢ X convergesin X —
that is, uniformly on [a, b], see Definition 2.1.1 - to x € X, then F(x,,) — F(x). We thus
find the content of Theorem 2.1.2.

A function f : X — Y is said to be continuous if it is continuous at every point of X.
As shown by the next theorem, such a global continuity can be characterized via the
preimages
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W =fxeX:f(x) eV}

through f of the open sets V c Y.

Theorem 2.2.3. Let X and Y be metric spaces and let f : X — Y. Then f is continuous if
and only if for any open set V c Y, f"X(V) is an open set in X.

Proof. (a) Suppose that f is continuous andlet V ¢ Y be open. Pick any point x, € f(V);
we need to show that x is interior to f "1(V). However, as f(xy) € V and V is open, there
isan € > 0 so that B(f(xg), €) c V. Moreover, the continuity of f at x, shows that there is
anr > 0so that f(B(xy, 1)) < B(f(Xp),€). Therefore, f(B(xy,r)) ¢ V, which is equivalent
to saying that B(xy,r)  f ‘1(V).

(b) Suppose that for any open subset V of Y, f (V) is openin X. Let x, € X and € > 0
be given; then as B(f(x;), €) is open (Exercise 2.2.4) our assumption implies that

U = (B(f (xp),€))

isopenin X, and evidently x, € U. Thus, thereis a ball B(x,,r) c U, and by the definition
of U this is equivalent to saying that f(B(x), 1) € B(f(xp), €), q.e.d. O

Uniformly continuous and Lipschitz continuous functions

Definition 2.2.8. Let X and Y be metric spaces with distances d and d’, respectively, and
letf : X — Y. Wesay thatf is uniformly continuous on X if given any € > 0, there exists
anr > 0 such that for every x,y € X with d(x,y) < r we have

d'(fx).fy) <e.

It is clear that a uniformly continuous function is a fortiori continuous (roughly
speaking, we say that in the former case “given ¢, the corresponding r does not depend
on the point x,”). The reverse statement is not true in general; see for instance Exam-
ple 2.5.2 in this chapter.

Exercise 2.2.8. Prove that if f : X — Y is uniformly continuous, then for any Cauchy
sequence (x,) ¢ X, (f(x;)) is a Cauchy sequencein Y.

A further strengthening of the continuity property is obtained considering the Lip-
schitz continuous functions, which we define next.

Definition 2.2.9. Let X and Y be metric spaces with distances d and d’, respectively,
andletf : X — Y. We say that f is Lipschitz continuous (or Lipschitzian) on X if there
exists a constant k > 0 such that

d'(f00.f(y)) < kd(x,y) 2.2.6)

for every x,y € X.
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Exercise 2.2.9. Check thatif f : X — Y is Lipschitzian, then it is uniformly continuous.

When it is useful, an f satisfying (2.2.6) is said to be Lipschitzian of constant k. The
importance of the best constant k for which a condition like (2.2.6) holds is seen by one
of the most famous theorems in analysis, the contraction mapping theorem, which we
state and prove below. Before that, let us consider in the next examples two important
classes of functions satisfying the Lipschitz condition.

Example 2.2.6. LetI = [a, b] be a closed bounded interval of R and suppose thatf : I —
R is of class C. Then f is Lipschitzian in I. Indeed, if we take any two points x, y € I we
have

FOO-fy =f"©)x-y)

for some ¢ between x and y (Lagrange’s theorem). As f” is bounded by the Weierstrass
theorem (Theorem 0.0.3), it follows that for some k > 0, we have

[fo)-fo| <klx-yl vxyel

Note that the assumptions made on f are in fact stronger than necessary: irrespective of
the interval I (closed or not, bounded or not), what we really need is that the derivative
of f be bounded in I.

The importance of this example lies in the fact that using differential calculus for
functions of several variables, it can be easily extended to such functions, with some
restriction on the sets to be considered. For instance, if A ¢ R" is open and convex
(meaning that for any two points x,y € A the whole segment joining them stays in A)
andf : A — Risof class C., then the mean value theorem (Theorem 0.0.7 in the Prelim-
inaries) tells us that given any two points x,y € A we have

fOO-fy) =Vf(2) - (x-y)

for some z on the segment joining them. Then — using the Cauchy-Schwarz inequality
— it follows as before that if |[Vf(z)|| < K for some K > 0 and for all z € A (that is to say,
if the partial derivatives of f are all bounded in A), then

[fxX)-f)| <Klx-yl Vx,yecA.

Example 2.2.7 (Bounded linear operators). Let E, F be real vector spaces andletT : E —
F be alinear map. T is said to be bounded if there exists a constant k > 0 such that

[TCO| < klixll vx € E. 2.2.7)
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This property means that T maps bounded subsets of E into bounded subsets of F; this
justifies the name (though it contrasts with the usual meaning of bounded function). The
linearity of T immediately proves that then T is Lipschitzian of constant k:

IT00 - T = [T -y < klx -yl vx.y€E.

On the other hand, it is fundamental to note that if a linear map T : E — F is continuous
at a point x; € E, then it satisfies a condition like (2.2.7) (and is thus Lipschitzian on the
whole E, as already said). To see this, just write down the definition of continuity of T at
X, fixing for instance € = 1, there will be an r > 0 such that

TX)-Tx)|| = |Tx —xg)| <1 forallx e E with|x —xgl| <.
0 0 0

(We have used for convenience the symbol < rather than the strict <; it is easy to see
that using either of them in Definition 2.2.7 is equivalent.) Making the change of variable
Yy = X — Xy, we thus see that |T(y)|l < 1if |yl < r. However, given any z € E, z # 0, putting
y = rz/||z|| we see that ||y| = r and therefore

‘|T<E>I‘:L||T(z)||s1 VzeEz#0,
Izl [zl

whence we conclude that T satisfies inequality (2.2.7) with k = 1/r (note that for x = 0,
(2.2.7) is trivially satisfied since T(0) = 0). These arguments show that linear maps are
quite special in that for them (Lipschitz) continuity, continuity at a single point, and the
property (2.2.7) are all equivalent.

Example 2.2.8. The map F considered in Example 2.2.5 is a bounded linear map of X =
C([a, b]) (with the sup norm) into R. By the same argument we can check that the map
G defined on X putting

t
GOO() = jx(s)ds (x € X)

is a bounded linear map of X into itself.

Further examples of bounded linear operators are given in the Additions to this
chapter.

The contraction mapping theorem
Definition 2.2.10. A mapping F : X — X is said to be a contraction if there exists a
constant a, 0 < a < 1, such that

d(F(x),F(y)) < ad(x,y) Vx,ye€X. 2.2.8)
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In other words, a contraction is a Lipschitz function with Lipschitz constant less
than 1.

Theorem 2.2.4. Let X be a complete metric space and let F : X — X be a contraction.
Then there exists a unique x € X such that F(x) = X.

Remark. For amap F : X — X (with X any non-empty set), a point x € X such that
F(x) = x is called a fixed point of F. Thus, Theorem 2.2.4 says that if X is a complete
metric space, then a contraction of X into itself possesses a unique fixed point.

Proof of Theorem 2.2.4
Let x, be any point of X and define by recurrence a sequence (x,) in X on putting x; =
F(Xg), X3 = F(Xq),...; thatis,

X, =F(xp_1), neNN. (2.2.9)

We claim that (x,,) is a Cauchy sequence. To show this, first use (2.2.8) to prove by induc-
tion the inequality

d(Xy Xy _g) < @"d(x, Xp), N e N. (2.2.10)

Next, lets, = ZZ;}) a* be the nth partial sum of the geometric series Y - a* and observe
that

A(Xy> Xm) < d(X1, X0) ISy — S, n,m € N, (2.2.11)

This follows by the triangle inequality and (2.2.10), for we have (assuming, e. g., that
n>m

Ad(Xp, Xp) < d(Xps Xp_1) + - X1, Xi)- (2.2.12)

Inequality (2.2.11), together with the convergence of the series Y- aX, shows that (xp)
is a Cauchy sequence and therefore (as X is complete) that x, — x for some x € X.
From (2.2.9) we then have

X = nlggo Xp = nlLIElo F(x,_1) = F(x), (2.2.13)

where for the last equality we have used Theorem 2.2.2. Finally, to show the uniqueness
of the fixed point x, assume by way of contradiction that there isany € X withy # x
such that F(y) = y. Then by (2.2.8) we have

d(x,y) = d(F(x),F(y)) < ad(x,y) < d(x.y),

which is absurd. This completes the proof of Theorem 2.2.4.
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More on metric spaces
Closed sets. Closure of a set
Let (X, d) be a metric space.

Definition 2.2.11. A subset A ¢ X is said to be closed if its complement A® = X \ A is
open.

It follows that X itself and the empty set @ are closed, and so is a finite union of closed
sets and an arbitrary intersection of closed sets. The interval [a,b] = {x € R:a < x < b}
is a closed subset of R, for R\ [a, b] = ]-00, a[ U ]b, +oco[. More generally, consider the
following.

Exercise 2.2.10. Show that the closed ball B'(x,r) = {y € X : d(y, x) < r}is a closed set.

Proposition 2.2.1. In a metric space, a subset A is closed if and only if for any convergent
sequence (x,) ¢ A we havelimx,, € A.

Proof. Assume first that A is closed and suppose by way of contradiction that there exists
a sequence (x,) ¢ A which is convergent but such that x = lim x,, ¢ A. Then x € A, and
as A® is open it follows that B(x,r) ¢ A€ for some r > 0. As x, — x, we also have
Xp € B(x,r) for n sufficiently large, thus contradicting the fact that (x,,) c A.

Suppose now that for any convergent sequence (x,) ¢ A we have limx, ¢ A. We
claim that A is then necessarily closed, for otherwise A would not be open, and therefore
there would be a point z € A€ not interior to A°. Thus, for any r > 0, B(z,r) ¢ A, that is,
B(z,r) n A # @. Therefore, taking r = % (n € N) we obtain in particular

VvneN 3dx,eA: dx,z) < %
We have thus constructed a sequence (x,,) ¢ A which is convergent, but whose limit
z ¢ A, contradicting our assumption. O
Definition 2.2.12. Given a subset A of X, a point x € X is said to be a cluster point of A if
any neighborhood of x contains points of 4, that is, if

B(x,r)nA#¢ foranyr > 0.

The set of all cluster points of A is called the closure of A and is denoted with A.

Example 2.2.9. Let A ¢ R be bounded from above; then L = supA is a cluster point
of A (which may or may not belong to 4; in the former case, it is the maximum of A).
Similarly, if A is bounded from below, then infA A.

Evidently, we have A c A. Further properties of A can be gained through the follow-
ing exercises.

Exercise 2.2.11. For any set A c X, we have (4)° = int(4°).



2.2 Metric spaces and continuous functions =—— 63

Using the corresponding statements concerning open sets and the interior of a set
(see in particular Exercise 2.2.6), we then have the following proposition.

Proposition 2.2.2. The closure A of a set A is a closed set. A is closed if and only if A = A.
Exercise 2.2.12. If A c B,then A c B.

Exercise 2.2.13. It follows in particular from Exercises 2.2.10 and 2.2.12 and Proposi-
tion 2.2.2 that B(x,r) ¢ B'(x,r). Give an example in which strict inclusion holds and
show that on the other hand B(x,r) = B'(x,r) if X = R".

Finally, arguing as in Proposition 2.2.1, we easily get a characterization of A via con-
vergent sequences.

Proposition 2.2.3. Let A ¢ X and let x € X. Then x € A if and only if there exists a
sequence (x,,) C A such thatlim x,, = x.

Bounded sets. Diameter of a set

Recall that a subset A ¢ R is said to be bounded if it is bounded from above and from
below, that is, if there exist m,M € R such that m < x < M for all x € A. Taking
R = max{|m|,|M|}, we then easily verify that [x| < R for all x € A and in turn that
|x —yl < 2R for any x,y € A.

Definition 2.2.13. A subset A of a metric space X with distance d is said to be bounded
if there exists k > 0 such that d(x,y) < k for all x,y € A. In this case the number
d(A) = sup{d(x,y) : x,y € A} is called the diameter of A.

For instance, d(B(x,r)) < 2r. The expected equality d(B(x,r)) = 2r holds if X = R"
or, more generally, if X is a normed vector space.

Proposition 2.2.4. Let A c X. Then the following properties are equivalent:
(i) A c B(x,R) for some x € X and someR > 0;

(i) A'is bounded;

(iii) for any x € X, there exists an R > 0 such that A c B(x,R).

Proof. This is left as an exercise.

A sequence (x,) c X is said to be bounded if the set of its points {x,, : n € N} is a
bounded subset of X. More generally, a function f of a set S into a metric space X is said
to be bounded if the image f(S) = {f(x) : x € S} is a bounded subset of X. O

Exercise 2.2.14. Any convergent sequence is hounded.

Exercise 2.2.15. If a subset V of X is unbounded, then there exists a sequence (x,,) ¢ V
such that d(x,,z) — oo, where z is any chosen point of X. (Use the fact that the inclusion
V ¢ B(z,n) is false for every n € IN.)
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Exercise 2.2.16. Any bounded closed subset A of R has a minimum and maximum; in-
deed, sup A and inf A are cluster points of A (Example 2.2.9), and therefore by Proposi-
tion 2.2.2 they belong to A because A is closed.

2.3 Some function spaces

Let A be any set. We denote with B(A) the set of all bounded real-valued functions de-
fined on A:

B(A) ={f : A > R | f is bounded}.
For f,g € B(A) put

dif.g) = sup If (x) - g(x)]. 231

Then d(f, g) is well defined and indeed we have the following proposition.
Proposition 2.3.1. The mapping d defined by (2.3.1) on B(A) x B(A) is a distance on B(A).

The proof of Proposition 2.3.1 (that is, the verification of properties (i), (ii), and (iii)
of Definition 2.2.1) follows by the properties (2.1.1) and (2.1.2) of the lowest upper bound
and by the properties of the absolute value |.| in R, and is left as an exercise.

The significance of the metric d introduced in (2.3.1) becomes clear if we go back to
the definition of uniform convergence (Definition 2.1.1).

Proposition 2.3.2. Let (f,,) be a sequence in B(A) and let f € B(A). Then f,, — f in the
metric space (B(A), d) if and only if f,, — f uniformly on A.

The implications of the uniform convergence rest, to a good extent, on the following
two theorems.

Theorem 2.3.1. The metric space (B(A), d), with d given by (2.3.1), is complete.

Proof. Let (f,,) be a Cauchy sequence in B(A); we need to prove that there exists f € B(A)
such that f;, — f in B(A).
(a) By (2.3.1), we have
Vx €A, YnmeN |[f,(x)-fr,(0)| < d(fy fin)- (232

Hence, for any x € A4, (f,(x)) is a Cauchy sequence in R, and therefore it converges in RR.
We can thus define a function f : A — R by the rule

fx) = nlLrgo x) (xeA) (2.3.3)

f is precisely the pointwise limit of the sequence (f,) (Section 2.1).
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(b) We now claim that f € B(A) and that d(f;,,f) — 0. To this purpose fix ¢ > 0 and
let ny € N be such that d(f,,,f,;,) < € for any n,m € N with n,m > n,. Then by (2.3.2),

VxeA, vnm=ny [0 -fn(¥)]|<e, (2.3.4)
whence, letting m — oo and using the definition (2.3.3) of f, we have
Vx €A, Ynxny [f,(x)-f(X)|<e. (2.35)
This first shows that f is bounded, for

[f )| < [FOO = f, O] + [f, )] < € + Ky

for all x € A and some K;, € R. Moreover, (2.3.5) also yields
d(fp, f) = sup|fy(x) - f(x)| < €
X€EA

for all n > n;, showing that (f;,) converges to f in B(A). O

Suppose now that A ¢ R and set
Cp(A) = C(A) N B(4),

where C(A) = {f : A — R|f is continuous}. We then have the following theorem.
Theorem 2.3.2. The metric space (Cgz(A), d), with d given by (2.3.1), is complete.

Proof. Let (f,,) be a Cauchy sequence in Cz(A); then it is a Cauchy sequence in B(A) and
therefore, by Theorem 2.3.1, it converges to an f € B(A) in the metric (2.3.1). It remains
to show that f is continuous in A. To this purpose, fix a point x, € A and an € > 0. Then
because of the uniform convergence of f;, to f, there exists an index n, € N such that
d(f,.f) < e/3for any n > n,. On the other hand, as each f;, is continuous by assumption,
there also exists a (= 5,,0) > 0 such that [f,,g x) - f,,0 (x)| < €/3 whenever x € A and
Ix — Xp| < 6. It follows that for such points x we have

I 00 = F(X)] < F00) = g OO + [fng () = fry 00D + [fsy O60) = FX0)] < &,
which shows the continuity of f at x, and thus ends the proof of Theorem 2.3.2. O

It is convenient to state, independently from completeness, the basic relation be-
tween uniform convergence and continuity that comes to light in the proof of Theo-
rem 2.3.2:

Proposition 2.3.3. Ifa sequence of bounded continuous functions from A to R converges
uniformly on A to a bounded function f, then f is continuous.
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Remark 2.3.1. Theorem 2.3.2 and Proposition 2.3.3 hold unaltered if A is a subset of R"
(or in fact of any metric space): in the proof, we just have to replace the interval |x, —
8,x, + 8 with the ball B(xy, §). Now if we take in particular A ¢ R" to be closed and
bounded, then we can invoke the Weierstrass theorem, Theorem 0.0.3, to ensure that
any continuous function defined on A is bounded and in fact attains its maximum and
minimum value; therefore, in such case we have

Cp(A) = C(4)
and the distance (2.3.1) becomes
dif.g) = rpg}lf (x) -gx)|. (2.3.6)

We thus have the following result.

Corollary 2.3.1. If K ¢ R" is closed and bounded, then C(K) — equipped with the dis-
tance (2.3.6) — is a complete metric space.

Application: local existence and uniqueness of solutions to the IVP for first-order
ODEs

With the help of the previous two sections, we are ready to state and prove one of the
simplest existence and uniqueness results for solutions of the IVP (Chapter 1, Section 1.1)

X' :f(t,X)
2.3.7
{ x(ty) = Xo, @37

where f is a real function defined on an open set A ¢ R and (ty, x,) € A. Recall that f is
said to be Lipschitzian with respect to the second variable in A if there exists a constant
L > 0 such that

[f(t,x) - ft.y)| <LIx -yl Y(tX),(tY) € A. (2.3.8)

We consider the particular case in which A is an (open) strip in the plane: this geomet-
rical assumption helps to make transparent the proof of the statement below.

Theorem 2.3.3. Letf : I x R — R, with I an open interval in R. Assume that:
(@) fiscontinuousinlI x R;
(b) f is Lipschitzian with respect to the second variable in I x R.

Then given any (ty, xo) € I xR, there exists a neighborhood I, of t,, I, c I, such that (2.3.7)
has a unique solution defined in I,.

Proof. Fix (ty,Xy) € I x R andlet r; > 0 be such that J¢;, — ry, ¢y + [ < I. Then let ry be
such that 0 < ry < min{ry,1/L}, where L is as in (2.3.8), and put I, = [ty — gy, ty + I'gl- By
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Lemma 1.1.2, proving the theorem is equivalent to proving the existence and uniqueness
of a fixed point for the map F : C(I;) — C(I,) defined in (1.1.7) and relative to I, that is,

t
Fu)(t) = xo + jf(s, u(s))ds, tel. (2.3.9)

ty

However, by Corollary 2.3.1, X = C(I;) — equipped with the distance (2.3.6) relative to I
— is a complete metric space and thus by the contraction mapping theorem, it will be
enough to show that

d(F(u),F(v)) < ad(u,v) (2.3.10)

for some a with 0 < a < 1and for all u,v € X. Indeed, this follows from the inequalities
(holding for all t € Iy with ¢ > ;)

t
|F(u)(t) - Fw)(1)] < J[f(s u(s)) - f(s,v(s))| ds (2.3.11)
)
t
< JL|u(s) —v(s)|ds < Ld(u,v)|t - ty| < Lrod(u,v).

)

Arguing similarly for the case ¢ < t, and taking the sup of the first term in this chain of
inequalities, we obtain (2.3.10) with a = Lr < 1, whence the conclusion follows. O

Theorem 2.3.3 can be greatly improved to give the standard form of the local exis-
tence and uniqueness principle for solutions of (2.3.7), which requires merely that f be
locally Lipschitzian with respect to the second variable and puts no restriction on the
open set A where f is defined; see the statement given in Chapter 1, Theorem 1.1.1, and
see for instance Hale [5], Walter [1], and Dieudonné [7] for proofs of it.

2.4 Banach spaces

Definition 2.4.1. A Banach space is a normed vector space E that is complete as a metric
space with the distance induced by the norm (see (2.2.2)),

dx,y)=lx-yl (xy€E). (2.4.1)

1
Example 2.4.1. R" endowed with the Euclidean norm |ix|| = (¥} xiz) ? (or with any other

norm, see Exercise 2.7.8) is a Banach space.

Example 2.4.2. The function spaces B(4), Cz(A) considered in Section 3.3 equipped with
the norm
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Il = suglf(x)l (242

inducing the distance (2.3.1) of the uniform convergence in A are Banach spaces, as
shown in Theorems 2.3.1 and 2.3.2.

The latter example can be generalized in two directions. The first is about the do-
main and range of the functions that one needs to deal with, for we can consider the
space

B(A;R™) = {f : A — R™ | f isbounded} (2.4.3)
with A any set and the space
Cg(A;R™) = {f : A — R™ | f is bounded and continuous} (244

with A ¢ R". Equipped with the norm
If1l = sup[f ()],
X€A

these are Banach spaces by virtue of the completeness of the target space R™, as becomes
clear by inspecting the proof of Theorems 2.3.1 and 2.3.2. Actually, the same arguments
yield — more generally — the completeness of the spaces

B(A;E) and Cg(A3E),

which are defined in complete analogy with (2.4.3) and (2.4.4), respectively, replacing the
target space R™ with a general Banach space E. In the same vein, one might consider
Cp(A; E) when A is a subset of any metric space, and so on, if useful or necessary.

The second line to follow in order to obtain new Banach spaces from classes of func-
tions concerns their regularity, meaning their property of being differentiable up to a
given order. Consider first the space

Cl([a, b)) = {f : [a,b] — R: f is differentiable in [a, b] and f’ is continuous in [a, b]}.
(2.4.5)
It is easily checked that this is a vector space and that

IFl = P+ (I (2.4.6)

is a norm on it. We ask whether this is a Banach space, which we know to be true for
C([a,b]). The affirmative answer to this question rests on Theorem 2.1.3 and its Corol-
lary 2.1.1. Indeed, let (f;,) € Cl([a, b]) be a Cauchy sequence. By (2.4.6), we see that both
(f,) and (f,{) are Cauchy sequences in C([a, b]). As this is complete, we thus find two con-
tinuous functions f, g on [a, b] such that
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fu—f fi—g in C(lab]),

that is, uniformly on [a, b]. However, Corollary 2.1.1 then ensures that f € Cl(I ) and
f' = g; using this and (2.4.6), we conclude that

Wfy = fll = W = F+ | = f']| = 0 (2.4.7)

asn — oo, proving that (f;,) converges to f in C([a, b)) and thus proving the complete-
ness of the latter. In the same way one proves that given any k € N, the space of k-times
continuously differentiable functions on [a, b]

Ck([a,b]) ={f:[a,b] - R:fis k times diff. in [a,b] and f/ € C([a,b]) Vi=1,...,k}
(2.4.8)
is a Banach space for the norm

WFlle = W0+ )+ + - (2.4.9)

The spaces ¢¢(Q), 0 ¢ R"

The discussion provided so far for continuous or regular (real-valued) functions of one
real variable can be naturally extended to functions of several real variables, replac-
ing the open bounded interval ]a, b[ ¢ R with an open bounded subset Q@ ¢ R". Thus,
starting with the space

C(®Q) = {f : @ = R | f continuous}, (2.4.10)

which is a Banach space for the norm (2.4.2), we will also meet the spaces C kK@) (k=1
of k-times continuously differentiable functions on Q; each of them is a Banach space
when equipped with the norm similar to (2.4.9) and involving all partial derivatives up
to and including those of order k of f. For instance, the norm in C'(Q) is given by

- o
Wl = IF1+ ) aT{“ (2.4.11)
i=1 t

Note that the partial derivatives at points of the boundary 0Q of Q must be defined ap-
propriately. See Section 4.1 of Chapter 4 for some remarks on this issue.

Convergence of series in normed and Banach spaces

In a vector space E, we can by definition make the sum of two, and therefore of a fi-
nite number of, vectors of E. It is important (both conceptually and practically) to give
meaning to “infinite sums” of vectors. If we have a norm in E, this can be plainly done
in complete analogy with the limit process that we use for series of real numbers.
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Definition 2.4.2. Let E be a normed vector space with norm |.||. If (x,,) is a sequence of
vectors of E, we say that the series Y -, x,, converges if the sequence (s,,) of the partial
sums of the series, defined putting

n
Sp=2 % (neN),
i1

converges in E; that is, if there exists an s € E such thats, — s,i.e, s, -] — 0, as
n — oo. In this case we write

s=) X, (2.4.12)
n=1

and call s the sum of the series Y2, X,

Theorem 2.4.1. Let E be a Banach space and let (x,;)  E. If the numerical series Y >, |1X,
converges, then the series Y >, X, converges in E.

Proof. Let (s,), S, = Yoy X; (n € N), be the sequence of the partial sums of the series
Y noq Xp. For any n,m € N we have, assuming for instance that n > m,

n

n
< Y Ikl

n m
Isn = Smll = | =Y x| =] D x
i=1 i=1 i=m+1 i=m+1
so that, putting ¢, = Z,’-':l Ix;ll, we conclude that
n
IS = Smll < Z Xl =1ty -t Vn,me N. (2.4.13)

i=m+1

Our assumption implies that (t,) is a convergent sequence, and (2.4.13) thus implies that
(sp) ¢ Eisa Cauchy sequence and therefore converges in E as E is complete by assump-
tion. O

We have seen a first application of Theorem 2.4.1in Section 1.4 of Chapter 1, dealing with
the definition of the exponential matrix e of a given matrix 4, and showing its relevance
for first-order systems of linear ODEs with constant coefficients. A second fundamental
consequence is discussed next.

Total convergence of a series of bounded functions
Suppose that (f;,) is a sequence of bounded real functions defined in a set A and suppose
that the numerical series

DUl Il = supf, 0] 2.4.14)
n=1 X€eA
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is convergent, in which case the series Y2, f,, is said to be totally convergent. Then
Y o1 fn converges uniformly in A4; this follows immediately on applying Theorem 2.4.1to
the Banach space E = B(A) recalled in Example 2.4.2. An equivalent way of saying that
the total convergence implies uniform convergence is of course given by the Weierstrass
M-test, stated without proof in Proposition 2.1.1. It also follows from Proposition 2.3.3 (ap-
plied to the sequence (s,) of the partial sums of the series Y .2, f,) that if each function f,
of a totally convergent series is continuous, then so is the sum f of the series; moreover,
the series can be integrated term-by-term as stated in Corollary 2.1.2. Likewise, on the
basis of Corollary 2.1.3, the property that f € C'(I) if each term f, € C'(I) is granted if
the two series

i i imn

are both convergent.

2.5 Compactness

Subsequences

Given a sequence (x,),cn Of points of a set X and a strictly increasing mapping k — ny, of
N into itself, we say that the sequence (X, )k 18 @ subsequence of (X)), For example,
(%) is a subsequence of (%) ; likewise, (Xz3), (Xax), (Xoi_1) — and of course (x; ) itself — are
subsequences of the given sequence (x,).

Proposition 2.5.1. Let (X, d) be a metric space, let (x,,) ¢ X, and let x, € X. If x, — X, as
n — oo, then x,, — X, as k — oo for any subsequence (x,, ) of (x,).

The proof of Proposition 2.5.1 follows immediately from the definitions and the in-
equality n, > k(k € IN), which is easily proven to hold for any strictly increasing map-
ping k — n; of N into IN.

The Bolzano-Weierstrass theorem
Theorem 2.5.1. Any sequence of points in a closed, bounded interval of the real line con-
tains a convergent subsequence.

Proof. Let [a,b] c RDe as in the statement and let (x,,) be any sequence with values in
[a, b]. We first show that there exists a sequence (T} )y Of closed subintervals of [a, b],

Tk = [ak,bk] C [a,b] = TO

having the following properties:

(@) Ty c Ty

(i) by - a = 2%

(iii) the set of indices I}, = {n € N : x,, € T} is infinite.
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To construct the sequence (T}), start cutting [a, b] = T, in its midpoint obtaining two in-
tervals of equal length ’% ; atleast one of them contains the points x,, for infinitely many
indices n € IN; choose it and call it T;, and then iterate the procedure. We now construct
a subsequence (X )ren Of (X,) as follows. Let ny = minJ; and for each integer k > 1 put

N =min{n € I : n > ni_¢} = min{n € N : x,, € T, and n > n;_4}.

In particular, x,, € T} for each k € IN. We claim that the sequence (x,, )xex has the
following property: for any k, € N and any k, h € N with k, h > k, we have

b-a

X, — X, | < .

251

Indeed, if k > ko, then by (i) x,, € T}, and similarly for x,, ; therefore, |x, - xp,| <
by, — ay,, and thus (ii) yields (2.5.1). The latter inequality shows that (x,, ) is a Cauchy
sequence of real numbers, and the completeness of R proves that (x,, ) converges to
some x, € R; however, as [a, b] is a closed subset of R, it follows that x; € [a, b]. This
ends the proof of Theorem 2.5.1. O

Compact sets
Definition 2.5.1. A subset K of a metric space X is said to be compact if any sequence
(x,,) c K contains a subsequence converging to a point of K.

The whole space X may be compact; we then speak of a compact metric space.
Theorem 2.5.1 can then be rephrased as follows.

Theorem 2.5.2. Any closed, bounded interval [a, b] is a compact subset of R.
The next two statements show some hasic properties of compact sets.

Theorem 2.5.3. Let X be a metric space and let K c X. Then:
(@) ifK is compact, then K is closed and bounded;
(b) ifF c X is compact, K c F, and K is closed, then K is compact.

Proof. This is left as an exercise.

Let us now go back to the special case X = R", in which - by virtue of the Bolzano—
Weierstrass theorem — one can characterize the compact sets. An n-dimensional (closed
and bounded) interval is by definition a subset I ¢ R" of the form

I= [al,bl] X [az,bz] X X [an,bn]. O

Proposition 2.5.2. Any n-dimensional interval is a compact subset of R".

Proof. It is enough to deal with the case n = 2. Let (z,) be any sequence in I = [a, b] x
[c,d]. Put z; = (x,,y,) and let (x,, ) be a subsequence of (x;) that converges to a point
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Xo € [a,b] (Theorem 2.5.2). Consider the corresponding subsequence (yy, ) of (y,); again
by Theorem 2.5.2, this will contain a further subsequence (y,, ) converging to some y, €
[c,d]. Now the subsequence (an,) of (z,), l

Zn, = Oy >Yn, )
will converge to zy = (Xg,Yq) € I, and this proves our claim. O
Theorem 2.5.4. Any closed and bounded subset of R" is compact.

Proof. If K ¢ R" is bounded, we can find an n-dimensional interval I such that K c I.
As I is compact by Proposition 2.5.2, it follows by part (b) of Theorem 2.5.3 that K too is
compact if it is further assumed to be closed, as we do.

Using also part (a) of Theorem 2.5.3, we therefore conclude that a subset of R" is
compact if and only if it is closed and bounded. O

Compactness and continuity
Theorem 2.5.5. Let X,Y be metric spaces, let K c X, and letf : K — Y. Iff is continuous
and K is compact, then f (K) is a compact subset of Y.

Proof. Let (y,) be a sequence in f(K), and for each n € N let x, € K be such that
J(Xp) =Yy As K is compact, the sequence (x,) contains a subsequence (X, ) converging
to some x; € K. Using the continuity of f and Theorem 2.2.2, it follows that f (x,, ) — f(xo)
as k — oo. That is to say, the subsequence (y,, ) of (y,) converges to f(x;) € f(K), as de-
sired. O

Theorem 2.5.6. Let X be a metric space, let K c X, and let f : K — R. Iff is continuous
and K is compact, then f attains its minimum and its maximum value in K; that is, there
exist xy, X, € K such that

fO) <fx) <f(x)) VxeK. (2.5.2)

Proof. Indeed, it follows by Theorem 2.5.5 and by (a) of Theorem 2.5.3 that f(K) is a closed
bounded subset of R. Therefore — see Exercise 2.2.16 — there exist y;,y, € f(K) such that
Y1 <y <y foraly e f(K), whence (2.5.2) follows on putting y; = f(x;) with x; € K
i=12).

As a special case, we obtain the familiar Weierstrass theorem recalled in the Pre-
liminaries (Theorem 0.0.3). O

Theorem 2.5.7. Let K ¢ R"and let f : K — R. Iff is continuous and K is closed and
bounded, then f attains its minimum and its maximum value in K.

Example 2.5.1 (Not every closed bounded set is compact). Let X = C([0,1]) with the
norm |x| = maxy.. |x(t)|. The closed ball B'(0,1) = {x € X : |x| < 1} is closed
and bounded, but not compact. To see this, consider for instance the sequence (x,) c
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K = B'(0,1) defined putting x,,(t) = t" for 0 < t < 1and n € N. Then (x,,) contains no
convergent subsequence, for if it did, calling (xnk) this subsequence and x;, € X its limit,
we should have in particular

lim x, (t) =xq(t) Vtel0,1],
k—oo 'K

which leads to a contradiction, since x, should be continuous on [0,1] while x,(¢) = 0
forO<t<landxy(l) =1

Evidently, any bounded sequence (x,) in C([a, b]) converging pointwisely to a dis-
continuous function would equally well serve as a counterexample to the statement
“K closed and bounded = K compact.”

Compactness and uniform continuity (Heine-Cantor’s theorem)
Theorem 2.5.8. Let X, Y be metric spaces, let K c X, and letf : K — Y. Iff is continuous
and K is compact, then f is uniformly continuous.

Proof. Suppose by way of contradiction that f is not uniformly continuous, so that (by
Definition 2.2.8) for some ¢, > 0, it happens that

V6>0, IxyeK:dx,y)<S and d(fx),fy)) = €.

Choosing 6 = %(n € IN), we find therefore two sequences (x,,), (y,) € K such that
d(X,,y,) < % and  d' (f(x,),fn) = € VneN. (2.5.3)

Let (x,,) be a subsequence of (x,) converging to a point X, € K. As d(xy,, Y5, ) < % and
ny > k for all k € N, it follows that also the subsequence (y,, ) of (y,) converges to x,.
Therefore, again by Theorem 2.2.2, it follows that, as k — oo,

fO) = o) and f(,,) = f(xp).

In turn, this implies by the triangle inequality that d'(f (X ), f ) — 0ask — oo.
However, this contradicts the second inequality in (2.5.3) and thus proves the theorem.
O

Example 2.5.2. When the domain K of f is not compact, f may be continuous but not
uniformly continuous, as the following example shows. Let X = R, let K = ]0,1], and let
fx) = % for x € K. Then f is not uniformly continuous in K, because for any § > 0 we
can find x,y € K with |x - y| < § but |[f(x) - f(y)| = 1. To see this it is enough, given any
6 >0, to take x with 0 < x < min{6,1} and y = %; we then have

1 2

11‘_
Tlx x

X
_yl =2 s d |=-=
[x -yl 2<x< an ’x

=1>1.
y X




2.6 Connectedness =— 75

Example 2.5.3 (Continuity of the Nemytskii operator). Let X = C([a,b]) equipped with
the norm [x|| = max,.;p [x(t)],1etf : [a, b] x R — R be continuous, and let Ni:X - X
be the Nemytskii operator induced by f (Remark 1.1.1). Then N; is continuous. To prove
this, we can invoke once more Theorem 2.2.2 and show that for any sequence (x,) ¢ X
convergent to some xo, (Ny(x,)) converges to N¢(Xy) in X. To this purpose, fix € > 0; we
need to find an n, € N such that for every n > n, we have

[N (xG)(8) = Ne(xo)(0)] = |f (6, x, (1) = f (£, X%p(D))| < €Vt € [a,b]. (2.5.4)

Fix R > 0 and let K = [-R,R]. By Heine—Cantor’s theorem, f is uniformly continuous
in [a, b] x K, and thus there is a § > 0 such that for any (¢,x),(s,y) € [a,b] x K with
[t —s| + [x —y| < & we have |[f(t,x) — f(s,y)| < €. In particular, for any x,y € K with
|x —y| < § we have

[f(t.x)-f(ty)| <e Vtelab]. (2.5.5)

We can assume that § < R, and as (x,,) converges uniformly to x,, we can find anny € N
such that, for every n > n,, the inequality

X () = Xo(8)| < 8 (2.5.6)

is satisfied for every t € [a, b]; using this in (2.5.5), we obtain (2.5.4) and thus prove that
(Nf(xn)) converges to Nf(xo) uniformly on [a, b], as desired.

2.6 Connectedness

Definition 2.6.1. A metric space X is said to be disconnected if there exist two subsets
A, B of X such that:

(@i A+0,B+0,

(i) AnB=0,AUB=X;

(iii) both A and B are open.

In other words, X is disconnected if it is the union of two open, non-empty, disjoint
subsets of X.

Remark 2.6.1. It follows immediately from this definition that X is disconnected if and
only if it has a subset A with A # ¢, A # X, and A is both open and closed in X.

Of course Definition 2.6.1 applies also to a subset F of X, meaning that the metric
space (F,dy) is disconnected, with d; being the restriction to F x F of the distance d
given on X. This amounts to requiring that F is the disjoint union of two non-empty
subsets A and B of F which are open in (F, dr), or — as is usually said — open relative to F.
There is an easy characterization of the relatively open subsets of a given set F in X.

Proposition 2.6.1. Let F c X. A subset A of F is open relative to F iff there exists an open
subset U of X such thatA=FnU.
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Proof. In (F,dr), the open ball of center x € F and radius r > 0 is the set
Br(x,r) ={y e F:d(y,x) <r} =FnB(x,r).

If A c Fisopenin F, then by definition for any x € A there existsanr =r, > 0 such
that Bp(x,ry) = FNB(x,1y) C A.LetU = [, B(X,1y); then UisopeninX and FNU c A.
The reverse inclusion evidently holds, and therefore A = F n U. Vice versa, assume that
A = FnU for some open U c X. Then for any x € A there exists an r > 0 such that
B(x,r) c U; therefore Br(x,r) c FNU = A, proving that A is open relative to F. O

Examples.

(i) IfA c Fisopen (in X), then it is open relative to F.

(ii) [0,1[is openin [0, co[ and in [0, 2], but not in R.

(iii) The set {(x,y) € R?: x> 0,y > 0, x* +y2 < 1} = Fn B(0,1) is open in the “first
quadrant” F = {(x,y) € R?: x > 0,y > 0}, but not in R%.

With the help of Proposition 2.6.1 we can easily give examples of disconnected sub-
sets in any metric space X. Indeed, let F ¢ X be suchthat F = AuBwithA # 0,B + 0
and suppose that A and B can be separated by means of two open subsets U and V of X,
in the sense that A c U, B c V, and U n V = @. Then F is disconnected, for A and B are
open relative to F; indeed, the stated assumptions imply that A = FnNU,B=FnV.

Examples.

(i) F=1[0,1]u[2,3]is a disconnected subset of R.

(ii) F = [1,2[u]2,3] is disconnected. More generally, if ] = (a,b) c R is any interval and
Xp 1s any interior point of J, then F = J\{xo} = (a, Xo[U]Xy, D) is disconnected; indeed,
(a,xo[= FN] — 00, Xg[ is open relative to F, and similarly for ]xg, b).

(iii) F = {(x,y) € R* : xy > 0} is a disconnected subset of R for F is the union of two
disjoint non-empty open sets in RZ.

Definition 2.6.2. A metric space X is said to be connected if it is not disconnected.

Thus, one way to express the connectedness of X is that X has no subsets which are
both open and closed except X itself and the empty set @.

Theorem 2.6.1. Let F c R. Then F is connected if and only if F is an interval.

Proof. (a) Observe first that F is an interval if and only if for any x,y € F such thatx <y
one has [x,y] c F. Therefore, saying that F is not an interval means that there exist
points Xy, Y, € F and a point z, such that x; < z; < y, and z, ¢ F. Then put

A, =F(l-00.z0[, B, =F[)lzg,+ool

to obtain two non-empty, disjoint, relatively open subsets of F whose union gives all of F,
proving that F is disconnected.
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(b) We prove the reverse implication in Theorem 2.6.1 in the case F = R. (The proof
in the general case is essentially the same, with the addition of some technicalities.)
Assume thus by way of contradiction that R = A U B for some non-empty disjoint open
setsA,B c R.Pickan x € A and an y € B and assume for instance that x < y. Put

q= sup(A ﬂ[x,y]).
Then we have
x<q<y and qe€A,

the last assertion following by Example 2.2.9. However, A is closed, so q € A. Asy € B, it
follows first that necessarily g < y. Moreover, as A is open, we have ]Jq—r,q + r[c A for
some r > 0, and diminishing r if necessary we can also assume that g + r < y. Therefore,
[q.q + r[c An [x,y], implying that

q+r=suplq,q+r[< sup(A ﬂ[x,y]) = e

which is absurd. This contradiction proves that R is connected and ends the proof of
Theorem 2.6.1. O

Connectedness and continuity
Theorem 2.6.2. Let X,Y be metric spaces and let f : X — Y. Iff is continuous and X is
connected, then f(X) is a connected subset of Y.

Proof. Suppose by way of contradiction that f(X) is disconnected and let A’, B be rela-
tively open subsets of f(X) such that

A'+0,B' +0; A'nB =0; A UB =f(X).

LetA = f}(A") = {x € X : f(x) € A’} and similarly let B = f'(B'). Then it is readily
verified (see Exercise 2.6.1 below) that

A+0,B+0; AnB=0; AUB=X.

Let us now show that A and B are open subsets of X, proving that X is disconnected,
contrary to the assumption. Indeed, as A’ is open in f(X), there exists an open subset V
of Y such that A’ = f(X) n V (Proposition 2.6.1). Therefore,

A=) = feonv) =)

and since f is continuous by assumption, the result follows by the characterization of
such property via the inverse images given in Theorem 2.2.3. For the last equality in the
formula above, see again Exercise 2.6.1 below. O
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Exercise 2.6.1. Let X, Y be any two sets and let f be any map of X into Y. Check that for
any subsets H and K of Y one has

fAHUK) =f Huf'(K) and fHENK) =fH)NfEK).

Deduce from this the following:

(i) Any partition of f(X) induces a partition of X via the inverse images through f of
the sets of the partition.

(ii) For anyset V c X, one has f 1 (f(X)n V) = f (V).

Exercise 2.6.2. Using Proposition 2.6.1 and (ii) of Exercise 2.6.1, prove that if X, Y are
metric spaces, then f : X — Y is continuous iff it is continuous as a map of X into the
metric space f(X).

The two theorems just proved allow to construct further examples of connected
spaces and sets.

Definition 2.6.3. A curve in a metric space X is a continuous map of an interval I ¢ R
intoX.If y: I — X isacurve in X, its image y(I) c X is called the support of y. In case
I = [a,b], the points x = y(a),y = y(b) are called the endpoints of y and we say that y
joinsx andy in X.

In view of Theorems 2.6.1 and 2.6.2, this definition immediately implies the follow-
ing.

Proposition 2.6.2. The support of a curve in X is a connected subset of X.

Definition 2.6.4. A metric space X is said to be path-connected if any two of its points
can be joined by a curve in X; in symbols,

Vx,y € X 3Jla,b] c R andacontinuous y:[a,b] - X :x=y(a),y=yD).

Theorem 2.6.3. A path-connected metric space is connected.

Proof. Suppose by contradiction that a path-connected space X is the disjoint union of
two non-empty open sets A and B. Pick a point x € A and a point y € B and join them
with a curve y defined in the interval [a, b], say. Then considering the sets

y([a.b])n4, y(la,b])nB

we obtain a partition of y([a, b]) into two relatively open sets, which contradicts the
connectedness of y([a, b]) ensured by Proposition 2.6.2. O

Corollary 2.6.1. The Euclidean space R" is connected.

Indeed, R" is path-connected, because any two points x, y € R" can be joined by the
line segment
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X+tly-x), tel0,1].

The support of this curve is denoted with the symbol [x, y]. Note thatin case n = 1,
this symbol is already used with a different meaning, so we need to verify that they
define the same object.

Exercise 2.6.3. Check thatif x,y € R, then
{z=x+tly-x),te[0,1]}={z:x<z<y}

Definition 2.6.5. A subset K of R" (or, more generally, of a vector space) is said to be
convex if any two of its points can be joined in K with the line segment of endpoints x
and y; in symbols,

vx,ye K Vte[0,1] x+t(y-x)eKk.

Exercise 2.6.4.

(1) Any open (or closed) ball is convex.

(i) Any vector subspace is convex.

(iii) The intersection of any family of convex sets is convex.

We finally come to the consequences that the connectedness of a domain space X
and the continuity of a real-valued function defined on X have on the image set f(X).
Loosely speaking, it follows from Theorems 2.6.1 and 2.6.2 that in this case f(X) is one of
the intervals (a, b) of endpoints a = inff(x), b = sup f(x) (including the cases a = —co or
b = +00). Here are some more precise statements.

Theorem 2.6.4. Let X be a connected metric space and let f be a continuous real-valued
function defined on X. Then f takes all values between any two of its values.

Proof. Letu,v € f(X) with u < vandlet z € R be such that u < z < v. Since f(X) is an
interval, we have [u,v] c f(X), so that there is an x € X such that f(x) = z. O

Corollary 2.6.2. Letf : X — R be continuous. If X is connected and f changes sign in X,
then f vanishes at some point of X.

Proof. The assumption is that there exist points x, and x; in X such that f(x,)f (x;) < 0.
Suppose for instance that f(xg) < 0 < f(xy); then it follows by Theorem 2.6.4 that there
exists an x € X such that f(x) = 0. O

Corollary 2.6.3. Letf : X — R be continuous. If X is compact and connected, then f takes
all values between its minimum and maximum values.

Proof. f attains its minimum and maximum values on X by virtue of the Weierstrass
theorem. The conclusion thus follows again from Theorem 2.6.4. O
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2.7 Additions and exercises

A1. Further properties of power series

Radius of convergence

Simple methods for the computation of the convergence radius R (Definition 2.1.2) for a
given power series — that is, for a given sequence (a,) of the coefficients in (2.1.10) — are
provided by the elementary convergence rules for numerical series. One such criterion
says the following.

1
Lemma 2.7.1. Let Y ° ¢, beanumerical series and suppose that the limit b = lim,,_,, |c,|
exists (finite or not). Then if b < 1, the series converges absolutely, while if b > 1, the series
does not converge.

To prove the lemma, we just have to play with the fact that given any ¢ > 0, the
1
inequalities b — € < |c,|» < b + € will hold for n large enough. Thus, if b < 1 and we pick
an € > 0 such that b + € < 1, we will have

leal < (b +€)"

for nlarger than some n, ensuring the convergence of Y o° |c,| by comparison with (once
again!) the geometrical series, while if b > 1and € > 0 is such that b — € > 1, the bound
Ic,| > (b - €)™ > 1shows that ¢, cannot tend to zero as n — oo, and therefore the series
cannot converge.

As a consequence of Lemma 2.7.1 we have the following theorem.

Theorem 2.7.1. Given the series (2.1.10), assume that the limit

1
n

L= lim (lay) (2.7.1)

exists. Then we have R = 1/L, where we put R = 0 if L = +co and R = +oo if L = 0.

Proof. Simply apply Lemma 2.7.1 to (2.1.10), noting that
. n 1
Jlim a,x"|" = LIx].

Indeed, consider first the case 0 < L < +oo. Then if |x| < 1/L, we have L|x| < 1, so
by Lemma 1.1.1, the series 230 a,x" converges, while if |x| > 1/L, we have L|x| > 1 and
therefore the series will not converge. The extreme cases L = 0 and L = +co can be dealt
with in a similar way. O

Exercise 2.7.1. Compute the radii of convergence of the following series:
+00 . n (e8] n (e8] 271 _ 1

Z%(aeIR), Zﬁ(a>0,b>0), y

n=0 1 n=1

n

.
n?+yn+10
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Regularity properties of the function sum of a power series
Given the series (2.1.10) with a radius of convergence R > 0, we can consider the prop-
erties of the function defined putting

fx) = 020: a,x" (-R<x<R). (2.7.2)
0

From Theorem 2.1.4 and Definition 2.1.2 it follows that the series in (2.7.2) converges
uniformly on each interval [-r,r] with 0 < r < R. This implies in particular that f is
continuous in the whole open interval ]-R, R[ and that we can integrate term-by-term
(Corollary 2.1.2) a power series in each interval [a, b] c ]-R, R[; in particular, we have

X XZ n+l
Jf(t)dt:aox+a1?+~-~ann+1+--~ (2.7.3)
0

for every x with |x| < R. For instance, the equality 1/(1+ x) = ¥°(-1)"x" implies that

Xn+l 2 3

X x
Xyttt (Ix] <1).

log1+x) = S (-1)"
0

We are now going to see — using the “series derivation” Corollary 2.1.3 — that the
sum of a power series has much stronger regularity properties than mere continuity.

Theorem 2.7.2. Let f be as in (2.7.2). Then f € C*°(]-R, R[) and, for every k € N, we have

(D*F)x) = f nn-1...(n-k+Dax"™*. (2.7.4)
n=k

Proof. Fix k € N. Note that the expression appearing under the sum in (2.7.4) is nothing
but the kth derivative of the nth term f,,(x) = a,x" (n > k) of the power series; thus, our
aim is to prove that for |x| < R we have

(o) (o)

D)) = Y (D)0 = Y (D) )

n=k n=0

(note that DX (a,x™) = 0if n < k). However, this follows from a repeated use of Corol-
lary 2.1.3 once we note that the series on the right-hand side of (2.7.4) has the same radius
of convergence R as the original series in (2.7.2). To see this, multiply each term of the
series in (2.7.4) by the fixed term x* — which will not change its radius of convergence —
to obtain the conveniently modified series

Yonm-1)...(n-k+Dax" (2.7.5)
n=k
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and now use Theorem 2.7.1 to compute its radius of convergence; recalling that

lim nn == lim (n-k+1)r =1
n—oo

n—oo

we obtain the equality

1
n

. . 1
nll)rgo(n(n—1)...(n—k+1)|an|) :Y}Lrgolan|n =R,

proving our claim and thus proving Theorem 2.7.2. O

Example 2.7.1. Theorem 2.7.2 permits to differentiate term-by-term a power series as
many times as we like within its interval of convergence. For instance, from the equality
1/(1-x) = Y0 x* we derive

o0 [ee)
% =Y = Yk Dx =1+ +3% - (IxI <),
-0 = k=0

and iterating this procedure, we can expand 1/(1 - x)°, and so on.

Taylor expansion
Putting x = 0 in (2.7.4) — so that only the first term does not vanish — we see that

S (OO

k= Kl = Kl vk € N.

Given a function f of class C* in a neighborhood I = ]-a, a[ of x = 0, the series

0o (k)
f (O)Xk

= K

is called the Taylor series of f centered at 0, and a main question is to see if it converges
to f in I (or a smaller neighborhood of x = 0). Simple examples show that this is not
always true, and we conclude this quick account reporting a simple criterion ensuring
that the power series expansion of a C* function takes place.

Theorem 2.7.3. Let f € C®(]-r,r[). Suppose that f has uniformly bounded deriva-
tives in (]-r, r[) in the sense that there is an M > 0 such that

P00l <M Vxel-rr[, VneN. 2.7.6)

Then f can be expanded in power series in |-r,r[; that is to say, we have

oo g(n)
fx) = Z %x” vx € |-r,7[. 2.7.7)
n=0 :
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Proof. It is a matter of using Taylor’s formula for f, which tells us that for everyn e N
we have

n (k)
fo =Y f kfo)xk +R,(X) Vxel-nr], (2.7.8)

where the remainder term R, (x) is o(|x|") as x — 0, meaning that R,(x)/|x|" tends to
0 as n — oo. Itis convenient to use the Lagrange expression for the remainder, which
tells us that for some z € |-r,r|[,

(n+1) 7
f ( )Xn+1.

B0 =0

Now our assumption (2.7.6) implies that

rn+1
|Rn(X)|SM(n— —0 asn—- o

+1)!
(uniformly for x € ]-r,r[), so that the conclusion (2.7.7) follows on letting n — oo in
Taylor’s formula (2.7.8). O

Example 2.7.2. The condition (2.7.6) applies of course to the functions sin x and cos x
with r = oo and thus justifies their well-known Taylor expansions on R. But it also
applies to the function ¢, which does not have bounded derivatives on all of R, but
does so on each arbitrarily fixed interval ]-r, r[. This allows for the expansion

0o N 2
ex:ZX_:““X_Jr..., 2.7.9)
n! 2!
n=0
which is valid for every x € R and is used as starting point to define and deal with the
exponential matrix e* (Chapter 1, Section 1.4).

A2. Equivalent norms in a vector space
Definition 2.7.1. Given a vector space E, two norms | - [|; and || - ||, in E are said to be
equivalent if there exist constants ¢ > 0,d > 0 such that

clixly < Ixll, < diixlly (2.7.10)

for every x € E.

The same definition could clearly be given, more generally, for two distances on any
set.

Exercise 2.7.2. Prove thatif two norms on a vector space E are equivalent, then the open
setsof E; = (E,| - ;) and E, = (E, || - |l,) are the same and thus define the same topology
onk.
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Theorem 2.7.4. If E is a finite-dimensional vector space, then any two norms on E are
equivalent.

Theorem 2.7.4 is a consequence of the following structural fact concerning finite-
dimensional normed vector spaces. If dimE = nand {v,, ..., V,} is a basis of E, we know
by the definition of basis that the linear map

n
H:R" > E:X=Xy....X,) = XV + - XV

is bijective and hence an isomorphism of R" onto E in the purely algebraic sense; in
fact, we say briefly that every n-dimensional vector space is isomorphic to R". If we put
anorm | - || on E, what can we say about the continuity of H and H ~19 The continuity of
H is straightforward to check, for we have (denoting here by | - ||, the Euclidean norm
inR"

n n
< Y Ixlivill < Iixlly Y vl = Klixll, - (x € R"). (2.7.11)
i=1 i=1

n
Z XiVi

i=1

IHO] =

The proof of the continuity of H* is more delicate and can be done for instance by
induction on the dimension n of E (see Dieudonné [7]). A bijective map between metric
(or more generally, topological) spaces that is continuous together with its inverse is
called a homeomorphism. We can therefore state the following.

Theorem 2.7.5. Every n-dimensional normed vector space is linearly homeomorphic
toR".

Some authors (for instance, Taylor [8]) use the term topological isomorphism rather
than linear homeomorphism.

Exercise 2.7.3. Prove (without making reference to the theorems stated above) that in
R" any two norms are equivalent.

Hint: It is clearly enough to prove that any norm | - | in R" is equivalent to the
Euclidean norm | - ||,. To see this, first check (as in (2.7.11)) that ||x|| < Cl|x||, for some
C > 0 and all x € R"™. Deduce from this that

[IxI = Iyl < Clix =yll; (x.y € R")

and finally apply the Weierstrass theorem (Theorem 2.5.7) to conclude that ||x|| > c for
somec > 0andallx € S = {x € R" : | x|, = 1}, whence it follows that |x| > c|x]|, for
every x, giving the result.

A3. Further examples of bounded linear Operators
1. (Linear operators on finite-dimensional spaces) Let T be a linear map of a finite-
dimensional normed vector space E into a normed vector space F. Then T is bounded
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(in the sense of Example 2.2.7). Indeed, assuming dim E = n, fix a basis vy,...,v, of E and
represent every x ¢ E in this basis writing x = x;v; + - - - X;,v,,; also put

n
Ixlly = ) Ixl-
i=1

Then we have
ITX) = ITOqVy + -+ + XVl = X T(Wy) + -+ + X, T(Wp)|

n
< |IT@D| + - bl T <K Y Ixi| = Klixlly < K'lixl,
i=1

where K = Z?zl IT(v;)| and we have used the fact that in E all norms are equivalent by
Theorem 2.7.4.

2. (Linear integral operators) Let E = C([a,b]) equipped with the sup norm | x| =
SUp,;<p IX(8)| for x € E and let T be the linear operator of E into itself defined putting

d
T(x)(s) = J k(s,t)x(t)dt (a<s<b) (2.7.12)

c

for every x € E, where k is a continuous real-valued function defined in the rectangle
R = [a,b] x[c, d], called the kernel of the integral operator T. To check that the function
T(x) defined on [a, b] through formula (2.7.12) is continuous (i. e., belongs to E), consider
that the continuity of k and the compactness of R = [a,b] x [c, d] imply the uniform
continuity of k on R by the Heine—Cantor theorem (Theorem 2.5.8). In particular, this
ensures that given any € > 0, thereisa 6 > 0 so that

vs,s' € [a,b], |s-s'|<8=|k(s,t)-k(s',t)| <e Vtelcd]. (2.7.13)
Using (2.7.13) in (2.7.12), the continuity of T'(x) follows immediately.
To check that the linear operator T : E — E is bounded, write

d d
|HM®HJW&MMM&SM“MW&SM@—MML (2.714)

where M = SUP(s )R |k(s, t)|; and as (2.7.14) holds for every s € [a, b], we conclude that
[TC)| < M(@@-o)lixll  (x € E).

3. (Compact linear operators) Let E, F be normed linear spaces andletT : E — F
be a bounded linear operator. T is said to be compact if for every bounded sequence
(x,) ¢ E, there is a subsequence (xnk) such that T(xnk) converges in F. Some remarks
about this definition follow:
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(i) Using the definitions and results given in Section 2.5, it is not hard to check that
the property stated above is equivalent to the fact that for every bounded subset B of E,
the image set T(B) is (not only bounded, but also) relatively compact, meaning that
the closure T(B) is compact. Since every compact set is bounded, we can then first note
that there is no need to specify in advance that T is a bounded linear operator; in other
words, compactness of a linear operator implies per se its boundedness.

(ii) Every bounded linear operator of a normed space E into a finite-dimensional
normed space F is compact. Indeed, assume first that F = R" and observe that for any
bounded subset B of E, the subset T(B) ¢ R" will be bounded by the assumption on T
and therefore also relatively compact by Theorem 2.5.4. To deal with the general case,
use Theorem 2.7.5.

Example 2.7.3. The linear integral operator T acting in E = C([a, b]) defined in (2.7.12) is
compact. This fact rests on a fundamental result in function theory, the Ascoli-Arzela
theorem, which characterizes the relatively compact subsets B of C([a, b]) asking that
they should be bounded and equicontinuous, meaning that given ¢ > 0 there exists a
6 > 0 such that for every s, t € [a, b] with |s — t| < § and every x € B we have

[x(s) = x(8)| < e.

References for the statement and proof of Ascoli-Arzela’s theorem are for instance
Dieudonné [7] and Kolmogorov-Fomin [9]. To show that the set T(B) is equicontinuous
if B ¢ E is bounded, we use again the uniform continuity of k in [a, b] x [c, d] to ensure
that given € > 0, there isa § > 0 so that (2.7.13) holds. Then the definition (2.7.12) of T
shows that if |s — §'| < 6,

d d
IT(X)(s) - T(x)(s")] < J|k(s, ) - k(s', t)lIx(t)|dt < € J]x(t)ldt < e(d-o)|x|

c

and thus proves that the functions of the family T(B) are equicontinuous, since ||x|| < C
for some C > 0 and for all x € B.

4. (Orthogonal projection onto a closed subspace) As we shall see in the next chapter
(Corollary 3.4.2), given a closed vector subspace M of a Hilbert space H, it is possible to
decompose every vector x of H in the form

X=y+z, yeM,z 1M, (2.7.15)

where z 1 M means that the scalar product (z,v) = 0 for every v € M; moreover, the de-
composition in (2.7.15) is unique. The vector y € M corresponding to x is the orthogonal
projection of x onto M and denoted for instance Px; this defines a map P of H into H. Us-
ing the uniqueness of the decomposition as in (2.7.15) and the Pythagoras identity (3.1.4),
it is easily seen that P is a bounded linear operator in H.
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Exercises

There are many exercises spread out over the various sections of this chapter. Purposely,
no solutions are given here, as the reader of the present chapter is invited to solve them
entirely by him/herself. A few additional exercises are given below.

Further exercises
Exercise 2.7.4. Given the series

(o)
Z arctanx® (x € R),
1

first find its (pointwise) convergence set A and then show that the sum function is of
class C'in A.

Exercise 2.7.5.

() Letf:R" — Rbe continuous. Prove that if f(x;) > 0 for some x,, then f(x) > 0 for
every x in some neighborhood of x,. Also prove that if f(x) # 0 for every x € R",
then either f(x) > 0 for every x € R" or f(x) < 0 for every x € R".

(i) Show that the set A = {% : n € N} is not closed in R, while the rectangle R =
[0,1] x [0,1] is closed in R%.

(iii) If R is as in (i), determine the image f(R) of R through the function f : R* - R
defined putting f (x,y) = \/x2 + y2¢". For the same f, determine the preimage f (V)
with V = ]0, +oo[ and with V = [-1, 0].

(iv) Is the set

A={xy) eR:eY > 1,y < -1}
open? Is it compact? Is it connected? Explain.

Exercise 2.7.6. Let (E, ||.|) be a normed vector space. Given x, € Eandr > 0,letx € E
be such that ||x — x,|| = r. Putting

Xp =X+t (X—Xy), where0<t, <1 Vnel,

check that (x,) ¢ B(x,,r) and that x, — x if ¢, — 1. Deduce from this that x € B(xy,r)
and conclude that

B(xo,r) =B'(xg,1) = {x € E: |x - xoll < 1}

Exercise 2.7.7. Let E = C([a, b]) with the sup norm |x|| = sup,_,, [x(t)| for x € E. Check
thatiff : A = [a,b] x R — R is continuous in A and Lipschitzian with respect to the
second variable in A (Definition 1.1.2), then the Nemytskii operator Ny induced by f and
defined putting
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Np(u)(0) =f(t,u(t)) forueEandt € [a,b]

(Remark 1.1.1) is a Lipschitz map from E to E. Does this still hold if in E the uniform norm
[l - Il is replaced with the integral norm || - ||; defined in (2.2.3)?

Exercise 2.7.8. Use Theorem 2.7.5 to prove that every finite-dimensional normed space
is a Banach space.



3 Fourier series and Hilbert spaces

Introduction

A good part of this chapter — beginning with Section 3.1 — is devoted to showing the
advantages of having an inner product in a vector space: this permits to approach in an
abstract setting concepts like that of orthogonality and consequently that of projection
onto a subspace, which closely remind us of the concept of perpendicularity and that of
projection onto a line (or a plane), which we learn from the elementary geometry of the
three-dimensional space and then review in linear algebra.

The concept of orthogonal projection onto a subspace (Section 3.1) establishes a
strict and efficient connection between the geometric notion of orthogonality and the
metric notion of nearest point in a subspace to a given point. More explicitly, given a
subspace M of an inner product space E and given x € E, the characterization of the
orthogonal projection of x onto M as the unique y € M such that

X-y LM orequivalently |x-yl|<|x-z| VzeM

proves to be extremely fruitful and is used at several points throughout the whole chap-
ter, beginning with Section 3.2, where it is used to characterize the finite sums of the
Fourier series of a periodic f as the trigonometric polynomials of best approximation
to f in the quadratic mean, which is a crucial point for the convergence of the Fourier
series of f to f itself.

Section 3.3 is devoted to the study of orthonormal systems and their special proper-
ties, leading to famous results such as Bessel’s inequality or Parseval’s identity, which are
frequently used in applications and especially in approximation theory. Due evidence
is given to the property of totality, or completeness, of an orthonormal system (e,,) in an
inner product space E and to the consequent possibility of expanding every vector x € E
in the form

X = Z(x, e)e,. (%)
n=1

Finally, in Section 3.4, we let the metric completeness come in as a final ingredient to
present the Hilbert spaces. In order to illustrate their importance and use, we first give a
rapid description of the space L? of square-integrable functions (and more generally of
the L? spaces with1 < p < oo) and, before that, of the more intuitive sequence space . As
a next step, besides discussing basic results such as the Fischer—Riesz theorem, we focus
especially on the existence and uniqueness of the nearest point in a closed convex set to
a given point, which greatly extends that of the orthogonal projection onto a subspace.
Besides showing once more the power of the inner product, this result can be taken as
a starting point for the study of minimization problems and of the role of convexity in
this context.

https://doi.org/10.1515/9783111302522-003
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In the additional Section 3.5, aside from discussing as usual a few exercises, we take
some space to present the spectral theory of Sturm-Liouville operators, with the aim of
indicating their connection with the study of Fourier or more general expansions like (*)
as eigenfunction expansions, in view of their importance for the method of separation
of variables, which will be concretely used in the problems of PDEs to be studied in the
final Chapter 4.

3.1 Inner product spaces. Orthogonal projection onto a subspace

Definition 3.1.1. Let E be a real vector space. An inner product (or scalar product) in E
is a mapping s of E x E into R such that the following properties hold for every x,y,z € E
and every a € R:

@ s(x+y,z)=sx,2)+s(y,2),

(i) s(ax.y) = as(x.y),

@D s(x,y) = s(y, x),

(iv) s(x,x) > 0 and s(x, x) = 0 if and only if x = 0.

In words, we say that s is a positive definite, symmetric, bilinear form on E x E. A vector
space equipped with an inner product is called an inner product space.

Note that the bilinearity of s is a consequence of its linearity in the first argument
and its symmetry. That is to say, using properties (i), (ii), and (iii) we also have

s(x,ay + Pz) = as(x,y) + Bs(x, z)

forevery x,y,z € Eand every a, 8 € R.
Given two vectors x, y € E, thereal number s(x, y) is called the inner product between
x andy.

Notation. We shall write (x,y) instead of s(x, y).

Example 3.1.1. LetE = R". Forx = (xy,..., X)),y = Vp...,y,) € R, put
n
xy) =) X 311
i=1
Example 3.1.2. Let E = C([a,b]). For f,g € E, put
b
(.8) = [ roogon ax. (312)
a

Exercise 3.1.1. Check that (3.1.2) defines an inner product in C([a, b]). To verify property
(iv) in Definition 3.1.1, the following proposition is needed.
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Proposition 3.1.1. Let g € C([a,b]) with g > 0 in [a, b]. Ifj:g(x)dx =0,theng(x) =0
for every x € [a,b].

The Cauchy-Schwarz inequality
Proposition 3.1.2. Let E be a vector space with inner product .,.). Then

[y < VOG0 Y) (3.1.3)

forevery x,y € E.

Proof. Given any x,y € E, using properties (i)—(iv) of Definition 3.1.1 we have for any
teR

X=X =) = (6X = ) + (~,X — By) = (6X) = LYY — LX) + £, Y)
= (X, X) = 2606, y) + £, y)
=A-2tB+tC>0.

It then follows that
B* < AC

or equivalently that |B| < VAVC, which is (3.1.3). O

Proposition 3.1.3. Let E be a vector space with inner product (., .). Then putting

Ixll = vV {x, x) (3.1.4)

we have a norm on E, which is said to be induced by the inner product.

Proof. First note that the definition (3.1.4) makes sense by virtue of property (iv) of the
inner product. Likewise, using also properties (ii) and (iii), it follows at once that

- |xl=0VxeEand|x| =0 x=0;

- lax| = |al|lx]| Vx € E, Ya € R.

As to the triangle inequality, given any x,y € E, we have by the definition (3.1.4)
I+ Y17 = G yax +3) = 060 +206Y) + 909),
whence, using the Cauchy-Schwarz inequality (3.1.3), it follows that
2 2 2 2
I+ Y17 < X0+ 20yl + yl™ = (xI+ Iyl
so that finally

Ix + Yl < lixll + [yl 0
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Examples. The norm induced on E = R" by the scalar product (3.1.1) is the Euclidean

norm
n
Ixll = y[Y. x? = Xl (3.1.5)
i=1

(which has to be distinguished by other possible norms on R", such as for instance ||x|; =

Z?ﬂ ;1)
The norm induced on E = C([a, b]) by the scalar product (3.1.2) is

1/2

b b
If1l = sz(X)dx = (sz(x)dx> = [fl, (3.1.6)

and has to be distinguished by other norms on C([a, b]), such as for instance the norm
IFll = supye(qp) If ()| of uniform convergence, mostly considered in Chapter 2 and often
denoted ||f || -

Remark 3.1.1. It follows from Proposition 3.1.3 that any inner product space E becomes
in a canonical way a normed space, and thus in turn - as any normed space, see Ex-
ample 2.2.2 — it has to be considered a metric space with the distance induced by the
norm, defined putting

dx.y) = lIx-yl  (xy € E).

Therefore, every concept known for metric spaces (neighborhoods, open and closed sets,
convergent and Cauchy sequences, compactness, continuity — in a word, the topology
of metric spaces) applies in particular to inner product spaces using the norm (3.1.4).

Remark 3.1.2. It follows in particular that when C([a,b]) is equipped with the inner
product (3.1.2), the distance between two functions f, g € C([a, b]) is the distance in the
quadratic mean

b 1/2

d(f.8) =If —gl, = <J If (x) —g<x)i2dx>

Therefore, the convergence of a sequence (f,) ¢ C([a,b]) to an f € C([a,b]) in this
normed space means that

1/2

b
dy(foof) = W = fllz = <J Ifn (0 —f(X)Ide> -0 (n—o0)

and is expressed by saying that (f;) converges to f in the quadratic mean, or in the
sense of least squares (see, e. g., Weinberger [2]).
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Orthogonality
Definition 3.1.2. Let E be a vector space with inner product (.,.). Two vectors x,y € E
are said to be orthogonal if

(x.y) = 0. 317

We also say that x is orthogonal to y (which is the same as saying that y is orthogonal
to x) and write

X Ly.

It follows by the definition of inner product (Definition 3.1.1) that:

— every vector x € E is orthogonal to the vector 0;

— the only vector orthogonal to itself is the vector x = 0, whence it follows that the
only vector orthogonal to all vectors of E is x = 0.

Proposition 3.1.4. Let E be a vector space with inner product .,.) and let x,y be any two
vectors of E. Then

llx + Y12 + Ix = yI* = 2lx]* + 20lyll*. (3.1.8)
Moreover; if x,y are orthogonal, then
Ix + 1% = IxI? + Iyl (3.1.9)

Proof. This is left as an exercise.

Equalities (3.1.8) and (3.1.9) are called respectively the parallelogram law and the
Pythagoras identity.

The concept of orthogonality can be extended to any (finite or infinite) sequence (v;)
of vectors of E, meaning that

(Vl‘, V]> =0 Vi :ﬁ] O
Proposition 3.1.5. If (v;)1icn, are orthogonal vectors of an inner product space E with

V; # 0(1 < i < n), then they are linearly independent.

Proof. This is left as an exercise. O

eee

space E is said to be orthonormal if

{ (e,e) =0 (i#)) (3.1.10)

<ei, el‘> =1

We also say that the vectors (e,),-1, . are orthonormal.

yene
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Thus, orthonormal vectors are norm-one eigenvectors that are orthogonal to each
other. It is also clear that any sequence (v;) of orthogonal vectors with v; # 0 for every
i can be turned into a sequence of orthonormal vectors just normalizing them, that is,
considering the vectors u; = v;/||lv;|.

Orthogonal projection onto a finite-dimensional subspace

Theorem 3.1.1. Letey,...,e, be orthonormal vectors of an inner product space E and let
M = [ey,...,e,] denote the vector subspace spanned by these vectors. Then for every x € E,
there is a uniquey € M such that

X-y.LM (3.1.11)
and we have the explicit expression
n
y =Y (xee. (31.12)
i=1
Moreover; y satisfies the inequality
Ix-yl<lx-z| VzeM, (3.1.13)

where strict inequality holds for z + y. Finally, we have

n

Ix = yI? = IxI? = Y ¢x, €)%, (31.14)
i=1

The vector y is called the orthogonal projection of x onto the subspace M.

Proof. (i) The notation v L M means (of course) that v L z for every z € M; it can be
used for any subset M of E, and not only for vector subspaces. Given x € E, we prove at
once the existence and uniqueness of y with the property (3.1.11), as well as its explicit
expression (3.1.12), as follows. Asy € M, we need to have y = Y7, c;e; for some ¢; €
R (1 <1< n)to be determined; moreover, the condition (3.1.11) will be satisfied iff x — y
is orthogonal to each of the spanning vectors e; of M. Therefore, we must have

n
X—Zciei,ej> =0 Vj=1...,n,
i1

whence — using the orthonormality relations (3.1.10) — it follows that

(x,e;) =¢ Vi=1,...,n,

proving the first statement of Theorem 3.1.1.
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(ii) To prove the minimal property (3.1.13), take any z € M and write
Ix -z = Ix -y +y -zl = Ix =yl + Iy - 2I* = Ix -y,

the second equality being justified by (3.1.9), for x -y L M whiley -z € M.
(iii) Finally, to prove (3.1.14), write — using once again (3.1.11) -

Ix =ylI* = (x =y, x = y) = O x =) = (6,x) — (x,Y).

Moreover, by (3.1.12) we have

x.y) = <X,Z(X,€i)ei = (x, )
i=1 i=1

so that the result follows. O

Additional remarks

Remark 3.1.3. Given x € E, the uniqueness of a y € M with the orthogonality prop-
erty (3.1.11) holds independently of the representation of M by means of an orthonormal
basis and holds in fact if M is any vector subspace of E. Let us state this formally.

Proposition 3.1.6. Let x € E and let M be a vector subspace of E. Then there exists at
most oney € M such that

xX-y.1lM.

Proof. Letx € E and suppose that y;,y, € M satisfy the property above. Then, by linear-
ity of the inner product,

X=Y1-(X=Y)=Y,-y1 L M.

However, y, —y; € M because M is a subspace; thus, y, -y, L y,-y;, whencey, =y;. O

Remark 3.1.4. The “optimality” property (3.1.13) says that given x € E (and a subspace
M of E), its orthogonal projection y on M has a distance from x that is minimal with
respect to any other point z of M; briefly, y is the nearest point to x in M. It is important
to know that this property characterizes the orthogonal projection of x on M, that is to
say, if y € M satisfies (3.1.13), then necessarily

X-y1M.

Thus, we conclude that the orthogonality property (3.1.11) and the nearest point prop-
erty (3.1.13) are equivalent to each other. Again we state this formally.
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Proposition 3.1.7. Let x € E and let M be a vector subspace of E. If y € M has the nearest
point property (3.1.13), that is, it is such that

Ix -yl <llx -zl VzeM, (3.1.15)

then necessarily x -y 1 M.

Proof. Letv € M. We need to prove that (x — y,v) = 0. For this purpose, consider that
for every t € R the vector y + tv € M; therefore, by (3.1.15) we have

Ix=yI? < x - v+ )
=[x =y) = ] = Ix = yI? - 2t0x - y,v) + VI = he).

The inequality above shows that the function h has an absolute minimum at t = 0;
therefore,

r'(0) = (2t||v||2 —=2(X=Y,V)),_o = —2(x -y,v) = 0. O

Some questions

— Given x € E and any vector subspace M of E, can one prove the existence of the
orthogonal projection of x onto M — that is, of an y € M enjoying the (equivalent)
properties (3.1.11) and (3.1.13)?

— Given x € E and a subset K ¢ E, can we prove the existence of a nearest point in K
to x for more general sets K than just vector subspaces?

As we shall see in Section 3.4 of the present chapter, an affirmative answer to the first
question can be given if we require the completeness of the inner product space E —
that is, if we require that E be what is called a Hilbert space — and the closedness of
the subspace M.

The second question is, in a sense, just a more general version of the first, and indeed
they will be answered together in the context of Hilbert spaces, giving full evidence of
the importance of the convexity (and closedness) of the set K. For the time being, we
can content ourselves with the following statement, which holds in Euclidean spaces.

Proposition 3.1.8. Let K be a closed subset of R". Then, given any x € R", there exists a
pointy € K nearest to x, that is, such that

Ix-yl <lx-zl vzeK.
Proof. Given x € R", put

6 = inf |x - z|.. (3.1.16)
zeK
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It is a matter of proving that the infimum defined in (3.1.16) is actually a minimum, that
is, it is attained at some point y € K. At any rate, there exists a sequence (z,) c K such
that

Ix-2z, =8 (n— o0). (3.117)

The sequence (z,,) is necessarily bounded (for otherwise, there would be a subsequence,
still denoted (z,,) for convenience, such that | z,| — oo and therefore also [|x —z,| — oo,
contradicting (3.1.17)). Therefore, by the Bolzano—Weierstrass theorem, (z,) contains a
convergent subsequence, which we call (z,, ); and if we put

Zy = lim z
0 k—oo >
then we have:

-z € K (because K is closed);
- |Ix = zy|l = 6 (because of (3.1.17) and the continuity of the norm).

Thus, z, has the required properties, and this ends the proof of Proposition 3.1.8. O

Exercise 3.1.2. Let X be a metric space and let K c X. Prove that if K is closed, then for
any convergent sequence (x,) ¢ K we have

lim x, € K. (3.1.18)

n—oo
Vice versa, if (3.1.18) holds whenever (x,,) ¢ K and (x,,) converges, then K is closed.

Exercise 3.1.3. Let E be a vector space with a norm denoted | - ||. Prove that the map
I-1:E—-R

is continuous.

Exercise 3.1.4. Let A be any set and let f : A — R be bounded from below. Prove that
there exists a sequence (x,,) ¢ A such that

nlLIgof(xn) =cC= inlgf(x),

a similar property holding if f is bounded from above, with C = sup, 4 f(x).

3.2 Fourier series

A function f : R — R s said to be periodic of period T > 0 (or briefly, T-periodic) if

fx+T)=f(x) VxeR.
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For instance, the trigonometric functions
sin x, cos x, sin 2x, cos 2x, ... sin nx, cos nx, .. ., (3.2.1)

where n € N, are all 27-periodic.

Question. If we take an f : R — R that is 27-periodic and - for instance — continu-
ous, can we expand f in series of the trigonometric functions (3.2.1)? That is, does the
equality

o
f(x) = ag+ ) (@ cos kx + by sin kx) (32.2)
k=1
hold for a suitable choice of the real constants ay, ay, by (k € IN)?
Definition 3.2.1. Given f : R — R, which is 27-periodic and continuous, the numbers

21 21 21
gy = L J FOOdx,  a = }T J FOO coskxdx, by = J Foosinkxdx,  (3.23)
0 0 0

N

21

where k € N, are called the Fourier coefficients of f. The series (3.2.2) with the coefficients
given by (3.2.3) is called the Fourier series of f.

Our question now becomes: given f, does its Fourier series converge to f?

We meet a similar question if we wish to expand f into power series near a point
X € R: in this case one writes down (provided f is of class C*) the Taylor series of f
centered at x, and asks — taking, for instance, x, = 0 - if

oo (k)
- k _°O
fx) = Zb ax,  where q =" =.

One main point to discuss is in what sense the convergence of the Fourier series to
f (thatis, the equality in (3.2.2)) takes place. The most elementary meaning would be that
for each fixed x € R, the numerical series in (3.2.2) converges precisely to the value f(x)
of f at x; this is pointwise convergence. However, this turns out to be quite delicate to
prove and requires further assumptions on f, as can be seen in Section 4.3 of Chapter 4.

A stronger type of convergence would be uniform convergence (Chapter 2, Sec-
tion 2.1).

One more type of convergence, which is particularly useful when dealing with
Fourier series, is convergence in the mean — more precisely, in the quadratic mean,
or mean of order 2, already introduced in Remark 3.1.2 and repeated here for the
reader’s convenience.

Definition 3.2.2. Let (f,,) be a sequence in C([a, b]). We say that (f,,) converges in the
mean to f € C([a, b]) on the interval [a, b] if
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b
j .00 = foOF dx =0 asn — oo,

a

Remark 3.2.1. The definition above makes sense also in the more general case that the
functions f;, (n € N) and f are merely integrable on [a, b].

Example 3.2.1. Let f,(x) = x" (n € N). We claim that (f;,) converges in the meantof = 0
on the interval [0, 1]. Indeed,

b 1
(2n+1) 71
2 B mn _[x _ 1
Jlf"(x) fol dx—b[x dx_[2n+1]0_2n+1_)

Note that the sequence (x") does not converge pointwisely to 0 on [0,1], for
lim,_,, x" = 1if x = 1. In fact, in a sense, convergence in the mean is independent
from pointwise convergence, as shown also by the next exercise.

Exercise 3.2.1. Let f,(x) = Vn?xe™ (n € N). We clearly have
I}Lrgofn(x) =0 Vxe[0,1].

However, (f,,) does not converge in the mean to 0 on the interval [0, 1], for

1
lim I n’xe ™ dx # 0.
n—.oo

0

Remark 3.2.2. Definition 3.2.2 is useful and important also in other fields related to
mathematical analysis, such as numerical analysis and probability theory. It can be gen-
eralized as follows: given a sequence (f,,) in C([a, b]) and given any p € Rwith p > 1, we
say that (f;,) converges in the mean of order p to f € C([a, b]) on the interval [a, b] if

b
j .00 =foOF dx — 0 asn — co.

a

One main result about the convergence of Fourier series that can be simply stated
is the following.

Theorem 3.2.1. Let f : R — R be 2m-periodic and continuous. Then its Fourier series
converges in the mean to f on [0, 27t); that is,

o
J |s,0) —f(x)|2dx —0 asn— oo,
0

where
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n
$,(0) = ag + Z(ak coskx + b sinkx) (n € N),
i1

with ay, ai, by, (k € N) as in (3.2.3).

However, the proof of Theorem 3.2.1 is far from simple. One of its main ingredients
will be the following relations, holding for n,m € IN:

21

J sinnxdx = | cosnxdx =0, (3.24)
2

J sin® nx dx cos? nx dx = T, (3.2.5)

0
2

]
Sty O—§ O —y

Jsin nx sin mx dx cosnxcosmxdx =0 (n+m), (3.2.6)

2
J sin nx cos mx dx = 0. 3.2.7)
0

Exercise 3.2.2. To prove the orthogonality relations (3.2.4)—(3.2.7), first recall that

][ cos® x +sin®x =1
cos® x — sin” x = cos 2X,

whence
2cos’x =1+cos2x, 2sin’x =1- cos2x, (3.2.8)
so that
2 1 sin 2x
cos“xdx = =[x R
j 21T 2
Jsinzxdx = l{x— s1n2x].
2 2

From these, integrating from 0 to 2 yields (3.2.5).
Note that (3.2.8) are special cases of the following relations:

2cosacosf = cos(a - B) + cos(a + ff)
2sinasin f = cos(a - B) - cos(a + fB) (3.2.9)

2sinacos f = sin(a - B) + sin(a + f§),

which in turn follow from the formulae for sin(a + ) and cos(a + B).
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From (3.2.9) we obtain, for instance, the equality
. . 1 1
Jsmnxsmmxdx =3 J cos(n — m)x dx — 3 Jcos(n+ m)x dx,
which explains the first of (3.2.6). The second is obtained similarly. Finally, the last equa-
tion in (3.2.9) yields (3.2.7).
Definition 3.2.3. A trigonometric polynomial of degree < n(n € N) is an expression

of the form

n
P(x) = ay + Z(ak cos kx + b sin kx), (3.2.10)
k=1

where a,, ai, by € R. The polynomial (3.2.10) is said to be of degree n if a, and/or b,, are
different from 0.

Fix an integer n € IN and define
Qn = {P | Pis a trigonometric polynomial of degree < n}. (3.21D)

We note the following:
—  Qyis avector subspace of C,,(R), where

Corz(R) = {f : R — R | f is continuous and 27-periodic}.
— Precisely, Q, is the vector subspace spanned by the functions
1, cos x, sin x, cos 2x, Sin 2x, . . ., COS nx, Sin nx. (3.2.12)

— Using the orthogonality relations (3.2.4)—(3.2.7), it follows that the functions above
are linearly independent, and therefore dim Q,, = 2n + 1.

Given f € C,;(R), the nth partial sum §,, of its Fourier series,

n
S,(x) = ag + Z(ak coskx + by sinkx) (n € N), (3.2.13)
k=1

where ay, i, by, are as in (3.2.3), belongs to Q,,.
For the proof of Theorem 3.2.1, one key step will be the following fact.

Proposition 3.2.1. Letf € C,;(R) be given. Then among all trigonometric polynomials of
degree < n, S, is the nearest to f; here “near” means in the sense of the distance given
by the quadratic mean
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1/2

2
&, 8) =If -&l, = (J [f () —g(x)lzdx>
0

In other words, S, is the best approximation to f among all vectors of Q,:

If = Splly < If —Pll, VP € Q. (3.2.14)

Enlarging the space of 2rt-periodic functions: from C,,(R) to C,,(RR)

The requirement of continuity is unnecessarily strong for the study of Fourier series.
Here we consider some extensions, first considering functions defined in a bounded
closed interval [a, b] and then moving on to functions defined on the whole of R.

Piecewise continuous functions

Definition 3.2.4. A function f : [a,b] — R is said to be piecewise continuous in [a, b]
if it is continuous at every point of [a, b] except at most in a finite number of them, call
them xq, ..., X,,, in which however there exist and are finite the left and right limits

£0¢) = lim £00, () = lim £00)

ifa < x; < b; we have a similar requirement if x; = a or x,, = b.
Figures 3.1and 3.2 help to visualize the character of piecewise continuous functions.
Remark 3.2.3. If f : [a,b] — R is piecewise continuous, then f is (i) bounded and (ii)

integrable on [a, b].

Example 3.2.2. A very simple — though very useful in approximation theory — class of
piecewise continuous functions is that of piecewise linear functions; these are the spe-
cial f’s whose restriction to each of the intervals [Xx;, X;,] is linear (see Figure 3.3):

fx)=ax+b; (X; <X < Xjpq)-
We have in this case

FOG) = ai X +bi g, f(X) = ax; +by.

Definition 3.2.5. A piecewise continuous function f : [a,b] — R is said to be regular if
for every point x; € ]a, b,

fxg) +f(xg)

2 (3.2.15)

fxp) =
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Figure 3.1: A piecewise continuous f.

Figure 3.2: An f that is not piecewise continuous.
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Figure 3.3: A piecewise linear f.

It is clear from the above definitions that:

— Iff is continuous in [a, b], then it is piecewise continuous and regular.

— Iffismerely piecewise continuousin [a, b], then it can always be regularized - that
is, made regular — just changing its values in the (finitely many) points of disconti-
nuity x;, that is, putting by definition f(x;) equal to the mean value of f(x;),f(x;")
as prescribed by (3.2.15).

Back to the 2m-periodic functions
Definition 3.2.6. A function f : R — Ris said to be piecewise continuous (resp. regular)
if it is piecewise continuous (resp. regular) on every closed bounded interval [a, b].

Here and henceforth we put
Cyr(R) = {f : R — R : f is 27r-periodic, piecewise continuous, and regular}

Of course, the trigonometric functions in (3.2.1) are the most familiar representa-
tives of C,,,(R). Figure 3.4 gives an idea of how to create many new examples of functions
belonging to this space.

More formally, we have the following.

Example 3.2.3. Letf : [a,a+27] — R.Iff € C[a, a+2m], then its 27-periodic extension
f defined putting

f(x +2km) = f(x), xe€la,a+2n],

belongs to Cy, (R).

A few specific examples now follow.
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L

xX
a a+ 27
Figure 3.4: The periodic extension  of f.
Y
x
— —27 —® - 27 I
Figure3.5:f(x) =x,-m<x <m.
Yy
X
—5 _ﬂ,. L 4 .ﬂ. o

Figure3.6:f(x) = -1 (-m < x < 0);f(x) =1(0 < x < m).

Example 3.2.4. Consider first the 2r-periodic extension of f(x) = x,|x|] < m (see Fig-
ure 3.5).

Example 3.2.5. Consider now the 27-periodic extension of the so-called Heaviside func-
tion: f(x) = -1(-m < x < 0);f(x) =1(0 < x < 7); see Figure 3.6.
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—27 -7 [ 27

Figure3.7:f(x) = x|, -m<x <m.

Example 3.2.6. Consider finally f when f is the absolute value function (again for
[x] < m): f(x) = x|, - < x < 7; see Figure 3.7.

Exercise 3.2.3. For each of Examples 3.2.4,3.2.5, and 3.2.6 compute the respective Fourier
series. The computations can be easily performed and give respectively the following
results:

ay = a, =0, bk:t4f”% (k € N),
2

Gy = =0, be=1—[1-(-D] (keN),

T 2
ap = E, ak:—@[l—(—l)k], kaO (kE]N)

In order to handle Exercise 3.2.3 or similar — and in general, in order to compute the
Fourier coefficients (3.2.3) of a given function — the following three remarks turn out to
be useful.

Remark 3.2.4. Iff € C,,;(R), then

21 a+2n

Jﬂﬂﬂzjfwﬁ'WeR

a

Indeed,
a+2m 0 21 a+2nm
Jf(x)dx:J+J+ J . (3.2.16)
a a 0 2

In the last integral, make the change of variable x = y + 27 and use the 2r-periodicity of
f to obtain

a+2m a

[ rooax- ff(wzmdx - [roray
0 0

21
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so that the last integral in (3.2.16) will cancel with the first.

Remark 3.2.5. Modifying a piecewise continuous f : [a,b] — R in a finite number
of points does not change its integral on [a, b]. In particular, in the computation of the
Fourier coefficients ay, a, b, we need not worry if f has been regularized or not.

Remark 3.2.6. Let f : [-a,a] — R be piecewise continuous. Then if f is odd (that is,
f(=x) = -f(x)), we have

a

jf(x)dx -0,

—-a

while if f is even (that is, f(-x) = f(x)), we have
Jf(x) dx =2 Jf(x) dx.
“a 5

Now since — by Remark 3.2.4 — we can compute the integrals defining the Fourier coeffi-
cients ay, ay, by of an f € C,,(R) integrating on [—, 7] rather than on [0, 277], it follows
in particular that if f is odd, then

{ a =5 [ f0dx =0, =1 [ f(x)coskxdx =0 (3.2.17)

be =1 [" foosinkxdx = 2 [7f0) sinkordx

so that the Fourier series of f will contain only sine terms, that is, it will be a Fourier
sine series, while if f is even, then it will be developed into a Fourier cosine series.

Inner product for piecewise continuous functions
Given an interval [a, b], put

Cla,b] = {f : [a,b] —> R: f is piecewise continuous and regular}.

Evidently, C[a, b] is a vector space. Moreover, we can extend to this vector space the
scalar product defined in Cl[a, b] (Example 3.1.2), for we have the following proposition.

Proposition 3.2.2. Givenf,g ¢ C[a,b], put

b
f.8) = J FO0Og) dx. (3.2.18)

a

Then (3.2.18) defines an inner product in C[a, b).
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In order to verify the positive definiteness of the inner product (3.2.18), the following
extension of Proposition 3.1.1 is useful.

Proposition 3.2.3. Let g : [a,b] — R be continuous in ]a,b[ and have finite one-sided
limits g(a*),g(b™) at the endpoints a and b. If g > 0 in [a,b] and f; g(x)dx = 0, then
g(x) = 0 for every x € a,bl, so that also g(a*),g(b™) = 0.

In turn, we can extend Proposition 3.2.3 to a piecewise continuous regular func-
tion g defined in [a, b] and such that g > 0 in [a, b] and jf g(x)dx = 0. Indeed, let
a < Xy < Xy--- < X, < b be the discontinuity points of g, in which by assumption
there exist the finite left and right limits g(x; ), g(x;"). We have (putting for convenience
Xo = @, Xpy1 = D)

b o Xt
Jg(x)dx =3 j () dx,

and by our assumptions, each term in the sum of the right-hand side is equal to zero.
Applying Proposition 3.2.3 to each of the intervals [x;, X;,4], it follows that g = 0 in each
of the open intervals [x;, x;,¢[, and therefore necessarily g(x;) = g(x{r ) = 0 for every
i =1,...,n. Since g is regular, it then follows that g(x;) = 0 for every i, so that g = 0 in
[a,b].

Given f € C[a, b], the remarks above explain the implication (f,f) =0 = f = 0 and
thus clarify and complete the statement of Proposition 3.2.2.

We conclude these technical but necessary remarks with an explicit statement that
is just the “2-periodic version” of Proposition 3.2.2.

Proposition 3.2.4. Givenf,g e C,,(R), put

21

(f.8) = J fOgx) dx. (3.2.19)

0
Then (3.2.19) defines an inner product in C,,(R).

Back to Fourier series
Recall the orthogonality relations for the trigonometric functions:

2n

21
J sinnx dx = J cosnxdx =0, (3.2.20)
0
2 21
J sin® nx dx = J cos? nx dx = T, (3.2.21)
0 0
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21 2
J sin nx sin mx dx = J cosnxcosmxdx =0 (n+m), (3.2.22)
0 0
2
J sin nx cos mx dx = 0. (3.2.23)
0
We use the following notations:
o = 1 e/(x) = CosS X e,(x) = sin x ex(x) = COoSs 2x ey(x) = sin 2x
0 \/E) 1 \/E > 2 ﬁ > 3 \/ﬁ > 4 \/E ey
(3.2.24)
that is,
1 cos kx sin kx
eg=—, €y 1(X)=—-, e,;Xx) = (k € N). (3.2.25)
0 m 2k-1 \/ﬁ 2k \/ﬁ

With these notations, the orthogonality relations (3.2.20)-(3.2.23) can be resumed in
the following statement.

Proposition 3.2.5. The family {e, | n = 0,1,...} defined in (3.2.25) forms an orthonormal
sequence in Cy,(R).

Proof. First, we have
le,l =1 Vk=0,1,2,....

This is evident for n = 0, while for n € IN we use (3.2.21) to see that if, e.g.,n = 2k -1
is an odd integer,

1 T 1
||en||2 == J cos’kxdx = = =1.
bs g
0
Moreover, we have
(e, ep) =0 Vn+m. (3.2.26)

Indeed, if n = 0 and m € IN we use (3.2.20) to see that if, e. g., m = 2k is even,

T 1 sinkx
sin
(6’o,€m>=J— dx =

Om\/ﬁ 0.

If n,m > 1, then (3.2.26) follows from (3.2.22) and (3.2.23). O
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We can now use the general results about inner product spaces discussed in Sec-
tion 3.1 of this chapter, in particular Theorem 3.1.1. We have indeed the following propo-
sition.

Proposition 3.2.6. Given f € C,,(R), the nth partial sum S, of its Fourier series is the
orthogonal projection of f on the subspace Q,, defined in (3.2.11), that is,

Q, = {P | P is a trigonometric polynomial of degree < n}.

Proof. Let P,(f) denote the orthogonal projection of f onto Q,,. By Proposition 3.2.5 and
the definition of Q,,,

€0> €1, €2, ---> €1, €9y

is an orthonormal basis for Q,. Therefore, by formula (3.1.12) of Theorem 3.1.1 - in which
we take E = C,,,(R) and M = Q,, (n is fixed) — we have

2n
Py(f) = Y (f-eyer = (freq)eq + (frer)ey + -+ + (f ezn)ey,. (3.2.27)
i=0
Recall the definition (3.2.3) of the Fourier coefficients of f:

2 21 2

1 .
aO:E!f(x)dx, ay = Jf(x)coskxdx, b, = Ojf(x)smkxdx.

Nie
Nie

Looking at these and at the definition (3.2.25) of e;, we see that

\/Eak, i=2k-1

3.2.28
Vb, i=2k. (3:2.28)

, ) = \/an, {f, e) = {

Using these equalities in (3.2.27), we then have

1 .
P,(f) = \/an\/_T + \/ﬁal% oot \/ﬁbn¥
b
n
=ay+ Z(ak cos kx + by sinkx) = §,,.
k=1

The proposition above implies, again by Theorem 3.1.1, the best approximation
property indicated for S,, by Proposition 3.2.1, which we report here practically unal-
tered, save replacing C,, (R) with the larger space C,(R). O

Proposition 3.2.7. Letf ¢ C,,(R) be given. Then among all trigonometric polynomials of
degree < n, S, is the nearest to f in the sense of the distance given by the quadratic
mean
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2 1/2

d,(f.8) = If -glz = (I If 00 —g(X)Ide>
0

In other words, S, is the best approximation to f among all vectors of Q,:
If = Sull, < If = Pll, VP € Qp. (3.2.29)

Proof. Take E = C,,(R), M = Q, and use formula (3.1.13) in Theorem 3.1.1, exploiting the
characterization of S,, given by Proposition 3.2.6 above.

We are now in a position to prove Theorem 3.2.1, and in fact its more general version
extended to piecewise continuous functions. Here is the formal statement. O

Theorem 3.2.2. Letf € C,,(R). Then its Fourier series converges in the quadratic mean
to f on [0,27]; that is,

2
Tim J 15,00 — FOf dx = 0, (3.2.30)
0

where

n
Sp(X) = ag + Y (ay coskx + by sinkx) (n € N)
i1

(with ay, ay, by, as in (3.2.3)) is the nth partial sum of the Fourier series of f.

The proof of Theorem 3.2.2 rests on the characterization of S,, just found in Propo-
sition 3.2.7 and on the following two lemmas about the approximation of functions: the
first is related to the Weierstrass theorem on the uniform approximation of a contin-
uous function by polynomials, while the second allows to approximate in the mean a
piecewise continuous function with a continuous one.

Lemma 3.2.1. Letf € Cy;(RR). Then there exists a sequence (T,),cn Of trigonometric poly-
nomials, with T,, € Q, Vn € N, such that T, — f uniformly on [0, 2r], that is,

lim |7, - fllo = lim ( sup |T,0) -f00]) = 0. (3.2.31)
n—0o n—oo x€[0,277]

Remark 3.2.7. Lemma 3.2.1is an important result on approximation by polynomials:
it can be viewed as the “periodic version” of the famous Weierstrass approximation
theorem, stating that any continuous function on an interval [a, b] is the limit of a se-
quence of polynomials which converges uniformly in [a, b]. For a proof of these results,
the interested reader can look into W. Rudin’s books [10] and [6]; see also Chapter VII,
Section 4 of Dieudonné [7].
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Remark 3.2.8. The uniform convergence of a sequence of continuous (or, more gener-
ally, integrable) functions on an interval [a, b] implies its convergence in the mean of
any order p; indeed, we have

b b
100 -l = [ ( sup 1500 -701)" x= b~/ -

Lemma 3.2.2. Letf € C,,(R). Then given any € > 0, there exists a g € C,,(R) such that
If - gl <e. (3.2.32)

Proof. Letf € C,,(R). By definition, f has at most a finite number of points of disconti-
nuity xq, ..., X, in the interval [0, 2r7], and the one-sided limits at these points exist and
are finite. Suppose for simplicity that f has only one such discontinuity point x; and that
Xq €]0,2m].

Fix e > 0. Let § > 0 be such that [x; — §,x; + 8] ¢ ]0,2m[ and define g5 in [0, 277] as
follows (see Figure 3.8):

fOO,  Ix-xl|>6

2.
ax+b, |x-x|<6, (3.2:33)

800 - |
where a, b are chosen so that g is continuous in [0, 2r7], that is, a and b are determined
by the equations

{ a(xy—8)+b=[f(x;-9) (3.2.34)

a(x;+6)+b=f(x+96).

Let g be the 2rr-periodic extension of g to all of R. Then (since g5(0) = g5(2m)) g € Cor (R).
Also note that by construction, |gs(x)| < K = SUPye(0,27] |f (x)|; therefore, we have

2 X+6

-l = o0 -gstof ax = [ 1700 - gso0f’ ax < 86k?
0

X8

so that (3.2.32) will be satisfied as soon as & is taken so small that 86K> < €.

We can now conclude the proof of Theorem 3.2.2.

We need to prove that given any f € C,,(R), one has ||S, —f|l, — 0asn — co, where
S, is the nth partial sum of the Fourier series of f; that is, given any € > 0, we need to
find an 71 € N such that

1S, —fll, <e ¥YneN,n=>n. (3.2.35)

By virtue of Lemma 3.2.2, we first find a g € C,,(R) such that
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Yy
xX
0 r1 — 90 T1 x1 + 9 27
Figure 3.8: Correcting a discontinuity.
€
If -8l < 5. (3.2.36)

Next, on the basis of Lemma 3.2.1, there exists a sequence (T},) of trigonometric polyno-
mials, with T,, € Q,, Vn € N, converging uniformly (and therefore also in the quadratic
mean, see Remark 3.2.8) to g; thus, we find an n, € N such that

ug-nh<§ vn e N,n > n,. (32.37)
Using (3.2.36) and (3.2.37) we thus have

If = Tull, <e VYneN,nz=n,. (3.2.38)
However, by Proposition 3.2.7 and in particular by formula (3.2.29) we have

If = Sully < If = Tpll, VneN

so that the conclusion (that is, the proof of our claim (3.2.35)) follows from (3.2.38) on
taking nn = n,. O
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Remark 3.2.9. Beware that (3.2.38) does not mean that ||f — T, — 0asn — oo. Indeed,
(T,) depends upon g, and therefore upon €!

Remark 3.2.10. Lemma 3.2.2 shows, more generally, that a piecewise continuous func-
tion can be approximated in the mean as closely as we wish by continuous functions. On
the other hand, note that it is not possible to approximate uniformly a discontinuous
function with continuous ones (see Proposition 2.3.3).

Remark 3.2.11. To better appreciate the meaning of the term “approximation” used in
many statements of this section, it is useful to reason in general terms and carry out
the following exercise. Let (X, d) be a metric space, let A ¢ X, and let x; € X. Then the
following are equivalent:

(i) foranye > 0, there exists an x € A such that d(x, x,) < €;

(ii) there exists a sequence (x,,) ¢ A such that lim,_,, X, = X.

Such property of X is expressed by saying that X is a cluster point of A. The set of all
cluster points of A is denoted with A and called the closure of A. These definitions and
concepts were proposed also in Chapter 2, Section 2.2; see in particular Proposition 2.2.3.

The final part of this section is devoted to some important and useful consequences
of the basic Theorem 3.2.2.

Corollary 3.2.1 (Parseval’s identity). Letf € C,,(R) and let ay, ay, by (k € IN) be its Fourier
coefficients as defined in (3.2.3). Then

27 .
J Fro0dx =2mad + 7Y (@ + ). (3:239)
0 k=1

Proof. We have seen in Theorem 3.1.1, and especially in formula (3.1.14), that if y is the
orthogonal projection of x onto the subspace M = [ey,...,¢e,], then

n
Ix = ylI* = IxI? = Y (x, )% (3.2.40)
i=1
In our case we have
2 2 & 2
If = Sull = Il = Y (F> €)™ (3.2.41)

i=0

Equality (3.2.41) holds for every n € IN (for we can project orthogonally f on every sub-
space in the increasing sequence (Q,,) ). Moreover, from (3.2.28) we have

\/Eak, i=2k-1

242
Vb, =2k (3:242)

(f.e0) = V2may, (f.e) = {
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so that (3.2.41) yields

n
|V—SM5:uﬂ@-(mm§+n§}ai+b@>. (3.2.43)

k=1
This first shows that
2 22 2
<27'[a0 + 7 Z(ak + bk)> <|Ifll;
k=1

for every n € IN and thus proves that the numerical series in (3.2.39) is convergent;
moreover, writing (3.2.43) as

IFI3 = <2naé +7 Y (ay + bi)) +1If ~ Sull5 (3.2.44)

k=1
and letting n — oo, we obtain (3.2.39) as a consequence of (3.2.30) in Theorem 3.2.2. O

Corollary 3.2.2. Letf,g € C,,(R). Iff and g have the same Fourier coefficients, then they
are equal.

Proof. Leth=f —g.Then h € C,,(R) and

21

@) = — [ (00 - g00) cosloxdx = ay(f) - ax(g) =0 (k e N)
0

Nie

and similarly for ay(h) and by (h). It then follows from (3.2.39) that

o
Jmezo
0

and therefore h(x) =0 Vx € [0, 2], whence the result. O

Corollary 3.2.3 (Riemann-Lebesque’s lemma). Let f € Cy,(R). Then

2 21
klim Jf(x) coskxdx = klim Jf(x) sin kx dx = 0. (3.2.45)
0 0

Proof. This is an immediate consequence of the convergence of the series in (3.2.39);
indeed, we have
OSai,biSai+bi—>0 (k = ),

whence
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lim a, = lim by = 0. O
k—o0 k k—o0 k

Further questions to discuss about Fourier series

1. Pointwise and uniform convergence of Fourier series

The convergence in the mean of the Fourier series of f € C,,(R) to f itself proved in
Theorem 3.2.2 does not tell us anything about its pointwise convergence, neither a for-
tiori about its uniform convergence. As these forms of convergence will be useful in the
construction of series solutions to some BVPs for PDEs, we shall resume these questions
—under stronger regularity assumptions on f, in particular some differentiability prop-
erty — in the next chapter (Section 4.3) when discussing PDEs.

2. Abstract (i. e., general) versions of the results discussed in this section

To a good extent, the results about the convergence in the mean of the Fourier series
are due to the inner product space structure of the space C,,(R), a leading role having
been played by the orthonormality of the trigonometric system and by the concept of
orthogonal projection onto a subspace. Could anything similar be established for general
orthonormal systems in any inner product space? The next section is devoted precisely
to answering this question. In the subsequent section (Section 3.4) we shall see what
more can be said in the case of complete inner product spaces, that is, Hilbert spaces.

3.3 Orthonormal systems in inner product spaces. Sequence
spaces

1. A useful equality
Letey,...,e, be orthonormal vectors of an inner product space E. Then for every x € E,

n 2 n
Ix = > eper]” = IxlIP = Y x e’ (33.1)

i=1 i=1
We have already proved equality (3.3.1) in the course of Theorem 3.1.1: recall that
YL (X, e;)e; is precisely the orthogonal projection of x onto the subspace spanned by
the vectors ey, ..., e,. However, it can be useful to have a direct proof of (3.3.1), based on

an immediate use of the properties of the inner product.
Foranyc;,...,c, € Rwe have

2 n n
=( X=) cie,x - ) cie;
i1 i1

n n n n
= (X,X) - <x, Zciei> - <Z Ciei,x> +( Y cep cjej>
i1 i1 i ja

n
X=Y ce
i1
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n n n
= IxXIP =2 cix e + Y Y cicilen )
i=1

i=1j=1

n n
2 2
=IxI* -2 ciix.e) + ) ¢
i=1 i=1

Taking ¢; = (x, e;) we obtain (3.3.1).
Let us now consider the properties of orthonormal infinite sequences, often called
(countable) orthonormal systems.

2. Bessel’s inequality and Parseval’s identity

Proposition 3.3.1 (Bessel’s inequality). Let (e,),en be an orthonormal sequence in an in-
ner product space E and let x € E. Then the series Y ;% (X, ei>2 converges, and moreover
we have

(]

Y (xe)® < lx. (33.2)
i=1
Proof. Equality (3.3.1) holds for each n € IN and shows that
n
Yxe)’ < lxl* (neN). (33.3)
i=1

Letting n — oo, the statements in Proposition 3.3.1 follow immediately. O

Two problems
Question A
Given x € E, does the series Y ;% (x, e;)e; of vectors of E converge?

Question B
Does the series above converge to x? In this case, that is, when the equality Y 7 (X, ¢;)¢; =
x holds, we speak of a series expansion of x into the orthonormal sequence (e,),en-

Proposition 3.3.2. Let (e,),cn be an orthonormal sequence in an inner product space E
and let x € E. Then the following statements are equivalent:

[e9)

@ d(xe)e=x (3.3.4)
i=1

(b)Y (x.e)* = IxI*. (3.35)
i=1

Proof. This follows again from (3.3.1), just letting n — co. O
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Remark. The equality in (3.3.5) is called Parseval’s identity and represents the special
case in which Bessel’s inequality becomes in fact an equality.

3. Total orthonormal systems
We recall (see Remark 3.2.11) that if (X, d) is any metric space and A c X, the set of all
cluster points of A is denoted with A and called the closure of A.

Definition 3.3.1. A set A c X is said to be dense in X if 4 = X.

Thus, saying that A is dense in X means that every point of X is a cluster point of 4,
or in symbols

VxeX Ve>0 FJzeA:d(z,x)<e.

For example, the set Q of the rational numbers is a dense subset of R.

Theorem 3.3.1. Let (e,),c be an orthonormal sequence in an inner product space E.
Suppose that (e,),cn IS total, that is, the vector subspace spanned by (), 1S dense
inE. Then

(o)

Y(x.e)e=x VxeE. (3.3.6)
i=1

Proof. The proof consists in using the totality of (e,),cn together with the best approx-
imation property of the orthogonal projection.
Let x € E. To prove (3.3.6), we need to show that

n

X = Z<X> ei>ei

i=1

Ve>0 3dnygeN:Vn=>n, <E. (337

Let M be the vector subspace of E spanned by (e,,),cn that is,

i=1

n (e)
M:{Zciei|cieR,neN}:UM,
n=1

where
M, =span(ey,...,e,).

Fix e > 0. Since M is dense in E by assumption, there exist an 71 € N and coefficients
c;eR(i=1,...,7n) such that

<E. (3.3.8)

n
X — Z Ci€;
i=1
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However, by the nearest point property of the orthogonal projection, we have

i i
X =Y (xeef < x - ceyl. 3.3.9
i=1 i=1
Moreover, by the same reason for every n > fi, since M ¢ M,
n n
X =Y (X ee < x - (x e)el. (3.3.10)
i=1 i=1
Using (3.3.8), (3.3.9), and (3.3.10), the result follows. O

Remark 3.3.1. If Y7 (x, e;)e; = x for every x € E, then necessarily the vector subspace
M spanned by (e,),cn 1S dense in E; indeed, consider that this equality, which corre-
sponds to (3.3.7), gives much more detailed information than just the density of M. In
conclusion, the validity of (3.3.6) is equivalent to the totality of (e,),cn (and, on the
other side, to the validity of Parseval’s identity (3.3.5) for every x € E).

Remark 3.3.2. We have shown practically all the results above in the special case of the
trigonometric system. In particular, among the results of the previous section (Fourier
series), we have shown that the vector space spanned by the trigonometric functions,
that is, the set of all the trigonometric polynomials, is dense in CZ,,(IR) ; in other words,
the trigonometric system is total.

The sequence spaces /P
Consider the set S of all real sequences

a=(a;,ay,...,0,,...), @ €R VielN.

Shasanatural structure of real vector space, for we can define the sum of two sequences
and the product of a sequence by a scalar in the obvious way, that is, componentwise:
ifa=(a,ay,...,a,...)and b = (by,by,...,b,,...), then

a+bE(a1+b1,a2+b2,...,an+bn,...)
and
Aa = (Aay, Aay, ..., Aay,...).

Some vector subspaces of S are of interest. Given any real number p with p > 1, set

P= {az (@) €S: 020: la,|P < +oo}.

n=1

It is customary to consider also the case p = co, which is defined in a different way:
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[*° ={a = (a,) € S: (a,) is bounded}.
Exercise 3.3.1. Prove that for anyp : 1 < p < co we have
MclPcr™.
More generally, if 1 < p,q < co and p < q, then I ¢ 1.

Question. Is I” a vector space?

The answer to this question rests on the following important inequality holding for
non-negative sequences (a,), (b,) and for any p > 1:

(OZO:(an+bn)p> s(iaﬁ) +<020:bf1). (3311
n=1 n=1

n=1

Inequality (3.3.11) is the special version for series of the famous Minkowski inequality
(see equation (3.4.3)), holding in general L? spaces. It follows that setting, for a € P,

o0 ’
lall, = (Z Ianl”> (33.12)
n=1

we get not only the fact thata + b € I? if a,b € I, but also that (3.3.12) defines a norm in
the vector space .

In fact, one proves the following result, which will also be stated in more general
form in the next section.

Theorem 3.3.2. For every p with1 < p < oo, equipped with the norm (3.3.12), I’ is a
Banach space.

Remark 3.3.3. Also [*° is a Banach space when equipped with the norm
lalle, = sup |ay|.
nelN
Indeed, this is nothing but the special case A = IN of the Banach space (B(A), | - ||), with

Il = sup [f)| forf € B(A).

The special casep = 2
We have

lzzia:(an)eS:oZO:a,zﬁmo}.

n=1
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Inner product in /?
Proposition 3.3.3. For every a = (a,),b = (b,) € > put

(@,b) =) ayb,. (3.3.13)
n=1

Then (3.3.13) defines an inner product in I%.

Proof. This is left as an exercise. One has first to check that (3.3.13) is a good definition,
namely, that the series in (3.3.13) is convergent. In fact, we can see that it is absolutely
convergent, for using the inequality

1
Iyl < E(XZ +y") (LY eR)

it follows that

(o) 1 (oe) 2 (oe) 9
Zl|anbn|sE Y ay+ ) by | < oo O
n=

n=1 n=1

Norm induced by the inner product

We have
o0
lall = V(a,a) = > a2 = |all,. (3.3.14)
n=1

That this is a norm follows directly from the general properties of the inner product
and does not require to be proved independently as for the case p # 2.

A prototype orthonormal system
For every n € N, put

e, =(0,0,...,0,1,0,...),

where the number 1 appears only at the nth place of the sequence, that is, (e,); = 0 if
j#nand(e,); =1ifj = n.
It is clear from (3.3.13) and (3.3.14) that

{ {ewem) =0, (n2m) (3.315)
(en-€n) = llegll” =1

50 that (e,) e 1S an orthonormal system in %, which we can see as the I* version of the
familiar orthonormal basis (ey, ..., e;) of RX.
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Moreover, this orthonormal system is total: in fact, for every a = (a,) € I* we have
(a,ep) =a, VneN

so that
2 < 2 © 2
lal’ =) a, = > (ae,)”. (3.3.16)
n=1 n=1

This shows that Parseval’s identity (3.3.5) holds for every a € I and thus proves the
claim.

Exercise 3.3.2. Show that the orthogonal projection of a = (a,)pen € I? onto the sub-
space spanned by the first k vectors ey, ..., e, of the sequence (e,)en 1S

(ag,ay,...,0;,0,0...).

3.4 Hilbert spaces. Projection onto a closed convex set

Definition 3.4.1. A Hilbert space is an inner product space that is complete with respect
to the distance induced by the inner product.

Example 3.4.1 (See Example 3.1.1). The basic example of Hilbert space is provided by the
Euclidean space R" equipped with the inner product (3.1.1).

Example 3.4.2 (See Example 3.1.2). The space C([a, b]), equipped with the inner product

b
) = J FO0g(0) dx, (3.41)

a

is not complete (the sequence (arctan nx) yields an example of a Cauchy sequence in
C([-1,1]) that does not converge). In order to complete it, it is necessary to enlarge the
class of functions to be considered, first generalizing the definition of integral and then
introducing the LP spaces. To learn about these fundamental extensions, a classical ref-
erence is W. Rudin’s book [6] (see also [10]); for the reader’s convenience we only list
some basic definitions and ideas in this context.

The Lebesgue integral and the L” spaces

1. Measure and integration

A measure space is a triple (X, M, u) where:

— X isanon-empty set;

— M is a g-algebra of subsets of X, that is, a family of subsets of X containing X itself
and closed with respect to the set operations of complement and countable union;
the elements of M are called the measurable subsets of X;
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— uis ameasure on M, that is, a function y : M — [0, +oco] that is countably additive,
i. e, such that

o (e8]
u(U En> = ) H(Ey)
n=1 n=1
whenever (E,) is a sequence of measurable sets with E, N E,, =0 Vn + m.

A function f : X — R is said to be measurable if the inverse image
) ={xeX:f(x) eV}

is a measurable set for any open subset V ¢ R.
Given a measurable f : X — R with f > 0 on X, it is possible to define the

integral J fdu
E

of f on the measurable set E ¢ X with respect to the measure y: itis either a non-negative
number (when, for instance, f isbounded and the measure y(E) of E is finite) or +oo; one
then defines the integral for sign-changing functions. The integral so defined not only
possesses all the usual properties of the Riemann integral (linearity, monotonicity with
respect to the function, monotonicity with respect to the set, etc.) but is in fact much
more general and flexible than the Riemann integral. Moreover, it reduces to it when
considered for a continuous function on a compact interval of R and when one employs
the Lebesgue measure of the (Lebesgue measurable) subsets of R, constructed starting
from the intervals and putting m(I) = b — a if I is an interval of endpoints a < b.

2. The LP spaces
Given any measure space (X, M, u) and any real number p with p > 1, set

LP(X,M,u) = {f : X — R|f measurable, J IfIP du < oo]».
X
More generally, one can define LP(A, My, u,), where A is a measurable subset of X (i. e.,
A e M)and
My={EeM:ECA} Uy =Uly,.

We have two fundamental inequalities (called respectively Holder’s inequality and
Minkowski’s inequality) holding for any two non-negative measurable functions f, g :
X - Randforanyp > 1:
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1 1

Jfg du < <Jf” du>p (ng du>q, (34.2)
X

X X

where q is the conjugate exponent to p, in the sense that 11) + %I =1,and

(Jo-oran) <([ra) +([sran). 042

The Minkowski inequality clearly holds also for p = 1 and shows first that, for every
fixedp > 1,f + g € LP if f, g € L?; moreover, it proves that setting, for f € L?,

I, = (j P du>;, (3.4.4)
X

we define a norm in the vector space L?. Actually, to obtain this (and in particular the
implication |f], = 0 & f = 0) one must identify functions that are equal almost every-
where on X; two measurable functions f, g are said to have this property if

u(fx e X : f(x) # g(x)}) = 0.

In fact one proves the following.

Theorem 3.4.1. For every measure space (X, M, 1) and for every p with1 < p < oo, the
space LP (X, M, u), equipped with the norm (3.4.4), is a Banach space.

Special cases
- TakeX = R"and

M =L ={E c R": Eis Lebesgue measurable},

u=m:L — [0,00] = the Lebesgue measure .

Open sets (and hence also closed sets) in R" are all Lebesgue measurable. It follows
that any continuous function f : R* — R is Lebesgue measurable.
— TakeX =Nand

M =M, = {EIE ¢ N},

u = v = the counting measure,

that is, v(E) equals the number of elements of E if E is finite, while v(E) = +co
if E is infinite. One checks that, for this measure space and for any non-negative
a: N — R, that is, for any real sequence (a,), one has
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[ee]
J adv =) a,
N n=1
and it then follows that
LP(IN,My,v) = vp=1,
where the sequence spaces I’ have been defined in the previous section.

Remark 3.4.1. IfQis abounded open setin R" and C(Q) is defined as in (2.4.10), we have
C(Q) cIP’(Q) foreveryp >1. (34.5)

Indeed, iff € c(Q), f is measurable as already noted above, and moreover (as |[f(x)| < K
in Q for some K > 0) we also have

J IfIP dm < JK” dm = K’m(Q) < co (3.4.6)
Q Q

because the Lebesgue measure of a (measurable) bounded set is finite. One fundamen-
tal property of the inclusion (3.4.5) is that for every p > 1, C(Q) is a dense subset of
LP(Q); this means (see Remark 3.2.11 and Definition 3.3.1) that every f € L”(Q) can be
approximated as closely as we wish (in the L” norm!) with a function g € C(Q).

Remark 3.4.2. Consider again a bounded open set @ ¢ R". Using Holder’s inequality it
is easy to see that

Q) cLYQ) ifg<p (347
and, in particular, that
1 1
Iflg < Clifly Vf €LP(Q), C=m(Q)a ?. (3.4.8)
Indeed, using (3.4.2) with conjugate exponents s and ﬁ we have
4 p=q
14 p
j 19 dm < <J T dm) (Jldm)
Q Q Q
P—q
= Iflm@) #,

whence we obtain (3.4.8). It is clear that the same conclusions hold, more generally,
whenever Q is a measure space with measure u() < oo.

Exercise 3.4.1. Give examples showing that the inclusion (3.4.7) is false if the bounded-
ness assumption on Q is dropped.
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3. The special casep = 2
We have

LA(X,M, 1) = {f : X - R|f measurable, sz du < oo}.
X

Inner product in L% This is defined putting for every f, g € L

f.8) = Jfg du. (3.4.9)

X

Note that the norm induced by the inner product, that is,

IFl = . F) = “ F2dy, (34.10)
X

equals the norm |f|, defined in (3.4.4). Therefore, Theorem 3.4.1 yields the following
corollary.

Corollary 3.4.1. For every measure space (X, M, i), the space L*(X, M, 1), equipped with
the inner product (3.4.9), is a Hilbert space.

In particular, the sequence space I* considered in Section 3.3 is a Hilbert space.

Additional results for Hilbert spaces
In the next few pages we discuss some results holding in the context of Hilbert spaces
and complementing those seen in the previous sections about the existence of the near-
est point in a set K to a given point x, and in particular of the orthogonal projection of x
onto a subspace M, and the properties of countable orthonormal systems (e,,),cn- Each
of the two main results that we are going to prove, Theorem 3.4.2 and Theorem 3.4.3,
will clearly display the role played by the completeness of the space.

Recall that a subset K of a vector space E is said to be convex if for any two points
X,y € K we have

1-t)x+tyeK Vtel0,1].

Geometrically, this means that the whole segment of endpoints x, y is contained in
Kifx,y eK.

Any vector subspace of E is convex. If E has a norm, then any open ball and any
closed ball in E is convex.

Theorem 3.4.2 (Existence and uniqueness of the nearest point in a closed convex set). Let
H be a Hilbert space and let K be a closed and convex subset of H. Then for every x € H,
there exists a unique z, € K such that
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Ix -zl < lIx-2z|| VzeK. (3.4.11)

The theorem says that given any fixed x € H, the function f of H into R defined
putting

f@ =Ilx-z|

attains its minimum on K at a unique point z, € K. Thus, we need to concentrate on
the non-negative number

6 = inf ||x - z||, (3.4.12)
zeK

usually called the distance of x from K, and see if this infimum is actually attained
at some z; € K, so as to satisfy (3.4.11). With the help of Exercise 3.1.3 (ensuring that
f is continuous), the Weierstrass theorem immediately guarantees this provided that
H = R" and K is closed and bounded; in fact, Proposition 3.1.8 proves that closedness
is enough in this case. How to proceed in the general case? Compactness would work;
however, there are “few” compact sets in infinite dimensions. The completeness of H
and the convexity of K will be the key ingredients for the proof of Theorem 3.4.2.

Lemma 3.4.1. Let E be an inner product space and let K be a convex subset of E. Given
X € E, let § be its distance from K defined in (3.4.12). Then we have

Izy — Zol1* < 201X = z4|I* + 2] — 2,]|* - 48* Vzy,2, € K. (3.4.13)

Proof. Start from the parallelogram law

Ix +Y1I* + lIx = yI* = 2Ix]1* + 2[yl)* (3.4.14)
and rewrite it in the form
X+
Ix = ylI? = 20xI? + 2lyl® - 4||Ty||2. (3.4.15)

Writing this with x — z; in place of x and x — z, in place of y we obtain

Atz (34.16)

2 2 2
12y — ZolI” = 2|Ix — 24 ||” + 2]Ix — Z,||” — 4]|x -

whence we obtain (3.4.13) by virtue of the convexity of K. O

Proof of Theorem 3.4.2
Given x € H,let again § = inf, g ||Ix — z|| be its distance from K defined in (3.4.12).
1. (Existence) There exists a sequence (z,,) ¢ K such that

IXx-z,] 8 as n—- oo 3.4.17)
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(see Exercise 3.1.4). We claim that (z,,) is a Cauchy sequence; indeed, (3.4.13) shows that
12y, = Zpll* < 201X = Z,|1* + 2]1X — z,, > — 46°  Vn,m € N. (3.4.18)
Using (3.4.17) we then see that
|z, —zull -0 as n,m — oo,
so that our claim is proved. Thus, by the completeness of H, there is a z, € H such that
Z, > z5 (n— o0).

However, K is a closed set by assumption, so z, € K (Exercise 3.1.2).
Moreover, by continuity of the norm we have

X =zl = lIx = 2ol (n — o0)

so that using again (3.4.17), we finally obtain |[x — zy|| = §, whence the result follows.
2. (Uniqueness) Suppose that there exist z;, z, € K such that

X =zl = Ix =z, = 6.

Then using (3.4.13) we see immediately that z; = z,.

Corollary 3.4.2 (Orthogonal projection onto a closed subspace). Let H be a Hilbert space
and let M be a closed vector subspace of H. Then for every x € H, there exists a unique
Yy € M such that

Ix -yl <llx-zl vzeM. (3.4.19)
Moreover, y is characterized by the property that
X-y.1M. (3.4.20)

Proof. The first statement is just the special case of Theorem 3.4.2 where K is a vec-
tor subspace of H. The second statement is a mere repetition of the equivalence be-
tween (3.4.19) and (3.4.20) already proved in Section 3.1; see in particular Remark 3.1.4
and Proposition 3.1.7. O

Orthonormal systems in a Hilbert space

Let (e,),en be an orthonormal system in a Hilbert space. What can be added to the re-
sults seen in the previous section in the context of inner product spaces? The next theo-
rem shows the role played by completeness in the convergence of the series of interest.
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Theorem 3.4.3 (Fischer-Riesz theorem). Let (e,),en be an orthonormal sequence in a
Hilbert space H. Then for every x € H, the series Y ,2,(X,e,)e, converges in H, and
moreover putting

PO = Y (X, e,)e, (3.4.21)
n=

we have
(p(x),e;) = (x,e;) VieN. (34.22)

Proof.
—  We first prove the following statement: for every a = (a,) € 12, the series Yo Anen
converges in H, and if p = Y7, a,e,, then

(p.e;) =a; VieN. (3.4.23)

To do this, set

We have, assuming for instance n > m,

n

z aze; - z ae; > ae
i=m+1

n
2 2
Z lael” = Y lal® = 1ty - tyl.

i=m+1 i=m+1

|S _Sm”

By the assumption on q, this shows that (s,,) is a Cauchy sequence in H and therefore
converges. Equality (3.4.23) is a consequence of the continuity of the scalar product;
see Exercise 3.4.2 below.

— Now let x € H. By Bessel’s inequality (Proposition 3.3.1), we know that the sequence
(X, e))nen € 2 therefore, the statements in the theorem follow as a special case
from the above discussion. O

Exercise 3.4.2. Let E be an inner product space.
— The inequality

[(x -y, a)| < lIx-ylllal

shows that the (linear) map x — (x,a) (a € E fixed) of E into R is continuous.
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— It follows that for any convergent series Y, x,, in E and for every fixed a € E, we
have

<§xn,a> = Ozol(xn,a).
n=1

n=1

Exercise 3.4.3. The closure M of a vector subspace M of a normed vector space is a
closed vector subspace (use Remark 3.2.11).

Corollary 3.4.3. Let (e,),en be an orthonormal sequence in a Hilbert space H and let
X € H. Then the vector p(x) defined by formula (3.4.21) is the orthogonal projection of x
onto the closure M of the vector subspace M spanned by (e,,),cn-

Proof. Given x € H, the existence and uniqueness of its orthogonal projection onto M
is established by Corollary 3.4.2. To prove our assertion, it is therefore enough to show
that

X-p(x) L M. (3.4.24)
In fact, using (3.4.22) we have
(x=p(x),e;) =(x,¢;) - (p(x),e;) = (x,¢;) — (x,¢;) =0

for every i € IN, which shows that x — p(x) L M. Formula (3.4.24) follows on using once
again the continuity of the inner product (Exercise 3.4.2).

As a special case we obtain the following statement, which is a weaker form of The-
orem 3.3.1 on the series expansion of every vector of the space. O

Corollary 3.4.4. Let (e,),cn be an orthonormal sequence in a Hilbert space H. Suppose
that (e,)ncn 1S total, that is, the vector subspace spanned by (e,),c IS dense in E. Then
for every x € H we have

(]
Y (x.e)e; = x. (3.4.25)
i=1
Proof. The assumption on (e,),,c Means that M = H, and it is clear that the orthogonal
projection p(x) of x onto H is x itself. O

Remark 3.4.3. In the light of the results discussed in this section, it is remarkable that
Theorem 3.3.1 holds independently of the completeness of the space.

Exercise 3.4.4. Let (e,),cn be an orthonormal sequence in a Hilbert space H. Define a
map F of H into the space S of all real sequences as follows:

F(x) = (X, e0)) e
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Show the following:
- Fisamapof H into
- F:H - Pislinear and continuous;
— Fissurjective.

Moreover, if (e,,),¢n 1S total (in which case it is sometimes called a Hilbert basis of H),
then F is also injective, and thus an isomorphism of H onto I2. This shows that every
Hilbert space with a (countable) Hilbert basis is isomorphic to 2, which also shows the
peculiar importance of this sequence space.

3.5 Additions and exercises

A1. Some remarks on orthonormal systems
1. In Section 3.2 of the present chapter we have seen by direct computation that the (full)
trigonometric system

1 cos kx sin kx
“= ex-1(X) = B e (X) = r (k e N) 3.5.1)
is orthonormal in C([0, 277]) (or C([-7, ])) equipped with the scalar product
o
.8 = Jf (x)g(x) dx, (35.2)

0

and we have also seen (essentially, if not in all details) that this system is total (or com-
plete, as is often said); these two properties are at the basis of the Fourier expansion of
2m-periodic functions.

2. The (only sine, partial) trigonometric system

\/% sinnx, neN, (3.5.3)

is a total orthonormal system in C([0,r]) — if we take of course as scalar product the
integral in (3.5.2) extended from 0 to 7. This can be checked by methods entirely similar
to those recalled in 1., that is, first direct computation, checking that

|

n Vs
Jsinznxdx:— vn e N, jsinnxsinmxdx:O (n+m),
0 0

and then via the use of approximation methods based on the Weierstrass theorem.
A slightly different method to verify the desired properties of the system (3.5.3) would
consist in considering the odd reflection f; of a function f € C([0,7]) to [-m, 7] so as
to return to 1. and then reach the conclusions using the fact that the cosine coefficients
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a of f; are all 0; this is precisely the argument that we shall follow in Section 4.3 of
Chapter 4.

In any case we obtain, using the orthonormality and totality of the system (3.5.3),
the expansion

f= Z(f, enen, ep(x)= \/gsin nx, neN, (3.5.4)
n=1

which we can explicitly write as
(] T 2 2
fx) = Z(Jf(x) \/jsinnxdx> : \/jsinnx,
=Y. b3 n

that is, as

SEIN

f00 =Y bysinnx, with b, = J FOOsinnxdx  (n e N). (355)
n=1 5

It should be clear to us that equality (3.5.5) cannot be interpreted literally as saying “for
every x € [0,r], the series on the right-hand side of equation (3.5.5) converges to the
sum f(x)” — that is, as asserting the pointwise convergence of the series to the given f;
indeed, the general formula in (3.5.4) establishes the convergence of the series in the
norm of the given inner product space, and thus in our case, the convergence is in
the quadratic mean — not implying necessarily the pointwise convergence.

The pointwise, and in fact uniform, convergence of the series in (3.5.5) can be estab-
lished if we assume further conditions on f besides the mere continuity; for instance, it
will be shown in Proposition 4.4.2 that this is true if f € Ctl) [0, ].

A quite different method to establish the properties of the system (3.5.3) is based
on the following fundamental remark. As we are going to see in the next exercise, the
functions {sinnx : n € N} are the (non-normalized) eigenfunctions of the boundary
value problem (BVP)

{ u"+Au=0 (0<x<m)
u(0) = u(m) = 0.

Exercise 3.5.1. Consider the BVP

W' +Au=0 (a<x<b)
(A){ u(a) = u(b) = 0.

— Prove that (A) has solutions u # 0 iff

k 2
Az)lk=<m> (k=12,...). (3.5.6)
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— Prove that the solutions corresponding to A, are given by

U(x) =Csinw(x—a), CeR (wy= ﬁk).

(3.5.7)

(i) The characteristic equation of the differential equation is y* + A = 0. For A = 0,

(A) clearly only has the solution u = 0. Thus, consider the different cases:
@ a<o: Then,uzz—)L>O, sou:i\/—_/lzia, a=V-1>0.
The solutions of the differential equation are
u(x) = Ce™ + De™™.
Imposing the boundary conditions

{ u(a) = Ce™ + De™™ =0
u(b) = Ce® + pe™® =0,

we see that the determinant of the coefficient matrix is €@ —¢=2@b) 4 9 soC = D = 0.

(b) A2>0: Then,uZ:—)t<0, SO U = +iVA = tiw, w=VA>0.
The solutions of the differential equation are
u(x) = C cos wx + D sin wx.
Impose the boundary conditions

{ u(a) = Ccoswa + Dsinwa =0
u(b) = Ccoswb + Dsinwb = 0.

The determinant of the coefficient matrix is

cos wa sin wb — sin wa cos wb = sin w(b — a)
so that it equals zero iff

sinw(b-a)=0o wb-a) =kt (keN),
whence we finally get

= — = kN
w ;=@ (keN)

As w = VA, this gives (3.5.6).

(3.5.8)

(3.5.9)
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(ii) From the first equation in (3.5.9) we obtain (assuming for instance cos wa # 0)
C = —-DY4 "and putting this in (3.5.8) we have

coswa’

sin wa

u(x) =-D €os wx + D sin wx (3.5.10)
COS wa

B D( — sin wa cos wx + sin wx cos wa )
cos wa

D . .
= sinw(x - a) = D' sinw(x - a).
cos wa

For w = wy, we thus obtain (3.5.7).

The connection between total orthonormal systems and BVPs for second-order lin-
ear ODEs shown by Exercise 3.5.1is far from being accidental: it is rather at the basis of
what is called the spectral theory of (second-order) ordinary differential operators. We
shall say something on this in the next Addition A2, while here below we just cite some
keywords often encountered in the study of orthonormal systems.

3. Gram-Schmidt orthogonalization method: This is a standard constructive
method - based on the properties of the orthogonal projection onto a subspace dis-
cussed in Section 3.1 of this chapter — allowing to pass from a set of linearly independent
vectors {xy, ..., X,} in a inner product space E to a set of orthonormal vectors {u,, ..., uy,}
spanning the same subspace as the x;; see, for instance, Chapter 3 of Kolmogorov-Fomin
[9] or Chapter 3 of Taylor [8].

4. Special functions: It is fair to mention here some important orthonormal sys-
tems, useful in approximation theory and numerical analysis, some of which originate
as eigenfunctions of (regular or singular) second-order linear ODEs; see, for instance,
Chapter 7 of Kolmogorov-Fomin [9] or Chapter 7 of Weinberger [2].

(i) Legendre polynomials: These are obtained via orthogonalization of the functions

1,x,x%,... on the interval [-1,1].

(ii) Hermite polynomials: These are obtained via orthogonalization on the interval

xZ
]-o00, +co[ of the functions x"e” 7 (that is to say, the same functions considered
2

in (i) multiplied by the weight e~7, which allows these functions to be square
integrable on R).

(iii) Laguerre polynomials: Like in (ii), these are obtained once more by the integer
power functions x", each multiplied by the weight e™ and orthogonalized on
[0, +00l.

A2. Some spectral theory for ordinary differential operators

We resume the notation and context of Addition A1 to Chapter 1, save that here — also in
preparation for the content of Chapter 4 — we will denote the independent variable with
x (rather than with t) and the unknown function in the ODE with u (rather than with x).
Thus, put
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Lu=u"+a,0)u’ + ay(X)u, (3.5.11)

where ay,a, € Cla,b] = C([a, b]); in this addition, we use the simplified symbol for our
convenience. Consider the homogeneous problem, depending on the (real) parameter A,

Lu-Au=0 a<x<b
u(a) =0 (3.5.12)
u(b) = 0.

For every A € R, (3.5.12) possesses of course the trivial solution u = 0. Values of A for
which (3.5.12) possesses also non-trivial solutions are called eigenvalues of the prob-
lem (3.5.12) (or eigenvalues of L with Dirichlet boundary conditions [BCs] on u), and the
corresponding non-trivial solutions are called eigenfunctions.

Different boundary conditions can be considered; for instance, one can require that
u'(a) = u'(b) = 0 (Neumann BCs) or that u(a) = u'(b) = 0, and so on. It is convenient
to consider in general linear conditions involving u and u’ at each endpoint of [a, b]
(separated boundary conditions) and thus consider the following more general form
of (3.5.12):

Lu-Au=0 a<x<b
au(a) + pu'(a) =0 (3.5.13)
yu(b) + éu'(b) = 0,

where
(a,B) # (0,0) and (y,6) # (0,0). (3.5.14)

From the discussion in Addition Al to Chapter 1, we gain immediately the following re-
sult concerning the non-homogeneous problem attached to (3.5.13).

Proposition 3.5.1. Suppose that A is not an eigenvalue of (3.5.13). Then the non-homoge-
neous problem

Lu-Au=y(x) a<x<b
au(a) + pu'(a) = m (3.5.15)
yu(b) + Su'(b) = n

has a solution for any given y € C[a,b] and any givenm,n € R.

The definitions given above and the statement in Proposition 3.5.1 immediately open
various questions, which we can roughly simplify as follows:
— Do there exist eigenvalues of the problem (3.5.13)? If so, “how many”?
—  Which properties do the eigenfunctions attached to a given eigenvalue possess, and
what can we say about the totality of them?
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— What can we say about the solvability of problem (3.5.15) when A is an eigenvalue
of (3.5.13)?

The study of these questions, and of similar ones for much more general situations re-
garding linear operators in normed spaces, goes under the name of spectral theory
[7, 11]. About (3.5.15), two simple points can be established right now, which are plain
consequences of some linear algebra and what we have seen in Chapter 1.

(a) The set of all eigenfunctions corresponding to a given eigenvalue A, together with
the zero function, forms a vector space that is called the eigenspace corresponding to
the eigenvalue A. In our case, an eigenspace is a vector subspace of C[a, b]:

EQ)={ue C*[a, b]|u is a solution of problem (3.5.13)},
and on the basis of the “dimensional theorem” (Theorem 1.3.1) we have
1<dimEQ) < 2.

However, it is easily seen that dim E(A) = 1, for dim E(A) = 2 would mean that every
solution of the linear second-order ODE Lu = Au has to satisfy the boundary conditions
in (3.5.13), which is not true because the existence and uniqueness theorem for the IVP
guarantees that we can choose the initial conditions without any constraint — indeed for
instance, the solution z of the equation such that z(a) = a, z'(a) = B does not satisfy the
BCata.

(b) If Ais an eigenvalue of (3.5.13) and the problem (3.5.15) has a solution for a given y,
then we are far away from uniqueness of this solution, for there are infinitely many of
them; precisely, if we call X such a solution, then all functions in the “affine subspace”

S

, = X+ E(})

have the same property. Of course, this is true for any equation of the type A(x) -Ax =y,
with A a linear operator acting in a vector space E.
Much more can be said about the Sturm-Liouville eigenvalue problems.

These are of the form (3.5.13), with the following special type of differential opera-
tor L:

Lu=—(peou') +q0ou, (3.5.16)
where the coefficient functions satisfy the conditions
pe Cl[a,b], q € Cla,b], p(x)>0 VxelaDbl.

It is useful to put
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b b
a(u,v) = Jp(x)u’(x)v'(x) dx + J qx)uGv(x)dx  (u,v € C'[a, b); (3.5.17)

a

a is often called the Dirichlet form corresponding to the differential operator L. Note
that

a(u,v) = a(v,u) Vvu,v

so that a is a symmetric bilinear form on the vector space C'[a, b]; note in particular that
—unlike L, which is naturally defined on c? [a, b] — a contains only first-order derivatives
of the functions involved and is therefore well defined on the larger space C'[a, b]. The
relation between L and a — and the name of the latter — is made clear by the following.

Proposition 3.5.2. We have
(Lu,v) = a(u,v) foru,ve C(Z,[a, b], (3.5.18)
where
Cila,b] = {u € C*[a,b] : u(a) = u(b) = 0}.

Proof. Omitting for simplicity the x-dependence in the functions to be integrated, we
can write

b b b
(Lu,v) = I[—(pu’)' +qulvdx = - J(pu’)’v + Jquvdx

a

b b
= —pu'v]b + jpu’v’ ax + J quvdx = a(u,v), (3.5.19)
a a

because the boundary term
B(u,v) = pu'vIZ,, = pb)u' (h)v(b) - pl@yud (@)v(@)

vanishes, since v(b) = v(a) = 0. O
Note that only the boundary condition on v was used to obtain (3.5.18). Likewise, we
see at once that B(u, v) = 0 for all v if u satisfies the (zero) Neumann BCs:

u'(a) =u'(b) =0,

producing again equality (3.5.18). However, we look now for symmetric conditions on u
and v ensuring the important property (3.5.18). Here the Sturm-Liouville separated BCs
come into play, in view of the following remark.
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Remark 3.5.1. If u,v € C'[a, b] both satisfy a condition of the type
au(xy) + pu’ (xg) = 0 (3.5.20)
for some x; € [a,b] and some (a, B) # (0,0), then
u' (x)v(xg) = u(xp)v' (xq). (3.5.20)

One way to verify the statement above is just considering the linear algebraic sys-
tem consisting of (3.5.20) and the same equation written for v, and concluding that the
coefficient matrix must have determinant equal to zero.

Let us go back to the relation between L and a. Equation (3.5.19) shows that in gen-
eral we have

(Lu,v) = -B(u,v) + a(u, v). (3.5.22)

Suppose now that the functions u, v satisfy both boundary conditions in (3.5.13). Then
using the necessary condition (3.5.21) both at b and at a we get

B(w,v) = p(b)u' (b)v(b) - p(a)u’ (a)v(a)
= p(b)u(b)v' (b) - p(a)u(a)v'(a) = B(v,u)
and see that also B is symmetric in this case. The conclusion can then be stated as follows.
Proposition 3.5.3. Let F be the vector subspace of C[a, b] consisting of those functions
satisfying both boundary conditions in (3.5.13). Then

(Lu,v) = {Lv,u) (3.5.23)

for every u,v € F; in words, the bilinear form (u,v) — (Lu,v) is symmetric on F.

The symmetry property (3.5.23) is crucial in dealing with the Sturm-Liouville eigen-
value problem (3.5.13) and also with the associated non-homogeneous problem (3.5.15).
About the latter; we have the following statement.

Proposition 3.5.4. Suppose that A is an eigenvalue of (3.5.13). Then the non-homogeneous
problem

Lu-Au=y a<x<b
au(a) + pu'(a) = 0 (3.5.24)
yu(b) + 8u'(b) = 0

can have a solution only if y is orthogonal to the solutions of the homogeneous prob-
lem (3.5.13), that is, to the eigenfunctions corresponding to the eigenvalue A.
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Proof. Suppose that u is a solution of (3.5.24) and let z be a solution of (3.5.13). Then

,z) = (Lu-2Au,z) = (Lu,z) — A{u, z)
=(Lz,u) - A{z,u) = (Lz—Az,u) = 0. O

Exercise 3.5.2. Interpret Example 1.7.3 of Chapter 1 in the light of Proposition 3.5.4.

Remark 3.5.2. It can be shown that the orthogonality condition stated in Proposi-
tion 3.5.4 is also sufficient for the solvability of (3.5.24).

The next result about (3.5.13) reminds us very neatly of an important property of
the eigenvectors of real symmetric n x n matrices.

Proposition 3.5.5. Eigenfunctions corresponding to different eigenvalues of (3.5.13) are
orthogonal.

Proof. We wish to prove that if

Lu=2u Lv=pv
(*) 4 au(a)+pu’'(@)=0 and (x%){ av(a)+pv'(a)=0
yu(b) + 8u'(b) = 0 yv(b) + V' (b) = 0

with A # g, then

b
wv) = J 0OV() dx = 0.

a

Indeed, taking the scalar product by v of both members in the differential equation in
(*) we have

(Lu,v) = Au, v) (3.5.25)
and doing similar work with (**) we have
(Lv,u) = ulv, u). (3.5.26)

However, by virtue of equality (3.5.23) proved in Proposition 3.5.3, the first members
in (3.5.25) and (3.5.26) are equal, implying that

(A - #)(u, V) = O’

whence the desired conclusion follows.
On the basis of Proposition 3.5.5, we can thus say that the (normalized) eigenfunctions
of the Sturm-Liouville problem (3.5.13) form an orthonormal system in Cla, b]; but this is
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evidently a vacuous statement until we are able to prove that eigenvalues to (3.5.13)
actually exist! O

Existence of the eigenvalues

To answer this question, in the first instance one tries to extend what has been done
in the basic Exercise 3.5.1. Consider for instance the more general eigenvalue prob-
lem (3.5.12) and let, for each A € R, uy and v, be two independent solutions of the
equation Lu = Au, so that the general solution of this equation is

u=cu+dvy (cdeR).

Impose the boundary conditions to determine ¢ and d; for the Dirichlet BCs assigned
in (3.5.12) we will write

{ cuy(a) + dvy(a) = 0 (3.5.27)

CUA(b) + dV)l(b) =0.

The linear algebraic system (3.5.27) can either have only the trivial solutionc = d = 0
(meaning that A is not an eigenvalue) or else have solutions (c, d) # (0, 0); this happens
precisely when

=0. (3.5.28)

D() = det (“A‘“) Vx<a>>

u(b)  v;(b)

It is thus a matter of studying the zeros of the function D. For instance, in Exer-
cise 3.5.1 we had

uy(x) = cos VAx, v,(x) = sin Vax

so that

D(A) = det (COS Via sin ﬁa) = sin VA(b - a)

cos VAb sin VAb

producing through its zero the eigenvalues A; = (%)2, k eN.

Does a result like this hold for the general Sturm-Liouville problems (3.5.12)
or (3.5.13)? The answer to this question is positive, but unfortunately this cannot be
proved by the elementary methods used in this book. We can only indicate below some
ways leading to the result.

One method is based on the theory of analytic functions of a complex variable.
Widening the study of the ODE x’ = f(t, x) to the complex field C, that is, studying the
equation z’ = f(t,z), where now f is a function defined in a subset A ¢ R x C and
with values in C, one may prove existence results for the solutions similar to those in-
dicated in this book; references for this are, for instance, Coddington-Levinson [12] and



3.5 Additions and exercises = 141

Dieudonné [7]. In particular, if f is analytic as a function of z, then the solution will de-
pend analytically on the initial value z, ([12], Theorem 8.4) and on complex parameters A
appearing analytically in the equation. Applying this enlarged theory to equations such
as that in (3.5.13), where now A runs into the complex numbers, one proves that the so-
lutions uy, v, depend analytically on A for fixed ¢ and are in fact entire functions of A. It
follows that the same is true for the determinant function D(A) defined in (3.5.28). In the
words of [12], “This function can have only real zeros because (3.5.13) has no non-real
eigenvalues. Thus, D is an entire function of A which is not identically zero. Its zeros,
which are the eigenvalues of (3.5.13), can therefore cluster only at +co0.”

Proofs of the statements above would clearly require a much deeper study of the
matter, but we are not far from the truth saying that this method — due to the nature
of the analytic functions as sum of convergent power series — is in principle the same
that we use to show that a real symmetric matrix A has n real eigenvalues (counting
multiplicities) appealing to the fact that the determinant

d(A) = det(4 - AI)

is a polynomial of degree n in A and so, by the fundamental theorem of algebra, it will
have n zeros belonging to the complex field, which however will all lie in R due to the
symmetry of A.

In the middle course of this quite informal discussion, it is now good and satisfying
to state a standard form of the main results about (3.5.13), which gives a rather complete
answer to our questions.

The spectral theorem for Sturm-Liouville eigenvalue problems
Theorem 3.5.1. The Sturm-Liouville eigenvalue problem (3.5.13) has an infinite sequence
(Ay) of eigenvalues, which can be arranged in increasing order of magnitude,

M <Ay <o <A <eeey

and are such that A; — +oo as k — oo. Each eigenvalue A, has multiplicity 1 (that is,
eigenfunctions corresponding to A, are multiples of each other), and if ;. denotes a nor-
malized eigenfunction corresponding to A, then the (u;) form a total orthonormal system
in the space C([a, b]) equipped with the scalar product

b
wv) = J (V) dx.

a

A detailed proof of Theorem 3.5.1 can be found, for instance, in Dieudonné [7].
A more informal and computational approach is followed by H. Weinberger [2], which
we now briefly discuss. First put
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Ey={u € C([a,b]) | uis piecewise ¢t and u(a) = u(b) = 0}, (3.5.29)

where piecewise C! functions are defined in Definition 4.3.1. Then E, is a vector subspace
of C([a, b]) and is equipped with the scalar product (u,v) = j: u(x)v(x) dx inherited by
that of C([a, b]). We rewrite for convenience (3.5.13) as

Lu=Au in]a,b[

u(a) = u(b) = 0. (3.5.30)

(EVP) {

1. The (possible) eigenvalues A of (EVP) are all > 0
Indeed, suppose that (3.5.30) is satisfied by some A € R and u + 0. Then multiplying both
members of the equation by v € E; and integrating, we have

a(u,v) = Au,v) Vv ek, (3.5.31)

where a is the Dirichlet form associated with L (see (3.5.17)), which is well defined also
for piecewise C! functions. Taking in particular v = u in (3.5.31) yields

b
a(u,u) _[a [pu'? + qu’] dx
Pea " e

= Q(u). (3.5.32)

Since p > 0 and g > 0 in [a, b], it follows that the ratio Q appearing in (3.5.32) — which is
called the Rayleigh quotient of L —is > 0 for every u € E;, u # 0. Thus, eigenvalues of
(EVP) are values of the Rayleigh quotient and are a priori > 0.

2. The key point for the existence of the eigenvalues
If the greatest lower bound of the Rayleigh quotient

A= inf AW i ow), Ey=fueEy:u+0)

b
UEE; J‘a wtdx UEE;

is attained, then A, is the smallest eigenvalue, and the minimizing functions u, (i. e., the
functions u; € E; such that Q(u;) = A,) are eigenfunctions corresponding to A;. This goes
as follows: it is clear from point 1. that A, is the smallest possible eigenvalue. Moreover,
the minimum conditions defining A; and u; can be written as

a(u,u) - A{u,u) 20 VYueE, and a(u,uy)—A{u,u) =0
and imply that a(u;, v) = A;{(uy, v) for all v € E; this is a sort of Fermat theorem (Theo-

rem 0.0.6) adapted to the present situation. Assuming in addition that u; € C2, this last
equality is equivalent to
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(Lug — Aqug,v) =0 Vv ek,

and from this one can conclude that Lu; — A;u; = 0, which proves our statement.
Once this first step is done, repeat it but considering functions orthogonal to uy; that
is, define

2y = inf LY k0w, Ey- fueEy:us0,ul u).
u€k, J’a ude u€k,

Then if A, is attained, A, is an eigenvalue of (EVP) and the functions u, € E, such that
Q(uy) = A, are eigenfunctions corresponding to A,. Clearly, A, > A;, but in fact strict
inequality holds, for if A, = A; we would have two orthogonal (and hence 1.1.) eigen-
functions uy, u, corresponding to the same eigenvalue, which is excluded by what we
have seen in point (a) of the comments to Proposition 3.5.1. Therefore, A, > A;, and this
gives full strength to the statement that A, is the second eigenvalue of (EVP).

Now iterate the procedure to find an increasing infinite sequence of eigenvalues A;
with

A = inf a(u,u), Er={ueEy:u+0,ulu,...,u_q}

b
UEE) J'a u2dx

The hard part in this construction consists precisely in proving that the successive
infima defined above are attained; for this delicate point Weinberger refers to Courant’s
book [13]. We will return briefly to this in Remark 3.5.3.

3. The Green’s function

Since by point 1. the problem (EVP) has for A = 0 only the solution u = 0, it is possible to
construct (see [2]) a continuous function G = G(s, t) defined in the square [a, b] x [a, b]
such that the unique solution of the problem

{ Lu=v in]a,b[ (3.5.33)

u(a) =u) =0
is given by

b
utx) = [ Gy dy.

a

It follows that (EVP) is equivalent to the integral equation

b
u(x) = A J GO y)u(y) dy. (35.34)
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Using the properties of the Green’s function G, Weinberger first shows that:

(a) )ln—>ooasn—>oo;

(b) from (a), it follows that the eigenfunctions (u,) are complete for functions in E,
(that is, the subspace spanned by them is dense in E;), and from this, by an ap-
proximation argument similar to that used in Lemma 3.2.2, it follows that they are
complete in the whole space C([a, b]);

(c) moreover, using again the properties of the Green’s function, it also follows that for
functions u € E, —which are both more regular and satisfy the boundary conditions
— the convergence to u of its generalized Fourier series

Ozoj(u, Up ) Uy
1

is uniform on [a, b].

4. Further properties of eigenvalues and eigenfunctions

(i) The first eigenfunction does not vanish for a < x < b.

(i) Monotonicity theorem: The eigenvalues of (EVP) depend monotonically on the
interval and on the coefficients; more precisely, each eigenvalue A, increases if the
length b — a of the interval [a, b] decreases or if the coefficients p, q of L increase.

(iii) We have the separation theorem between consecutive zeros of an eigenfunction;
see [2].

(iv) Oscillation theorem: The kth eigenfunction u; has exactly k — 1 zeros in the open
interval ]a, b[.

A more systematic and comprehensive approach to the Sturm-Liouville problem and
similar ones requires advanced tools from functional analysis, and in particular the
framework of Sobolev spaces and operator theory. The matter is as important as tech-
nically heavy, and here again we will only indicate a few points of this approach, with
the proviso that many definitions and results are given in an incomplete and possibly
imprecise fashion. Our goal is mainly to invite the interested reader to further study
the subject, referring for instance to the particularly clear and systematic treatment in
Brezis [14].

(a) A new function space
Put

H'(a,b) = {u e L*(a,b) | u exists and u’ € L*(a, b)}. (3.5.35)
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In (3.5.35), ' denotes the weak derivative (or derivative in the sense of distributions)
of u, which extends the ordinary derivative and coincides with it for differentiable func-
tions. The inner product in H L(a, b) is defined as

b b
(u, vy = J u'v' dx + J uv dx. (3.5.36)
a a

H'(a, b) is complete with respect to the norm induced by the inner product (3.5.36) and
hence is a Hilbert space. Also put

Hy(a,b) = {u € H'(a,b) : u(a) = u(b) = 0}. (3.5.37)

Hé(a, b) is a closed subspace of Hl(a, b), and therefore is itself a Hilbert space, which will
be henceforth denoted with H.

Remark: In a sense, the space Hé(a, b) takes here the role of the space E defined
in (3.5.29): it is a larger space and has the advantage of being a Hilbert space.

(b) Reduction of (EVP) to its weak form
(EVP) is shown to be equivalent to its weak form, which consistsin findingau € H,u # 0,
such that

b
a(u,v) =1 J udx VYveH, (3.5.38)
a

where ais the Dirichlet form associated with our problem, introduced in (3.5.17) and well
defined also for functions in H'(a, b). Since in our assumptions a is a positive definite,
symmetric, bilinear form on H x H, it can be taken as a new inner product in H (inducing
an equivalent norm), and we put

u,vyy =a(u,v) (uveH). (3.5.39)

(c) Operator form of (EVP)
It is possible to introduce a linear operator K : H — H such that

b
J uvdx = (Ku,v); vVu,veH (3.5.40)

a

so that, using also (3.5.39), the problem (3.5.38) can be written

(u-AKu,v); =0 VveH, (3.5.41)
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that is, u — AKu = 0, ox; putting u = 1/A (recall that A = 0 is not an eigenvalue of (EVP)),
Ku=uu, u#0, (3.5.42)

so that our original problem has been transformed into the eigenvalue problem for
the operator K.

Properties of K

K is symmetric — that is, (Ku,v), = (Kv,u), for all u,v € H — as is evident from (3.5.40);
moreover, K is compact (which is not surprising if we think of K as being essentially
the integral operator induced by the Green’s function [see equation (3.5.34)] and recall
Example 2.7.3 in the Appendix to Chapter 2); finally, K is (strictly) positive in the sense
that (Ku,u); >0 VYueH,u#+0.

(d) The spectral theorem for compact, symmetric, positive operators in Hilbert space
Theorem 3.5.2. Let K be a linear compact, symmetric, positive operator acting in a real
infinite-dimensional Hilbert space H. Then:

(i) K possesses an infinite sequence (u;) of eigenvalues, with u, > 0 for every k and u;, —
0 as k — oo. Each eigenvalue u, has finite geometric multiplicity (i. e., the associated
eigenspace is finite-dimensional) and the unit eigenvectors (u;) corresponding to the
eigenvalues form a total orthonormal system in H.

(ii) Moreover; the eigenvalues can be naturally arranged in a decreasing sequence,

Uy 2[12......[1}(2...;

where each eigenvalue is repeated as many times as its multiplicity; in addition, they
enjoy (together with the corresponding eigenfunctions (u;)) a variational charac-
terization based on the following iterative process:

Uy = maSX(Ku, uy = (Kuy, uq), (3.5.43)
ue

where S = {u € H : |u|| = 1} is the unit sphere in H and, for k > 1,

Uy = m@x(Ku, uy = (Kuy,uy), whereSy={ueS:uLlug,...,u_q}. (3.544)
ueS;

Remark 3.5.3. In the statement of Theorem 3.5.2, one relevant point comprises the fact
that the successive maxima defined in (3.5.43) and (3.5.44) are achieved; this is due pre-
cisely to the compactness of the operator K and to the Hilbert structure of the underlying
space.

Remark 3.5.4. More refined and complete forms of Theorem 3.5.2 — which in particu-
lar do not require the positive (or negative) definiteness of K, thus giving rise to the
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existence of eigenvalues of opposite sign — are to be found in Brezis [14] and also, for
instance, in Dieudonné [7] and Edmunds—Evans [11]. We also note that in the literature
similar results are stated and proved in the more general context of complex Hilbert
spaces, in which case they refer to self-adjoint (rather than symmetric) operators.

Exercises

E1. Solutions of some of the exercises given in the text

Section 3.1

Exercise 1.1

Properties (i), (ii), and (iii) of a scalar product (Definition 3.1.1) are immediately verified
using the properties of the integral, for we know that given any three functions f, g,
and hin C([a, b]) and any a € R we have (omitting for simplicity the x-variable in these
functions)

b b b b
J(f+g)hdx=j(fh+gh)dx=thdx+Jghdx

b b
| afgax=a [ gax

b b
[ o ax = [ fgax.

Moreover, Lf f2 dx > 0 for every f € C([a, b]), and if this integral is 0, then on the basis
of Proposition 3.1.1 we have necessarily (f2(x) = 0 and hence) f(x) = 0 for every x ¢
[a, b]. To prove Proposition 3.1.1, argue by contradiction and suppose on the contrary
that g(x,) > 0 for some x; € [a,b]; then — assuming for instance that x, is interior to
[a,b] — we have g(x) > 0 for every x in a neighborhood [x; — §, Xy + 8] ¢ [a, b] of ;. By
the Weierstrass theorem (Theorem 0.0.3), we will then have g(x) > K > 0 for some K
and for all x € [x,—6, Xy +6], and therefore (by the monotonicity property of the integral
of a positive function with respect to the interval of integration)

b Xo+6
Jgdxz j gdx > 26K > 0,
a Xo—8

o . b
contradicting the assumption that ja gdx =0.

Exercise 1.2
For the solution of this exercise, see Proposition 2.2.1 in Chapter 2.
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Exercise 1.3
The triangle property of the norm (property (iii) in Example 2.2.2) says that

Ix+yll < x| + Iyl vx,y € E.
It follows that

IxI = llx =y + yll < lIx =yl + Iyl
and hence that

Ixll =yl < Ix =yl vx.y € E. (3.5.45)
Interchanging the roles of x and y in (3.5.45) yields

Wl =lIxl <y = xl = lIx -yl Vx,y € E. (3.5.46)

Putting together (3.5.45) and (3.5.46) we have

=lx =yl < lIxll = Iyl < Ix = yll,
which is equivalent to

[Ixll = yll| < lIx = yll.

This shows that the norm function is not only continuous, but Lipschitzian (Defini-
tion 2.2.9) of constant 1 on E.

Exercise 1.4
Recall that ¢ = inf, .4 f(x) is by definition the greatest lower bound of the set f(4) c R,
so that we have f(x) > c for every x € A and

Ve>0, IxeA:f(x)<c+e.

Using these two properties with € = % (n € IN) we prove the existence of a sequence
(x,) < A such that

1
csf(xn)<c+ﬁ, neN,

whence the conclusion follows on letting n — oo.
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Section 3.2
Exercise 2.1
We have
Jxe*""dx 1 J nxe " d(nx) = l(Jye’%iy)
n2 n? y=nx
However,
Jye"ydy =-—ye? + J eZdy=-e”(y+1) +C.
Therefore,
e—nx
Jxe’”xdx =-——(x+1+C,
n

so that finally

1
anxe*”’(dx = —[e™(nx + 1)])):(1) =—[e"n+1)-1] -1 (n— co).
0

Exercise 2.2
Example 3.2.4: f(x) = x (|x] < m)
As f is an odd function, the coefficients ay = a =0 Vk € N, while

by = Jf(x) sin fo dx =

Nie
A

Vs
stinkxdx.
0

However, for k € IN,

dx

X cos kx ]X:” . T cos kx
K o K

T
stinkxdx: [—
0 0

. X=T
[ sin kx

7 cos ki s k k+17T
- = 2D = (-,
: ]0 T = T

k

+

=

Hence,

_E_ k17T _ k+1E
b= 20T = (i,
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Example 3.2.6: f(x) = |x] (Ix] < m)
As f is an even function, the coefficients b, =0 Vk € IN, while

s 1 n
s
@ = o [ Foodx =< [xax =7
-7
and, for k € N,
17 2 (
ag = — jf(x) coskxdx = — choskxdx.
bd T
“n 0
However, for k € IN,
s ink =7 in kx
choskxdx: [xsm X _J’sm dx
k X=0 k
0 0
1[coskx 1" 1
== —[(-D* -1
k[ k ]X:O 2[( ) ]
Hence,
2
ﬂkz[( D -1] = - [1- (D]
Section 3.3
Exercise 3.1

The key point for this exercise consists simply in recalling the basic fact that if a series
Ynoq @, converges, then @, — 0 asn — oo, so that in particular the sequence (a,)
is bounded. Note that these assertions hold for series of vectors in any normed space
(Definition 2.4.2), and not only for series with real entries. This property of convergent
series immediately proves the inclusion P ¢ 1. Also to prove that I! ¢ [, take x =
(xp) € I; write

-1
PXal? = Dxa P | < Clxy|

for some positive constant C and use the comparison criterion for series with non-
negative terms to reach the conclusion that x € I°.

The same argument proves that more generally, if 1 < p,q < co and p < ¢, then
I? ¢ 1 just write (for x = (x,))

|Xn|q = |Xn|q_p|xn|p < C|Xn|p

to conclude by comparison that the convergence of the series Y »°, |x,|? is implied by
that of the series Y 2 |x,[P.
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Of course, the same conclusions can be reached observing that, if p < g, then
Xal® < 1y P
for a given x = (x,) and sufficiently large n, because x,, —» 0 as n — oo, implying that
Ix,| < 1for large n.
The interest of this exercise lies also in the fact that the situation can be quite dif-

ferent for the general spaces L?, as far as inclusions between them are concerned; see
Remark 3.4.2 (and consider that in the present situation the measure is not finite).

Exercise 3.2
This is a direct application of formula (3.1.12),

n
y= Z<X’ e;)e;,
i=1

giving (in any inner product space E) the orthogonal projection y of a vector x € E onto
the subspace M spanned by n orthonormal vectorse;, ..., e, of E. Indeed, ifa = (a,)pen €
E = 2 - equipped with the scalar product (3.3.13) - and for each n € N, e, is defined via

e, =(0,0,...,0,1,0,...),
where the number 1 appears only at the nth place of the sequence, then

(a,e;) =a; VieN

so that
k
Z(a, e;)e; = 1€y + -+ Ayey
i=1
=a:1(1,0,0,...) +a,(0,1,0,...) +--- + a,(0,0,...,1,0...)
=(ay,ay,...,a;,0,0...).
Section 3.4
Exercise 4.1

The relations

+00 +00

1 1
J dx = +o0, J—dx:n
2
oL+ Jol+x

showan f e LZ(]R) which does not belong to Ll(]R).
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Exercise 4.2
Put f(x) = (x,a) for x € E. Given a convergent series Y ,°, x,, of vectors of E, put

k 0
Sk=) X, (KeN), s=)x, (3.5.47)
n=1 n=1

so that s, — sin E as k — oo by definition. Since

k
f(s1) = (S @) = ) (X @) VK €N, (3.5.48)

n=1

letting k — oo and using the continuity of f on E we see that the numerical series
Zﬁil (x,, ay converges and its sum is f(s), as desired.

Exercise 4.3

Let x, y belong to the closure M of the vector subspace M of a normed space E. To show
that x +y € M, let (x,), (y,) be sequences in M such that x,, — X, y,, — yasn — oco. Then
Xp +Yn — X+, as follows from the inequality

1Ct +30) = X+ ) < X = X1 + yn = -

Since x,, +y, € M for every n, it follows that x + y € M. Similarly, one checks that ax € M
ifxeMandaeR.

Exercise 4.4
Let F(X) = ({X, €;))nen> Where x € H and (e,) is orthonormal. Then:
- F(x) € I by virtue of Bessel’s inequality:

IFG)e = Y 14x e > < IxI. (3.5.49)
n=1

— For x,y € H we have, by the properties of the inner product and the definition of
sum of two sequences,

F(x+y) = ((x+Y.0))nen = (6 €0)nen + (O €0)) e = FOO + F(y),

so that F is continuous (F is a bounded linear operator of H into I in the sense of
Example 2.2.7).

— Saying that F is surjective means that for every a = (a,)pen € I%, thereis an x € H
such that F(x) = ({X,e))nen = @, 1. €, (X,€,) = a, Vn € N.Asshown in the proof
of the Fischer—Riesz theorem, this holds taking
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(]
X =Y aye,
n=1

— Suppose in addition that the orthonormal system is total. Then if F(x) =
(X e))nen = 0 (that is, if (x,e,) = 0 Vn € N), it follows by the expansion
X = Z?Q(X’ eyye, (Corollary 3.4.4) that x = 0. Thus, in this case F is also injec-
tive.






4 Partial differential equations

Introduction

The purpose of this chapter is that of accompanying the student in his/her very first steps
into the extremely vast field of PDEs. While Chapter 1 of this book could be taken as a
brief résumé of some relevant facts concerning ODEs (at least for the practice if not for
the theory), this cannot be the case for the present chapter about PDEs, the reason being
the elementary nature of the present book on one side and the intrinsic complexity and
variety of PDEs themselves on the other. To have an idea of this complexity, just con-
sider that the relatively narrow field of linear equations of second order with constant
coefficients (which for ODEs can be treated on one page) needs the fundamental and
classical separation into elliptic, parabolic, and hyperbolic equations even to formulate
local existence results for the Cauchy problem for them.

Thus, we shall here restrict ourselves to presenting some classical examples of PDEs,
which indeed many science students meet in one form or another mainly from physics.
For instance, we learn from the study of electromagnetism that the electric field E =
E(x,y, z) satisfies the law

divE = p, 4.0

where p = p(x,y, z) is the electric charge density which is distributed in a region Q of
the physical space R®. On the other hand, E is a conservative field, which means that it
comes from an electric potential ¢:

E =grad¢ = V. (4.0.2)

Since divE = % + aa% + % (where E;, E,, E; are the components of E), (4.0.1) and (4.0.2)

give the equation for the electric potential:

Py o P

W ayz @ = p' (4.0.3)

This is the famous Poisson equation, which must be solved if we want to know the
spatial distribution in Q of the electric potential ¢. If our electrically conducting body
Q ¢ R®is bounded by a surface 89, it is usually required that ¢ be held fixed at a certain
level on 0Q:

Ppoq = const = K, (4.04)

or more generally, that it equals an assigned function ¢, on 0Q. Equations (4.0.3)
and (4.0.4) constitute one of the classical BVPs of mathematical physics, and solving
it requires finding a function that is regular enough (C?) in Q to satisfy the differential
equation (4.0.3) and takes on with continuity its value K on the limiting surface 0Q.

https://doi.org/10.1515/9783111302522-004
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The difficulty in solving this problem depends very much also on the geometry of @,
and a solution can be constructed by the elementary methods of separation of vari-
ables in case Q is a bhall, so that 0Q is a spherical surface; this leads in particular to the
study of the spherical harmonics, as is well explained in Weinberger’s classic book [2],
which contains a rich amount of information on the entire field of linear second-order
PDEs.

A good part (Sections 4.2 and 4.4) of this chapter, whose level is definitely elemen-
tary, is devoted to discussing the simplest case of this problem, in which we have only
two variables and Q is a rectangle. The deliberate reduction of the technical and com-
putational complexity should hopefully permit a better understanding of the method
of separation of variables and eigenfunction expansion (which includes an additional
study of Fourier series, see Section 4.3) and thus invite to a further and technically more
adequate study of this and companion problems.

Section 4.1 of this chapter presents a few generalities and some simple examples of
PDEs, paving the way to introduce the BVPs and IVPs of mathematical physics involv-
ing the Poisson, heat, and wave equations. Mention is made of Gauss’ theorem and an
example of its use to prove uniqueness in some of the cited problems is given.

The final Section 4.5 aims at testing the utility and flexibility of the method seen in
Sections 4.2 and 4.4 in order to deal with the heat equation. We try to make it clear that
a key point for this approach is the spectral theorem for the Laplacian, giving rise to a
complete orthonormal system of eigenfunctions along with Courant-Hilbert’s famous
result [13].

Classical references for the study of PDEs are, among others, the books of Lions [15],
Tréves [16], and Gilbarg and Trudinger [17]. To these, we add the more recent one by
Brezis [14] recommending it for his high clarity and organization in this complex, vast,
and delicate matter.

4.1 Partial differential equations (PDEs). The PDEs of
mathematical physics

PDEs are differential equations in which the unknown function depends upon several
variables (rather than just one, as in the case of ODEs); hence, they will contain — besides
the independent variables — the unknown function and its partial derivatives up to
some order, which will be the order of the PDE.

Recall that the general form of a first-order ODE is

F(x,u,u') =0, @.11)
though usually one considers the special “normal form” of (4.1.1),

u' = f(x,u).
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The general form of a first-order PDE in two variables is
ou ou
Flx,y,u,—,— | =0, 41.2
(X y.u ox ay> “12)

where F is a given real-valued function defined in a set D ¢ R’. Note that there is no
“normal form” for PDEs. A solution of (4.1.2) is a real-valued function u defined in a
(usually open and connected) subset A ¢ R? that satisfies pointwisely (4.1.2) in 4, that
is, it is such that

F<x,y, u(x,y), g—z(x,y), g—;(x,y)> =0 V(x,y) €A (4.1.3)

of course, one must pre-require that u has partial derivatives u,, u, at every point of A
and that the argument (x, y, u(x,y), uy(x,y), ty(x,y)) of F appearing in (4.1.3) belongs to
its domain of definition D for every (x,y) € A. As a matter of fact, it is usually required
that u € C}(A).

Example 4.1.1. Consider the equation

ou ou

Here we have F(x,y, u, p, q) = yp — xq, and the function u(x,y) = x* +y? is a solution
of (4.1.4). This is an example of a linear first-order equation, the general form of these
being as follows:

d d
a(X,y)a—)l: +b(x, y)a—; +c(x,y)u = dx,y), (4.15)

where the coefficient functions a, b, c,d are defined in some 4, ¢ ]RZ, so that — with
reference to (4.1.2) — here the function F has the form

Fx,y,u,p,q) = alx,y)p + b(x,y)q + cCx, y)u - d(x,y)

and is defined on D = 4, x R®.
On the other hand, the equation

a_u+ua_u_0
ox ay

is a simple example of a nonlinear first-order PDE.
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PDEs of the second order
A second-order PDE in two variables will have the form

2 2 2
ou ou o‘u o°u au>:0' (4.1.6)

F s Yo W T TS 90 [0 A9
<X Pt o oy’ ox%’ oxay’ oy*

Here F = F(x,y,U,p,q,7,5,t) : D ¢ R® — R. The concept of solution will be given
accordingly as a function u € C%(A), with A ¢ R? open and connected, satisfying point-
wisely (4.1.6).

Example 4.1.2. Consider the following equations:

2 2
% + % =f(x,y) (Poisson equation), 4.1.7)

22 2 \2
(—% gy_th - <£(—6L;> =f(x,y) (Monge-Ampére equation), (4.1.8)

or

det H(w) = ety — (1) = F(X,Y).

Formula (4.1.7) is a linear equation, while (4.1.8) is nonlinear.
Iff =0, then

u(y) =In\x*+y4  (x.y) #(0,0), (4.1.9)

is a solution of the first. This example shows that, unlike the case n = 1, the solutions of
linear equations with constant coefficients are not defined everywhere.

Of course one can write these and similar equations in more than two variables. For
instance, the three-dimensional version of (4.1.7) is

du du du
ﬁ + W + ﬁ =f(x,y,z) (4.1.10)

and for f = 0 has the elementary solution

ux,y,z) = _ = 1 x+0. (4.111)

bl
NI lIx|l

Exercise 4.1.1. Check that the functions u given in (4.1.9) and (4.1.11) are solutions of
the homogeneous Poisson equation (which is named the Laplace equation) in two and
three variables, respectively. Apart from a constant factor, they are the so-called funda-
mental solutions of the Laplace equation.
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Explicit resolution of PDEs

Finding the “general solution” of a PDE, that is, finding all of its solutions, can be done

only in a few very simple cases. For instance, the first-order PDEs

ou ou
— =0, —=0
ox ay

have respectively as solutions
U(Xr)’) = C(Y)) H(X>)’) = d(X))

where ¢ and d are arbitrary functions.

Examples. Consider the following equations and their solutions:

ou odu .
Eriaierie 0, u(x,t)=f(x+t) (farbitrary),
d*u .
) =0, u(xy)=cy)x+d(y) (cdarbitrary),
ﬂ =0, u(xy) =fx)+gy) (f,garbitrary)
way »Y) = g & Y),
2 2
ﬂ - vza—u =0, u(xt)=f(x+tv)+g(x-tv) (f,g arbitrary).
ot? ox?2

To solve (4.1.14), make the change of variables

{x+t:p
X-t=q.

Let @ : R — R be such that
ux,t) = wp,q) = wx +t,x-1t).
Then by the chain rule we have

x —opax Tagax —op T og
ou _ dwop , dwoq _ dw _ 0w

{au_aw@ awa_q_a_w+aw
ot —opot " dqot  op 9q
so that

ou ou _,ow

ox ot “oq
showing that in the new variables p, g equation (4.1.14) is transformed to

aw _
oqg

(4.112)

(4.1.13)

(4.114)

(4.1.15)

(4.1.16)

(4.117)

(4.1.18)
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whence we get w(p, q) = f(p) with arbitrary f, and finally returning to the old variables
— that is, using (4.1.18) — we conclude that

u(x,t) =f(x+t.

As to (4.1.15), from a_z %) = 0 we first obtain

ax(
ou
% cy),

and integrating again with respect to x it follows that u(x,y) = c(y)x + d(y).

Likewise for (4.1.16), from 2% axay ( ) = 0 we first obtain

ou
B cy),

whence integrating with respect to y, we have u(x,y) = C(y) + D(x) with C a primitive
of c.

Exercise 4.1.2. The solution of (4.1.17) is obtained making essentially the same change
of variables used for (4.1.14), or more precisely, putting x + tv = p,x — tv = q. Also check
that any u of the form written in (4.1.17) - with f,g : R — R twice differentiable, of
course — satisfies the equation.

Linear PDEs of the second order
A linear PDE of the second order (in two variables) has the form

{ a(6y) 24 + 2b06Y) 2 + c06y)Zh+ 4.1.19)

+dOCY) G + e y) g+ fOuy = gOY),

where the coefficient functions a, b, c..., g are defined and continuous in an open sub-
set A, of R2. A special case of (4.1.19) are the linear PDEs with constant coefficients:

2 2 2
aM +2bﬂ +CQ ++d6_u +ea—u +tfu=g. (4.1.20)
ox? oxoy  oy> ox ay
The classification of linear second-order PDEs with constant coefficients is made
on the basis of the top order coefficients a, b, c appearing in (4.1.20) as follows:

ac-b* >0 elliptic
ac-b* =0 parabolic (4.1.21)
ac -b* <0 hyperbolic.

Examples of equations falling in each of the three classes are:
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— the Poisson equation,

% + g;_‘z‘ - g, (4.1.22)
— the heat equation,

ou ou

i g (4.1.23)
— the wave equation,

gz_t'; _ % = (4.124)

These three equations are usually called the PDEs of mathematical physics.

We shall study the equations of mathematical physics accompanied by supple-
mentary conditions upon the unknown function u and/or its first-order partial deriva-
tives.

These problems will have the following common structure:

{ Lul =1 (41.25)

BC/IC,

where in the first row we have the PDE itself, represented by a linear differential oper-
ator L acting on the function u (f is given), and in the second row the term BC/IC stands
for boundary conditions and/or initial conditions, the last appearing if the time vari-
able appears in the equation.

Specific examples now follow.

A. The Poisson equation
Consider the BVP

= du du
{ Au = ox? + %’ —f(X,y) (X’y) €Q (4.1.26)

u=gxy (xy) €oQ,
where Q is a bounded open set in R* with boundary 9Q, while f : @ —» Rand g : 9@ — R
are given continuous functions. The set Q and the functions f, g are the data, while u

is the unknown of the problem (4.1.26). This is called the Dirichlet problem for the
Poisson equation and consists in finding a function u : @ = Q U9Q — R such that

ueCHQ)nc@)
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and u satisfies pointwisely both the equation and the boundary condition in (4.1.26). It
will be usually written more briefly as

du , u _ R
{ atap =/ % 4.1.27)

u=g onoQ.

Another kind of BVP for the Poisson equation is the Neumann problem, which is
written

du |, du :

W + W :f in Q

w (4.1.28)
S =& onoQ

and consists in finding a function u : Q = Q U 9Q — R such that
ueCQnc'@

and u satisfies pointwisely both the equation and the boundary condition in (4.1.28).

The latter is given on the outer normal derivative g—:‘/ of uon 0, that is, the directional

derivative of u in the direction of the normal unit vector v on 02 pointing to the exterior

of Q. Some remarks follow.

—  The same problems can be considered in three variables (2 ¢ R®) and in fact in any
number n of variables (Q c R").

— For the Neumann problem (4.1.28), it is necessary to assume that 0Q is a regular
curve (if n = 2) or a regular surface (if n = 3); this ensures that for any x € 0%,
thereis the tangent line (resp. the tangent plane) to 02 at the point x, and therefore
also the normal unit vector v(x) to 02 at the point x. Moreover, the solution u is
required to belong to C'(Q), in such a way that the normal derivative of u,

M (%) = Vu(x) - v(x),
ov

exists at every point x € 0Q.
- Given any open Q ¢ R", while the definition of C 1(Q) (and more generally of C KQ))
iscleare. g.,

Cl(gz) = {u eCQ):Vi:1,...,n 27“ (exists and) belongs to C(Q)},

1

the definition of C'(Q) requires some explanation. We put

clQ) = {u eClQ):u, aaTM(i =1,...,n) can be extended by continuity to ﬁ}.
i
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Thus, we require that for every x € 0, the limits

. ou .
yi}({}}eg a—xi(y) (i=1,...,n) (4.1.29)

exist and are finite, and we define % (x) via the limit in (4.1.29). Note thatifn = 1and
Q = ]a, b[, we have two possible definitions of derivative at the boundary points:

u(t) — u(a)
-a

@ u'(a) = lim or (i) u'(a) = lim u'(t)

t—at t t—at
(provided of course that the above limits are finite). However, using the L’Hopital
rule, we see that if the limit in (ii) exists, then also the limit in (i) exists and they are

equal.

Yy
fol9)
v
T

B. The heat equation
This is the equation

ou

Frie Au=f(x1t) (X1t)eQx]0,+o0l, (4.1.30)

where ¢ is the time variable, while A, stands for the Laplacian in the space variable
X =(Xg,. .05 Xp):
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2

A, = .
X5

™M=
SIS
|3

Il
JUN

Ifn =1,2,3, u(x, t) represents the temperature at the point x and time ¢ in a (one-, two-,
or three-dimensional) body Q.

Problem. Determine the temperature in the body Q knowing:
(a) theinitial temperature (t = 0) of Q and
(b) the temperature on the houndary oQ for all ¢t > 0:

{ u(x,0) =uy(x) x¢Q (initial condition) (4.1.31)

uix,t) =g(x,t) xeo0Q,t>0 (boundary condition).

Equation (4.1.30), accompanied by the conditions in (4.1.31), is called the Cauchy-
Dirichlet problem for the heat equation.
We can change condition (b) above to the following: (b’)

a—u(x, t)=h(x,t) Xe€o0Q,t>0,
ov

thus obtaining the Cauchy—Neumann problem for the heat equation.

C. The wave equation
This is the equation

U ) -t imax]o 4132
Fro yu=f 1nQx]0,+ool. (4.1.32)

For n = 2 we have the equation of the vibrating membrane, in which u(x, t) = u(x,y, t)
represents the vertical displacement (“displacement along the z-axis”) at time ¢ of that
point of the membrane Q in the plane that at rest has coordinates (x, y):

(.,0) = (6., u(xy, ).
We can in particular consider the following IVP/BVP:

2 2 2
%—(% +gy—§‘) =foLy,t) (y) eQ, t>0

u(x,y,0) = uy(x,y) (x,y) € Q (4.1.33)
u(x,y,0) = vo(x,y) (x.y) eQ
u(x,y,t) =0 (x,y) €02, t >0,

in which u, and v, are the initial position and velocity of the membrane (initial condi-
tions), while the last condition means that the boundary of the membrane is being held
fixed in the plane z = 0 for all time ¢ > 0 (boundary condition).
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General features of the BVP/IVP under study

Before studying the various problems presented above, it is convenient to make some
general remarks valid for any of these problems; these remarks are all based on the
circumstance that they are all linear problems. To see this in some detail, consider
again (4.1.25), which we rewrite in the form

{ Liul=f (equation) (4134)

Blu] =g (boundary and/or initial conditions).

Specifically, both the differential operator L and the boundary value/initial value
operator B appearing in (4.1.34) are linear operators when considered among the ap-
propriate function spaces acting as domain and codomain.

Common problems to be considered about (4.1.34) include:

— existence of a solution;
— uniqueness of the solution;
— continuous dependence of the solution u upon the data f and g.

Three general remarks
1. (Uniqueness)
If the homogeneous problem

{ L[u] =0 (homogeneous equation) (4.1.35)

Blu] =0 (homogeneous BC and/or IC)

has only the solution u = 0, then the inhomogeneous problem (4.1.34) has at most one
solution. More generally, if

S = {u : uis a solution of (4.1.34)},

Sp = {u : uis asolution of (4.1.35)},
and z is a (possible) solution of (4.1.34) — that is, z € S — then
S = SO + Z.

The statements above are proved in exactly the same way as we did when discussing
linear ODEs and systems, on relating the solution set of the “complete” (i. e., inhomoge-
neous) equation with that of the homogeneous one; see Lemma 1.3.2.

2. (“Superposition principle”)
To illustrate this, suppose for instance that u is a solution of the problem

{ Lul =1 (4.1.36)



166 —— 4 Partial differential equations

and that u, is a solution of the problem

{ Liu) =0 (41.37)

Blu] =g.

Then u = y; + u, is a solution of (4.1.34) (the solution of (4.1.34) if 1. holds).

3. (Series solution of (4.1.34))

Consider again the partially homogeneous problem (4.1.37) and suppose that we have a
sequence (u,) of “elementary” solutions of L[u] = 0. Then for any choice of the coeffi-
cients c,, the superposition

U=y cylly (4.1.38)
n=1

will be itself a solution of (4.1.37), provided that the convergence problems involved in
the series are overcome, which means checking not only that u is well defined via (4.1.38),
but also the validity of the desired equality

(e8]
Llul = ) c,Llu,] =0.
n=1
Likewise, if the equality
(e8]
Blu] = ) c,Blu,]
n=1

ismeaningful and permitted, then we see that the coefficients (c,) must be chosen so that
the sum of the series above is equal to g, in order to satisfy the side condition in (4.1.37)
and hence to have a solution of that problem (the solution if 1. holds).

The Dirichlet and Neumann problems for Poisson’s equation
Consider the problems

Bu=f inQ Au=f inQ
®) { u=g ono, ) { g_"j =g onoQ. (4.1.39)

We assume that:

- Qis an open, bounded, connected subset of R"(n = 2,3).

- f:Q—> Randg:0R — R are given continuous functions.

— Moreover, for problem (N), we assume that the boundary 0Q is a regular curve or
surface (depending on whether n = 2 or n = 3, resp.).
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A solution of (D) is a function
ueCXQ)nCQ)

satisfying pointwisely both the equation in Q and the boundary condition on 0Q. Simi-
larly, a solution of (N) is a function

ueck@nclQ

satisfying pointwisely both the equation in Q and the boundary condition on oQ.
On the basis of “General Remark” 1., we study the homogeneous problems associ-
ated with (D) and (N), namely,

Au=0 inQ

3
%:0 on oQ.

Au=0 inQ

4.1.40
u=0 onoQ, ( )

00 { o) |
We are going to show that:
(i) (DO) has only the solution u = 0;

(i) (NO) has only the solutions u = const.

The proof of the statements above is based on the divergence theorem and on the for-
mula of integration by parts (for functions of several variables), which is one of its nu-
merous consequences.

To motivate the use of the latter in the study of differential equations, consider the
very simple one-dimensional BVP

n _ 1
{ u'=0 inja,b[ (4.1.41)

u(a) = u(b) =0,

whose unique solution is u = 0. One way to prove this fact is precisely using integration
by parts, for if u solves (4.1.41), then

b b
0= J u" Ou(x)dx = [u'(x)u(x)]z - J u'?(x) dx,

whence the last integral is zero, implying that u' = 0 in [a, b] and therefore that u = 0
by the conditions at the endpoints.

Remarks on the assumptions on Q

- Qbounded = Q closed + bounded = Q compact.

- Qopen = Q = QuAR (disjoint union); recall that in general, @ = QUIQ = int(Q)UdL,
where the latter — but not necessarily the former — union is disjoint.

— Qis connected.
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Remarks on connectedness

Recall that a set A ¢ R" is said to be disconnected if it is the union of two relatively

open, non-empty, disjoint subsets; it is said to be connected if it is not disconnected.

Among the important properties of the connected subsets of R" we list the following:

— If Ais convex (or, more generally, pathwise connected), then it is connected.

— A c Ris connected if and only if it is an interval.

- Iff:A — Ris continuous and A is connected, then f(A) is connected and hence an
interval. It follows that f takes on every value z lying between any two of its values
f00,f(y) (“intermediate value theorem”).

Proofs of the above statements can be found, for instance, in Chapter 2, Section 2.6.

We add here without proof a useful statement, generalizing to functions of several
variables the well-known fact that a differentiable function having derivative zero on
an interval is constant.

Proposition 4.1.1. IfQ c R" is open and connected andf : Q — R has partial derivatives
% equal to zero in Q for every i, 1 < i < n, then f is constant.

The divergence theorem (Gauss’ theorem)
Theorem 4.1.1. Let Q be an open bounded connected subset of R" (n = 2,3) with suffi-
ciently regular boundary 99 and let F € C'(Q; R"). Then

J divFdx = J F-vdo, (4.1.42)
2 o)

where v is the outward pointing normal versor to 0Q.

Remark. By “sufficiently regular” boundary oQ we mean for instance:

— (n=2)0Qis asimple closed regular curve;

— (n = 3)0Q is a simple closed regular orientable surface, the latter meaning that
there exists a continuous function v : 9Q — R" representing the outward pointing
normal versor to 0Q.

Moreover, in the above, the word closed does not refer to its usual (metric/topological)
sense, but to the (geometric-differential) sense of “closed curve” or “boundaryless sur-
face,” the easiest examples of these being respectively a circle (n = 2) or a spherical
surface (n = 3).

Remark. Formula (4.1.42) relates:
— (n=2) adouble integral with a line integral,
— (n=3)atriple integral with a surface integral.
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We can ideally complete the above equalities with that holding for the case n = 1, that
is, with the familiar integration formula

b

jf’<x) dx = f(b) - f(@),

a

which holds for every f € C'([a, b]).
Remark. For a proof of the divergence theorem, see for instance [18] or [19].

Theorem 4.1.2. Let Q be an open, bounded, and connected subset of R" (n = 2,3) for
which the divergence theorem holds. Then:

— (DO0) has only the solution u = 0;

— (NO) has only the solutions u = const.

Consequently, on the basis of “General Remark” 1.,
— (D) has at most one solution;
— If(N) has a solution, this is not unique but is determined modulo an additive constant.

The proof of Theorem 4.1.2 rests on the formula of integration by parts for func-
tions of several variables, which is obtained as a consequence of the divergence theorem
(Theorem 4.1.1).

Exercise 4.1.3. Check that
div(vz) = Vv -z + v(div z) (4.1.43)

forany v € CY(Q), z € CL(Q,R").

Exercise 4.1.4 (Formula of integration by parts). Letv Cl(ﬁ), Z¢€ Cl(ﬁ, R™). Then

J Vv-zdx = J vz-vdo - j v(div z) dx. (4.1.44)
[ oQ Q
This follows immediately from (4.1.43), on integrating over Q and using the diver-

gence theorem.
Now let u € C? (Q) and take z = Vu in (4.1.44). Then we obtain the formula

JVV -Vudx = j v% do - Jv(Au) ax,
) aQ o)
which can also be written as

J(Au)v ax = J g—zv do - J Vu - vVvdx (4.1.45)

Q oQ Q
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and holds for any pair of functions u, v with u € C* and v € C%; it is usually called the
Green’s formula. In particular, putting v = u in (4.1.45), we have

J(Au)u dx = J g—:judo - J Ivul? dx (4.146)

Q oQ Q

for any u € C*(Q).

Proof of Theorem 4.1.2
Let u be a solution of either (D0) or (N0). We suppose, in addition to the stated hypothe-
ses, that u € CX(Q).

From (4.1.46), necessarily jﬁ ||Vu||2 dx = 0. By the continuity of Vu and the n-dimen-
sional version of Proposition 3.1.1, it thus follows that

Vux)=0 VxeQ.
As Q is connected by assumption, it first follows that
ux)=const=C VxeQ
and then, by continuity, that
ux)=C VvVxeQ.

Thus, we conclude that any solution u of either (D0) or (NO) is necessarily constant in Q.
If in particular u is a solution of (D0), so that u = 0 on 0%, it follows that u = 0 on Q.

4.2 The Dirichlet problem for the Laplace equation in a
rectangle (I)

Consider the problem

Au=f inQ

(D){ u=g onoQ

421

where Q is an open bounded connected subset of R"(n = 2, 3) with sufficiently regular
boundary 0@, whilef : @ - Rand g : 02 — R are given continuous functions: these are
the data of the problem (D). A solution of (D) is a function u € CZ(Q) N C(Q) satisfying
pointwisely both the equation in Q and the boundary condition on 0.

As we have seen, problem (D) has at most one solution.

Question. Does there actually exist a solution of (D)?
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This is not a simple problem to solve in general: the (affirmative) answer requires
advanced methods of functional analysis, in particular the study of Sobolev spaces; see,
for instance, [14].

One can prove the existence of a solution (and in fact construct it explicitly) by ele-
mentary methods in some particular situation:

— f =0 (thatis, the homogeneous equation, named the Laplace equation);
- n=2
— Qisarectangle or a circle.

Methods: separation of variables + Fourier series
Consider the case

Q = an open rectangle R = ]a, b[ x ]c, d|

so that
Q = the closed rectangle R = [a, b] x [c, d],
4
Q=0R=K =| JK,
i=1
Y
d Ky
Ky R Ko
c e
xT
a b
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Summarizing, our problem is

Au=0 inR
(D) { u=g onK (4.2.2)

and we look for a solution u € C>(R) n C(R).
On the basis of the “superposition principle” (“General Remark” 2.) it will be enough
to solve simpler problems such as

Au=0 inR
D) { u=g onk; 4.2.3)
uIO OnK2UK3UK4.

Indeed, suppose that u, is a solution of (D1) and let u,, u3, u, be solutions of, respec-
tively, the problems

Au=0 inR Au=0 inR Au=0 inR
D2)q u=g onk, D3)y u=g onks (D4){ u=g onk,
u=0 onK\K,, u=0 onK\Ks, u=0 onKkK\Kj,.

Then u = u; + u, + u3 + Uy is (the) solution of (D); indeed,

{ Au(x) =0 VX €R
UX) = W (X) + Uy (X) + Us(X) + Uy (X) = g(X) Vx ek,

the second equality holding because every x € K belongs to precisely one K;; in the
corner points x of K we require that g(x) = 0, so as to have continuous boundary data
in the subproblems (D1)-(D4).

We consider thus (D1) and suppose for convenience that

R=10,m[x]0,1[

so that our problem becomes explicitly (writing f rather than g)

Au=0 inR (E)
D)1 u(x,0) =f(x) 0<xs<m (C) (4.2.4)
u(m,y) = u(x,1) = u(0,y) = 0. (Cy)

Let us consider first the differential equation (E). We seek solutions u of the form
u(x.y) = X0)Y(y)

(separation of variables), so that assuming in addition that u(x,y) # 0 V(x,y) € Rwe
have
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X/l YII

M=0X"Y+XY" =06 —+—==0
X Y
X" y"
& — =const. = -4, — =
X Y

Therefore, under separation of variables (E) is equivalent to the system of ODEs

{X”+/1X=O 0O<x<m
Y"-2¥=0 0<y<1

These are coupled equations, for A is the same in the two equations.

Boundary conditions
We have

(C) XX)Y(0)=f(x) 0<x<m,

X(MYy) =0 0<y<1
(C,) {4 XY =0 O<x<nm
X(0)Y(y)=0 0<y<l

(C,) is satisfied requiring that X(;r) = X(0) = 0 and that Y(1) = 0.
Summing up, we see that (E) and (C,) are satisfied by u(x,y) = X(x)Y(y)if X and Y
satisfy respectively the problems

X'"+AX=0 0<x<m (B){Y”—AY:O 0<y<l1

@) { X(0) = X (1) = 0, Y@ o,

Question. Do there exist non-zero solutions of A and B?
It is shown in Exercise 3.5.1 that
(A) has solutions # 0 if and only if A = A, = n?, and the corresponding
solutions are
X,(x) = Csinnx.

Moreover, we will soon check (Exercise 4.2.1) that for A = 4,, the solutions of (B) are

Y,(x) = Csinhn(1-y).

Conclusion
For every n € NN, the function

U,(x,y) = sinnx sinhn(1 -y)



174 — 4 Partial differential equations

is a solution of (E) + (C,).
It follows that any finite sum sy = Zﬁlzl Cpu, has the same property.
We look for a solution of the form

UOLY) = ) Cully(X,y) = Y ¢, sinnx sinhn(1-y) 4.2.5)

n=1 n=1

(see “General Remark” 3.), where the constants c,(n € IN) have to be chosen in such a
way that:

- the series (4.2.5) is convergent at every point of (x,y) € R;

— the condition (C,) is satisfied.

After that, it will be necessary to verify that the sum function u is actually a solution of
(D), that is,

() u e C(R) and satisfies (C;) and (C,);

(i) u e C*(R) and satisfies (E).

Let us impose formally on u that it satisfies (C;):

u(x,0) = Z ¢psinnxsinhn = f(x), 0<x<m. (4.2.6)

n=1

Definition 4.2.1. Givenf : [0,7] — R, f piecewise continuous in [0, 7], the series

[ee]
z b,sinnx, b, =

n=1

Al

Jf (x)sinnxdx (neNN) 4.2.7)
0

is called the sine Fourier series of f.

We shall choose the coefficients ¢, so that the series in (4.2.6) is the sine Fourier
series of f

¢, sinhn=b, =

Ao

J fOO)sinnxdx (neN). (4.2.8)
0

The condition (4.2.6) (that is, C1) means that this series must converge to f point-
wisely on [0, 77].

Remark 4.2.1. The Fourier sine series of an f : [0,77] — R is nothing but the Fourier
series of the odd extension f; of f to [-rm, 7], further extended by 27-periodicity to all
of R (see Figure 4.1). Consistently with the notations formerly employed, we shall denote
with f; such extension of f.
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—27 —1 ™ 2

Figure 4.1: Extending f to f, and then to /.

Exercise 4.2.1. Consider the problem

Y'-AY=0 (0<y<1
(B){ Y(1) = 0.

We are interested in solving (B) for A > 0. Putting f = V2, the general
solution of the differential equation in (B) is

Y(y) =ce” +DeP (C,DeR).
Imposing the condition at y = 1, we have
Y1) = Cef + DeP =0 = D = —ce?,
so that

Y(y) = C[e? - e¥eP)
= CeP[e PP — efeP)

_ 9 [ePOY) _ P00
2

=C'sinh B -y) (C' =-2cé),
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where the hyperbolic sine of x, sinh x, is defined by the equation

—X

sinhx = (x € R).

Thus, for A = 4, = nz, the solutions of (B) are

Y,(y) = Csinhn(1-y).

4.3 Pointwise and uniform convergence of Fourier series

In order to guarantee the pointwise and unifom convergence of the Fourier series of a
2n-periodic function f, the assumption that f € C,,(R), or even that f € C,,(R), is not
enough; some form of differentiability is required.

In this section, we state two theorems regarding these questions. For the first (re-
garding pointwise convergence) we give no proof but just some comments and exam-
ples; the second one, concerning uniform convergence, will instead be proved as it em-
ploys in a nice way much of the information previously acquired.

Theorem 4.3.1. Let f € C,,(R) and suppose that at the point x, € R there exist and are
finite the limits
_ - _ +
f'(x;) = lim M, f'(xg) = lim M, 4.3.1)
x=x5  X—Xp x=x;  X—Xp
called respectively the left- and right-pseudoderivative of f at x,. Then the Fourier se-
ries of f evaluated at the point x, converges to f(xy).

For a proof of Theorem 4.3.1 see, e. g., [9]. Figure 4.2 shows an f that does not satisfy
the assumptions of this theorem at the point x, = 0 — even if we regularize it putting

£(0) =1/2.

Figure4.2:f(x) =1(-1<x<0),=vx (0 <x <1).
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o - S 2m

Figure 4.3:f(x) = |x|,-m < x < m.

Remark 4.3.1. If f is continuous at x, the limits in (4.3.1) (When they exist) are the left-
and right-derivative of f at x,. In particular, f is differentiable at x, = f is continuous
atxo and f'(xg) = f'(x§) = f' (xy) = the Fourier series of f converges in X, to f(xg).

Remark 4.3.2. Ifthe assumptions of Theorem 4.3.1 hold except that f is not regular at xq,
then the Fourier series of f converges in x, to the mean value

fOq) +f (%)

—
Remark 4.3.3. If f is differentiable in ]x, — &,x,[(§ > 0) and there exists the limit
hm)ng f'(x), then f'(x;) exists too, and they are equal; this follows at once applying
the L'Hopital rule. (Note that we would usually define f'(xy) and f'(x;) precisely via
these limits, rather than through the formulae in (4.3.1).)

Examples with numerical applications

Exercise 4.3.1. In the light of Theorem 4.3.1 and of the above remarks, discuss the point-
wise convergence of the Fourier series of the functions considered in Examples 3.2.4
and 3.2.5.

Example 4.3.1. Consider f when f is the absolute value function for |x| < 7 (see Fig-
ure 4.3).

For this f we have seen in Example 3.2.6 that b, = 0 Vk € N, while

2

0 k
a = %T a = _@[l_ 1] = { (k even)

-z (kodd).

Therefore, using Theorem 4.3.1 at x; = 0, we obtain

T [oe)
0=39- 2 2k+1

whence
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§ (2k+1)2 B ?

Suppose now that the hypotheses of Theorem 4.3.1 are satisfied at each point of R,
so that we have pointwise convergence of the Fourier series of f to f itself. What further
condition must we impose on f in order to have uniform convergence?

Remark. The properties of uniform convergence imply that if f is not continuous at just
one point x,, then the Fourier series of f cannot converge uniformly to f. In other words,
a necessary condition for uniform convergence is that f € C,,(R).

Remark. For periodic functions, the uniform convergence on R is the same as uniform
convergence on [0, 277] (or any interval of length 277); indeed, for such functions,

sup [f()] = sup [f(x)|-
XeR x€[0,277]

Piecewise C' functions

Definition 4.3.1. A function f : [a,b] — R is said to be piecewise of class C' (briefly,

piecewise C1) in [a, b] if:

(i) f iscontinuousin [a, b];

(i) f is differentiable in [a, b] except at most in a finite number of points x;,...,x, of
(a,b];

(iii) the derivative f' of f is continuous in [a, b] \ {x;,...,x,} and the limits

lim /() (i=1....,n) 43.2)

X*)X’
exist and are finite.

For instance, the function shown in Figure 4.4 is not piecewise Cl, while the function
f(x) = |x] is. More generally, the “broken lines” (see Figure 4.5) are graphs of piecewise

Figure 4.4: /[x[.
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Figure 4.5: A broken line.

¢! functions. In more precise terms, continuous, piecewise linear functions are (basic)
examples of piecewise C! functions.

Remark 4.3.4. InDefinition 4.3.1, some authors replace the requirement (i) of continuity
with that of piecewise continuity.

Proposition 4.3.1. Let f ¢ C,,(R). Iff is piecewise C', then its Fourier series converges
pointwisely to f on R.

Proof. Indeed, if f is piecewise C', then by definition for every X, € R the limits
lim f'(x), lim f'(x)
X=Xy X=X

exist and are finite. Therefore, on the basis of Remark 4.3.3, it follows that also the limits
f'(xg).f' (x§) defined in (4.3.1) exist and are equal to the previous ones. Thus, by Theo-
rem 4.3.1, the Fourier series of f in x; converges to f (). O

Remark 4.3.5. Let f € C,,(R). If f is piecewise C', then its derivative ' can be defined
also at the finitely many points xy,...,X, € [0,27] in which f is not differentiable, by
assigning to f'(x;) the mean value of the limits in (4.3.2) and thus obtaining a regular f'.
Moreover, the f " thus obtained is also 2m-periodic, for
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fxg +2m+h) - f(xy + 2m)

h =fI(X0)~

! 2m) = li
f(xg + 2m) hlit(l)

In conclusion, f € C‘Z,T(IR), so we can consider the Fourier series of /.

Lemma4.3.1. Let f € C,(R) and suppose in addition that f is piecewise Cl. Let
ay, ay, by (k € IN) be the Fourier coefficients of f and let ay, ay, Bx(k € N) be the Fourier
coefficients of f':

27 27 21
a = % jf’(x)dx, a = ;[ Jf’(x) coskxdx, Py = ;[ Jf’(x) sinkxdx.  (4.3.3)
0 0 0
Then
ao = 0
ay = kbk (434)
Br = —kay.
Proof. This is left as an exercise. O

Remark 4.3.6. The rule of integration by parts for two functions f, g holds not only if
f.g € C'{a, b], but also, more generally, if f, g are piecewise C! in [a, b].

Theorem 4.3.2. Let f € C,,(R). If in addition f is piecewise C', then its Fourier series
converges uniformly to f on R.

Proof. On the basis of Proposition 4.3.1, we know already that the Fourier series of f
converges pointwisely to f on R. To prove that the convergence is uniform, we apply to
the Fourier series of f the “Weierstrass M-test” (see Proposition 2.1.1), stating that given
a sequence (f,,) of bounded functions defined on a set 4, if there exists a sequence (M,,),
with M, > 0 for all n € N, such that:

@ x| <M,forallx e Aandalln € N and

(i) the series Y >, M, is convergent,

then the series Y7, f,, converges uniformly in A.
The Fourier series of f is 2, fi With fi.(X) = a; cos kx+b; sin kx. Using Lemma 4.3.1
we have for every x € R and every k € N

1Bl la]
Kk Tk

fi 00| = lay cos kx + by sin kx| < |ay| + |by| =

whence, recalling the inequality 2cd < ¢ + d?, we obtain

1/ 1 1/ 1 1 1
Ifix¥)] < 5(@ +ﬁi> + 5(@ +ai> =at E(ai +B}) = My.

Now the conclusion follows on recalling that, by Parseval’s identity applied to f’, the
series
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3 (@ + )

k=1
is convergent. O

Exercise 4.3.2. Let f(x) = x* (x| < ) and let f be its 27-periodic extension to R (see
Figure 4.6). Prove that

-1k
2

X coskx (x € R). (4.3.5)

R ].[Z )

foo =3 +4 D

k=1

In particular, taking x = 0 and then x = 7 in (4.3.5), one obtains

I AN ot
& K 127 2K 6

—27 —T ™ 27

Figure 4.6: f(x) = X%, |x| < 1.

4.4 The Dirichlet problem for the Laplace equation
in a rectangle (II)

In order to complete our discussion of problem (D), it is useful to gain some more infor-
mation on Fourier series, which should be added to Theorem 4.3.2.
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Sine and cosine Fourier series

Let f : [0,71] — R be piecewise continuous. Then f can be expanded into a cosine
Fourier series and/or into a sine Fourier series. In fact, f can be continued to [-7, 7]
as an even function f, or as an odd function f; as follows:

_[f0 O0s<x<m [ f O0s<x<m
fo0) = { Fex) —mex<o, fd(X)—{ (%) mex<0. (4.4.)
Yy
)
X
1r =
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Remark. f piecewise continuous on [0, 7] = f,,, f; piecewise continuous on [-77, 7] =
fp, fd piecewise continuous on R.

We can thus consider the Fourier series of f,,, f;.

Definition 4.4.1. Letf : [0,7] — R be piecewise continuous. The Fourier series of fp, fd
are called respectively the cosine Fourier series and the sine Fourier series of f.

With respect to the continuity of fp, fd, observe that

fp continuous on [—7, 77]

f; continuous on [-7,77] & f(0) = 0. (44.2)

f continuouson [0,7] = {
It follows in particular that

. . 1
{ J piecewise C* on [0,7] = f, piecewise C' on [-7,7]

fO)=0
:>fd piecewise clonR iff fa(=m) = fa ().

However, the last equality means —f(;r) = f (i), that is, f(s7) = 0.
Summarizing, we have the following statement.

Proposition 4.4.1. Let f : [0,77] — R be piecewise C*. Iff(0) = f (1) = 0, then its odd and
27t-periodic extension to the whole of R, f,, is piecewise C.

~— :
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Let us introduce a useful notation. Given any interval [a, b] ¢ R, we put
Cyla,b] = {f € C'[a,b] : f(a) = f(b) = 0}.

As a special case of Proposition 4.4.1, we then get the following statement.

Lemma4.4.1. Letf € C(l) [0, 7). Then its odd and 2m-periodic extension to the whole of R,
f. is piecewise C.

Thus, if we consider functions in Cé[O,n], the previous discussion on their sine
Fourier series and the uniform convergence theorem (Theorem 4.3.2) yield the following
result.

Proposition 4.4.2. Letf ¢ C(l,[O, ni] andlet b, = % L;T f(x) sinnx dx (n € N). Then we have
(e8]
Y b,sinnx =f(x) foreveryx € [0,7]. (4.4.3)
n=1

Moreover; the convergence of the series in (4.4.3) is uniform in [0, i7].

Let us return to the series in the two variables x, y presented in equation (4.2.5),

(e8] (e8]
Y Calty(X,y) = ) ¢, sinnx sinhn(1 - y), (4.4.4)
n=1 n=1

as a candidate solution for our problem (D). We now know that taking
fe C(l) [0, 7] in (D) and taking c,, determined by the condition

Al

I
¢y sinhn =b, = Jf(x) sinnxdx (neN), (4.4.5)
0

that is, considering the series
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(o] : _
Z b, sin nxM (4.4.6)
= sinhn

this converges (to f) on the “lower side” K; of the closed rectangle R.
Problem. Do we have convergence in R?

Proposition 4.4.3. Letf € Cé[O,rr] and let b, = % jg f(x)sinnx dx (n € N). Then we have

> byl < c0. (4.4.7)

n=1

This follows from Lemma 4.4.1 and from a more careful use of Theorem 4.3.2. In-
deed, in that theorem we have proved that if h € C,,(R) is piecewise of class 1, then its
Fourier coefficients a,, b,, satisfy the condition

(o)

Y (lay] + 1by]) < 0o, (4.4.8)

n=1

as a consequence of the Parseval identity. Now if we start from a function f € C(l) [0, 7],
by Lemma 4.4.1 its odd 27-periodic extension fd is piecewise C'; therefore, its Fourier
coefficients will enjoy the property (4.4.8), which in fact reduces to (4.4.7) because a,, = 0
by virtue of the oddness of fd.

We can now answer the convergence question positively. We have indeed the fol-
lowing corollary.

Corollary 4.4.1. Letf € C(l)[O, 17]. Then the series

I
(o] : _
Y bysin nxw b, = 2 Jf(x) sin nx dx, 4.4.9)
= sinhn ™

converges uniformly in [0, 7] x [0,1] = R.
Proof. This follows from Proposition 4.4.3 and from the Weierstrass M-test (in two vari-
ables); indeed, we have

sinhn(l1-y)

b,, sin nx -
n sinh n

<Klb,| V(x,y) €R (4.4.10)

for all n € IN and for some K > 0, because we have

0< sinhn(1-y)

- <Ke™W <K (4.411)
sinhn

as follows from the relations (holding for0 <y < 1)
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sinhn(1-y) ") 1Y)

sinhn er—et
) e[ = =21 _ e—nyu < i =Ke ™.
enfl- e—Zn] ] 1-e?

Itis now time to collect the results obtained so far about problem (D), and also some
still to be proved, in a comprehensive statement. O

Theorem 4.4.1. Letf ¢ C(l)[O,JT] and let u be the function defined in R = [0,7] x [0,1]
putting

sinhn(1-y)

snhn (X,y) €R, (4.4.12)

u(x,y) = Z b, sin nx
n=1

where b, = ]% j(f f(x) sinnx dx. Then u is (the) solution of (D).

Proof. (i) u is continuous in R by Corollary 4.4.1 and by the properties of uniform con-
vergence. Moreover, u satisfies by construction the boundary conditions (C,), (C,); for
instance,

sinhn(l1-y)

u(m,y) = Y bysinnm S

n=1

0, 0<y<1,

and so forth.
(ii) u is of class C? in the open rectangle R and satisfies the differential equation (E);
indeed,

o0
u= Z b,v, withv, € C*(R) and Av, =0 VneN
n=1
so that we will have
[oe) (o)
Au = A(Z bnvn> = > byhv, =0
n=1 n=1

provided we check that u has actually partial derivatives up to the second order and
that the intermediate equality is true. O

Following H. Weinberger’s book [2], we can say that “the series for

ou du d’u du du

are all dominated by Y »°, n*e™" and therefore converge uniformly for y > y,, whatever
isy, > 0. It follows that these derivatives of u exist in R and may be obtained by term-
by term differentiation of the series (4.4.12). Since each term of the series satisfies the
Laplace equation, the same is true for u.”
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Rather than proving the above statement in all details, we illustrate the underlying
main idea using the remarks that follow.

1. Regularity of functions defined as the sum of a series
The basic result on “term-by-term differentiation” of a series of functions is Corol-
lary 2.1.3, stated and proved in the section dealing with uniform convergence and its
consequences (Chapter 2, Section 2.1).

The corresponding result in two variables reads as follows.

Theorem 4.4.2. Let (f,) C CY(A), A an open subset of R%. Suppose that:
- Y22 fn converges uniformly in A; let f(x,y) = Yoo fu(X,¥);
- thetwo series Y2, %, Yo % converge uniformly in A.

Thenf € Cl(A) and we have

I~y %
{ o em=l oA (4.4.13)

o _ y o In
ay n=1 gy

2. Specific bounds for the derivatives in problem (D)
In our case we have

& B . sinhn(l-y)
u= ;fn = ;bnvn, Vv, (x,y) = sin nany
Hence,
ou  ofy _ sinhn(1-y)
x axE by cos nx sinhn

so that, putting g = % foz g |f (x)| dx and using (4.4.11), we have

‘%(x,y) < |bpInKe™ < pnKe™ = K'ne™".
Likewise,

ou  ofy o coshn(1-y)

» (X,y) = b, sinnx Sinhn (=n).

However, working as we did for the bound (4.4.11), we easily find that

cosh.n(l -y) e 2 - He
sinhn 1-e2

and therefore
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< |byInHe™ < pnHe™ = H'ne™.

fn
£
Similarly one checks that the second-order derivatives are all dominated by Y2, ne™.

3. Uniform bounds in the whole domain is sometimes too much

Evidently, there are no chances of dominating a series of the form ¥, ne™™ with a
convergent numerical series in the whole rectangle R = 10, 7[ x ]0, +co[. However, this
is not strictly necessary to get the desired regularity of u. To understand this point, it is
enough to consider functions of one variable, taking for instance the series

This series converges pointwisely in I = ]0, +oo[ (thus defining a sum function f on the
whole of I) and converges uniformly for x > x,, whatever is x; > 0; indeed,

o [ee] [ee]
Z e ™ < z e ™o = ZM" <+oo  (x €I = [xg, +0ol).
n=1 n=1 n=1

This is enough to conclude that f is continuous in the whole of I: for any given X € I,
choose an x, with 0 < x; < X; by the above, f is continuous in I, = [xo,+oo[ and
therefore in X. The series of the derivatives is Y >, (-n)e™™, and as

o0 (o) (o)
Y |-ne™| <Y ne™ =Y K, <+o00 (x €l = [X,+00l),
n=1 n=1 n=1

it follows, reasoning as before, that f € C}(I). Iterating this procedure, one concludes in
fact that f € C*(I).

Note that a similar reasoning is required, for instance, to ensure that the sum f of a
power series Y .2 a,x" is of class C* in its interval of convergence (Theorem 2.7.2).

4.5 The Cauchy-Dirichlet problem for the heat equation

We first consider the heat equation in one space dimension. That is, we take Q =
la,b[ c¢ R, and putting for convenience Ja,b[ = ]0,7[ we consider specifically the
Cauchy-Dirichlet problem in R = Q x ]0, +oo[ (see Figure 4.7)

@—az—“—o O<x<mt>0 (E)
ot ox: >

(CD) 1 u(x,0) = uy(x) O<x<m (IC) (4.5.1)
u(0,t) =u(r,t)=0 t=0, (BC)

where u, € [0, 77].
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Figure 4.7: R = Q x ]0, +oo|.

In the above system (CD), u(x,t) has the physical meaning of the temperature at
the point x and time ¢ in a metallic wire occupying the segment [0, ] of the x-axis, u,
representing the initial distribution of the temperature in the wire. The endpoints of
the wire are held at temperature 0 for all time ¢, and the absence of a term f + 0 on the
right-hand side of the differential equation means that no external heat source is being
provided to our one-dimensional body.

As we did for the problem (D), it can be shown (see, e. g., [19]) that if uy = 0 — that s,
for the homogeneous problem associated with (CD) — the only solution is u = 0, so that
(CD) has at most one solution. We are going to actually find it by the same techniques
of separation of variables and Fourier series.

A. Separation of variables+boundary condition+series solution

Seeking elementary solutions of the differential equation of the form u(x, t) = X (x)T(¢t)
that also satisfy the boundary condition (BC) and then making an “infinite superposi-
tion” of these, one finds as candidate solution

o t) = Y bysinnxe ™ = Y b, (x,0), (452)
n=1

n=1

with (x, t) € R = [0,7] x [0, +00[. See below for a full and more general discussion of this
point.

B. Imposition of the initial condition
Imposing formally (IC) in (4.5.2), we find

u(x,0) = » bysinnx = uy(x) (0 < x < ). (4.5.3)

n=1
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Choose the coefficients b,
We have

b, =

SHIN

J Uy(x)sinnxdx (neNN), (4.5.9)
0

so that the series in (4.5.3) is the sine Fourier series of u,.

Proposition 4.5.1. Let u, € C(l)[O,n] and let (b,,) be as in (4.5.4). Then the series in (4.5.3)
converges pointwisely to uy in [0, ], that is, (4.5.3) is satisfied. Moreover, the convergence
of the series in [0, ] is uniform. Finally, also the series in two variables

) 2
Y b,sinnxe™"
n=1

converges uniformly in R = [0, 7] x [0, +00l.

Proof. The proofisidentical to that of Propositions 4.4.2 and 4.4.3 and Corollary 4.4.1; in
fact, it is easier, because here we have immediately

|b, sin nxe’"zt| < byl V(x,t) € [0,7] x [0, +o0]. O

Theorem 4.5.1. Let u, € C(l)[O,T[] and let u be the function defined in R = [0, 7] x [0, +co
putting

(oe)
2
u(x,t) = Y bysinnxe™", by, =
n=1

SEES

J Ug(x) sin nx dx. (4.5.5)
0

Then u is (the) solution of (CD).

Proof. (i) uis continuous in R by Proposition 4.5.1 and by the properties of uniform con-
vergence. Moreover, u satisfies by construction the initial condition (IC) and the bound-
ary condition (BC).

(i) In the open rectangle R, u is of class C* with respect to x and of class C' with
respect to t and satisfies the differential equation (E); indeed,

= ov, 0%
u=y by, with—2L-—"=0 VneN,
n; non ot ox?
so that, by term-by-term differentiation of the series (4.5.5), we will also have g—? -
% = 0. The possibility of term-by-term differentiation is checked by the same means

indicated in the proof of Theorem 4.4.1 and is based on the fact that the series for

2
g, 9L are all dominated by
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2 rt
z n‘e™
n=1

and therefore converge uniformly in R, = [0, 7] x [¢,, +oo[, whatever is ¢, > 0. O

Exercise 4.5.1. Prove that

u(x,t) - 0 ast — +oo, Vx €[0,]. (4.5.6)

Extension to any number of space variables

The method of constructing a solution by separation of variables and Fourier series can
be partly extended to any number of space variables. We see here the main points. Let
Q be a bounded, open, connected subset of R" and consider the heat equation

Z—I; -Au=f(x1t (Xt)eQx]0,+ool, 4.5.7)
where t is the time variable, while A, stands for the Laplacian in the space variable

X=(Xg5. .05 Xp):

We deal in particular with the Cauchy-Dirichlet problem for the (homogeneous)
heat equation, which consists in finding a function u = u(x, t) : Q% [0, +00[ — R such
that

A_Au=0 xeQt>0 (E)
(CD) 7 u(x,0) =uy(x) xeQ (Ic) (4.5.8)
u(x,t)=0 x€oQ, t>0, (BC)

where u, (the initial data) is a given function in C(Q) with uy = 0 on 0Q.

Let us start with (E). From now on, we simply write A rather than A,. Seeking solu-
tions of the form u(x, t) = X(x)T(t) and assuming that u(x, t) # 0 for (x, t) € x]0, +oo,
one finds

!
a—u—Au:O@XT'—(AX)T:O(:l—g:O
ot T X
T/

= — =const. = -A.
T X

Therefore,

(E)(:){AX+AX=O XeQ

T"+AT =0 t€]0,+ocol.
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These are two coupled equations, for A is the same in the two equations.
The second equation has for any A the solutions

T(t)=Ce™ (CeR).
Consider now the initial and boundary conditions in (CD):

{ u(x,0) =Xx)T(0) = up(x) xeQ (I0)

u(x, t) = X(x)T(t) = 0 X €dQ, t>0. (BC) 4.5.9)

Equation (BC) is satisfied if X(x) =0 Vx € 0Q.
Summing up, we see that (E) + (BC) are satisfied by u(x, t) = X(x)T(t) if T(¢t) = Ce™M
and X is a solution of the problem

(EV){ AX+AX =0 inQ

X=0 onoQ.
Question. Do there exist non-zero solutions of (EV)? More precisely, do there exist val-
ues of A such that (EV) has solutions X # 0?

In this case, they are called respectively eigenvalues and eigenfunctions of the
Laplace operator (the Laplacian) A in Q with Dirichlet boundary conditions (more pre-
cisely, of —A, for the equation in (EV) can be written in the form —-AX = AX, which is
more consistent with the usual way of writing eigenvalue problems).

We have answered this question in case n = 1, where it is possible to solve explicitly
(EV); we have found indeed (Exercise 3.5.1) that the problem

{ X" =X inlab]
X(a@)=X(b) =0

has the following eigenvalues and eigenfunctions:

2
Ak:(bk—_ﬂa>’ X (0 = Csinwg(x-a) (keN),

with wy = V.

A classical and fundamental result in both mathematical analysis and mathematical
physics (see, e. g., [14] or [13]) ensures that, essentially, this remains true in any space
dimension.

Theorem 4.5.2. There exists an infinite sequence of positive eigenvalues A, of (EV). They
form a strictly increasing sequence going to +co:

0<Ay <Ay <o <A <Apyqever Ap = 00 (k - 00).
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Let X, denote a norm-one solution corresponding to Ay. Then the sequence (X,) of the nor-
malized eigenfunctions of the (Dirichlet) Laplacian in Q forms an orthonormal sequence
in C(Q), this space being equipped with the inner product

f.8 = J fx)gx) dx. (4.5.10)

Q

Moreover, the sequence (X,,) is total in this space, so that every function u € C(Q) can be
expanded in series (in the sense of the convergence in the quadratic mean on Q) of the
eigenfunctions Xj.

Conclusion (about (CD))
For every k € N, the function

U (X, ) = X (x)e M

is a solution of (E) + (BC). Therefore (see “General Remark” 3.), we look for a solution of
the form

o0 (]
U, ) = Y Ut = Y oXp(xe ™, 4.5.11)
k=1 k=1

where the constants ¢, (k € IN) have to be chosen in such a way that:
— the series (4.5.11) is (uniformly) convergent in Q x [0, +oo[;
— the condition (IC) is satisfied.

Imposing formally (IC), we find

u(x,0) = Y Xy (X) = Uup(x), X €Q. (4.5.12)
k=1

The possibility of satisfying this condition and determining the constants ¢, amounts
to the possibility of expanding u, in series of the eigenfunctions X;. This is granted
by our assumption that u, € C(Q) and by the totality of the (X;) stated in Theorem 4.5.2.
Note that — as should be clear from the statement of this theorem - the eigenfunction
expansion stated above refers to the convergence of the series in the quadratic mean
induced by the inner product (4.5.10).

Remark 4.5.1. The proof of Theorem 4.5.2 requires advanced results from functional
analysis [14] involving the spectral properties of compact symmetric operators in Hilbert
spaces, as sketched in Theorem 3.5.2 after the discussion of Sturm-Liouville eigenvalue
problems. Here, however, handling functions of several variables requires a much heav-
ier technical apparatus, starting with the construction and properties of the appropriate
Sobolev spaces.
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4.6 Additions and exercises

A1. The wave equation
As to the wave equation, one might in general consider the following IVP/BVP: given an
open set Q ¢ R" with boundary 0, find a function

u=u(xt):QxI[0,+oo[ » R
satisfying the following Cauchy-Dirichlet problem:

QU _pu=fxt) inQx]0,+oof
ux, 0) = uy(x) XeQ (4.6.1)
U (x,0) = vy(x) XeQ

uix,t) =g(x,t) X €0Q,t>0.

In (4.6.1), f, g, uy, v, are given functions, with u, and v, representing the initial condi-
tions (Cauchy conditions) imposed on the unknown function u, while the last condition
is a Dirichlet boundary condition imposed on u; it could be replaced for instance by
the Neumann boundary condition, where the exterior normal derivative of u on 0Q is
assigned instead of u.

Here we will only say something on the Cauchy-Dirichlet problem for the homo-
geneous wave equation and with zero Dirichlet boundary condition, that is, on the fol-
lowing simplified form of (4.6.1):

az—“—Au—O xeQ t>0 (E)
or XU ’

(CD) ls(x, 0)=uy(x) xeQ (Ic1) 462)
a—Lt‘(x, 0)=vy(x) xeQ (IC2)
u(x,t)=0 x€o0Q, t>0, (BC)

where the initial data u, and v, are given function in C(Q), with u, = 0 on 9Q.

Physical interpretation
As already mentioned in Section 4.1 of this Chapter, for n = 2 equation (E) models the
motion of a vibrating membrane on which no external force is exerted, and (BC) means
that the membrane is held fixed on its boundary for all time. Likewise if n = 1, in which
case (E) reduces to

du  du

—-—=0 xe€Q=]a,b[,t>0. 4.6.3
This represents the vibrations of an elastic string without external force; u(x, t) repre-
sents the vertical displacement (“displacement along the y-axis”) at time ¢ of that point
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of the string that at rest has coordinate x € Q; thus, in the plane (x,y), at time ¢ the
configuration of the string can be described by the arrow

x=(0) - (x,u(xt), a<x<b,

that is, by the graph of the function u(., t) : x — u(x,t) : [a,b] — R.In the full problem
(CD), uy = uy(x) and vy = vy(x) represent respectively the initial position and velocity
of the string, while — if @ = ]a, b[ is bounded - (BC) writes u(a,t) = u(b,t) = 0 for all ¢,
which means that the endpoints of the string are fixed on the x-axis (y = 0) for all time.

D’Alembert solution of the wave equation

Remaining for a while in the case n = 1, it is interesting and historically important to
look first at (CD) when Q = R, in which case the boundary condition vanishes. Recalling
that the solutions of (4.6.3) are of the form

uxt) =fx+t)+gx-t), (4.6.4)

with f,g : R — R arbitrary (it is often said that every solution u is the sum of a pro-
gressing wave and of a regressing wave), D’Alembert found the solution

X+t
ulx,t) = %[uo(x +8) +Uupg(x —t)] + J Vo(s)ds (4.6.5)

X-t

of (CD). It is clear that (4.6.5) is of the form (4.6.4), and it is easily checked that the initial
conditions (IC1) and (IC2) are also satisfied.

IfQ = ]a, b[ is bounded, the D’Alembert solution (4.6.5) can still be used to construct a
solution of (CD); this requires careful and rather lengthy manipulations that are shown
for instance in Weinberger [2] and in Pagani-Salsa [19].

Solution of (CD) by eigenfunction expansion

Let us now briefly discuss the case n > 1 proceeding by separation of variables and
series expansion as we did with the heat equation. Assuming that u(x, t) = X(x)T(t) and
writing A rather than A, we find that (E) splits into the system

{AX+/1X=0 XeQ
T" +AT =0 te]0,+ool.

Consider first in (4.6.2) the boundary condition (BC); this is satisfied by u(x, t) = X(x)T(t)
if X(x) = 0 Vx € 0, irrespective of T. Therefore, as to X, again we have to deal with the
eigenvalue problem
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AX+AX =0 inQ

(EV) { X=0 onoQ,

and assuming the truth of the spectral theorem for the Dirichlet Laplacian, Theo-
rem 4.5.2, we find the existence of infinitely many distinct eigenvalues A, > 0(k € IN)
with corresponding eigenfunctions X;. The eigenvalues A; are the only values of the
parameter A that matter in our construction, for otherwise the unique solution of (EV) is
X =0, making u(x, t) = X(x)T(t) = 0, which of course does not solve our problem (4.6.2)
except in the trivial case in which u, = v, = 0. The differential equation that we must
consider for T is therefore

"+ 4T =0, t>0,
whose general solution is, for each fixed k € IN,
T(t) = Ccosupt + Dsinpyt, pp =\A, CDeR.

Summing up, the elementary solutions of (E) + (BC) in our problem (4.6.2) are given
by

uk(x, t) = [Ck COS Ut + Dk Sinykt]Xk(x), k e N, (4.6.6)

and we search as usual the solution in the form

u(x, 1) = Y up(x, t). (4.6.7)
k=1

Impose (at least formally) the initial conditions (IC1) and (IC2):

ux,0) = Y CeXy(x) = up(x), (4.6.8)
k=1
ou <
me=2mmﬁup%uy (4.6.9)
t k=1

These two conditions demand that u, and v, be expanded in series of the eigenfunctions
X, of the Laplacian, and this is ensured — at least as to the convergence in the quadratic
mean — by our assumptions that u, and v, are in C(Q) and by the completeness of the
(Xx)- Then the above equations (4.6.8) and (4.6.9) determine uniquely the coefficients C;
and Dy, respectively, and therefore the solution u via (4.6.6) and (4.6.7). The quality of
the convergence of the series in (4.6.7) (ensuring that its sum is actually a solution of
(CD)) will - roughly speaking — depend on the higher regularity of u, and v,.
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Exercises

E1. Solutions of some of the exercises given in the text
Section 4.1

Exercise 1.1 (Fundamental solutions of the Laplace equation)
CaseN =2

Consider

u(xy) =In\x2+y%  (x,y) #(0,0).

For (x,y) # (0,0), we have

0 1 0 X
—Inyx%+y? = — X2+ Yy = =,
x Y NP YTy
whence
0 0 X oy -x2x Yy -xP
AN R _[ ] _ - .
a VO T o +y2 (X2 + y2)° % + y2)*
Similarly,
Ry X2 yz
—Inyx2+y2=— 2,
oy* 02 +y2)"
so that
<a—2+a—2>ln\/x2+ 2=0
ox2  0y? =5
CaseN =3
Consider
ux,y,z) = 1 1 x+0

- -
2iyriz2 I

Putr = r(x) = ||x||, so that u(x) = % = % Then by the chain rule,

ou oduor lor x

ox orox riox 3

because

or 0 [ 5 5 X
ax—aX\/x +y*+2z = -

-_ 197

(4.6.10)

(4.6.11)
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Moreover,

az_”_ﬂ<%>__i<£)__[l+xi<l>]
ox2  ox\ox,/) ox\r3)  [r3 Tox\r3

1 3xor 1 3%

- - == -+ —
r3 rtox r3or’

similar expressions holding for the remaining partial derivatives. Summing up, for
(x,y,z) # (0,0, 0) we have

Pu u du 3 3,5 4 o 3 3
—t——=+——=S="=+=X"+y +z)=—-=+ = =0.
ox:  oy? 0z2 rror O+ ) r3or

Similar computations show that in fact, for any N > 3, the function

u(x) - = L
- ”x”N—Z T pN-2

solves the Laplace equation in RY \ {0}.

Exercise 1.2
Iterating the computations based on the chain rule and displayed after equation (4.1.18),
we find that

82u z@__ zazw

a2 Vo opoq’

showing that in the new variables p, g the one-dimensional wave equation (4.1.17) be-
comes

2
o
opoq

whence w(p, q) = f(p) + £(q) by (4.1.16), and therefore
ux,t) = X +tv,x —tv) = f(x + tv) + g(x — tv).

Vice versa, if u(x, t) = f(x + tv) + g(x — tv), where f, g : R — R are twice differentiable
arbitrary functions, then

2
%%:f%x+no+g%x+w)

and

7

=7 ="+ o + g7 (x + o,
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whence

du zazu 2
— —-V'— =0 V(tx) eR".
ot? ox? (&)

Exercise 1.3
Letv e Cl(Q),z € Cl(Q, R"). Writing z = (z,,..., 2,), we have

L0 L/ ov 0z;
div(vz) = ) —(vz) = z<—z + v—l> =Vv-z+v(divz).
a aXi ! a aXl' ! aXl'

Section 4.3

Exercise 3.1

To solve this exercise, follow the pattern shown in Exercise 3.2 below, save that the two
functions indicated in the text of the exercise are not piecewise of class C', and thus
Proposition 4.3.1 cannot be used. In particular, the presence of discontinuities rules out
the possibility that the convergence of their Fourier series be uniform.

Exercise 3.2
(a) First compute the Fourier coefficients of the 2r-periodic extension f of the function
x — X% |x| < 1. We have b, = 0 for every k € N, while

N|-

T 2

T

ag = szdx:—
0

and
2 [ 4
2 k
a = p jx cos kx dx = F(_l) (k € N),
0
as follows for instance by repeated integration by parts:

[x* sin x]g + %[x cos kx]g - %[sin kxly

x|

Vs
szcoskxdx:
0

2
k —mcoskm = Fﬂ( 1)

(b) In order to prove the pointwise convergence of the Fourier series of f to f itself,
and thus in particular the validity of the formula

2_7T <
=)

coskx, xe€|[-mm], (4.6.12)
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we should check that the hypotheses of Theorem 4.3.1 are satisfied. Now, our f is contin-
uous on all of R and differentiable at each point of R except at the points

m+2kr (k € N).

However, at these points, the left- and right-derivatives of f exist; this can be checked
directly by the definitions or via Remark 4.3.3, as we have for instance

lim f'(x) = lim 2x = 27, lim f "(x) = lim 2(x - 27) = -271.
X—T X—T X—T X—T
We have thus verified that f is piecewise of class C! on R (meaning that it is so on each
interval [a,b] ¢ R), and the pointwise convergence to f of the series at the right-hand
side of (4.6.12) is thus proved via Proposition 4.3.1.
In fact, the very same properties of f imply, via Theorem 4.3.2, that the convergence
is uniform.

Section 4.5
Exercise 5.1 (Exponential decay of the temperature)
Recall that
[ee] 2 2 T
u(x,t) = y b,sinnxe™’, b, = p J Uy (x) sin nx dx. (4.6.13)
n=1 0

Thus, we have
) 2
lux, )| <€ z et
n=1

for some C > 0 and for all (x, t) € [0, 7] x [0, +oo[. Now fix a t;, > 0 and write, for ¢ > ¢,

2 2 2 2
e t_ e (t—to)e—n ty < e—(t—to)e—n tu’

whence

—(t-ty) < -n’ty _ pr,(t=ty)
[u(x,t)| < Ce el =Ke

n=1

for t > t, and for all x € [0, ]. This shows that the asymptotic behavior (4.5.6) of the
temperature holds with an exponential decay, and uniformly with respectto x € [0, 7r].
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