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Preface

This book evolved from a series of lectures at the University of Sussex and is
designed to provide an integrated course in real and complex analysis for under-
graduates who have taken first steps in real analysis; the intention is to exhibit
something of the interplay between these and other areas of mathematical study.
The prerequisites are modest: it would be completely sufficient to have followed
preliminary courses in real analysis (involving ¢, J ideas) and algebraic structures.
There are many exercises, ranging from the elementary to the quite demanding.
To establish notation and terminology, some prerequisites are reviewed in the
appendices.

A persistent theme in the text is the search for a primitive. In the case of real
analysis, the Riemann integral offers one route in this quest and, with an eye to
complex analysis, the improper Riemann integral is an extension consonant with
the demands of contour integrals.

Chapter 1 deals with the Riemann theory of integration on the real line using
the simple and elegant approach due to Darboux that quickly leads to the basic
properties of the integral together with means of evaluation and estimation. It also
enables direct, elementary proofs to be given of the results that if f is
Riemann-integrable, then (i) the set of its points of continuity is dense in the
domain of f, and (ii) g o f is Riemann-integrable if g is continuous. A character-
ization of the class of Riemann-integrable functions, from which these last two
assertions follow, is postponed to the next chapter as it is technically more chal-
lenging. The Riemann integral is confined to bounded functions defined on closed
bounded intervals and requires extension to cope with the demands of later
chapters. To allow for some relaxation of these constraints, the improper Riemann
integral is introduced. We indicate the limitations of the Riemann integral which
led to the development of Lebesgue’s integral (which itself would require slight
extension for use in the later chapters), of which the former is a special case.

Metric spaces form the theme of Chap. 2; the earlier one provides a wealth of
examples of such objects. Detailed coverage is given of the core properties of
completeness, compactness, connectedness and simple connectedness: this last
property is highlighted. While it has become more common in recent times to
present such matters in the context of normed linear spaces, we believe it is
important for the student to realize that linear structure is irrelevant to many of the
results. Regarding completeness, Cantor’s characterization is established as are
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Banach’s contraction mapping theorem and the Baire category theorem, the last
leading to a proof of existence of a continuous, nowhere-differentiable function
and also to the fact that the pointwise limit of a sequence of continuous real-valued
functions on a complete metric space is continuous on a dense subset of that space.
Compactness and connectedness are motivated in a variety of ways, the definitions
chosen being intrinsic and applicable in more general contexts. Among the appli-
cations of compactness are differentiation under the integral sign, Peano’s theorem
on the existence of solutions of initial-value problems for certain nonlinear ordinary
differential equations, and the characterization of Riemann-integrable functions as
functions that are bounded and continuous almost everywhere. With the next
chapter in mind, we conclude with the consideration of simply connected spaces.
Various forms of homotopy are given especially detailed coverage, strenuous
efforts being made to give complete proofs. We show that a metric space is simply
connected if and only if it is path-connected and its fundamental group at any (and
hence every) point of the space has only one element.

In Chap. 3, we reach our main goal, the theory of complex analysis, surely one
of the most wonderful and fertile parts of mathematics. After some basic defini-
tions and results, we deal with power series, branches of the argument and loga-
rithm, continuous logarithms of continuous zero-free functions, the winding
number for arbitrary paths in the plane and its invariance under free homotopy, and
integrals over contours. Ample justification for the introduction of the winding
number is provided by the demands of the proof of the Jordan curve theorem given
later (for which the winding number is essential and the index is inadequate as it is
undefined for general paths having no smoothness), but in addition we believe that
there is a computational and pedagogical advantage in having this concept
available. The homology version of Cauchy’s theorem is derived by means of the
elegant approach of Dixon [6]. Rudin [15] was one of the first to draw attention to
the importance of Dixon’s contribution and the organisation of complex analysis
consequent upon it. Rather than appeal to an interchange of the order of inte-
gration, as Rudin does, we follow Dixon’s original treatment and use differenti-
ation under the integral sign. This leads to the residue theorem, from which flow
such major theoretical results as Rouché’s theorem and the open mapping and
inverse function theorems; further, at a practical and technical level it is valuable
in the evaluation of definite integrals. The penultimate section contains a result
of exceptional aesthetic appeal which establishes, for connected open sets G C C
(the space of all complex numbers) the equivalence of various statements of
an analytic, algebraic and topological character. In particular, it shows that every
function analytic on G has a primitive if and only if G is simply connected.
In the course of the proof, such famous results as Montel’s theorem and the
Riemann mapping theorem are obtained. The final section reinforces the links
between analysis and topology. Further study of topics introduced earlier, namely
continuous logarithms of continuous zero-free functions and the winding number
of a path, leads in a very natural way to a proof of the celebrated Jordan curve
theorem. For this development of the theory, we acknowledge a major debt to the
book [3] by Burckel. A beautiful result due to Borsuk concerning any compact set
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K C C emerges in the course of the proof of the Jordan curve theorem: C\K is
connected if and only if every continuous function f:K — C\{0} has a
continuous logarithm.

Our exposition covers aspects of classical analysis due to the efforts of
generations of mathematicians. There is no claim to originality save for the
selection and presentation of material. We have been greatly influenced by the
scholarly and inspirational books by Burckel [3], Remmert [13] and Rudin [15],
and hope readers of the present book will go on to consult these more advanced
and wider-ranging works.

It is a pleasure to acknowledge our great indebtedness to Dorothee Haroske for
her immense help and patience. Finally, we express our appreciation to Joerg Sixt
and his staff at the London Office of Springer-Verlag for constant encouragement
and advice.
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Chapter 1
The Riemann Integral

In this chapter we give an account of the Riemann integral for real-valued functions
defined on intervals of the real line. This integral is of historic interest, has consider-
able intuitive appeal and possesses great practical value. For economy of presentation
we use the approach of Darboux rather than that originally employed by Riemann.

Hidden from immediate view but at the heart of the chapter lies the sense in which
integration is the inverse of differentiation. For the class of continuous functions the
Riemann integral provides an affirmative answer to the question “Given f : [a, b] —
R, where @ and b are real and a < b, does there exist F : [a, b] — R such that
F’ = f? With somewhat greater effort, development of the Lebesgue integral
would allow us to enlarge this class. However, for the topics covered in this text the
answer provided suffices; in particular, it is entirely adequate in the resolution of an
analogous question asked in the context of complex analysis, a question which is the
focus of our final chapter.

1.1 Basic Definitions and Results

Definition 1.1.1 Let a and b be real numbers, with @ < b. Any finite set of points
X0, X15 -+, Xy Witha = xy < x1 < ... < x, = b is called a partition of [a, ]
and will often be denoted by P; we put Ax; = x; —x; 1 (j = 1,...,n) and call
w(P) := max {Ax; : j =1,...,n} the width of P. The family of all partitions
of [a, b] is denoted by H|a, b], or simply by & if no ambiguity is possible. Let
HBla, b] (or simply A) be the family of all bounded functions f : [a, b] — R; given
any f € A andany P € &, put

M; :sup{f(x) txj1 <x ij}, m; :inf{f(x):xj_l <x ij}

for j =1,...,n and call

R. H. Dyer and D. E. Edmunds, From Real to Complex Analysis, 1
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2 1 The Riemann Integral

UP, f):=> MjAxj, L(P. f) = > m,Ax;

j=I j=I
the upper and lower sums of f with respect to P, respectively.

Note that U (P, f) is the sum of the signed areas of n rectangles, the jth of which
has base Ax; and height M;; L(P, f) is the same except that the jth rectangle has
height m ;. These quantities are familiar to anyone who has tried to estimate the area
of the set of points lying between the curve y = f(x) and the lines x = a,x = b and
y = 0 by drawing the graph of f on squared paper: U (P, f) arises from consistent
over-estimation of the area by rectangles above the graph, while L(P, f) comes from
a corresponding lower estimation by rectangles below the graph.

Example 1.1.2

(i) Let f : [a, b] — R be monotonic increasing and let
P ={a = xg, x1, ..., x, = b} be a partition of [a, b]. Then
n n
U(P. f) = > fxj)Axj, L(P. f):= D f(xj_1)Ax;.
j=1 j=1

(i) Let f : [a, b] — R be defined by

1, x rational,

f(X)=[

—1, x irrational.

Then given any partition P of [a,b], M; = landm; = —1 (j = 1,...,n)
since each interval [x; 1, x ;] contains both rational and irrational points. Hence

UP,fy=b—a, L(P, f)=—(b—a).
Now let f € HBla, b]; that is, let f be a bounded, real-valued function on [a, b].

Since f is bounded, there are numbers m, M € R such that for all x € [a, b],
m < f(x) < M. Hence for all P € P|a, b],

n n n n
mb—a) = ZmAXj < ijij < ZMijj < ZMij =M — a);
j=1 j=1 j=1 j=1

that is,
m(b—a) < L(P, f) <U(P, f) < M(® - a).
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Thus {U(P, f): P € Z}and{L(P, f): P € £} arebounded sets of real numbers;
consequently they have a finite infimum and supremum.

Definition 1.1.3 Let f € %B|a, b]. The upper and lower integrals of f over [a, b]
are

b b
/f:: inf{U(P,f):Pee@},/f::sup{L(P,f):Pe@},

respectively. If these upper and lower integrals are equal, we say that f is Riemann-
integrable over [a, b] and write

/abf=ff(=/ibf);

fab f, often written L f’ f(x)dx, is called the Riemann integral of f over [a, b].
The family of all functions which are Riemann-integrable over [a, b] is denoted by
Z|a, b], or simply by Z.

Example 1.1.4

(1) Letc € Randlet f : [a,b] — R be defined by f(x) = ¢ for all x € [a, b].
Then for all P € Pla,b], U(P, f) = L(P, f) = c(b — a); hence fabf =
[P f =cb—a)andso f € Zla, bl with [” f = c(b — a).

(i) For the function f of Example 1.1.2 (ii), evidently [”f =b—a and [’ f :=

—(b —a), sothat f ¢ Z[a, b]. However, example (i) above shows that?espite
this, | f| € Z|a, b].

We now proceed to investigate the family %#[a, b] and to develop various proper-
ties of the integral.

Definition 1.1.5 Given any two partitions P, Q of [a, b], Q is called a refinement
of Pif P C Q; thatis, if every point of P is a pointof Q.If P, P, € P[a, b], then
Q := P} U P, is called the common refinement of P; and P».

Lemma 1.1.6 Let f € Pla,b), let K € R be such that | f(x)| < K whenever
x € [a,b], and let P € Pla,b). If Q € P[a,b] and Q is a refinement of P with
exactly k points in addition to those of P, then

i 0<UWP, /)=U, f) <2kKw(P)
and

(i) 0=<L(Q,f)—L(P, f) =2kKw(P).



4 1 The Riemann Integral
Proof 1t suffices to prove (i), since (ii) follows on the observation that
U(P,—f)=—L(P, f)
(see Exercise 1.1.10/3).
The proof of (i) when k = 1 is almost trivial. Let P = {xg, x1, ..., x5}, let
Xy € (xj—1,x;) forsome j € {1,2,...,n} and let Q = P U {x,}. Let
M;-k = sup{f(x) tXj1 <x gx*},M;-k* = sup{f(x) DXy < X ij};
evidently M;‘, M}‘* < M;. Now
UP. f) = U(Q. f) = (M; — M5, — xj-1) + (M; — ME)(xj — x,),
since the other terms of the upper sums cancel. Hence
0=<UP, f)—U, f) =2Kw(P).
Now suppose (i) is false for some k € N. Then there is a least kp € N, necessarily

greater than 1, and an associated Qg € #|a, b] with precisely ko points in addition
to those of P, such that

U(P, f) = U(Qo, f) &[0, 2ko Kw(P)]. (1.1.1)

Delete one point from Q¢ which does not lie in P and let Q| be the resulting partition
of [a, b]. By what has already been proved,

0<U(Q1, f) = U(Qo. f) = 2Kw(Q1) = 2Kw(P).
Further, since (i) holds for k = kg — 1,
0<UP, f)=U(Q1, f) =2ko — HKwW(P).
Addition shows that
0=<UP, f)—U(Qo, f) = 2koKw(P),
which contradicts (1.1.1) and proves that (i) is true for all k. m|

Lemma 1.1.6 is very useful: it shows that the upper and lower sums are decreasing
and increasing respectively on refinement of a partition, and enables the changes in
these sums on refinement to be estimated. It plays a key rdle in the proof of the
following theorem due to Darboux, a theorem which is a cornerstone of the theory
as we shall develop it.
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Theorem 1.1.7 Let f € PBla, b] and let (P,) be a sequence in P[a, b such that
lim;, oo w(P,) = 0. Then

b b
ILH;OU(P”’f):/f’ ILH;OL(me):/f

In particular, f € Zla, b] if, and only if, lim,_, o {U (P,, ) — L(P,, f)} = 0.

Proof Let K € R be such that | f(x)| < K for all x € [a, b], and let ¢ > 0. By
definition of the upper integral, there exists Q € Z|a, b] such that

b
U, f) </ f+e/2.

Let Q have exactly k points. For each n € N, P, U Q is a refinement of P, with at
most k additional points; thus by Lemma 1.1.6,

U(Py, [) = 2kKw(Pp) +U(P, U Q, f)
< 2kKw(Py) +U(Q. f)

5
< 2kKw(P,) +/ f+e/2.

Now, by hypothesis, there exists N € N such that w(P,) < ¢/(4kK) whenever
n > N. It follows that, for n > N, we have

b
0§U(P,,,f)—/f<8.

Hence lim,_ 00 U(P,, ) = fahf. Since fab(—f) = —fabf , the rest follows
directly. o O

Corollary 1.1.8 Forall f € Bla,b), [*f < [’ f.

Proof Let (P,) be a sequence in #[a, b] such that w(P,) — 0. By Theorem 1.1.7,

b b
/ f = lim L(P,, f) < lim U(P,,,f)z/ f.
Ja_ n—oo n—oQ a O

The power of Theorem 1.1.7 is considerable. We use it in the next three sections
to exhibit large classes of integrable functions, to give a rapid exposition of the
basic properties of the integrals defined above, and to provide, at least in principle, a
technique for their evaluation. Before engaging in such matters, however, we prove
an equivalent version of it.
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Theorem 1.1.9 Let f € Bla, b]. Then

b
lim U(P, f)=/ f:

w(P)—0

that is, given any ¢ > 0, there exists § > 0 such that 0 < U(P, f) — fabf <e
if P € P[a,b]l and w(P) < §. Moreover,

b
lim L(P,f)= [ f.
Jmuen= [

Proof To obtain a contradiction suppose that, for some f € %|a, b],

b
lim U(P,f);é/ f.

w(P)—0

Then an & > 0 exists such that, for each n € N, there is a P, € Z[a, b] with the
properties

b
(i) w(P,) < 1/n, and (i) U(P,, f) >/ f+e.

The first property shows that the sequence (w(P,)) converges to zero; the second, in
conjunction with Theorem 1.1.7, that

b b
/ f = lim U(P,,,f)z/ f+e,
a n—o0 a
which is impossible for a positive €. O

Exercise 1.1.10
1. Let A and B be non-empty, bounded subsets of R and let A € R. Put

A+B={a+b:acA,be B} and A\A ={Aa:a € A}.

Show that
(i) sup(A + B) =sup A + sup B,
(i) inf(A + B) = inf A 4 inf B,

AsupA  if A >0,
Ainf A if A <O,

Ainf A if A >0,
AsupA ifA <O.

(iii) sup(rA) =

(iv) inf(LA) = [
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2. Let A be a non-empty subset of a set X and let f : X — R be bounded. The
oscillation of f over A, osc(f; A), is defined to be

sup {[f(x) — f(M]:x,y € A}.
Prove that
osc(f; A) =sup{f(x) :x € A} —inf {f(x) : x € A}.
3. Let f : [a, b] — R be bounded and let P € ZP[a, b]. Prove that
U(P,—f)=—L(P, f)and L(P,—f) = =U(P, f).

4. Using merely the definition of integrability, show that the function f from [0, 1]
to R defined by f(¢) = 2O0<t<1)is Riemann-integrable over [0, 1] and that

1
/f:1/3.
0

[Show that (i) if P € £[0, 1] then U(P, f) > 1/3 > L(P, f); (ii) if P, is that
partition of [0, 1] which divides it into n subintervals of equal length, then

U(Py, f) =+ 1)Q2n+1)/6n*and L(P,, f) = (n — 1)(2n — 1)/6n>.]

5. Suppose a < b and let f : [a, b] — R be bounded and such that f(¢) > 0 for

all 7 € [a, b]. Prove that [” f > 0.
[A subinterval [c, d] of [a, b], withc < d,and an e > 0 exist such that sup { f(@):
a <t <p}>ewheneverc <o < <d.]

6. (Riemann’s criterion for integrability.) Let f € ZAB|a, b]. Then f € Z|a, b] if,
and only if, given any ¢ > 0, there exists P € Z[a, b] such that

U(P, f)—L(P, f) <e.

7. Let f : [a,b] — R. Prove that f € Z|[a, b] if, and only if, there exists a real
number A (: fab f ) with the following property: for each ¢ > 0, there exists
8 > 0 such that

A= fEpaxj|<e

j=1

whenever P = {xg, X1, ...,%,} € P[a,b],w(P) < §and &; € [x;_1, x;] for
each j € {1,2,...,n}.
8. Let f :[0,1] — R be defined by f(x) = /x (0 <x < 1). Let
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1\ [2)\? n—1\?
Pn = 0’ - s\ 3ty ) 1¢.
n n n
Calculate w(P,) and show that lim,_, o w(P,) = 0. Determine L(f, P,) and
U(f, P,), and show that f is Riemann-integrable over [0, 1] and that

1
/ Jxdx =2/3.
0

1.2 Classes of Integrable Functions

Clearly, the utility of any theory of integration depends on commonly encountered
types of function having an integral under that theory. Continuous real-valued func-
tions defined on closed bounded intervals are of such a type. Beginning with some
preliminary discussion of continuity, we show that if f : [a, b] — R is continuous
then f € Z|a, b].

Definition 1.2.1 Let / be anon-empty intervalin Randlet f : I — R.The function
f is said to be continuous at x¢ € / if, given any ¢ > 0, there exists § > 0 such that
if x € I and |xg — x| < §, then | f(x) — f(xp)| < &; it is said to be continuous on
I if it is continuous at each point of /. We say that f is uniformly continuous on
I if given any ¢ > 0, there exists § > O such thatif x, y € I and |x — y| < &, then

[f(x) = f <e.

Note that the essential difference between continuity and uniform continuity on
I is that while for uniform continuity the number § depends only on ¢, in the case of
continuity § depends on ¢ and on xp: there may be no single § which will achieve
the desired smallness of |f(x) — f(xg)| for all xo € I. Although uniform conti-
nuity on / evidently implies continuity on /, in general the converse is false. The
following examples may help to understand the distinction between these two forms
of continuity.

Example 1.2.2

(i) Let I = [0, 1] and suppose that f(x) = x2 for all x € I. Then f is uniformly
continuous on /, for if ¢ > 0 then

[f) =M=+ -y <2x—yl<e

if x,y € I and |x — y| < ¢/2. Hence we may take § = ¢/2.

(i) Let I = [0, 00) and again suppose that f(x) = x> for all x € I. Then f is
continuous on /: to see this let xg € I and ¢ > 0. Given any § > 0 and any
x € I such that |x — xg| < & it follows that x + xo < 2xg + §, and hence
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Lf(x) = f(x0)| = |(x — x0)(x + x0)| < 8(2x0 + 8).

The choice of any positive number § less than 1 := (xg + &)l/2 — xq,say 8 =
n/2, now shows that | f(x) — f(x0)| < ¢ if |x — xg9| < &, and the continuity
of f on I is established. Note the dependence of § on xo. However, f is not
uniformly continuous on /: for if it were, then given any ¢ > 0, there would
exist § > O such thatif x,y € I and |x — y| < §, then ‘xz - y2| < €. But
given any é > 0, if we choosen e Nyx =nandy =n + %S,then [x —y] <é
but |x2 — yz’ = |(n + %8)2 — n2| =én + %82, which can be made arbitrarily
large by choosing n large enough.

(iii) Let I = (0, 1) and suppose that f(x) = 1/x for all x € I. This function is
continuous on [: for given any xo € I and any ¢ > 0, we see thatif x € I and
[x —xg| <8 < xo,

|f () = fxo)l < 8/{xo(x — x0 + x0)} < &/{x0(xo — )}

thus to obtain | f (x) — f(xg)| < & we simply choose § < 8x§/(1+8x0).1tis not

possible to choose § independent of xq; thatis, f is not uniformly continuous on
1

1. To see this, it is merely necessary to observe that % — 731 > Oasn — oo,
while | f(}) = f(47)| = 1 foralln € N.

If I is a closed, bounded interval [a, b] the distinction between continuity and uni-
form continuity on / disappears. To establish this it is convenient to appeal to the
famous Bolzano-Weierstrass theorem: every bounded sequence of real numbers has
a convergent subsequence. A proof of this theorem is given in Theorem A.4.13 of
the Appendix.

Theorem 1.2.3 Leta,b € R, witha < b. A function f : [a, b] — R is continuous
on la, bl if, and only if, it is uniformly continuous on [a, b].

Proof Suppose first that f is continuous, but not uniformly continuous on [a, b].
Then there exists ¢ > 0 such that given any n € N, there are points x,, y, € [a, b]
with |x, — y,| < I/n and | f(x,) — f(yn)| = €. The sequence (x,) is bounded and
so, by the Bolzano-Weierstrass theorem, has a convergent subsequence (x,,(,)) with
lim, s 00 Xm(n) = X, say; clearly lim;, . o0 ym) = x. In view of the continuity of f,

im {f ) = f Om)} = () = f(x) =0.

But, for all n,

S Cmmy) — f(ym(n)| > ¢. Thus
m | f ) = f Omw)| = &,
n— 00

which gives a contradiction. Hence f is uniformly continuous on [a, b]. The converse
is obvious. m|
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An important result, given next, is an immediate consequence of Theorem 1.2.3.
(The reader should also know a direct proof of it, one which bypasses the notion of
uniform continuity. See Exercise 1.2.14/1.)

Theorem 1.2.4 Leta,b € R, witha < b, and let f : [a, b] — R be continuous on
[a, b). Then f is bounded.

Proof Since f is uniformly continuous on [a, b], there exists § > 0 such that
|f(x)— f(»)| < lifx,y € [a,b]and |[x — y| < 8. Choose P = {x9, X1, ...,X,} €
Pla, b] such that w(P) < §. Then

sup [£(x)] = 1+ max |f(x)].

x€la,b]
The proof is complete. O

Armed with this equipment we now return to integration.
Theorem 1.2.5 Leta,b € Rwitha < b, and let f : [a, b] — R. Then:

(1) if f is monotone, f € #a, b];
(i) if f is continuous on [a, b, f € Za, b].

Proof For n € N, let P, = {xo,x1,...,%,} € Z[a,b] be such that Ax; =
b —a)/n (j = 1,2,...,n); plainly the sequence (P,) has the property that
lim,— 0o w(Py) = 0.

(i) Suppose f is increasing on [a, b] (otherwise consider —f). Then M; =
fxj)),mj=f(xj—1)(=12,...,n)and

U(Pa. )~ L(Pu, ) = (b —a)n™" > {f ) — fxj-1)}

j=1
=b-an ' {fb) - f@)—0
as n — oo. Thus by Theorem 1.1.7, f € Z|a, b].
(ii) By Theorem 1.2.4, f € Ala, b]. Let ¢ > 0. By Theorem 1.2.3, f is uniformly
continuous on [a, b]; hence there exists § > 0 such thatif s, 7 € [a, b]and |s — | <

8, then we have | f(s) — f(¢)| < e. Suppose n € N is such that w(P,) < §. Then for
each j € {1,2,...,n},

Mj—mj=sup{|f(s)— f(O)]:s.1€[xj_1,x;]}

(see Exercise 1.1.10/2), and hence

U(Py, f) = L(Py, f) = D (Mj —mj)Axj < (b — a).
j=1
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Since w(P,) < § for all save finitely many n, Theorem 1.1.7 and passage to the limit
as n — oo show that -
b b
05/ i [ rzet-a
a Ja_

The final inequality being valid for all positive ¢, it follows that | ab f=/ ab f . that
is, f € Zla, b]. o O

Note that there are Riemann-integrable functions which are neither continuous nor
monotone: see Exercise 1.2.14/4 for one such example. This fact notwithstanding,
although a Riemann-integrable function need not be continuous, it must have a point

of continuity, indeed, infinitely many such. The next two lemmas are a preparation
to prove this assertion.

Lemma 1.2.6 Let f € Zla,blandleta < c < d < b. Then f € Z[c,d]; more
precisely, the restriction of f to [c, d] belongs to Z|c, d).

Proof Let (P,) be a sequence of partitions of [a, b] such that {c,d} C P, (n € N)
and w(P,) — 0.Let Q, = P, N[c,d] (n € N). Then each Q, € Z[c,d] and
w(Q,) — 0. Since

U(Qn, f) = L(Qn, f) ULy, f) = L(Py, ) (n €N)

and f € Z|a, b], it follows that

Osff—/cdffff—/ibf=0.

Thus f € Z[c, d]. m|

Lemma 1.2.7 Let f € Z[a,b] and v > 0. Then there exists a closed interval
[c,d] C [a, b] such that

i) a<c<d<b,
i) d—c<v,
@iii) osc(f;[c,d]) < v.

Proof Since f € Zla, b], by Exercise 1.1.10/6, there is a partition P = {xq, x1,
..., Xxp} of [a, b] such that

U(P, f) = L(P., f) = D (Mj —mj)Axj < v(b — a).
j=I

Appealing to Exercise 1.1.10/2, it follows that, for some i (1 <i < n),
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osc(f; [xi—1,x;]) = M; —m; = min (M; —m;) <v.
I<j<n

Finally, any choice of closed interval [c, d] such that x;_1 < ¢ < d < x; and
d — ¢ < v has the properties required. O

Theorem 1.2.8 Let f € Z|a, b]. Then there is a real number ¢ suchthata < ¢ < b
and f is continuous at c.

Proof Since f € Z%|a, b],by Lemma 1.2.7, there is aclosed interval [a1, b1] C [a, b]
such that

a <ay <by <b, by —a; < 1and osc(f;[ar,b1]) < 1.

In view of Lemma 1.2.6, f € Z|ay, b1].. Hence a further appeal to Lemma 1.2.7
shows that there is a closed interval [ay, b2] C [a1, bi] such that

ay <a) <by <by, b —ax < 271 and osc(f; [az, b2]) < 21

Continuing in this way, and allowing aq := a, by := b, we see that there is a nested
sequence ([ay, b,]) of bounded, closed intervals such that, for each n € N,

(i) an—1 < ay < by < by—1,

(i) by —ap, < n~ ', and

(i) osc(f [an, bal) < n~".
Applying the Nested Intervals Principle (see the Appendix, Theorem A.4.15), we
see that there exists ¢ € R such that {c¢} = ﬂg"zl [an, by]. It remains to show that f

is continuous at c. Let & > 0. There exists m € N such that me > 1 and, evidently,
for all x € [ay,, by ],

|f(x) = f(O)] < osc(f; [am, bu]) <m™! <.

With § = min{c—ayy,, b;;, —c},itfollowsthat | f(x) — f(c)| < & whenever |x — c| <
8. Thus f is continuous at c. O

Definition 1.2.9 Let .# be a non-empty interval in R. A function ¢ : .# — R is
said to satisfy a Lipschitz condition (on .#) if there exists ¢ > 0 such that for all
s,t e,

lp(s) =) =cls —1].

With this property, ¢ is also described as a Lipschitz-continuous function (on .%);
the number c is said to be a Lipschitz constant for ¢.

Theorem 1.2.10 Suppose that f € Z|a, b] and that f([a,b]) C [«, B]; let ¢ :
[, B] = R be a Lipschitz-continuous function on [«, B, and let h = ¢ o f. Then
h € #a, b].
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Proof Let ¢ be a Lipschitz constant for ¢. By Exercise 1.2.14/6, ¢ is continuous
(uniformly continuous) on [¢, B]. Hence 4 is bounded. Let P = {xo, x1, ..., X,} €
Pla, b] and write Ij =[xj1,x;](j =1,2,...,n). By Exercise 1.1.10/2,

U(P,h)— L(P, h) = Z';zl osc(h; I;)Ax; < cZ';:l osc(f: I;) Ax;
=c(U(P, f)—L(P, f)).

Application of this inequality to the members of a sequence (P, ) of partitions of [a, b]
with w(P,) — 0 now shows, with the help of Theorem 1.1.7, that h € Z[a, b]. O

Corollary 1.2.11 If f is in Zla, b], so are | f| and f>.

Proof Put K = sup{|f(x)]:a <x <b} and let ¥/ = [—K, K]. Then, for all
s, t €9,

s = Il < Is — 1], |s2—t2\521<|s_t|.

The maps t — |f| and ¢ — ¢ each satisfy a Lipschitz condition on .# and so
appeal to Theorem 1.2.10 gives the result. O

Theorem 1.2.10 enables us to generate new Riemann-integrable functions from
functions known already to be Riemann-integrable. The next theorem goes further
along this particular line and includes Theorem 1.2.10 as a special case. The condition
that ¢ is a Lipschitz-continuous function is relaxed, simply requiring it to be contin-
uous. The following lemma which, loosely speaking, asserts that every continuous
real-valued function on a bounded, closed interval is ‘almost’” Lipschitz-continuous,
paves the way for the relaxation.

Lemma 1.2.12 Let ¢ : [a, B] — R be continuous and let ¢ > 0. Then there exists
¢ > 0 such that, forall s, t € [a, B],

[p(s) =) <e+cls —1].

Proof To obtain a contradiction, we suppose the conclusion false. Then there exist
¢ > 0 and sequences (s;), (;) in [«, 8] such that for all n € N,

P (sn) — P (1)l = € +nlsy —tal.

By the Bolzano-Weierstrass theorem, there are points s, ¢ € [, 8] and subsequences
(Sk(n))s (tk(n)) of (s;,), (t,) such that lim,,_, o Skn) = S, lim;,— o tk(n) = 1. Evidently
|¢ (Skn)) — @ (tr(n))| = &; and since ¢ is continuous, we may let n — oo and obtain
|¢(s) — @ (¢)| > e, which implies that s # ¢. However, we then have

lp(s) — Pl

nlggo | (skm) — & (ten)) | = nli)rgo k() sk — ten)

= lim k(n) lim |seen) — teeny| = o0,
n— 00 n—00o
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which is impossible. The result claimed thus holds. O

Theorem 1.2.13 Suppose that f € Zla, b) and that f([a,b]) C [«, B]; let ¢ :
[, B] = R be continuous and seth = ¢ o f. Then h € Z|a, b).

Proof Since ¢ is continuous, 4 is bounded. Let ¢ > 0. By Lemma 1.2.12, there exists
¢ > 0 such that, for all s, ¢ € [«, B8],

[p(s) =) <e+cls —1].
Let (P,) be a sequence of partitions of [a, b] with w(P,) — 0. Then for all n € N,
U(Pp,h) = L(Py, h) <&(b—a)+ c{U(Pn, f) — L(Py, )},

and by letting n — oo we obtain, since f € Z|a, b],

b b
/h—/hfs(b—a).

As this holds for all ¢ > 0, it follows that fabh = fahh, and the proof is complete. O

Note that Corollary 1.2.11 can be obtained from Theorem 1.2.13 even more
directly than before.

Exercise 1.2.14

1. Let f : [a,b] — R be continuous on [a, b]. Use the Bolzano-Weierstrass
theorem to show directly that
(i) f is bounded.
(ii) f attains its bounds; that is, there exist ¢, d € [a, b] such that

f(e)= inf f(x), f(d)= sup f(x).
x€la,b]

x€la,b]

2. Let f: (0, 1] — Rbe defined by f(x) = cos(r/x) (0 < x < 1). Prove that f
is continuous but not uniformly continuous on (0, 1].

3. Let f : (0, 1] — R be uniformly continuous on (0, 1]. Through either a proof or
exhibition of a counterexample, decide whether or not f is necessarily bounded.

4. Let f : [0,1] — R be defined by f(x) = x if x = 1/n for some n € N,
f(x) = 0 otherwise. Show that f € Z[0, 1] and that fol f = 0. [Hint: partition
the interval [0, 1] into n? subintervals of equal length.]

5. Let .# be a non-empty interval in R and let f : .# — R be defined by

fx) = x>

Show that f satisfies a Lipschitz condition on .# if, and only if, .# is bounded.
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. Let .# be a non-empty interval in R and let f : .#/ — R be a Lipschitz-

continuous function on .#. Show that f is uniformly continuous on .#.

. Let f : [a, b] — R be differentiable. Show that f is Lipschitz-continuous on

[a, b] if, and only if, its derivative, f’, is bounded on [a, b].

. (a) Give an example of a Lipschitz-continuous function on [0, 1] which is not

differentiable on [0, 1].
(b) Let f : [0,1] — R be defined by f(x) = xZsin(x"2) if 0 < x < I;
f(0) = 0. Show that f does not satisfy a Lipschitz condition on [0, 1].

. Give an example of a function f € Z[0, 1]\Z[0, 1] which has a point of

continuity in the open interval (0, 1).

Let f € #Zla, b]landletx € [a, b]. Prove that there is a sequence (x,,) of distinct
points in [a, b] such that

(1) lim;, 5o X, = x, and

(ii) each x,, is a point of continuity of f.

1.3 Properties of the Integral

In this section we establish numerous useful properties of the Riemann integral. We
begin with upper and lower integrals.

Theorem 1.3.1 Let f, g € PBla, b] and let 1. € R. Then:

()
(ii)
(iii)
(iv)

)

(vi)

refle= vz Loz L5+ s
if » >0, then f_a”,\f = Af_ff and [Jif =2f [

ifn <0, then [Paf = f"f and [P3f =1 ["f;
if f(t) > g(t)forallt € [a, b], then

b b b b
/fz/gand/fz/g;

if f(t) = g(t) at all but a finite number of points of [a, b], then
b b b b
[r=[sand[ 5= [e:
a a Ja_ Ja_

if f(t) >0forallt € [a, b] and f(c) > 0 at some point ¢ € [a, b] at which f
is continuous, then fab f>0.
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Proof Let (P,) be a sequence in L[a, b] with w(P,) — 0.
(i) By Theorem 1.1.7,

b b
/ f+/ ¢ = lim U(Po, f)+ lim U(Pp,g) = lim U(Py, f +2)
a a n—oo n—oo n—oo
b b
=/ (f+g)z/ (f+g) = lim L(Py. f +g)
a L n—oo
b b
> lim L(P,, f) + lim L(Pn,g):/ f+/ 2.
n—oo n—oo L L

Gi) [P0f =1imysoo U(Pu, Af) = MiMyssoo U(Py, £) = 1[0 f 3 [ fishandled
similarly. o

(iif) [y 2f = Timy o0 U(Py, Af) = Alimy o0 L(Pa, £) = 2J; f ; Jy Af responds
to similar treatment.

(V) [P f =limyoo U(Py, £) > 1m0 U(Py, 8) = [g ; we proceed similarly

1 b

with [ f .

(v) LetK € Rbesuchthatsup{|f(t)|:a <t <b},sup{|g(®)] :a <t <b} <K,
and suppose there are exactly k points of [a, b] at which f(#) # g(¢). Each
such point can lie in at most two of the intervals [x;_1, x ;] associated with the

partition P, = {xo, x1, ..., Xxn}. Let i denote summation over those j such
that f(¢) # g(¢) for some ¢ € [x;_1, x;]; there are at most 2k such j. Then

U Py, /) = U(Py, )| = Z{Mj(f)_Mj(g)}ij < 2K .2kw(Py)

— Oasn — oo.

Hence | ab =/ ab g. That f_f f= f_: g follows from a similar argument.

(vi) Since f is continuous at c, there is a closed interval I, with ¢ € I C [a, b]
and the length /() of I positive, such that f(r) > % f(c) forall ¢t € I. Define

g:la,b] - Rbyg(t) = %f(c) ift € I, g(¢) = 0 otherwise. Then f > g and
s0,by (i), [ f = [ = 3 (@) > 0. 0
We can now establish certain fundamental properties of the integral.
Theorem 1.3.2 Let f, g € Z|a, b] and let . € R. Then:

@ f+grf fgeRlabl [CF+e)=["f+["e [Paf=n["f;
(b) if £(t) = g(t) forall t € [a,b), then [” f > [ g:
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/abf s/ubm;

d) if f(t) = O0forallt € [a,b], f is continuous on [a, b] and fab f =0, then
f=0.

Proof (a) In view of Theorem 1.3.1, all that we have to do is to show that fg €

Z|a, b]; note that by fg is meant the product function # — f(¢)g(z). By the

first parts of (a), f £ g € Z[a, b]; by Corollary 1.2.11, (f + g)> € Z|a,b].

Since fg = le {(f +9)?%—(f— g)z}, it follows from the first parts of (a) that

fg € Zla, b].

(b) This follows immediately from Theorem 1.3.1 (iv).

(¢) By Corollary 1.2.11, | f| € Z|a, b]. Let A = sgn fab f.Then, since Af < |f],

/abf{ﬂ/ubf:/ubxfs/abm

[Note that sgn x := x/ |x| if x € R{0}, sgn0 = 0.]

(d) If f were not the zero function, then there would be a point ¢ € [a, b] such
that f(c) > 0; and then, by Theorem 1.3.1(vi), | ab f would be positive, giving a
contradiction. O

(¢) |fl € Zla, b] and

Theorem 1.3.2 is particularly important: (a) shows that the family of all Riemann-
integrable functions on a given interval [a, b] is a real vector space when addition
and multiplication by real numbers are defined in the obvious way; (b) is useful in
the estimation of integrals of functions by integrals of simpler functions; and (c) will
be so often used that recourse to it should become virtually automatic when faced
with the problem of estimation of an integral.

Another most useful inequality is that of H. A. Schwarz:

Theorem 1.3.3 (Schwarz’s inequality) Let f, g € Z|a, b]. Then

(L) =([ ([

Proof Forall A € R, (f 4+ Ag)> > 0; since f2, g2, fg., (f + rg)*> € Z[a, b] (by
Theorem 1.3.2(a)) it follows from Theorem 1.3.2(b) that fab( f+xg)? > 0and hence

b b b
/ f2+x2/ g2+2k/ fg=0. (1.3.1)
a a a

It [7 g% # 0, the choice of A = — [ fg/ [7 g% in (1.3.1) gives the result; if

b 2 . . b _
/ . & = 0, the choice of [A| sufficiently large shows that J . J& = 0 and the result
again follows. O
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It is next desirable to establish various results concerning the integrability of a
function f : [a, b] — R over subintervals [c, d] of [a, b]. When dealing with objects

such as the integral of f over [c, d], for simplicity we shall use the notation fcd f

rather than the more precise [ Cd g, where g is the restriction of f to [c, d].

Theorem 1.3.4 Leta < ¢ < b and suppose that f € HBla, b]. Then

/Lbf=/icf+£f,ff=ff+fﬁ

Proof Let (P)), (P)) be sequences in P[a,cl, #[c, b] respectively such that
w(P)), w(P)) — 0;let P, = P,UP, foralln € N.Then P, € P[a, b],w(P,) — 0
and

b —c b
f=lim U(P,, f)= lim U(P., f)+ lim U(P/, ) = f+1 f
a n—o00 n—o00 n n—o0 n a c
The lower integrals are handled in a similar manner. O

Corollary 1.3.5 Suppose thata = cy < ¢; < ... < ¢y = b and let f € PBla, b].
Then

/Lbf=;nzl/6jfand/abf=i_6jf.

—17¢j-1 j=17¢j-1

Proof Induction reduces the proof to that of the case m = 2, which is just
Theorem 1.3.4. O

Theorem 1.3.6 Let a < ¢ < b and suppose that f € Bla,b). Then f € X|a, b]
if, and only if, f € Z|a,c]land f € Z|c, b]. Moreover,

/abf=/acf+/cbf

whenever one side of the equality exists.

Proof By Theorem 1.3.4,
b b —c ¢ " b b
/f—/f=(/f—/f)+(/f—/f);

thus by Corollary 1.1.8, [*f = (7 f if, and only if, [ f = [“fand [*f = [’f.
The rest follows from Theorem 1.3.4. o o
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Corollary 1.3.7 Leta < ¢ < d < b and suppose that f € Z|a,b]. Then f €
Rlc,d].

Proof Although this result has already been established in Lemma 1.2.6, we give
the following alternative proof. By Theorem 1.3.6, f € Zla, b] implies that f €
Z|a, d], which in turn implies that f € Z|[c, d]. O

Theorem 1.3.8 Let f € PBla, b] and suppose that f € XZ|[c, d] whenevera < ¢ <
d <b.Then f € #a, b].

Proof Let K be such that | f(x)| < K forall x € [a, b],andletc,d € (a, b),c < d.

Then since f € Z|c, d],
Zf—/icf ff—/Ldf Zf—/ibf

b b
[
<2K(c—a)+0+2K(b —d).

As this is true for all ¢, d € (a, b) with ¢ < d, we may let c — a, b — d to obtain

[r=[

which means that f € Z|a, b]. O

+ -

This last Theorem is a most useful test for integrability: the following examples
give some idea of how it may be used.

Example 1.3.9

(1) Let f : [0,1] — R be defined by f(x) = sin(1/x) (0 < x < 1), f(0) =
1097, Despite the discontinuity at 0, f € Z[0, 1] : for f is continuous on
every subinterval [c, d] of [0, 1] with ¢,d € (0, 1) and ¢ < d, and hence, by
Theorem 1.2.5, f € Z|c, d] for all such ¢ and d; f is also bounded on [0, 1].
By Theorem 1.3.8, f € Z[0, 1].

(i) Let f € HBla, b] be continuous at all points of [a, b] save for a finite num-
ber. Then f € Z[a, b]. To prove this, let the points of discontinuity of f lie
among the points a = ¢y, 1, ..., ¢y = b,wherecg < ¢ < ... < ¢;. By Theo-
rem1.3.8, f € Z[cj_1,cjlfor j =1,...,m; byCorollary 1.3.5, f € Zla, b].

Exercise 1.3.10

1. Let a1,...,ar € R, suppose that a = ¢p < ¢1 < ... < ¢ = b and let
f :la,b] — Rbesuchthat f(1) =«;ift € (cj—1,¢j) (j =1,...,k). Prove
that f € Z|a, b] and that

b k
/ f=> ajlcj—cj-1)
a =1
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irrespective of the values of f at the points c, c1, .. ., Ck.
Let f : [0, 1] — R be defined by f(x) = x~'/?sinx if0 < x < 1, f(0) = 1.
Prove that f € Z[0, 1].

. Let e > 0 and suppose that f € Z[a, b] and | f(t)| > ¢ for all ¢ € [a, b]. Prove

that 1/f € Zla, b].
Let f, g : [a, b] — R be increasing and decreasing respectively, and define

b
p(x) = f(x)— (@ —a)_l/ f@dt (x €[a,b]).

Show that there is a point ¢ in [a, b] such that ¢ (x) < 0ifa <x <c,p(x) >0
if ¢ < x < b. By consideration of the identity

b c b
/ g (0)dx = / g ()dx + / g ()dx,

prove that fah g(x)¢(x)dx < 0 and deduce that

b b b
/ FEg@dx < (b —a)”! (/ f(x)dx) / g(0)dx.

Let ¢, 0 € R and suppose that 6 > 0; let f € HB|a, b]. Show that

YA b (b—0)/0
/ f(®)dt = 9/ f(@t + c)dt, / f(®dt = 9/ f@t +c)dr.

(a—c)/0 (a—c)/0

State and prove the corresponding result for 6 < 0.

Let f : [0, 1] — R be defined as follows: f(t) = 0if ¢ is irrational, f(t) = 1/gq
if t = p/q, where p and g are integers with no common factor greater than 1,
and ¢ > 0. Prove that f is continuous at irrational points but discontinuous at
rational points. Show that f € Z[0, 1] and that

/Olfzo.

1.4 Evaluation of Integrals: Integration and Differentiation

So far we have established that various types of functions have Riemann integrals
and that the Riemann integral has properties which seem both natural and desirable.
We now turn to the task of evaluation. Darboux’s theorem suggests a direct approach,
one that translates the problem into the evaluation of limits of sequences. Unfortu-
nately, however, while this approach leads to systematic procedures for obtaining
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approximations to integrals, in practice it is seldom that these procedures facilitate
the exact determination of a given integral. We present one such procedure below,
together with an application.

Theorem 1.4.1 (The trapezium rule) Let f € Z|a, b] and, for each n € N, let
{x0, x1, ..., X} be that partition which divides [a, b] into n sub-intervals of equal
length and let

1 &
Tp = %é{f(xrfl) + f(x)}.

Then

1 b
lim 7, = / f.
n— 00 b—a a

Proof Foreach r € {1,...,n} putm, = inf {f(x): x,_1 <x <x,} and M, =
sup {f(x) Xpo1 S x =< xr}. Then since

1
mr =3 {(fr—) + fxp)} = M,

it follows that

ba ;m < b_n“ Z}{f(xr_l) +f0) < b%“ZMr,

n 2 —
and so
b—a < b—a <
- Zmr <b-am < _aZMr
" r=1 n r=1
The result now follows immediately from Theorem 1.1.7. O

This is called the trapezium rule because % {fxr—1) + f(x)} @ is the area
of the trapezium with vertices (x,_1,0), (x,, 0), (x,, f(xr)), (x)—1, f(x,—1)) and
(b — a)ty, is the total area of these trapezia.

Example 1.4.2 Leta € R and |a| # 1. We show that

0 ifla] <1,

T
— 2 —
/Olog(l 2acosx +a”)dx = 2rloglal iflal > 1.

Proof The mapping x —> log(l — 2acosx + a?) is continuous and hence inte-
grable over [0, rr]. The trapezium rule and the identity
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— —(1—a2)H( 2acos—+a)

show that the desired integral equals

1 n—1
7 lim — {log(1 —a)* + ZZlog (1 — 2acos il +a2) + log(1 + a)?
n—o00 2n = n
1 n rmw ?
_ . _ 2 _ moo2
nnan;oznlog’(l a)l_ll( 2a cos " —l—a)]
r

= lim —log‘l—a
n—-oon

The stated result follows. O

The ease with which the trapezium rule copes with the above example should not
beguile the reader. For the evaluation of

1 1 n—1
/ Vx(1 —x)dx = lim —Z‘li(l—i)
0 n—-oo n — n n

the rule is unhelpful, and commonly one finds exact evaluation through such rules
impossible. A partial amelioration of this state of affairs comes about via the observa-
tion that given an integrable function, then rapid evaluation of its integral is possible
if the function is recognisable as the derivative of another.

Definition 1.4.3 Let / be a non-degenerate interval in R , let f : I — R and
suppose that F : I — R is differentiable, with F’(t) = f(¢) forallt € I. Then F
is said to be a primitive of f (on I).

Theorem 1.4.4 (The first fundamental theorem of calculus) Let f € Z[a, b] and
suppose that F is a primitive of f. Then

b
/ f =F(b) - F(a).

Proof Let P = {xg, x1, ..., X,} € P[a, b]. By the mean-value theorem, there exists
tj € (xj—1,x;) such that F(x;) — F(xj—1) = f(t;)Ax; (j =1,...,n); hence

n

L(P. f) <> fupaxj =D {Fx)) — Fxj-1)}

j=1 j=1

= F(b) — F(a) =U(P, f).
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Thus

b b
/st(b)—Fw)s/ .

and as f € Z|a, b], the result follows. O

Example 1.4.5

(i) Toevaluate fah x2dx, we note that a primitive of the continuous (hence integrable)
function f,where f(x) = x2,is F, where F(x) = x3/3.Thus by Theorem 1.4.4,

b
/ x2dx = (b° —a)/3.
a
(i) The function f : [—1, 1] — R defined by

1 if0<x <1,
f(x) =140 if x =0,
-1 if-1<x<0

isin Z[—1, 1] as it is continuous on [—1, 1] except at O; but it has no primitive

on [—1, 1] as it does not have the intermediate-value property enjoyed by con-

tinuous functions and functions which are derivatives (see Exercise 1.4.15/11).
(iii) The function F : [0, 1] — R defined by

xZsin(1/x?) if0<x <1,
F(x)_[o if x =0

has derivative f : [0, 1] — R givenby f(x) = 2x sin(1/x?) —2x ! cos(1/x?)
(0 <x <1), f(0) =0. As f is unbounded on [0, 1], it is not in Z[0, 1]. This
gives an example of a function which has a primitive but is not Riemann-
integrable. It is possible to construct a function which is bounded on [0, 1], has
a primitive but is not in Z[0, 1]; this task is much harder. The first published
example is believed to be that of Volterra [18]; see also [7, p. 107], [8, p. 210],
[12, pp. 37-39] and the discussion in [9], 9.3.

Examples (ii) and (iii) exhibit the force of the hypotheses in Theorem 1.4.4.
We can now give the familiar integration-by-parts method for the evaluation of
integrals.

Theorem 1.4.6 Let f, g € Z|a, b] and suppose there are differentiable functions
F,G :[a,b] — Rsuchthat F' = f and G' = g. Then

b b
/ Fg=F(®)G®b)— F(a)G(a) —/ Gf.



24 1 The Riemann Integral

Proof Let H = FG (the product function). Then H' = Fg + Gf; by
Theorem 1.3.2(a), H' € Z#|a, b]; and by Theorem 1.4.4,

b
/ (Fg+ Gf) = F0)G(b) — F(@)G(a),

which gives the result. O

Example 1.4.7

(i) To evaluate fol xe*dx, take F(x) = x, G(x) = ¢*; then

1 1
/ xexdxze—/ e*dx = 1.
0 0

(i) The evaluation of flz log xdx proceeds by taking F(x) = logx, G(x) = x; then

2 2
/ 10gxdx=210g2—/ dx =2log2 — 1.
1 1

Remark 1.4.8 Theorems 1.4.4 and 1.4.6 may be slightly varied to give useful results.
For example, Theorem 1.4.4 may be revised as follows: suppose that f € Z|a, b]
and that there is a continuous function F : [a, b] — R such that F is differentiable
on (a, b) and F'(t) = f(¢) forall r € (a, b). Then fab f=F(@®)— F(a).

The proof is the same as that of Theorem 1.4.4. Theorem 1.4.6 may be similarly
revised.

Associated with Theorem 1.4.4 is a natural question of existence: which functions
in #Z[a, b] have a primitive? The second fundamental theorem of calculus, given
below, provides a partial result in this connection. Bearing upon the question, note
that Theorems 1.3.6 and 1.4.4 show that f € Z[a, b] has a primitive if, and only if,
the mapping x ——> fax f is differentiable and has derivative f.

Theorem 1.4.9 (The second fundamental theorem of calculus) Let J be a non-
degenerate interval in R, let a € J and suppose that f : J — R belongs to Z(I)
for every closed, bounded, non-degenerate interval I C J. Define F : J — R by

faxf ifx>a, xelJ,
F(x)=30 ifx =a,

—[{f ifx<a xel.

Then F is continuous. If f is right- (left-) continuous at xy € J, then F is right-
(left-) differentiable at xoy and

Fi(x0) = f(x0) (F_(x0) = f(x0)).
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In particular, if f is continuous at xo, then F is differentiable at xo and F'(xg) =

S (xo0).

Proof Suppose thatb € J, b > a. Then f € Z[a, b] and there exists a real number
M ,depending on b, suchthat | f(¢)| < Mifa <t < b.Lete > 0.By Theorems 1.3.2
and 1.3.6,ifa < x < y < b, then
y
J
X

if |y — x| < ¢/M. Hence F is continuous at each point of (a, b), is right-continuous
at a and left-continuous at b. A similar discussion shows that F is continuous at
points to the left of a.

Now suppose that f is right-continuous at xo € J and lete > 0. Then there exists
8 > Osuchthat |f(x) — f(xp)| <eif 0 <x —x9 <. Thusif xg < x < x0+ 9,

|[F(y) — F(x)| =

f/ylflfM(y—x)<e

F - F x
= M) f(XO)' = | = x0)! / (f () — fx0))dt
X — Xq o
< (x—x0)"! /x edt = ¢.
X0
Hence F; (x0) = f(x0). The rest is now clear. m]

Remark 1.4.10

(i) Itis convenient to extend the use of the symbol f ax f- So far defined for x > a
and f € Z|a, x], we define it to be zero if x = a, and to be — fxa fifx <aand
f € Z|x, a]. Given this extension, it is immediate from Theorem 1.4.9 that, if
f :J — Ris continuous, then

d X
- (/ f) = f(x) (x € J). (1.4.1)
X a

(i1) Suppose the hypothesis concerning f in Theorem 1.4.9 is relaxed, simply to
require that f € () for every closed, bounded, non-degenerate interval
I C J. Then, adopting an extension of symbols analogous to that of (i), the

maps
X X
xr—)/fandxr—>/f
Ja_ a

are easily proved to have properties identical to those derived for the function
F of the theorem.

Next we give an application of Theorem 1.4.9 which yields the valuable tech-
nique of integration known as ‘integration by change of variable’ or ‘integration by
substitution’.
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Theorem 1.4.11 (The change of variable theorem ) Let ¢ : [a, b] — R be continu-
ously differentiable, let J be a non-degenerate interval in R such that ¢ ([a, b]) C J,
and suppose that f : J — R is continuous. Then

b Q)
/ F@@) )i = /¢ " r

(Note that ¢ (a) need not be less than ¢ (b); the convention introduced in Remark
1.4.10 is to be used in such cases.)

Proof Let F(x) = fg(a) f (x € J). By Theorem 1.4.9, F is continuously differen-

tiable on J and F’ = f. Hence by the chain rule F o ¢ is continuously differentiable
on [a, b] and

(Fog)(t) = f(¢(1)¢'(t) fora <t <b.

Since (F o ¢)’ is continuous on [a, b] it is in Z[a, b], and so by Theorem 1.4.4,

b
/ F@@)¢'(dt = F(¢(b)) — F(p(a))
o)
=/ Jfx)dx,
¢(a)
as required. O

Note that if ¢ is differentiable but ¢’ is not continuous, then the same proof shows
that the result still holds under the additional hypothesis that fab f(@d()' (t)dt
exists.

Example 1.4.12
(i) To evaluate fol Vx(1 — x)dx, note that f : x —> +/x(1 — x) is continuous on

[0, 1]; also ¢ : t —> %(1 +sin t) is continuously differentiable on [—7 /2, 7 /2]
and ¢ ([—n/2, /2]) = [0, 1]. Hence by Theorem 1.4.11,

/2

1
|
/ w/x(l—x)dx:/ Zcos%dz:%.
0

—/2
(i1) SupposeO < u < 1.Themap f : x —> (1 +x2)~1 is continuous on [u, 1] and
¢t — t~Lis continuously differentiable on [1, u’l]. By Theorem 1.4.11,

w1 1
/(1 + )7 ldr = /(1 + x2)7ldx;
1 u
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by Theorem 1.4.9,

1 1
lim [ (1+x2)"ldx = /(1 ) lax =2,
u—0+t 4
0

u

Hence, as v — o0,
v 1
tan !y = /(l +x2)*ldx — 2/(1 +x2)’1dx = %
0 0

We conclude this section by giving two ‘mean-value’ theorems for integrals of
products of functions; these are useful in the estimation of integrals which are difficult
to evaluate directly.

Theorem 1.4.13 (The first mean-value theorem for integrals ) Let f : [a, b] — R
be continuous, and suppose that g € Z|a,b] and g(t) > 0 fora <t < b. Then
there exists & € [a, b] such that

/:fg=f<5)/abg.

Proof Letm and M be respectively the minimum and maximum value of f on [a, b].
Then for all 7 € [a,bl, mg(t) < f(1)g(t) < Mg(t), andsom [* g < [/ fg <
M fab g. Hence by the intermediate-value theorem, the result follows. O

Note that the special case in which g = 1 shows that

b
/ f=W0G-a)fé).

Theorem 1.4.14 (The second mean-value theorem for integrals ) Suppose that f :
[a, b] — R is monotone, differentiable and such that f' € #|[a, b); let g : [a, b] —
R be continuous. Then there exists & € [a, b] such that

b 3 b
/fg=f(a>/ g+f(b>/S 0.

If in addition f is decreasing and f(t) > O for all t € [a, D], then there exists

¢ € la, b] such that
b ¢
/ fg&= f(a)/ 8-
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Proof Let G(x) = fux g fora < x < b; by Theorem 1.4.9, G'(x) = g(x) on [a, b].
Integration by parts (Theorem 1.4.6) now shows that

/a " fo = F0IGH) - / “6r.

As G is continuous and either f/(¢r) > O for all ¢+ € [a, b] or f'(t) < O for all
t € |a, b], it follows from Theorem 1.4.13 that there exists & € [a, b] such that

b b
/fg=f(b)G(b)—G(€)/ fr=f®dG®B) +{f(@)— f(B)}GE)

3 b
=f(a>/ g+f(b)/E g

For the second part, note that either G(b) > G(&), in which case
f@G®) = fF(O)GD)+{f(a) — f(B)GE) = f(@G$);
or G(b) < G(&), so that
F@GE) = fOGD) +{fa)— f(B)}GE) = f(a)G(b).

Whichever is the case, the intermediate-value theorem shows that there exists ¢ €
[a, b] such that

¢ b
f(a)/ §=f@G@) = fB)GD) +{f(a) - f(B)}G(E) =/ fg

Exercise 1.4.15

1. Let f € Z[a, b] and suppose that for each n € N and each r € {1, ..., n}, real
numbers E,(") are chosen so that

a+ @ —Db-a)/n<&" <a+rb—a)/n.

Prove that

n b
iim > fE") = k-0 [ 1
r=1 a

n—oo n

2. Using the result of the preceding exercise, show that

T 1
@) / sinxdx =2, (ii) / e tdx=1—¢"".
0 0
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3.

Prove that
1 n
T 1 . 1
Z:/o 1+t2dl='1£ngon;—n2+r2.
. (Simpson’s rule) Let f € %|a, b] and, for each n € N, let {xg, x1, ..., x2,} be

that partition which divides [a, b] into 2n sub-intervals of equal length and let
1 n
On = D (f(ar2) +4f (o) + f (1)}
n r=I1

Show that

1 b
nlggogn - (b—a)/‘; /-

. Let f : [a,b] — R be differentiable and suppose that f’ € Z[a, b]. Using

integration by parts, show that

b b
ﬁm/ﬁﬂan@mzo,ﬁm/ﬁﬂQMthza

(This is a special case of the Riemann-Lebesgue lemma: see Exercise
1.7.17/16.)
Let f : R — R be continuous and define G : R — R by

Gx) = /Smx f@®dt (x e R).
0

Show that G is differentiable on R and compute G’.

. For each A > 0 let I, (x) be defined by

IL(x) = /ﬂ %sin(kt)cosec(t/Z)dt 0 <x <2m).

Prove that
Iim I(x) =0 (0<x <2m).
A—>00

By considering 7, 1 (x)—1,_ 1 (x), show that the series >~ | S“‘% converges
for 0 < x < 27 and find its sum. Deduce that

T _, 1+1 1+
4 35 7 7
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Let @ > 0 and suppose that f € Z[0, a]. Prove that

a a 1 a
/ Sx)dx =/ fla—x)dx = 5/ (f(x) + f(a—x))dx.
0 0 0
Show that
/a log(1 +tanatanx)dx = alog(seca) (0 <a < m/2).
0

For all real ¢ > 0 and all integers n > 0, let

1
I, = I,(@) = / (1 — x*)" cos(ax)dx.
-1

Show thatif n > 2,
o’ =2n2n — DI,_y — 4n(n — 1)1,_s,
and deduce that for alln > 1,
P (o) = n! {Py () cosa + Op (o) sinal,
where P, and Q, are polynomials of degree less than 2n 4 1 with integer
coefficients.
Show that if « = 7/2 and if /2 were equal to b/a for some positive integers
a and b, then
Jo = b (e /2) /0!
would be an integer. By considering what happens to J, as n — oo, prove that
7 is irrational.

Let J(n) = [/ sin" 0d6 (n = 0, 1,2, ...). Prove that

Qn)n T4l - (n!)222n
et et D =G

J(2n) =
and that, forn > 1,

J2n)J2n+1) < J2(2n) < J@2n)J(2n —1).
Deduce Wallis’s inequality:

L (2m")?
(n+3)7 )2

<— (meN)
nmw
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and hence obtain Wallis’s product:

24n(n!)4
7= lim —.
n—o00 n((2n)!)?

Let f : [a, b] — R be differentiable and let f'(a) < ¥y < f'(b). Prove that
there exists ¢ € (a, b) such that f'(c) = y. (A similar result holds, of course, if
f'(@) > f'(b).) [Hint: consider g(x) = f(x) — yx.]

Give an example of a function f : [0, 1] — R which has a primitive, is in
Z]0, 1] and is not continuous.

Using Theorem 1.4.14, or otherwise, show thatif 0 < a < b, then

b .
sin x 2
/ dx| < —.
. X a

Let I =[0,1]andlet g : I x I — R be defined by

1 — y if x is rational,
y if x is irrational.

glx,y) = [

Show that

1 1 1 1
/ (/ g(x,y)dx)dy#/ (/ g(x,y)dy)dx-
0 0 0 0

Leta € R, |a| # 1, and let
T
I(a) = / log(l — 2acosx + az)dx
0

(see Example 1.4.2). By splitting the domain of integration into [0, 7 /2] and
[7/2, 7], and then making the substitution x = 7 — y in the integral over
[7/2, ], show that I (a) = %I(az). Hence calculate I (a).

(Van der Corput’s theorem) Let k € N, A > 0 and suppose that f : [a, b] - R
has derivatives of all orders and | f (k) (x)| = 1forall x € [a, b]. Show that there
is a constant cg, independent of f and A, such that

< a1k

b
/ cos(Af(x))dx

provided that either (i) k > 2, or (ii) k = 1 and f’ is monotone (increasing or
decreasing).
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[Hint: For (ii), write

b b 1 d )
/a cos(kf(x))dx:/a Wa(sm()\f(x)))dx

and use integration by parts. For (i), use induction: Let P (k) be the proposition
that the desired inequality holds for some &, assume that P (k) holds, suppose
that f*+D(x) > 1 for all x € [a, b], and let ¢ be the unique point in [a, b]
at which | f (k)| assumes its minimum. If £® (¢) = 0, consider the intervals

la,c — 8], [c — 8, c+ 8], [c+ 8, b] for suitable § > 0; if f®)(c) # 0, note that
cis either a or b.]

1.5 Applications

Here we give a variety of results to illustrate the use of integrals in different parts of
elementary analysis.

1.5.1 The Integral Formula for the Logarithmic Function

To begin, recall that the exponential function exp : R — R™ defined by expx =
>l fl—r,l (x € R) has various pleasant properties: it is differentiable and (expx)’ =
expx for all x € R; exp(x).exp(—x) = 1 forall x € R; expx > O forall x € R
and exp is strictly increasing; exp(x + y) = exp(x).exp(y) for all x, y € R; for all
neZ, x"expx - coasx — 00.

Since the exponential function is strictly increasing and has everywhere a non-zero
derivative, its inverse, log : RT™ — R is also strictly increasing and differentiable.
This inverse, the logarithmic function, is defined by

log(expx) = x forall x € R;
or, equivalently, by
exp(logy) = y forall y e R,
From the properties of exp mentioned above it follows directly that for all u, v > 0,
log(uv) = logu + logv, (logu) = 1/u;

and that

lim logu = oo, lim logu = —oo.
Uu— 00 u—0+
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Since

log(1 + h) —log 1
h

1
1= "Nu=1 = li = lim —log(1 + A
(logu)” |u=1 = lim Jim - log(1 + h)
. 1 . \"
= lim nlog{1+—) = lim log{1+—-) ,
n—oo n n—o00 n

use of the continuity of exp shows that

\" 1\"
exp(1l) = exp ( lim log (1 + —) ) = lim exp (log (1 + —) )
n—o0 n n—oo n
1 n
= lim (1+—> =e.
n—00 n

Hence

oo
1
e =exp(l) = E = and loge = 1.
n!
n=0

As for powers, induction shows that for all n € Z and all # > 0,

t" = (exp (logt))" = exp (nlogt).

1 m
(exp (— log t)) =exp(log?) =1t,
m

1
"M = exp (— log t)
m

for all m € N and all # > 0. Consideration of these results shows that for all » € Q
andall¢t > 0,

Since

it follows that

t" = exp(rlogt).

This makes it natural to define t*, for any real number « and any ¢ > 0, by

t* = exp(alogr).
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It is now easy to verify that the usual laws of indices hold, that the function t — ¢
is differentiable on (0, 0o) and that (%) = ¢t~ !. Thus a primitive of the function
t —> 1% on (0, 00) is the function with values (1 + )~ 'r!'T% (@ # —1) and
logt (¢« = —1). The function # —  is continuous and is therefore in Z[x, y] if
0 < x <y < oo; by Theorem 1.4.4,

y
/ t%dt =
X

Evidently [, t~!dt =logx (1 < x < 00), fxl t~'dt = —logx (0 < x < 1); hence

(1 —‘,—Ot)fl (yl+a _x]+ot) ifa # —1,

logy —logx ifo =—1.

X
1ogx=/ t~ldr if0 < x < oo.
1

This integral representation of the logarithmic function is often taken as the def-
inition of log x; various properties of the function follow in a simple way from it.
Thus if x, y > 0, then

Xy X xy
/ t~Ldt :/ t~dt +/ t~lat,
1 1 x

and use of the substitution s = ¢/x in the second integral on the right-hand side gives

Xy X y
/ fldtz/ fldt+/ s~ ds,
1 | |

so that
log(xy) = logx +log y.

Information about the growth of log x with x can be obtained very easily from the
integral formula. For if 0 < ¢ < @ and x > 1, then

x X €1
x %logx = xf"‘/ 1t < xf"‘/ # 7 = x7 (x )
1 1 €

< x*7Y/g;

hence x~* logx — 0 as x — oo, provided that & > 0.
Series expansions can also be obtained by use of the integral representation. The
identity

A+ =D (= =+ (=" (¢ £ -1)

r=1
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(obtained by summation of the geometric series > _, (—1)"~1) shows that if —1 <
x <1, then

‘/Xu +t)*‘dt—Z/X(—t)’*‘dt
0 /0

- /x(l +07 (—)"dt
0

xn+1

n+1)’
n+1|

if0<x <1,

IA

|x
n+ DA +x)’
— 0asn — oo.

if —1<x<0

We thus have
log(1 + x) :iﬂxr if —1<x<1.
r=1 g
In particular, this gives
log2 = i %
r=1

Lastly, yet another use of the integral representation of the logarithm leads to a
very simple proof of the famous arithmetic-geometric mean inequality: this asserts
that given any natural number 7, any positive numbers aj, ..., a, and any positive
numbers p1i, ..., p, such that p; + ... + p, = 1, then

n n
Gy ::Hafrf E pray = Ay,
r=1 r=1

with equality if, and only if, the a, are all equal. To prove this, note that forall x > 0,

X
x—l—logx:/1 (l—t 1)dt20;

moreover, equality holds if, and only if, x = 1. If the a4 are all equal, then plainly
G, = Ay,; and if they are not all equal, then G, < A, since

n n
AnG;] —-1= Zpk (akG;1 — 1) > Zpklog (angl) =0.
k=1 k=1
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1.5.2 The Integral Test for Convergence of Series

Theorem 1.5.1 Letr € N, let ¢ : [r, 0c0) — [0, 00) be decreasing and put

n

n+1
an=2¢(k)—/ ¢ (neN,n=r).

k=r

Then there exists a € R such that a, 1 aasn 1 0o, and 0 < a < ¢(r). Moreover,

the series > o> ¢(n) converges if, and only if, the sequence ( fr" ¢)n>r converges.

Proof Since ¢ is monotone, it is Riemann-integrable over every closed, bounded
interval contained in [r, 00). Fork > r, k € N,

pk+1)=¢p@) =¢pk)ifk <t <k+1,

and hence

k+1

pk+1) < A ¢ < k).

Thus
n n+1 n
Sowrns [ o= ow.
k=r r k=r

which implies that
n n+1
0=D 0w~ [ ¢=60) =00+ 1) <00
k=r r

It follows that (a,) is an increasing sequence bounded above by ¢ (r), and so there is
areal number a with a,, 1 a as n 1 oco. The rest follows directly from the definition
of a,. O

Example 1.5.2 Suppose that > Oandlet ¢ () =¢t~* (1 <t < 00). Then

/’” e [ (1—a) tm'*—1)ifa #1,
1

logm ifa=1.
By Theorem 1.5.1, there is a real number A, such that as m — oo,
m—1

m
Z n —/ 17t — Ay,

n=1 1
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Moreover, since
m
lim 7%t = [

m—0oQ 1

00 if <1,
(=D Vifa > 1,

we see that Z;’il n~% converges if « > 1 and diverges if « < 1. (When o < 0
the series diverges as the nth term fails to converge to 0 as n — 00.) The choice of
o = 1 shows that

1 1
A= lim {14+ -+ ...+ —— —logm | < o0;
2 m—1

m—00

this constant A1 is known as Euler’s constant, is usually denoted by y, and is approx-
imately equal to 0.5772.

1.5.3 Taylor’s Theorem and the Binomial Series

Decidedly the most useful version of Taylor’s theorem, from the point of view of
estimation of the remainder, is that which expresses the remainder as an integral. We
present this version here, and then illustrate its use in obtaining the binomial theorem
for an arbitrary real exponent.

Theorem 1.5.3 (Taylor’s theorem ) Let J be an interval in R, let o and B be distinct
points of J, let f and its first n derivatives (for some n € N) be real-valued
functions defined on J, and suppose that f™ e Z(I) for each non-degenerate,
closed, bounded interval I C J. Then

n—1
_ f(k)(a) k 1 s n—1 r(n)
f(ﬂ)—; o B+ (n_l)!/a (B —0"" fP @)t

Proof When n = 1, the result follows directly from the fundamental theorem of
calculus (Theorem 1.4.4). When n > 1, put

1 p k—1 r(k)
Ex(B) = m/a B=—0"""f®dt (1 <k=<n).
By Theorem 1.4.4, E1(B) = f(B) — f(«); and by Theorem 1.4.6,

Nk
Er(B) — Ext1(B) = %ﬂ")(m (AI<k<n—1).
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Summation of this over k from 1 to n — 1 then gives

n— 1(/3
fB) — fle) — f(")( ) = E.(B),

k=1
as required. O

Theorem 1.5.4 (The binomial series theorem) Let a € R. Then

a+xwz1+§:G)w (—1 <x < 1),
n=l1

where

" P (n € N).

(a) _aa—=1)..(a—n+1)

Proof Let x € R, |x| < 1. Application of Theorem 1.5.3 withe = 0, § = x and
f(@) = (1 41)* gives

A+0 =1+ (Z)x" + Ent1 (3),

k=1

where

Epp1(x) = / . a—1...a—n)(1+0*""1ar.

It remains to prove that lim;_, o E;+1(x) = 0. Put

(14+x)1 ifa>1,x>0,
1 ifa>1,x <0,
1 ifa<l1l,x>0,
(1+x)" ifa<l,x<0O.

Ca(x) =

Note that (1 + )41 < C,(x) for all 7 between 0 and x, and hence

r

n

la(a — 1)...(a — n)|
n!

X —1
I+

|Ent1(x)] = Ca(x)

dt‘.

xX—t
141

Since

< |x| for all # between 0 and x,

[Epp1(0)] < up(x),
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where

la(a — 1)...(a — n)|
n!

Uy (x) = Cq(x) x|t

The ratio test now shows that > u,, (x) convergesif |x| < 1 :hencelim,_, o0 tt,(x) =
0, and so lim,,— 5 Ep+1(x) = 0. O

1.5.4 Approximations to Integrals

To conclude this section we return to the topic of evaluation. At the beginning of
Sect. 1.4 we noted the relative failure of procedures, such as the trapezium rule,
to effect exact evaluation of the integral of a given function. Nevertheless, these
procedures do have merit from the point of view of approximation. Provided that a
given function is sufficiently regular, in principle its integral may be computed to
any pre-assigned degree of accuracy. Theorem 1.5.6 below substantiates this remark
for the trapezium rule; the following lemma prepares the ground.

Lemma 1.5.5 Leth > 0, let f :[—h, h] — R be twice differentiable and suppose
that f® € Z[—h, h). Then

2
<h sup 12|

—h<t<h

h
‘/hf(X)dx —h{f(=h)+ f(h)}

Proof Let L : Z[—h, h] — R be defined by

h
L(u) = / u(x)dx — h{u(=h) +uCh)}.
h

Whenever u is continuously differentiable,

h h
LG = —/ xuD (x)dx = —/ ©fuD 0 — V)] dx.
—h —h

Plainly the mapping L is linear; moreover, L(p) = 0 whenever p is a polynomial of
degree at most 1.
Let M := sup_j -, |f(2) (t)|. Evidently

h X
L(f)=- / x ( / f(z)(t)dt) dx,
—h 0
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and hence

h 2
dx < M/ x2dx = §Mh3.
—h

h
L) 5/
—h

Theorem 1.5.6 (Error estimates for the trapezium rule) Let f : [a, b] — R be twice
differentiable and suppose that f® € Z|a, b). Let {xo, x1, . . ., x,} be that partition
of [a, b] which divides it into n intervals of equal length and let

x /X FP@)dr
0

O

1 &
Tp = E E{f(xrfl) + f(x)}.

Then

45 sl

12 a<t<b

b
‘(b -~ a)*/ fx)dx — 1,

Proof Put M = sup,—,p, |fP @) and h = (b — a)/2n. For 1 < r < n, let
gr : [—h, h] — R be given by

&)= [+ &r-1+x)/2).

Then g, is twice differentiable, g'* € Z[—h, h] and

h
‘/hgr(t)dt — higr(=h)+ g} < %MhS.

It follows that, for 1 <r <n,

Xr b —
/ fwdi =D o+ Fn)
Xr—1 n

1 b—a\’
< —M .
— 12 n

Exercise 1.5.7

1. Let ¢ : [a,b] — R be continuous and such that ¢ () > 0 for all ¢ € [a, b].
Prove that
1 b 1 b
—/ log ¢ (1)dt < log —/ ¢ (t)dt ¢ .
b—a /), b—a J,

2. Prove that Zi’,":z W converges if @ > 1 and diverges if « < 1; and that
> ——L diverges.

n=3 nlognloglogn
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3. Prove thatas n — oo, >/, (& — ,Ls) — slogn (s > 1) tends to a limit ¥ (s),
where 0 < ¢ (s) + ﬁ <s—1.

4. Letn € Nandlet f : [a, b] — R be such that f(") is continuous on [a, b]. Show
that if o and B are distinct points of [a, b], then

(k)
£ - Zf @ (6 — ) = Ra(P).

where
AR
(n—1)!

(n)
R, (B) = / (y) B-a) = B-1"""B-a

for suitable y and A between « and .

5. Let J be a non-degenerate interval in R, and leta € J. Let f : J — R be
a function possessing a primitive, and suppose that f € Z(I) for each non-
degenerate, closed, bounded interval I C J.Forn € N, let f;, : / — R be
defined by

J1(x0) =/ f@dt; fu(x) =/ Ja—1@)dt (n = 2).

Prove that

X (x _ t)"_l
fal) =/ C ="t e Jin e N,
. =D

6. (i) Letd, =logn! — (n+ 1) logn +n (n € N). Prove that

1 1
dy — dp41 =(n+—)log(l+—)—l
2 n

1 1
T 3Qn+1)2 + 5Q2n + 1)* +

1 1 1
< R E——
3{@n+12—1} 12n 120+

Letc, = d, — I;—n (n € N). Show that the sequences (c,) and (d,) are
increasing and decreasing, respectively, and that each is convergent. Let
lim, oo dy = A.

(ii) Let a, = n!e"n_(’”%) (n € N). Show that lim,_.»ca, = ¢* and that

et = limy,_ oo (a,%/az,l) = «/2m. Deduce Stirling’s formula:
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! 1/2 n .
n!~ 2an)/“(n/e)" asn — oo;

that is,
lim n!Q7n)""*(n/e)™" = 1.

n—0o0

7. (Error-estimates for Simpson’s rule-see Exercise 1.4.15/4.)

(i) Leth > 0.Let L : Z[—h, h] — R be defined by

h
L(u)=/ u—%{u(—h>+4u<0>+u(h>}.

—h

Prove that L is a linear mapping and that its kernel contains the class of
polynomials of degree at most 3.

Let f : [—h, h] — R be four times differentiable and suppose that f® e
H[—h, h). Prove that

/8
L= g5 s [r90)-

—h<t<h

(ii) Let f : [a,b] — R be four times differentiable and suppose that f* e
Zla, b]. Let {xq, x1, . .., X2, } be that partition of [a, b] which divides it into
2n intervals of equal length, and let

1 n
Op = @ E{f(XZr—Z) +4f(x2r—1) + f(x2r)} .

Prove that

Gt A FOw|.

- 2880” u<t§b

‘(b—a) 1/ f—6] <

[Hint for part (i): Taylor’s theorem shows that

L(f)=L( / = f(4)(t)dt)

exercise 5 above shows that

dx (/ (x — f(4)(t)dt) / (x — f(4)([)dl]
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1.6 The Improper Riemann Integral

The theory so far developed requires that the functions to be integrated should be
bounded and that the integration should take place over a closed, bounded interval.
These conditions mean that we are unable to attach a meaning to symbols such as
o x 7 Pdx, [ e dx or [C(x — 1) =" dx; and our object here is to relax
these constraints so that the notion of an integral is more widely available, and in
particular may be able to deal with problems to be encountered in Complex Analysis:
see Chap. 3.

Definition 1.6.1 Let J be anintervalin R. By %, (J) we mean the family of all real-
valued functions f, with domain containing J (and depending upon the particular
function f), such that for every closed, bounded, non-degenerate interval I C J,
flre Z(I). For simplicity we shall write %), (a, b) for Z;,c((a, b)), Ziocla, b) for
Fioc(la, b)), etc.

Note that Zj,c (J1) C Zjoc(J2) if J1 D Jp. Corollary 1.3.7 shows that if J is non-
degenerate, closed and bounded, then Z(J) = Z;,.(J); otherwise this equality fails
to hold since Z(J) is not defined. As an example of the kind of functions we have
in mind consider the function f : (0, 1] — R defined by f(x) = x 1T O<x<1):
this is continuous on (0,1] and so is Riemann-integrable over every closed interval
[a, b] C (0, 1]; hence it is in Z;,-(0, 1].

Definition 1.6.2 Let a € RU {—oc}, b € R U {oo}, a < b, and suppose that
f € Zjoc(a, b); assume also that there exists ¢ € (a, b) such that

4

c
lim f and lim f existinR. (1.6.1)
v—>b—

u—a-+ u ¢

Then f is said to be improperly Riemann-integrable over (a, b), and the improper
Riemann integral of f over (a, b), denoted by (I R) fab for fab £, is defined to be

lim / f+ hm f. (1.6.2)
u—a-+
Remark 1.6.3
(1) If a = —oo0, by lim,_, ,+ we mean lim,_, _; similarly if b = oo, lim,_,_

means lim,_; oo.

(i1) The definition of the improper Riemann integral is independent of the choice of
cin (a, b), for given that the limits in (1.6.1) hold for some particular ¢ € (a, b),
then for all d € (a, b),
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c v d c v
lim/f~|—lim/f=1im f+/f+lim/f
u—a+ J, v—>b— J, u—a+t [, d v=>b=J¢

d v
= 1l li .
u—1>I£ll+\/L; f + vj)rlrylf/d f

Example 1.6.4 Leta = —00, b = oo, f : R - R where f(x) = (1 + x?)~!
(x € R). As f is continuous, f € Zj,.(R). Moreover, taking ¢ = 0 we see that

v
/ (1 +x2)_1dx =tan v — % as v — 00,
0

and
0 T
/ (1 —i—xz)*ldx =—tan"'u > ) asu — —oo,
u
so that
o0
(IR)/ 1+ x> ldx = 7.
—00

Lemma 1.6.5 Let a,b € R, a < b, and suppose that f € Zla,bl. Then f is
improperly Riemann-integrable over (a, b) and

(IR)/abfz/abf-

Proof By Corollary 1.3.7, f € Zjocla, b]. By Theorem 1.4.9, given any ¢ € (a, b),
the function u —— fL " f is continuous on [a, b]. Hence

s [r=fn o=
(IR)/abf=[f+/cbf=/abf.

This result shows that the improper Riemann integral is an extension of the Rie-
mann integral. It also means that there will be no confusion if we denote the improper
Riemann integral by | ab f, and we shall do this from time to time.

We now give a number of results which make it easier to determine whether or
not a given function is improperly Riemann-integrable over a given interval.

and so

O
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Lemma 1.6.6 Suppose that —0o0 < a < b < oo and that f € Zjocla, b). Then f
is improperly Riemann-integrable over (a, b) if, and only if,

v
lim / f existsinR, (1.6.3)
a

v—>b—

where the integral in (1.6.3) is a Riemann integral. If this limit exists, then

(IR)/ f= hm f.

Proof Suppose that f is improperly Riemann-integrable over (a, b). Then there exist
c € (a,b) and @ € R such that lim,—;— [ f = . Since

/avf=/:f+/cvf

for all v € [a, b), it follows that

v c
lim/f=a+/ I
v—=>b— J, a

Conversely, let § = lim,_,_ faV f (note that B is finite) and let ¢ € (a,b).
Then lim,—,— [’ f = B — [ f and as in the proof of Lemma 1.6.5 we see that
limy—a+ [ f= [ f.Hence f is improperly Riemann-integrable over (a, b) and

(IR)/abf=/:f+ﬁ—/aCf=ﬁ-

Remark 1.6.7 The same style of proof shows that if —oco < a < b < oo and
f € Zjoc(a, b], then f is improperly Riemann-integrable over (a, b) if, and only if,

O

limy,— 44 f ub f exists in R; if this limit exists, then

(1R>/ /= lim /f

Example 1.6.8 Leta € R,a > 0, f(x) = x“. Then:

(1) f is improperly Riemann-integrable over (a, o0) if, and only if, « < —1; and
ifo < —1,then [ f =—a'"/(1+a);
(i) f is improperly Riemann-integrable over (0, a) if, and only if, « > —1; and if
> —1,then [§ f=a'""/(1+a);
(iii) f is not improperly Riemann-integrable over (0, 00).
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To establish these results, note first that as f is continuous on (0, co), the function
fisin %, (0, 00) no matter what « is. Moreover, if v, ¢ € (0, 00), then

A+ o) tHte — o) if o £ —1,

v
/ f= (1.6.4)
¢ logv —logc ifo =—1.

Since lim,—« [, f exists in R if, and only if, @ < —1; and lim, o4 [/ f exists in
R if, and only if, « > —1, (iii) follows immediately. From (1.6.4), with ¢ = a, and
Lemma 1.6.6 we obtain (i); (ii) follows similarly with the aid of Remark 1.6.7.

Lemma 1.6.9 Let a,b € R, a < b; let f : (a,b) — R be bounded and in
Rioc(a, b); suppose that g : [a, b] — Rissuchthat g |(qp= f.Then g € Zla,b],
f is improperly Riemann-integrable over (a, b) and

b b
(IR)/f=/8~

Proof By Theorem 1.3.8, g € #Z|[a, b]. The rest follows from Lemma 1.6.5. m]

Example 1.6.10 Let f : (0,1) — R be given by f(x) = (logx)log(l — x) for
0 < x < 1. We claim that f is improperly Riemann-integrable over (0, 1). For since

X

log(1 —x) log(1 —x)
== ==

lim f(x) = lim [xlogx- = lim (xlogx) lim [
x—>0+ x—>0+ x—>0+ x—>0+
=0

and

. . log x
lim f(x)= lim {—— - (1 —x)log(l —x); =0,
x—1— x—1-11 X

it follows that f is bounded. Thus by Lemma 1.6.9, f is improperly Riemann-
integrable over (0, 1).

Theorem 1.6.11 Let —oc0 < a < b < oo and let f : [a,b) — R be non-negative
and in Ziocla, b). Then | ab f exists if, and only if, there is a constant K € R such
that favf < K forallv € (a, b).

Proof If fab [ exists, the result is immediate. For the converse, let ¢ > 0 and observe
that F(v) := fav f <Kifve(a,b);put F=sup{F():v e (a,b)}. There exists
vi € (a,b)suchthat F — & < F(v;) < F,andsince F isincreasing, |F(v) — F| < &
whenever v| < v < b. Hence F = lim,_, o F(v) = fab f. ]

This theorem is a particularly useful one, for it enables a comparison test for

integrals to be obtained, similar to that for series with non-negative terms. For exam-

ple, to show that the improper Riemann integral fooo %dx exists, it is enough to
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observe that for all v € (0, 00),

v v
1
/ |cosx|dx S/ dx < zy
0 1~|—)C2 0 1—|—x2 2

for then Theorem 1.6.11 does the trick. However, it applies only to non-negative
functions. Nevertheless, Theorem 1.6.11 coupled with the following result enables
us to cope with a wide variety of situations.

Theorem 1.6.12 Let —co < a < b < 0o and suppose that f € Zjocla, b). Then if
fab | f| exists, so does fab f.

Proof Let v € (a,b). Then as f € Zla,v], so do f1, f~ and |f| (recall that
fr=3 41D f~=5f1= ). Also

v v v b
OS/f—,/ﬁs/ |f|s/ 1.

By Lemma 1.6.6, f* and f~ are improperly Riemann-integrable over (a, b); hence

% % \% %
1. — 1. + _ — — l. + _ l. / _’
i [r=m [t == [t [
and the result follows. m]

As an illustration of the usefulness of this result, note that it shows directly that
the function f : (0, 00) — R given by f(x) = CO“ 5 (0 < x < 00) is improperly

Riemann-integrable over (0, 00), since we know that fo |fi—::;ldx exists.

Remark 1.6.13 The converse of Theorem 1.6.12is false: if f isimproperly Riemann-
integrable over (a, b) it does not follow that (I R) f ab | f1dx exists. To illustrate this
let f : [0, 00) — R be defined by f(x) = % (x > 0), f(0) = 1. We claim that
f is improperly Riemann-integrable over (0, oo) but that | f| is not. To justify this,
note that foreachm € N, m > 2,

m—

ma | (n+1)m (n+1)m
/ Isinl z/ 'Smx| Z / |sin x| dx
e X — p— Vl + 1)7[
m—1 m—1
1 4 2 1
Z —/ sinxdx = — z
1(n+l)7‘r 0 nn:l n+1)
m

k=2

Q| ﬁ
| o=

Since >°5° % diverges, lim,_, 5 f; @dx = 00, and hence | f| is not improperly
Riemann-integrable over (0, co). However, for each v € (7, 00),
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4 T 4
[r=[r+[r
0 0 T
Integration by parts gives

v 1 v cosx
/ f=——v! cosv—/ ——dx;
b Y x X

and since x —> x 2 |cos x| is in Zyc[7r, 00) and

v v
1
/ |C0S2x|dx 5/ —2dx <l1/m,
o X o X

it follows from Theorem 1.6.11 that x — x~2|cosx| is improperly Riemann-
integrable over (i, 00); by Theorem 1.6.12, s0 is x —> x 2 cos x. Accordingly, as
lim,_, o fov f exists in R, it follows that f is improperly Riemann-integrable over
(0, c0).

Various results for improper Riemann integrals, companion to those developed in
Sects. 1.3 and 1.4 for the Riemann integral, may now be established without difficulty.
However, a technical matter worth noting arises in the course of this procedure: this
relates to the additivity of the integral. Generalisation of Theorem 1.3.6 requires
a modification of Definition 1.6.2 to enlarge the class of improperly Riemann-
integrable functions.

Definition 1.6.14 Let f be a real-valued function defined on (a, b) save perhaps
at a finite number of points of this interval, and suppose there are finitely many
points ay, ...,a, € (a,b), witha; < a < ... < ap, such that f is improperly
Riemann-integrable over each subinterval (a;—1,a;) i =1, ..., p+1), where ay =
a,apy1 = b. Then f is said to be improperly Riemann-integrable over (a, b), and
we define the improper Riemann integral of f over (a, b) to be Zf;l Ja f,s
denoted by [ ab f.

Note that while the choice of points a; in this definition is not unique, nevertheless

it may easily be shown that if fab f exists, then it does not depend upon the particular
a; chosen.

Exercise 1.6.15

1. Let a € R and suppose that f € Zycla, 00). Show that f is improperly
Riemann-integrable over (a, 0o) if, and only if, given any ¢ > 0 there exists

xo € R such that
y
J
X

2. Leta € R, g € Zjpcla, 00), g(x) > 0 forall x € [a, co) and suppose that g is
improperly Riemann-integrable over (a, 00). Let K € R, f € Zj,c[a, o0) and

< ¢ whenever y > X = Xp.
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10.

11.

suppose that
| f(x)] < Kg(x) whena < x < co.

Prove that f is improperly Riemann-integrable over (a, 00).

. Show that the following improper integral exists:

I'(p) =/ xPle ™ dx (p > 0).
0

Prove that I'(p + 1) = pI'(p) (p > 0). Deduce that I"'(n + 1) = n! (n € N).

. Determine those values of « € R for which the following integrals exist as

improper Riemann integrals:

0o xa—] 1 1
@ / dx, (b) / S
o l+x o x%(1 —logx)

© /nx_“sinxdx, ()/ sin x
0 log(1+x)

. Let f € Zjpc(R) and let f be periodic with period t > 0 : f(t + 1) = f (1)

(t € R). Prove that

/:Hf:/orf(x R,

Prove thatifu,, = fon/z sin 2nx cot xdx andv,, = fon/z %dx,then u, =m/2
and lim,, s 5o v, = fooo *dx. Further, show that lim,, oo (4, — v,) = 0, and

deduce that
/ ° sinx T
dx = —.
0 X 2

. Show that if & > 1, then the improper Riemann integral

1/e
/ x ! (log(1/x)) % dx
0

exists, and evaluate it.

. Let A € R. Show that the improper Riemann integral fooo e~ sin(Ax)dx exists

and equals A /(1 + 22).

Show thatboth [;° €8x dxand [5° lcgs = dx existas improper Riemann integrals.

Show that ffooo sin(e*)dx exists as an improper Riemann integral, and evaluate
it.
Noting that
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14+ x* =1 = V2x + ) + vV2x + x2),
express (1 + x*)~! in terms of partial fractions and show that the improper
Riemann integral fooo(l + x*)~ldx exists and equals 77/2+/2.

1.7 Uniform Convergence

Let (f,) be a sequence of Riemann-integrable functions on an interval [a, b], and
suppose that there is a function f : [a,b] — R such that for each x € [a, b],
lim;,— o0 fu(x) = f(x). A natural question to ask is whether f € Z[a, b], and if so,
whether

llrgo fn(x)dx—/ f(x)dx.

In general the answer is ‘no’: if a = 0, b = 1, f,(x) = n’xe™"* then f(x) = 0,
1My 00 fy fr(¥)dx = lim,,— o0 (—ne™ — e +1) = 1, while [ f(x)dx =0.In
this example, the limit function f is Riemann-integrable, but even this need not be
so, as is evident from the case a = 0, b = 1 and

Folx) = 1 if x = k27" forsome k € Z with 0 < k < 2",
=10 otherwise.
Here
Flx) = 1 ifx =k27" forsomen € N,k € Z with 0 < k < 2",
=70 otherwise,

and f ¢ Z[0, 1]. However, whena = 0, b = 1, f,(x) = x"/n, we have f(x) =0
and

1
lim fn(x)dx = lim / fx)dx,

n— 00 n— 00 n(n-|— 1)

and all is well.
The concept of uniform convergence which we now introduce enables us to dis-
tinguish between these cases.

Definition 1.7.1 Let S be a non-empty set, and for eachn € Nlet f, : S — R. If
there is a function f : § — R such that lim, . f,(s) = f(s) forall s € S, the
sequence ( f) is said to converge pointwise on S to f; if there is a function f : § —
R such that given any € > 0, there exists N € N such thatsup ¢ | fn(s) — f(s)] < ¢
if n > N, it is said to converge uniformly on S to f.
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Equivalently, ( f,) converges uniformly on S if there is a function f : S — Rsuch
that given any ¢ > 0, there exists N € N such that forall s € S, | f,(s) — f(s)| < ¢
if n > N; while for pointwise convergence on S we require that given any s € S and
any ¢ > 0, there exists N € N such that | f,(s) — f(s)| < ¢ if n > N. This trivial
reformulation of the definition helps to underline the basic difference between these
two forms of convergence: for uniform convergence on S, the integer N depends on
¢ and does not depend upon the particular s € §; while for pointwise convergence
N may well depend on the particular s chosen as well as on ¢. Evidently uniform
convergence on S implies pointwise convergence on S. The converse is false, as we
see from consideration of the sequence (f;,), where f, : R — R and

ns, ifo<s<n!,
fas)=132—ns, ifn'<s<2n!,
0, otherwise.

Then f,(s) — O for each s € R, but since f,,(n_l) = 1 for all n € N, the
convergence cannot be uniform on R, for there can be no N € N such that for all
n> N,sup,cg ()] <1/2.

Example 1.7.2

() Let fo(x) = (1 +nx)"' for0 < x < landn € N. For all x € (0, 1],
lim,—  fn(x) = 0. However, the convergence is not uniform on (0, 1], as for
alln eN, f,(n~1 =1/2.

(i) Let g,(x) =x(1 +nx)~"! for0 < x < 1andn € N. Given any x € (0, 1] and
any ¢ > 0,0 < g,(x) < 1/nifn > 1/e: hence (g,) converges uniformly on
(0, 1] to 0.

Cauchy’s general principle of convergence (Appendix, Theorem A.4.14) has a
natural analogue for uniform convergence which we give next.

Theorem 1.7.3 (Cauchy’s general principle of uniform convergence ) Let (f;,) be a
sequence of real-valued functions defined on a non-empty set S. Then ( ;) converges
uniformly on S if, and only if, given any ¢ > O, there exists N € N such that
Supses | fu(s) — fm ()| < €ifm,n=N.

Proof Suppose that (f;;) converges uniformly on S to a function f, and let ¢ > 0.
Then there exists N € N suchthatforalln > N andalls € S, |f,(s) — f(s)| < /2.
Hence foralls € Sandallm,n > N,

| fn($) = S < 1 fu(s) = fOI+ () = fm(s)] <&,

which gives the desired result.

Conversely, suppose that Cauchy’s criterion holds. Then foreach s € S, (f,,(s)) is
a Cauchy sequence of real numbers, and hence converges, to f (s), say; this defines a
function f : § — R.Let e > 0. Then there exists N € N such that forallm,n > N
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and for all s € S we have | f,(s) — fi(s)| < &/2. Letm — oo :thenforalln > N,
SUpses | fu(s) — f(s)| < &/2 < e. The proof is complete. ]

Now that uniform convergence of sequences has been treated we may pass without
difficulty to the uniform convergence of series by the natural consideration of partial
sums.

Definition 1.7.4 Let (f;,) be a sequence of real-valued functions on a non-empty
set S and put u,(s) = ZZ:] fr(s) for all s € S and all n € N. The symbol
> 2o fi referred to as the series generated by (f;,), is used to denote the sequence
(un). If the sequence (u,) converges pointwise on S to f, we say that the series
> io fx converges pointwise on S to f and write f = > 22, f. By context one
understands whether > 7~ fi represents the series itself or the limit function f. If
(up) is uniformly convergent on S we say that > ;- fi converges uniformly on S.
The function u,, is called the nth partial sum of the series "7 | fi.

There are various tests for detecting uniform convergence of series, but the sim-
plest, and perhaps the most useful, is the following, due to Weierstrass.

Theorem 1.7.5 (The Weierstrass M-test ) Let (f,,) be a sequence of real-valued
Sfunctions defined on a non-empty set S, and suppose that (M,) is a sequence of
non-negative real numbers, with ZZOZI M,, convergent, such that for all n € N,

supges | fu($)| < My. Then 3702 f is uniformly convergent on S.

Proof Lete > 0. Since >_° M, is convergent, there exists N € N such that for all
m,n € Nwithm > n > N, we have Z;":nﬂ M, < e.Thus for all s € S and all
m,n> N,

= D IOl D Mo<e

r=n+1 r=n+1

I AC)

r=n+1

The result now follows from Theorem 1.7.3. 0O

Example 1.7.6 The series > {°
allx e Randall n € N,

1 . .
) D) converges uniformly on R, since for

1 1
(n+x2) (n+ 14 x?) =5

and >_7° niz is convergent; Theorem 1.7.5 can then be applied with M,, = nLZ

‘We now turn to continuous functions. Let S be a non-empty subset of the real line
and, replacing I by S in Definition 1.2.1, let C(S) be the family of all real-valued
continuous functions on S. If (f;;) is a sequence in C(§) which converges pointwise
onSto f:S — R,then f need not be continuous. To illustrate this, let S = R and
define f;, by
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1, t>n",

fu®) = {nt, |t <n”l,
-1, t<—-n"L

Clearly ( f;;) converges pointwise on R to f, where

1, t >0,
f@®) =10, =0,
1, t <O.

Evidently each f; is continuous on R, but f ¢ C(R). If the convergence is uniform
on S this behaviour is impossible, as the following theorem shows: continuity is
preserved by uniform convergence.

Theorem 1.7.7 Let S C R, S # 0 and suppose (f) is a sequence of real-valued
functions on S which converges uniformly on Sto f : S — R. If s € S is a point of
continuity of each f,, then f is continuous at s. In particular, if each f, belongs to

C(S), then f € C(S).

Proof Let ¢ > 0. Since (f},) converges uniformly on S to f, there exists N € N
such that foralln > N and allt € S, | f,,(t) — f(¢)| < &/3. Since fy is continuous
at s, there exists § > 0 such that | fy(t) — fn(s)| < e/3ift € Sand |s —¢t| < 6.
Thusifr € S and |s — ¢| < §, then

[f(@) = fOI=1f@) = InOI+ 1 fn@) = [n+ 1 fnls) = )] <e.
Hence f is continuous at s. O
As an immediate Corollary we have

Corollary 1.7.8 Let (f,) be a sequence in C(S) and suppose > oo | f, converges
uniformly on S to f. Then f € C(S).

Proof Simply consider the partial sums u, = » ;_, fx and use Theorem 1.7.7. O

Example 1.7.9 To determine whether or not the series >~ ﬁ converges uni-
2 . . .
formly on R, note that f(x) := > oo m is given by f(x) = 1+ x2if x # 0,

f(©) = 0 : thus f is not continuous on R. Since x —— is continuous

2
X
on R, for all n, it follows from Corollary 1.7.8 that the series cannot be uniformly
convergent on R.

One of the most useful and interesting results concerning uniform convergence is
the Weierstrass approximation theorem, which asserts that any real-valued function
which is continuous on a closed, bounded interval can be uniformly approximated on
that interval, as closely as we please, by a polynomial. We give a short direct proof of
this important result, a proof which has the virtue that it may be refined, for suitably
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differentiable functions, to yield simultaneous approximation of these functions and
their derivatives: see [4, pp. 112—114]. Another proof, using integration theory, will
be found in Exercise 1.7.17/14.

Theorem 1.7.10 (The Weierstrass approximation theorem ) Let a,b € R, with
a < b, and let f € C(I), where I = [a, b]. Then there is a sequence (p,) of
polynomials which converges uniformly on I to f.

Proof We may, without loss of generality, suppose that @ = 0, b = 1. For if the
theorem has been proved in this special case, then if we let g : [0, 1] — [a, b]
be given by g(x) = a + x(b — a), it will follow that there is a sequence (p,) of
polynomials which converges uniformly on [0, 1] to f o g : thus (p,, ) g_l) is a
sequence of polynomials which converges uniformly on [a, b] to f.

To prove the theorem when a = 0 and b = 1, consider the identity

(x+y)" =Z(k) kyn=k, (1.7.1)
k=0

differentiate both sides with respect to x and then multiply by x:

nx(x 4+ y)" ! Zk( ) keyn=k, (1.7.2)
Now differentiate (1.7.1) twice with respect to x and multiply the result by x>
nn — Dx>(x + y)" 2 Zk(k - 1)( ) keyn=k. (1.7.3)

Put 7 (x) = (})x* (1 — x)"*and set y = 1 — x : (1.7.1)=(1.7.3) then become

n

Zrk(x) =1, Zkrk(x) = nx, Zk(k — Dre(x) =nn — Dx2 (1.7.4)

k=0 k=0 k=0
Thus
n
Z(k —nx)re(x) = n?x? = 2n%x% + n(n — Dx% + nx (1.7.5)
k=0
=nx(1—x).

Since f is continuous on [0, 1], it is bounded: there exists M € R such that for all
x € [0, 1], | f(x)| < M. Moreover, by Theorem 1.2.3, f is uniformly continuous on
[0, 1]. Let ¢ > O : then there exists § > 0 such that | f(x) — f(y)| < ¢ whenever
x,y €[0,1] and |x — y| < 8. Hence for all x € [0, 1], use of (1.7.4) shows that
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‘f(x) ->f (S) | =2 (f(x) ~f (S)) i (x)
k=0 k=0

= ISil + 1821,

where S denotes the sum of (f(x) — f(%)) rr(x) over those k in [0, n] N Np such
that |k — nx| < né, and S is the same except that the summation is over those k
such that |k — nx| > né. The uniform continuity of f now shows that, noting that
ri(x) > 0,

n
1Sil <& D n(x) =&

k=0

while (1.7.5) gives

IM
12l <2M D" n(x) < n5)22<k—nx)2rk(x>
k=0

|k—nx|>né (
_ 2Mx(1 — x) - M
N ns? = 2n8%’

Thus there exists N € N such that for all x € [0, 1] and all n > N, |$| < . It
follows that

<2¢

= [k
’f(X) - Zf(;)rk(X)
k=0

forall x € [0, 1] and all n > N; and since p, := > ;_, f(%)rk is a polynomial the
theorem follows. O

As an immediate application of Weierstrass’s theorem we give the following.

Theorem 1.7.11 Suppose f : [0,1] — R is continuous and such that for all
n € Ny,

1
/ " f(t)dt = 0.
0

Then f = 0.

Proof Let ¢ > 0. By Theorem 1.7.10, there is a polynomial p, with p(¢) = ag +
ait + ... + a,t" say, such that for all r € [0, 1], | f(#) — p(t)] < ¢. Hence
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1 1 1
/O F@OPd = /O £ F@©) - p)di + /O Fpwydr
1
<o / f(0)]di
0

since [y f(Op)dt = S0_gax [y t* f(t)dt = 0. As this is true for all & > 0,
fol |f(t)|2dt = 0. Since |f|2 is continuous, Theorem 1.3.2(d) now shows that f
must be the zero function. O

To conclude this section, we return to the topic with which we began it, namely
uniform convergence and integration. From now on, we suppose thata, b € R,a < b
and I = [a, b].

Theorem 1.7.12 Let (u,) be a sequence of functions in (1) which converges
uniformly on I to a function u. Then u € Z(I) and

b b
u = lim Up.
a n—o0 a

Proof Since (u,) converges uniformly on 7 to u,
en i=sup{lu(®) —u,(t)|:t €l} - 0asn — oo;
and as

sup |u(t)| < &, + sup |u, ()| < oo,
1 1

u is bounded on /. Moreover,
—&n +up(t) Su(t) <uy(t) +ey

forallt € I and all n € N; hence

b b b b
—en(b—a)+/ unS/uf/ufsn(b—a)Jr/ Up,
a a a a

and thus

<2g,(b—a) —> 0asn — oo.

b b
a a

b b
a a

It follows that
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thatis, u € Z(I).
Finally,

u— Uy

b b
S/ |M—Mn|5/snzsn(b—a)—>0asn—>oo.
a a

Corollary 1.7.13 Let (f,) be a sequence in Z(I) and suppose the series
o
f@& =" fa0)
n=1
converges uniformly on 1. Then f € Z(I) and
b 0 b
a n=1 a

Proof Putu, = > }_; fk (n € N); (u,) converges uniformly on / to f. Thus by
Theorem 1.7.12,

b b n b 0 b
/f:hm up = lim »° fk=2/ fr.
a n— 00 a n— 00 a a
k=1 k=1
O

Theorem 1.7.14 Suppose that 3", ; ayx" has non-zero radius of convergence R,
and define f : (—R,R) — R by f(x) = > o2 anx". Then > o2, n+1x”+1
has radius of convergence R, f is continuous on (—R, R) and given any a, b with
—R <a<b<R,

/ Fe zn+1(bn+1_an+1)_

Proof Let Zn —0 ‘fﬁ x"*1 have radius of convergence R;. If [x| < R, then there

exists xg € R, with |x| < |xg| < R, such that ano a,,xo is convergent; hence there

exists M € R such that forall n € Ng := x6’| < M. Thus
An  p41 n
—X <M |x||x/x
T < M |x||x/xo

and so comparison with > |x/xo|" shows that > ¢’ ‘fﬁlx’”‘l

Ry > R.

is convergent. Hence
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Now suppose that |y| < Rj. Then there exists yg € R such that |y| < |yg| < R

and > 07 ;% y6’+1 is convergent. Hence there exists K € R with ‘n"ﬁ y(’)“H‘ <K

for all n € No, which implies that

|any"| - K(n—i—l)

[yol

n

Y

Yo

thus comparison with > (n 4+ 1) |y/yo|" shows that > a,y" is convergent, so that
R > R|. Thus R; = R.

Let —R < a < b < R and put ¢ = max(|a|, |b|). Since ¢ < R, D anc" is
absolutely convergent. As |a,x"| < |a,c"| for all x € [a, b] and all n € Ny, Weier-
strass’s M-test shows that D a,x" converges uniformly on [a, b]. By Corollary 1.7.8,
f is continuous on [a, b], and as a and b may be chosen arbitrarily close to —R and
R respectively, f is continuous on (—R, R). The proof is now completed by appeal
to Corollary 1.7.13. O

To conclude this section we observe that in Theorem 1.7.12, the strong hypothesis
of uniform convergence of the sequence (u,) on the interval [ is used to show that
the limit function u € Z(I) and that

b b
/ u = lim Up.
a n—0o0 a

The same conclusion as regards the convergence of the integrals can be reached
under conditions weaker than that of uniform convergence, provided that the limit
function is known to belong to Z(I). We present such a result below, beginning with
a theorem that implies the desired conclusion for monotone sequences.

Theorem 1.7.15 Let (f,) be a decreasing sequence of functions in (1) that con-
verges pointwise on I to 0. Then

b
lim [ f,=0.

n—o00 a

Proof Let ¢ > 0. By Exercise 1.7.17/17, given any n € N, there is a continuous
function g, on I such that 0 < g, < f, and

b b
/fn</ gn+27"e.
Ja_ a

Put 4, = min(gy,...,gy) :thus 0 < h, < g, < f, and (h,) is a sequence
of continuous functions on / that decreases to zero everywhere on /. By Dini’s
theorem (Exercise 1.7.17/18), (h,) converges uniformly to zero on /, and hence, by
Theorem 1.7.12,
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We claim that for all n € N,

b b
05/ fnf/ hy +e(1=27");
a a

granted this, it is clear that the theorem holds. To justify the claim, note that if
iefl,....,n},

0<gn=2g +(gn—g) =< g +max(gi,..., &) — &i
n—1
< gi+ D (max(g), ..., &) — gj),
j=1
and hence
n—1
0 < gn < hy+ D (max(g), ..., en) — &)
j=1
Moreover, since max(gj, ..., g) < max(fj,..., fn) = fj, we have

b b b
/f,-z/ (maX(gj,..-,gn)—gj)vL/ 8js
Ja_ a a

which gives

b b b _
/(maX(g,,',...,gn)—gj)f/ f/—/ gj <277e.
a a a

Thus

a

b b n-l b
/ gns/ hn+22—fe=/ hy +e(1 — 27—y,
a a ]=1
and so

b b b
/ f </ gn+2*”ss/ By +e(1 —2707D 4 o7m),
Ja_ a

a

The claim follows immediately. O
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Theorem 1.7.16 (Arzeld’s theorem ) Let (f,,) be a sequence in Z (1) that converges
pointwise on I to f € Z(1); assume also that there exists M > 0 such that for all
x €landalln €N, |f,(x)| < M. Then

b b
/ f=1m [ f.
a n—oo a

Proof First suppose that f = 0and 0 < f,(x) < M forall x € [ and alln € N.
Put g, (x) = sup{fu4x(x) : k € No} (x € I,n € N). Then 0 < f,, < gy, (gn) is
decreasing and

0= lim f,(x)=limsup f,(x) = lim g,(x) (x € I).
n—oo n—0o0

n—>0oo

By Theorem 1.7.15,
b

lim g, =0,

I‘l—)OOL
and hence

b b
0 < lim Jn < lim gn =0,
n—>0oo n

as required. In the general case, application of what has been proved to the functions
| fn — f|, which have pointwise limit O and are bounded above by 2M, shows that

b
lim [ 1f, - f1=0.
n—oo a
Since
b b b
/fn—/ ! 5/ = 1,
a a a
the result is immediate. O

The proof follows that given in [11]. Note that Arzela [1] proved this resultin 1885,
well before the creation of the theory of the Lebesgue integral. That the hypothesis
f € Z(I) cannot be removed is shown by the following example. Let {r, : n € N}
be the set of all rationals in / := [0, 1] and for each n € N define f,, : I — R by

L o xe{ri:i=1,...,n},
fn(x) = [ 0, otherwise.
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As each f;, is bounded and has only finitely many discontinuities in 7, it belongs to
Z(I). The sequence (f;) is monotonic increasing and has limit f, where f(x) = 1
(x € QNIO0,1]), f(x) = 0 otherwise. Thus f ¢ Z(I).

From this and Example 1.4.5 (iii) we see two deficiencies of the Riemann integral:
(1) it does not behave particularly well with respect to limit processes;

(i1) a function f may have a bounded derivative on a bounded interval I yet that
derivative may not itself be in Z(I); Riemann integration and differentiation are not
completely reversible.

The Lebesgue integral, developed in 1902, is not only more general than that
of Riemann but is also superior to it in these respects. For example, the Lebesgue
analogue of Theorem 1.7.16 holds without the assumption that the limit function f be
integrable: this property follows from the other hypotheses. Moreover, if f : [a, b] —
R has a bounded derivative f’, then f” is Lebesgue integrable and | ab = f) -
f(a) : integration and differentiation are reversible if the derivative is bounded.
Nevertheless, there are functions that are improperly Riemann-integrable but not
Lebesgue integrable: one such is the function f : (0,00) — R given by f(x) =
(sinx)/x.

Exercise 1.7.17

1. Determine whether or not the sequence (f;) converges uniformly on [0, 1],

where
(@) fu(x) = n’x/(1 +n*x?), (b) fu(x) = x"(1 —x"),
©) fux) =x"/(1+x"), (d) fulx) =x"/n.

2. Let p € Rand foreachn € N let f, : [0, 1] — R be defined by
fu@) =nPx(1=x)" 0 <x < 1).

Prove that lim,,_, o f,,(x) = 0 (0 < x < 1). Prove also that the sequence (f;)
converges uniformly on [0, 1] to the zero function if, and only if, p < 1; and
that lim,—c0 fy fu = 0 if, and only if, p < 2.

3. Show that > 02, 1_"‘_% converges for all x € [0, 1) and that it converges uni-
formly on [0, a] for each a € (0, 1). Does it converge uniformly on [0, 1]?

4. Prove that

/”/2 log(l—é—ltsinQQ) _ li (n!)?
0 sin @ T2 ~ Qn+2)!

5. By expanding (1 4 cos6 cosx)~! in ascending powers of cos 6 cos x and then
integrating with respect to x, prove that if 0 < 8 < m, then

cosecd =1+ Z 22k(k|)2 (cos )2k_
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6. (i) Prove that > o7 <% is uniformly convergent on R.
(i) Let 0 < ¢ < m. Prove that >0, S5 jg uniformly convergent on
e, 2 — ¢].
(iii) From Exercise 1.4.15/7 it is known that

1 o .
3 (r—x)= Z s1nnnx 0 <x <2m).
n=1
Prove that
1( )2 icosnx—cosnn 0 <x <2m)
—(r—x)" = _ X ).
4 = n? -~

By integrating this last equality over [0, 27], deduce that
_(n_x)2_—_zcosnx (05){:5277:)

In particular, show that
| T
27=z'

[Hints for part (ii): Let A, (x) = > j_ sinkx, P,(x) = >}, %

(a) There exists K = K (¢) € R such that
|[Ap(x)] < Kife <x <2m —eandn € N.

) Pox) =0 (k' =k + D) Ak + (n + DA, (x).
©) |Pp(x) — P,(x)| <2K(n+ D7 'ife<x <27 —gandm > n.]

7. For each x € R let [x] denote the integer such that x — 1 < [x] < x and let
{x} = x — [x] denote the fractional part of x. What discontinuities does the
mapping x —> {x} have?

Let f : R — R be defined by

f) = Z{,’i—ﬁ} (x €R).

n=1
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10.

11.

12.

13.

14.

Prove that

(i) the series defining f converges uniformly on R;
(i) {x € R: f is discontinuous at x} = Q, the set of all rationals;
(iii) f is Riemann-integrable over every non-degenerate, closed, bounded inter-
val in R.

. Letg: R — Rbedefined by g(x) = |x|if [x] <2,g(x+4m) = g(x)ifx € R

and m € Z; define f, : R - Rby f,(x) =47"g(@"x) (x € R, n € N) and
put f(x) = fo: 1 fa(x) (x € R). Show that the series defining f is uniformly
convergent on R, and deduce that f is continuous on R. Prove that f is not
differentiable at any point of R.

Let f : [0, 1] — R be defined by f(x) = 3., ’% (0 < x < 1). Prove
that f is continuous on [0, 1].

Show that the function f : R — R defined by f(x) = Z,‘iozl(Zn)! sin? (x/n!)
(x € R) is continuous on R.

Prove thatif —1 <t < 1, then

1 1 — o] tn
/ A=-x . _ ) —
o (1 —1tx3) s Bn+1)Bn+2)
Deduce that

1

011 + .

1
3.3 1.2 45 + 7.8 +
For each n € N, define g, : R — R by g,(x) = (1 + x?")/2". Prove that
as n — 00, g, converges uniformly on R to g, where g(x) = 1if x| < 1,
g(x) = [x]if |x| > 1.

For each n € N the function f,;, : [0,1] — R is defined by f,(x) =
—p~lyn logx if 0 < x < 1, f,(0) = 0. Prove that Z;O:1 fn converges uni-
formly on [0, 1] and deduce that

o0

1 1
/0 (log x) log(1 — x)dx = > n(n+1)2°

n=1

Let f : R — R be continuous and such that f(¢) = 0ifr < 0or¢ > 1. For
eachn € N define g, : R - Rby g,(t) = ¢, (1 — 12)"* (t € R), where ¢, is so

chosen that
1
/ gn(t)dt = 1.
-1
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15.

16.

17.

1 The Riemann Integral

Show that for all » € N, ¢, < n, and deduce that g, — 0 uniformly on
[—1, =8]U [6, 1] for any & € (0, 1]. Put

1
Pn(s) =/ f)gn(t —s)dt (n€N,s €R).
0

Noting the conditions on f, prove that

1
Pals) = / Flu+$)an@du (neN,s € [0, 1)
-1

and deduce that the sequence (p,,) of polynomials converges uniformly on [0, 1]
to f. Hence obtain Weierstrass’s polynomial approximation theorem.
Let f € Z[a, b] and ¢ > 0. Prove that there is a function vy which is continuous

on [a, b] and is such that
b
[ir=vi<e
a

Deduce that there is a polynomial p such that

b
/ Ilf —pl<e

[Hint: Let {xo, x1, ..., x,} be a partition of [a, b]. Consider the continuous
function ¥ defined by

() = (6 — %) " HF D@ — Xp—1) + F 1) — 1))

whenever x,_| <t <x,andr € {1,2,...,n}.]

Use the above in conjunction with Exercise 1.4.15/5 to establish the Riemann-
Lebesgue lemma for Riemann-integrable functions: if f € Z[a, b], then for all
0 eR,

b
lim f () cos(rt +6)dt = 0.
A—>00 Jq

Let f € Bla,b], f > 0 and ¢ > 0. Show that there are a partition P =
{x0, X1, ..., xp} € P[a, b] and non-negative numbers m1, ...m, such that the
function

n—1

§ = Zmrx[xr—lyxr) + M X[xp—1.%n]

r=1
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in terms of characteristic functions of intervals satisfies
b b
Ofsffand/ f§/ s+¢e/2.
a a

Hence show that there is a function g that is continuous on [a, b] and satisfies

b b
OSgSf,/fS/g—i-s.
Ja_ a

[Hint: remove any discontinuities of s by means of line segments. More formally,
with0 < § < %min{xr —xy—1: 1 <r <n}, define g : [a, b] — R in each of
the intervals [x,_1, x,] (r = 1,2, ..., n) as follows:

87 Mmy(x — x,21), Xr—1 <X < Xp_p 46,
g(x)= my, xr_1+8§x§xr—8,
S’Imr(xr—x), X —0 <x <Xx,.

Then g is continuous, 0 < g < s and fab(s —g) <e¢g/2,sothat0 < g < f and

[Pr<fleg+el

18. @ini’s theorem) Let (f;;) be a monotone sequence of continuous functions on
[a, b] that converges to f pointwise on [a, b], where f is a continuous function
on [a, b]. Prove that (f,,) converges uniformly on [a, b] to f. [Hint: if not, and
(fn(x)) is decreasing, there exist ¢ > 0 and a sequence (x;) in [a, b] such that
Jn(xn) — f(xp) = eforalln € N.]



Chapter 2
Metric Spaces

Here we give the elements of the theory of metric spaces: the ideas developed in this
chapter will be extensively used in the rest of the book.

A metric space is simply a non-empty set X such that to each x,y € X there
corresponds a non-negative number called the distance between x and y. To make
the theory sufficiently rich this distance is supposed to have certain properties, such
as symmetry and the triangle inequality, that are familiar from Euclidean geometry.
As we shall see, the previous chapter offers many examples of such spaces. The
idea of a metric space was introduced in 1906 by Fréchet and was significantly
developed further in 1914 by Hausdorff, who introduced the term ‘metric space’.
Further impetus was provided from 1920 onwards by the fundamental work of the
Polish school led by Banach: this was largely concerned with the case in which X
was a linear space and was of great significance in the establishment of functional
analysis as an important part of mathematics. Here we shall not assume that X has any
linear structure as neither the results given nor the applications to complex analysis
made in the next chapter need this property.

In this chapter we introduce some basic terminology and discuss in detail the
fundamental properties of completeness, compactness and connectedness which such
spaces may possess; further, special attention is paid to various forms of homotopy
and to simple-connectedness. These properties not only have intrinsic interest but
also are essential for later work surrounding such central results of complex analysis
as, for example, the general version of the famous theorem due to Cauchy. Quite
apart from the elegance of metric space theory, it is remarkably useful in that often a
single theorem may be applied to handle seemingly different problems. Applications
include a proof of the existence of a continuous, nowhere differentiable function,
justification of differentiation under the integral sign, and establishment of a solution
of an initial-value problem for a certain type of differential equation.

R. H. Dyer and D. E. Edmunds, From Real to Complex Analysis, 67
Springer Undergraduate Mathematics Series, DOI: 10.1007/978-3-319-06209-9_2,
© Springer International Publishing Switzerland 2014
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2.1 Basic Definitions

First we recall certain fundamental properties of real numbers: for all x, y, z € R,

(1) |x —y| > 0; |x — y| = 0if, and only if, x = y;
(i) |x—yl=ly—xl;
(i) [x =yl <I|x—zl+ |z =yl

The quantity |x — y| is naturally thought of as the distance between the real num-
bers x and y. We seek to generalise all this, replacing R by an arbitrary non-empty
set and |x — y| by a function of x and y which satisfies axioms based on (i), (ii) and
(iii). This is done, not simply as an exercise in the axiomatic approach, but because
the structure obtained will enable us to solve many apparently different problems
with the same technique.

Definition 2.1.1 Let X be a non-empty set and let d : X x X — R be such that for
allx,y,z € X,
(1) d(x,y) = 0;d(x,y) = 0if, and only if, x = y;
(i) d(x,y) = d(y, x) (the symmetry property);
(iii) d(x,y) < d(x, z) + d(z,y) (the triangle inequality).
The function d is called a metric or distance function on X; the pair (X, d) is called

a metric space; when no ambiguity is possible we shall, for simplicity, often refer
to X, rather than (X, d), as a metric space.

To illustrate this definition we give a variety of examples.
Example 2.1.2

(i) X =R,d(x,y) = |x — y| : this was our prototype; d is called the usual metric
on R.

(i) X =R, d(x,y) = |x —y|/ (1 4+ |x — y|). To check that the triangle inequality
holds, we observe that for all x, y, z € R,

_;51_ !
14+ |x—yl 1+ x—zl+z—yl

dx,y) =1

[x —z| + |z — ¥l
= <dx,z)+d(z,y).
I+ x—z|+1z—Y x.2) @

As the other properties required of a metric obviously hold, d is a metric.
(iii)) Letn € N and take

X=R"={x=((x1,....,x)) = (x}) : x; e Rfori =1, ...,n}.
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(iv)

Various metrics can be defined on this set in a natural way: some of the most
common are dp,(1 < p < 00) and d, where

n 1/p
dy(x,y) = (Z lx; —in”) , lsp<oo,
i=1

doo(x,y) = max{|x; —y;| :i=1,....,n}.

The metric d; is usually referred to as the Euclidean metric on R”; whenn = 1,
all these metrics coincide. That each makes R” into a metric space is clear, save
perhaps for the proof of the triangle inequality for d,, | < p < oo. This follows
from the Minkowski inequality (see Exercise 2.1.45/1), in view of which we
see that for all x, y, z € R",

n l/p
dp (x,y) = (Z (i — 20) + (@i — yi>|”)

i=1

n 1/p n L/p
< (Z i — mp) + (Z |z — y#’)
i=1 i=1

=dp(x,2) +dp(z,y).

We repeat that these examples illustrate the important fact that the same set
may be endowed with different metrics. Note that forall x, y € R", d (x,y) =
limy,_, » dp (x, y) : this follows from the obvious inequalities

doo (x,y) < dp (x,y) <n'Pdog (x,y), 1 < p < 0.
Let X be any non-empty set and define d : X x X — R by the rule that

L x#y,
dxy) = 0, x=y.

It is easy to check that d is a metric: (X, d) is called the discrete metric space
associated with X, d being the discrete metric on X. This example is not only
simple and a little surprising (going against our intuition about distances), but
is also most useful as a source of counterexamples to rash conjectures about
metric spaces.
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In what follows, if R” is referred to as a metric space without any metric being
specified, then the Euclidean metric is to be assumed. When n = 1, identifying R!
and R, this is the usual or standard metric.

v)

(vi)

Leta,b € R,a < b,I = [a, b], and let X = C(I), the set of all continuous
real-valued functions on /; for each f, g € C(I) define

b
p1(f, 8 = / | f() — gD dt,

poo(f, &) = max{| f(1) — g(1)| : 1 € [a, b]}.

First note that since | f — g| is a continuous, real-valued function on the closed,
bounded interval I, both p1(f, g) and p (f, ) are well-defined real numbers.
It is now routine to check that both p; and ps satisfy all the axioms (i), (ii)
and (iii) of Definition 2.1.1: note in particular that in view of Theorem 1.3.2
(d), p1(f, g) = 0 implies that f = g. Hence p; and p, are metrics on C(J).
For details of a whole scale of metrics p, (1 < p < 00) on C(I) see Exer-
cise 2.1.45/2.

Next we give an example similar to (R", dj,) but in which the elements of the
space are certain infinite sequences. That is, we let

o0
X:[x:(xi),-EN:xieRforallieN, lei|”<oo], 1 <p< o0,
1

and define d by

00 1/p
d(x,y) = (Z i — yi|1’) forall x,y € X.

1

To show that (X, d) is a metric space, it is first necessary to verify that d is well-
defined; that is, that d(x, y) < oo for all x,y € X : in previous examples this
has been rather obvious. For each n € N we have, by Minkowski’s inequality,

n 1/p n 1/p n 1/p
(Z|x,-—y,~|f’) s(ZmV’) +(Z |y,-|f’)
1 1 1
o I/p 00 1/p
s(z |x,-|1’) +(Z |y,-|") :
1 1



2.1 Basic Definitions 71

(vii)

(viii)

(ix)

Hence d(x, y) < oo and

o0 1/p o0 1/p 00 1/p
(Zm—yiw) f(va’) +(Z |y,»|") :
1 1 1

The triangle inequality now follows from this generalised version of Min-
kowski’s inequality. To verify the remaining axioms is trivial.

This particular set X is usually referred to as £,,.

Leta,b € R,a < b, I = [a,b] and let X = ZB(I), the set of all bounded,
real-valued functions on /, with d defined by

d(f,g) =sup{|f(t) —g(®)|:t €I} whenf, ge AU).

It is easy to verify that d is a metric on Z(I): axioms (i) and (ii) obviously
hold, and if f, g, h € HAB(I), then

d(f,g) = sup{lf(t) — h(®) + h(t) —g(®)| : t € I}
< sup{l[f(1) — h(@®)| + |h(t) —g®)| : 1t € I}
<sup{lf(t) —h()| :t € I} +sup {|h(t) — g(t)| : t € I}
=d(f,h)+dh,g),

so that axiom (iii) also holds.

Since C(I) C Z(I) C A(I), we may regard C(I) and Z(I) as metric spaces,
each with the metric inherited from % (I), that is, with the metrics d |cryxc)
and d |gp1yx22(1) TESpectively.

Let (X, d) be a metric space and let Y be any non-empty subset of X; let dy be
the restriction of d to Y x Y. Then (Y, dy) is a metric space. Example 2.1.2
(vii) illustrates this most useful principle. In the case of any subset ¥ of R",
we shall for simplicity adopt the convention that if no metric is specified, Y is
assumed to be endowed with the Euclidean metric inherited from R”.

Let (X1,d1), ..., (X,, d,) be metric spaces. The product space

n
X1 X..xX, = HX,- ={(x1,....,xp) :x; €X;fori=1, ..., n}
i=1

may be made into a metric space by endowing it with the metric d, where

n 1/2
d(x,y) = [Zd?(xi,y»] if x = (x),y = ().
i=1
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This may be established just as it was shown in Example 2.1.2 (iii) that (R", d5)
is a metric space.
Let X be a vector space over R. Let ||-|| : X — R be a map such that

(a) ||x|l = 0if, and only if, x = 0;
(b) |lax|| = |e]| ||x|| forall x € X and all @ € R;

(©) llx+yll < llxll + llyll for allx, y € X.

Such a map is said to be a norm on X. Any such norm generates a metric d
on X given by
d(x,y) = llx = yll.

In several of the examples of metric spaces given above, namely (i), (iii), (v),
(vi) and (vii), the underlying set X may be viewed as a real linear space and
the metric is generated by a norm given by

x|l = d(x, 0).

We now introduce some particularly important subsets of a metric space.

Definition 2.1.3 Let (X, d) be a metric space. Given any x € X and any r > 0, let

B(x,

r)y={yeX:dx,y) <r}:B(x,r) is called the open ball in X with centre x

and radius r. A subset G of X is called open if given any x € G, there exists r > 0
(depending upon x) such that B(x, r) C G.

Example 2.1.4

@

(ii)
(iii)

(iv)

Take X = R and let d be the usual metric given by d(x,y) = |x —y|
(x,y € R), so that B(x,r) = (x — r,x 4+ r). Then (0, 1) is open, for given
any x € (0, 1), B(x, min {x, Il —x}) C (0, 1); similarly, (a, b) is open for all
a € {—oo}UR and all b € RU {+o00} with a < b. However, if a, b € R and
a < b, then [a, b] is not open, for no matter what » > 0 we choose, B(a, r) is
not contained in [a, b]; similarly, [a, b) and (a, b] are not open.

In any metric space (X, d), X is plainly open; so is ¥, for since ¥ has no points,
the statement ‘for all x € ¥, B(x, r) C @ for all r > O’ is true!

Let (X, d) be any metric space, let x € X and r > 0. Then B(x, r) is open: this
justifies our description of B(x, r) as the open ball with centre x and radius r. To
prove this, lety € B(x, r) andpute = r —d(x,y) > 0. Then B(y, ¢) C B(x, r),
forif z € B(y, ¢), then

d(z,x) <d(z,y) +d(y,x) <e+dx,y) =r.

Let X = R? and let d be the metric d> of Example 2.1.2 (iii); that is,

12
d(@,x), 1v2) = fn =y + e =y}
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The set
S ={(x1,x2) 1 x2 > x1}

is open in (R?, d), for given any (x1, x2) € S, B((x1, x2), (xo — xl)/ﬁ) CS.
(v) LetX = R? and consider the metrics d;, da, doo of Example 2.1.2 (iii) on R2.
In (R2, dy), the open ball with centre (0, 0) and radius 1 is

{(x1, x2) : max {|x1], x|} < 1}.

In (R?, dy) the same open ball is {(x1, x2) : [x1| + |x2| < 1}, while in (R, d,)
this open ball has the more familiar specification {(xl, x72) : x% + x% < 1}. The
reader is invited to sketch these three open balls.

(vi) In (R2, dz) the set Q x Q = {(q1, ¢2) : q1, g2 rational} is not open, for given

any r > 0, («/E/n, O) € B ((0,0), r) for all sufficiently large n € N.
Some basic properties of open sets are given by the following Lemma.

Lemma 2.1.5 Let (X, d) be a metric space.

(i) Every union of open subsets of X is open.
(i1) The intersection of every finite family of open subsets of X is open.
(iii) Let Y be a non-empty subset of X and let dy be the restriction of dto Y x Y.
Then U is an open subset of (Y, dy) if, and only if, there is an open subset V of
(X,d) suchthatU =V NY.

Proof

(i) Let % be any family of open subsets of X and put G = |J % . If G = @ there
is nothing to prove. Suppose G # ¥ and let x € G. Then x € U for some U € %,
and as U is open, there exists » > 0 such that B(x, r) C U C G. Hence G is open.
(ii) Let % be a finite family of opensetsandput F = (% .f % = @, then F = X
and there is nothing to prove; again there is nothing to prove if F = (. Suppose
U # W, F # @Pandletx € F. Then x € U for all U € % ; hence there exists
ry > Osuchthat B(x, ry) C UforallU € % .Putr =min{ry : U € %} :r >0
as 7/ is a finite family, and so B(x, r) C U forall U € % . Thus B(x, r) C F, and
hence F is open.

(iii) If U is open in (Y, dy) then given any u € U, there exists r, > 0 such that
{(xeY:du,x) <r,} CU;thus

U=Uueu{xeY:d(u,x)<ru}=va,

where
V= Uuey{x eX :du,x) < ry}

is open in (X, d).
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Conversely, suppose U = VNY, where V isopenin (X, d). Then givenany u € U,
there exists r,, > 0 such that

fxeY:dx,uy<nr})=YN{xeX:dx,u)<r,jCYNV,

and so U is open in (Y, dy). O

Note that the intersection of infinitely many open sets need not be open. For if
X = R and d is the usual metric on R (so that d(x,y) = |x — y| for all x,y € R),
then N°° | (—1/n, 1/n) = {0}, which is not open in (R, d).

In general, not all subsets of a metric space are open: see Example 2.1.4 (i). We
can, however, associate with each set a largest open subset: (0, 1) is the largest open
subset of [0, 1) in R, endowed with the usual metric, for instance.

Definition 2.1.6 Let (X, d) be a metric space and let A C X. The interior of A is
defined to be the set

o
A:U{G:GCAandGisopeninX}.

o
A point is said to be an interior point of A if it belongs to A.

o
Note that A is the union of all the open sets contained in A; in view of Lemma 2.1.5 (i),
it is plainly the largest open subset of A.

Example 2.1.7 Let X = R and let d be the usual metric on R. The interior of
[0, 11U {67} is (0, 1); that of N is .

o
Lemma 2.1.8 A subset A of a metric space (X, d) is open if, and only if , A = A.

Proof If A is open, then A C f{i C A,and so A = K Conversely, if A = /01 then
since Z is open so is A. (]
Dual to the notion of an open set is that of a closed set.

Definition 2.1.9 A subset A of a metric space X is closed if X\A is open.

Example 2.1.10

(i) Inany metric space (X, d), both X and ¢ are closed (and open!). Moreover, given
any a € X , {a} is closed, for given any b € X\ {a}, B (b, %d (a, b)) C X\ {a},
so that X\ {a} is open.

(i) In R, with the usual metric, [a, b] is closed, for

R\ [a, b] = (=00, a) U (b, 00)

is open, as it is the union of two open sets.
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(iii) The set A = {y € X : d(x,y) < r} (x being a given point of X and r being a
given positive number) is called the closed ball with centre x and radius r.
This set is closed, for if z € X\A, then B (z, d (z, x) — r) C X\A, which shows
that X\A is open.

Lemma 2.1.11 In any metric space, arbitrary intersections and finite unions of
closed sets are closed.

Proof Let I be a collection of closed sets. Then by De Morgan’s rules and
Lemma 2.1.5,
“(NF)y= U°F
Fes Fes

is open; hence Fﬂ F isclosed. Let F, ..., F, be closed sets. Then
€3

C(FiU---UF) = FiN---N °F,,

a finite intersection of open sets. Thus ¢ (F; U --- U F}) is open, by Lemma 2.1.5;
hence (F; U ---UF,) is closed. O

Dual to the notion of the interior is that of the closure of a set.

Definition 2.1.12 The closure A of a subset A of a metric space X is the intersection
of all closed sets in X which contain A.

In view of Lemma 2.1.11, A is the smallest closed set which contains A. Two simple,
but useful, lemmas now follow.

Lemma 2.1.13 Let A be a subset of a metric space. Then A is closed if, and only if,
A = A. Moreover, A = A.

Proof If A = A, then since A is closed, so is A. Conversely, if A is closed then it is
the smallest closed set which contains A, and hence A = A. Since A is closed, it now

follows that X = A. O

Lemma 2.1.14 Let A be a subset of a metric space X. Then

o

A=A and ‘(&)= A .

Proof A point x belongs to C(f&) if, and only if, x fails to belong to any open set
G C A; and this is so if, and only if, x € F for all closed F D¢ A, which is equivalent
to the statement that x € €A.
The second identity follows from the first on replacing A by “A. Alternatively,
note that
o

“(A) =¢ (mFDA,F closed F) = UFDA,F closech = UO open, OCCA 0 =A. 0

For economy of expression we need the following definition.
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Definition 2.1.15 Let X be a metric space and let @ € X. Any open set containing a
will be called a neighbourhood of a.

A simple example of a neighbourhood of a is given by the open ball B(a, r) centred
at a and with radius r; every neighbourhood of a contains such a ball. In terms of
neighbourhoods we can give a useful characterisation of the points of the closure of
a set.

Lemma 2.1.16 Let A be a subset of a metric space X. Then x € A if. and only if.
every neighbourhood V of x has non-empty intersection with A.

Proof The statement that for all neighbourhoods V of x we have VN A # @ is
o

equivalent to saying that x ¢°A = °(A), by Lemma 2.1.14. 0

Definition 2.1.17 Let A be a subset of a metric space X. The boundary 0A of A is
)
defined to be A\A.

Note that by Lemma 2.1.14,
- L
0A = ANCA =CA\ ‘A .

Example 2.1.18

(1) LetX =R, endowed with the usual metric. The boundary of [0, 1] is {0, 1}, that
of Q and R\Q is R.

(i1) Let X be a discrete metric space and let x € X. Then aB(x, r) = @ forall r > 0.
This contrasts sharply with the situation in R”, equipped with the Euclidean

n
metric: in this setting B(x, r) = {y e R" : 3 (x; — y))? = rzl.
i=1
Now that we have introduced the basic ideas concerning subsets of a metric space
we turn to the convergence of sequences.

Definition 2.1.19 A sequence (x,) in a metric space (X, d) is said to converge to a
point x € X if, and only if, given any ¢ > 0, there exists N € N such thatd(x, x,,) < ¢
if n > N; we write this as x,, — x,lim,_o0x;, = xord(x,x,) > 0asn — o00. A
sequence (x,) in X is said to be convergent if, and only if, there exists x € X such
that x,, — x; we also say in this case that (x,) has limit x.

Note that x, — x if, and only if, given any neighbourhood V of x, there exists N € N
such that x, € V foralln > N.

Lemma 2.1.20 Let (x,,) be a sequence in a metric space (X, d). Then (x,) converges
to at most one point.

Proof Suppose that x, — x and x,, — y. Then
d(x,y) < d(x,x,) +d(xp,y) > 0asn — oo.

Hence d(x,y) =0, and so x = y. O
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Of course, a sequence may well not converge to any point.
Example 2.1.21
(i) Let X = R" and let d be the Euclidean metric on R" (see Example 2.1.2 (iii));

let (x"),,en be a sequence in R”, with x(™ = (xim), ..., x™) The sequence
(xm) converges to x = (x;) in R” if, and only if,

n
Z(xi —xi(m))2 — 0asm — oo;

i=1

from this it is clear that (x"™) converges to x in R" if, and only if, (xl.(m))

converges to x; as m — oo, foreachi € {1, ..., n}.

(i) Let (X, d) be a discrete metric space. Then a sequence (x;) in X is convergent
if, and only if, it is eventually constant; that is if, and only if, there exists N € N
such that x, = xy for all n > N. For if (x;,) is convergent in X, there exists
x € Xand N € N such that d(x, x,,) < 1 for alln» > N, so that x,, = x for all
n > N. The converse is obvious.

Convergent sequences of real numbers are bounded. Given an appropriate extension
of the definition of boundedness, the same is true in a general metric space.

Definition 2.1.22 Let (X, d) be a metric space. A non-empty set A C X is said to
be bounded if there is a real number M such that

d(x,y) =M (x,y € A);
otherwise, A is said to be unbounded. The extended real number
diam(A) := sup{d(x,y) : x,y € A}

is called the diameter of A.
Note that the set A is bounded if, and only if, diam(A) < oo.
Lemma 2.1.23 Let (x,) be a convergent sequence in a metric space (X, d). Then

{x, : n € N} is bounded.

Proof Suppose thatlim,,_, o, x,, = x. Then there exists N € N such thatforalln > N,
d(x,x;) < 1. Put r = max{l, d(x, x1),...,d(x,xy_1)}. Then d(x, x,) < r for all
n € N; further,

d(-xm’ xn) S d(-xn’h x) + d(-x9 xn) S 2r (m’ ne N)

Thus {x, : n € N} is bounded. [l

We can now give a most useful characterisation of the closure of a subset of a metric
space.
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Lemma 2.1.24 Let A be any subset of a metric space X. Then x € A if. and only if.
there is a sequence (xy) of points of A such that lim,_, 5 X;, = X.

Proof Suppose there is a sequence (x;,) in A such that x, —> xasn — o0. Then for
allr >0, AN B(x, r) # ¥; and so by Lemma 2.1.16, x € A.

Conversely, suppose that x € A. Then by Lemma 2.1.16, for all n € N we have
B(x, %) N A # (. Appeal to the countable axiom of choice (Axiom A.5.2) gives
the existence of a sequence (x,) with x, € B(x, %) N A for all n € N; plainly
Xp = X. O

To conclude this rapid discussion of sequences we introduce the notion of a point of
accumulation of a set.

Definition 2.1.25 Let A be a subset of a metric space X. A point x € X is called an
accumulation point of A, or a limit point of A, if given any neighbourhood V of x,
there exists a € A NV with a # x.

Note the difference between a point of accumulation of A and a point in A: every
point of accumulation of A is evidently in A, but the converse is false. For example,
with X = R endowed with the usual metric and A = (0, 1) U {2}, the point 2 belongs
to A but is not a point of accumulation of A as B(2, 1) contains no point of A distinct
from 2.

Lemma 2.1.26 Let A C X. Then x is a point of accumulation of A if, and only if,
there is a sequence (xy) of distinct points of A with x, — x as n — o0.

Proof Let x be a point of accumulation of A. Then given any n € N, there exists
X, € AN B(x, %), Xn #~ x; this gives a sequence (x,) of points of A which converges
to x, with each x,, # x. The difficulty is that the points of this sequence may not
be distinct, and to overcome this we proceed as follows, noting that there must be
infinitely many distinct points in the sequence, for otherwise the sequence could not
converge to x. Define m : N — N by m(1) = 1, m(k 4+ 1) = least integer p such
that x, & {Xm(1), Xm(@)s - - -+ Xm(y } (K = 1); thus m(2) = least p such that x,, # x;.
Then (x,(n))neN i a subsequence of (x,) consisting of distinct points of A, and
lim;,_, 5o X;n(n)y = x. The converse is obvious. [l

2.1.1 Continuous Functions

Definition 2.1.27 Let (X1, d1), (X2, d>) be metric spaces. A map f : X; — Xp
is said to be continuous at x € X if given any ¢ > O, there exists § > 0 such
that da (f (), f(x)) < € if di(x,y) < §. (In general, § depends upon x and ¢.) If
f is continuous at each point of X1, it is said to be continuous (on X;). If given
any ¢ > 0, there exists § > 0 (depending only on ¢) such that d>(f (y),f(x)) < ¢
whenever dj (x, y) < §, then f is called uniformly continuous on X;.
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This definition is the obvious extension of the ¢, § definition of continuity and
uniform continuity for maps from subsets of R to R given in Chap. 1. However, in
the wider context of metric spaces it is desirable to have other characterisations of
continuity, and we now deal with this, beginning with the local property (that is,
continuity at a point) and then turning to the global position (continuity on the whole
space).

Lemma 2.1.28 Let (X1, dy) and (X2, da) be metric spaces, let f : X1 — X and let
x € X1. Then the following three statements are equivalent:

(1) fis continuous at x;
(1) given any neighbourhood V of f(x), there is a neighbourhood U of x such that
AU) CV;
(i1) limy— o0 f (Xn) = f(X) if Xp = x.

Proof To prove that (i) implies (ii), let V be a neighbourhood of f(x) and let ¢ > 0
be such that B(f (x), ) C V. Since f is continuous at x, there exists § > 0 such that
f(y) € B(f(x),¢) if y € B(x, 8); thus f(B(x,8)) C B(f(x), &) and (ii) holds with
U = B(x, §). Next we show that (ii) implies (iii). Suppose that x, — x in X and let
V be a neighbourhood of f(x). As (ii) holds, there is a neighbourhood U of x such
that f(U) C V; and there exists N € N such thatx, € U if n > N. Hence f(x,) € V
for all n > N, which means that f (x,,) — f(x) asn — oo.

Finally, to prove that (iii) implies (i), suppose that (iii) holds but (i) is not true.
Then there is an ¢ > 0 such that given any n € N, there exists x,, € X1 such that
di(x,x,) < 1/n while d>(f (x), f(x,)) > €; and so x, — x but f(x;) - f(x), which
contradicts (iii). O

Lemma 2.1.29 Let X|, X» and X3 be metric spaces, let x € X1, let f: X1 — Xp
be continuous at x and let g : X, — X3 be continuous at f(x). Then h :== gof
is continuous at x. If f and g are continuous on X1 and X» respectively, then h is
continuous on Xj.

Proof Suppose x,, — x as n — oo. Then as f is continuous at x, f (x,) — f(x); and
as g is continuous at f(x), g(f (x,)) — g(f(x)). By Lemma 2.1.28, A is continuous
at x. The rest is obvious. (Il

Example 2.1.30

(i) Letf : R™ — R”, and suppose that R” and R” are endowed with the appropri-
ate Euclidean metric. For each x € R™ write f(x) = (fi(x),
..o, fn(x)); we thus have defined functions f; : R — R (i = 1,...,n),
called the coordinate functions of f. It is now clear that f is continuous at
xo € R™ if, and only if, each f; is continuous at xg.

(i1) Just as in the case of maps from R to R it follows that if X is a metric space
then sums and products of continuous maps from X to R are continuous; that
is, if xop € X and f1, /> : X — R are continuous at xp, then the maps fi + f>
and fif> (defined by x — fi1(x) + f2(x) and x —> f](x)f>(x) respectively)
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are continuous at xo. Similarly, the map Af; (defined by x —— Afj(x)) is con-
tinuous at xp, for all A € R; and if f>(xp) # 0, then the map f1/f> (defined by
x —> f1(x)/f2(x)) is continuous at xg. The proofs of all these assertions are
identical to those of the corresponding assertions when X = R and which are
familiar in elementary analysis.

It follows that every polynomial p on R?, where

N
px,y) = z apnx"y" (@mn € R),

m,n=0

is continuous on R?; and any rational function f on R?, where f(x,y) =
p(x,¥)/q(x,y) and p, g are polynomials with g never zero, is also continuous
on R2.

(iii) Letf : R> — R be defined by

f(x y) = ;i%ii lf (‘x’ y) 75 (Ov 0)7
’ 0 if (x,) = (0, 0).

Reasoning as in (ii), f is continuous on R2\ {0, 0}; it is not continuous at (0, 0),
forifx #0,f(x,0) =1-»0=£(0,0) asx — 0.

Functions between metric spaces commonly have points of discontinuity. As a
tool for the investigation of discontinuity we introduce the concept of the oscillation
of a function at a point.

Definition 2.1.31 Let X; and X> be metric spaces and let f be a map from X to X».
For each x € X1, let w(x) be the extended real number defined by

w(x) = inf{diam(f (U)) : Uis a neighbourhood of x};

w(x) is called the oscillation of f at x. The corresponding function w is called the
oscillation function for f.

Lemma 2.1.32 Let X| and X, be metric spaces,  be a map from X to X», and
be the oscillation function for f. Then

(a) f is continuous at x € X if, and only if, w(x) = 0;
(b) for each real number «, the set {x € X1 : w(x) < «} is open in X.

Proof (a) Let f be continuous at x and & > 0. Then there exists § > 0 such that

f(B(x,8)) C B(f(x), €).

Hence
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w(x) < diam(f(B(x, §))) < 2e,

and it follows that w (x) = 0.

Conversely, let w(x) = 0 and ¢ > 0. There is a neighbourhood U of x such
that diam(f(U)) < e; further, there exists § > 0 such that B(x,§) C U. Hence
f(B(x,8)) C B(f(x), €) and f is continuous at x.

(b) Suppose « > 0; the result is obvious otherwise. Let

E={xeX 0ok <o}

and y € E. Then there is a neighbourhood U of y such that diam(f(U)) < «. Now
o
U is a neighbourhood of each of its points and thus U C E. It follows that y € E,
o
that E C E and so E is open. (]

Lemma 2.1.33 Ler X1 and X, be metric spaces and let f : X1 — X». The following
three statements are equivalent:

(i) f is continuous (on X1);
(ii) if Vis an open subset of X, f (V) is open in X;;
(iii) if F is a closed subset of X, f_1 (F) is closed in X;.

Proof To prove that (i) implies (ii), assume that (i) holds, let V be open in X and let
x ef “L(V). As f is continuous at x, there is a neighbourhood U (x) of x such that
f(U(x)) C V;thatis, U(x) C f~'(V). Thus f~!(V) contains a neighbourhood of
each of its points and hence is open.

Next suppose that (ii) holds, let x € X and let V be a neighbourhood of f (x). Then
by (ii), f~'(V) is open; and x € f~1(V). Thus f~1(V) is a neighbourhood of x and
f(f_1 (V)) C V, which by Lemma 2.1.28 means that f is continuous at x. Since x is
an arbitrary point of X1, f must be continuous on X;. Hence (i) and (ii) are equivalent.

Finally, (ii) and (iii) are equivalent, in view of the identity X1\ £~ (F) = f =1 (Xo\F)
forall F C X». |

Remark 2.1.34

(i) In view of Lemma 2.1.33 it is easy to see that f : X; — X3 is continuous if]
and only if, f =1 (B) is open for all open balls B C X5.

(i) Suppose that f: X; — X» is continuous and that U is an open subset of X;. It
does not follow that f(U) is open in X>. To illustrate this important point, let
X1 = X2 = R, endowed with the usual metric, define f: R — R by f(x) =
I+ P xeR) andletU = (-1, 1). Then f is continuous, U is open but
fw) = (% 1], which is not open. Similarly, it does not follow that the image
of a closed set under a continuous map is closed.

Lemma 2.1.33 enables us to prove a simple and most useful result, often called the
glueing lemma because it shows that under appropriate conditions, two continuous
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functions defined on subsets of a metric space may be ‘glued together’ to form a
continuous function on the union of those subsets. Frequent reference to this lemma
will be made in Sect. 2.5 and in our treatment of the Jordan curve theorem in Sect. 3.9.

Lemma 2.1.35 Ler X and Y be metric spaces and suppose that X = A U B, where
A and B are non-empty and either both open or both closed. Let f : A — Y and
g : B — Y be continuous (A and B are assumed equipped with the metric inherited
from X), suppose that f (x) = g(x) for allx € AN B, and define h : X — Y by

_ ), x €A,
hix) = [g(x), x € B.

Then h is continuous.

Proof (i) Suppose A and B are both open in X. Let & be an open set in Y. By
Lemma 2.1.33, f~1(&) and ¢g~!(&) are open in A and B, respectively. Thus, by
Lemma 2.1.5, there exist sets U, V open in X such that

fly=una, g'(0)=vnB.;

the sets f~1(¢) and g~ (&) are open in X; and since h~'(0) =f~1(0) U g~ 1(0),
h~1(0) is open in X. The continuity of / follows by further appeal to Lemma 2.1.33.

(i) Suppose A and B are both closed in X and let F' be a closed set in Y.
By Lemma 2.1.33, f~!(F) and g~!(F) are closed in A and B, respectively. By
Lemma 2.1.5, since A\f~!(F) is open in A, there exists a set U open in X such
that A\f~1(F) = AN U; also,

X\FTHF) = \A) U AVTHF) = X\A) U U,

a set open in X. Thus £~ (F) is closed in X as, by similar reasoning, is g~ ! (F). Now
h~Y(F) = f~'(F)Ug~'(F) and so, by Lemma 2.1.11, A~ ' (F) is closed in X. Finally,
by Lemma 2.1.33, the continuity of / is proved.

Note that use of Exercise 2.1.45/17 yields a simpler proof of (ii), one identical in
form with that given in case (i). ([l

2.1.2 Homeomorphisms

‘We now introduce the idea of homeomorphism, which enables a sensible classifica-
tion of spaces to be made.

Definition 2.1.36 Let X, X, be metric spaces. A map f : X; — X is said to be a
homeomorphism if it is a continuous bijection and f ! is continuous. If such a map
exists, X1 and X, are said to be homeomorphic.
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Remark 2.1.37

@

(i)

(iii)

Not every bijective continuous map is a homeomorphism; that is, the condition
that /~! be continuous is an essential part of the definition. For take X; = R
endowed with the discrete metric, let X, = R endowed with the usual metric
and let f be the identity map from X to X»; thatis f (x) = x for all x € R. Then
f is not a homeomorphism: it is continuous, as f -1 (0) is open in X| whenever
O is open in X, (every subset of X is open!); but f~! is not continuous, for
f~H~1([0, 1)) = [0, 1) is open in X; but not in X>.

Letf : X; — X, be abijection. Then if f is a homeomorphism, a subset U of X
is open if, and only if, f (U) is open in X,: note that U = (f~1)~1(U). It follows
that the open sets in a metric space may be put in one-to-one correspondence
with the open sets in any metric space homeomorphic to it.

In general, homeomorphisms do not preserve distances. Thus let X; = (0, 1),
X, = (1,00) and endow each set with the usual metric inherited from R;
let f : X1 — X» be defined by f(x) = X! (x € X1). Then f is plainly a
homeomorphism, but if x,y € X; and x # y, then |x_1 —y_1| # |x—yl;
that is, the distance between f(x) and f(y) differs from that between x and
y. Homeomorphisms which do preserve distances are called isometries. We
formalise this in the following definition.

Definition 2.1.38 Let (X1, d;) and (X2, d2) be metric spaces. Amap f : X1 — X»
is said to be an isometry if it is bijective and for all x, y € Xi,

d(f (%), f(») = di(x,y).

If such a map exists, X| and X, are said to be isometric.

Example 2.1.39

@

(ii)

Consider R”, with the Euclidean metric, and the unit ball B(0, 1) in R”, given the
metric inherited from R”. Then R” and B(0, 1) are homeomorphic. To see this,

1
n 2
let f : R" — B(0, 1) be defined by f (x) = x/(1+ |x|), where |x| = (Z xlz) .
i=1

Since |[f(x)| = |x| /(1+]x]) < 1forallx € R”", it follows that f (R") C B(0, 1).
Moreover, given any y € B(0, 1), the point x := y/(1 — |y|) is the unique point
mapped by f to y : thus f is a bijection and f~!(y) = y/(1 — |y|). It is clear that
f and f~! are continuous, and hence f is a homeomorphism.

For any n € N, let S” be the unit sphere in R"*! (endowed with the Euclidean
metric); that is,

n+1
S = [(x,-) eR™: > P = 1].

i=1

Then $2\ {(0, 0, 1)} is homeomorphic to R2, each set being given the Euclidean
metric. This follows by consideration of the stereographic projection P, where
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(iii)

(iv)
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X1 X2

l—x3" 1 —x3

First note that P is obviously a continuous map of Sz\ {(0,0, 1)} to R2. More-
over, P is bijective, for given any (y1,y2) € R2, the equation Px = (y1,y2)
has the unique solution x; = 2y1/(? +y3 + 1), x2 = 2y2/(32 + 5 + 1),
X3 = (y% + y% - l)/(y% + y% + 1), since any possible solution x = (x1, x2, Xx3)
must satisfy

O +03)/(1 = x3)” =37 +33. (1 =) /(1 —x3)° = »7 +3,
so that (1 +x3)/(1 —x3) =y + y3 and hence

X3 =07 +y5— D/ +y5+ 1), x1 = yi(1 —x3) =2y1/(F +y5 + 1),

=yl —x3) =20/ + 3+ 1).

The continuity of P~! is now clear, and so P is a homeomorphism.

Let S, Q C R? be a circle and a square, respectively, each given the Euclidean
metric inherited from R2. Then S and Q are homeomorphic. To prove this it
is enough to consider the case in which S = § I (see (ii) above) and Q is the
square with centre O, of side 2 and with sides parallel to the coordinate axes.
Define ¢ : Q — S by ¢(x,y) = (x,y)/+/ (% + y?); ¢ is plainly continuous.
It is bijective, for given (u,v) € S, there is a unique (x,y) in Q such that
¢ (x,y) = (u,v). In fact, x//(x2 + y2) = u, y//(x2 +y2) = v, so that if we
putx = rcosf,y = rsinf, then u = cos#, v = sin6; moreover, (x,y) € Q
if, and only if, max{|x|, |y|} = 1, and so max{r |u|, r |[v|} = 1, which gives
r = 1/ max{|u|, [v|}. Hence

x = u/max{|ul, [v|}, y =v/max{lul, [v]},
which shows that ¢~ (u, v) = (u, v)/ max{|ul| , |v|}. Since ¢~ is plainly con-
tinuous, it follows that ¢ is a homeomorphism.

Let R" be given the Euclidean metric. Then a map g : R” — R” is an isometry
if, and only if, it is of the form

gt) =xo0+f(1) (t € R")

where xp € R" and f : R" — R" is linear, and orthogonal in the sense that for
n

all s,r € R™, (f(5),f(®)) = (s, 1), where {x,y) = > x;y;.
i=1

To prove this, first suppose that g is an isometry and let d be the Euclid-
ean metric on R". Put f(r) = g(r) — g(0) (t € R™); then f(0) = 0, d(f(s),
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f(@0) = d(g(s), g1)) = d(s, 1) and d(f (1), 0) = d(g(7), g(0)) = d(z,0). For
all s, r € R, it follows that since d>(f (s), f(t)) = d*(s, ) we have

d>(f(1),0) — 2 {f (1), £(5)) + d*(F(s),0) = d*(s,0) — 2 (s, 1) + d*(z,0),

and hence (f (1), f(s)) = (s, t).

Thus f is orthogonal. To show that f is linear, let s, t € R" and «, § € R. Then
d*(f (as + B, af (s) + Bf (1)) is given by

(f (s + Bt) — af (s) — B (1), f (as + B1) — af (s) — Bf (1))
= (f(as + B1).f(as + B) + o> (£ (5), £ (s)) + B> (£ (1), f (1))

+ 20B (f(5). £ (1)) — 2 (f (s + B1). £ (5)) — 2B {f (ews + ). (D))
= (as + Bt, as + Bt) + o> (s, s) + B> (t, 1) + 2aB (s, 1)

— 20 (s + Bt, s) — 28 (as + Bt, 1)

=2 {as+ Bt,as + Bt) — 2 {as + Bt, as + Bt) = 0.

Hence f is linear.

Conversely, suppose that g = xo + f, where f is linear and orthogonal. Then
forall s, t € R”,

d*(g(s), g(1)) = d*(F(s), £ (1)) = (F(s) —f (), f(s) —f (1))

=(f(s—1),f(s —1) = (s —t,5 — 1) = d*(s, 1),

which shows that g is an isometry.

2.1.3 An Extension Theorem

Let A be a subspace of a metric space X and let f : A — R be continuous. A
natural question to ask is whether or not f has a continuous real-valued extension
defined on all of X. That is to say, does there exist a continuous map g : X — R
such that for all x € A, g(x) = f(x)? In general, the answer is negative: the map
x +— 1/x : (0,1) — R is continuous, but it has no continuous extension even
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to [0, 1] because such an extension would have to be bounded. However, for an
affirmative answer it turns out that a sufficient condition on A is that it is a closed
subspace of X. We establish this below, beginning with a few preliminaries.

Lemma 2.1.40 Let A and B be non-empty subsets of a metric space (X, d). For each
x € X, let the distance from x to A, denoted by d(x, A) or by dist(x, A) when the
metric d is understood, be defined by

d(x,A) =inf {d(x,a) :a € A} (x € X),
and the distance from A to B be
d(A,B) =inf{d(a,b) :a € A, b € B}.

Then
(i) d(A,B) =inf{d(a,B) :a € A}L
(i) d(x,A) =0if, and only if, x € A;
(iii) the map x —> d(x,A) : X — R is continuous; in fact, for all x,y € X,

ld(x,A) —d(y,A)| < d(x,y).

Proof (i) For all a € A and all b € B, d(A, B) < d(a, b); hence, for all a € A,
d(A,B) < d(a,B) and so d(A, B) < inf {d(a, B) : a € A}. Now let ¢ > 0. There
exista € A and b € B such that d(a, B) < d(a, b) < d(A, B) + ¢; thus

inf{d(x,B) :x € A} <d(A,B) +¢.

As this is true for all ¢ > 0, (i) follows.

(i1) d(x, A) = 01if, and only if, foralle > 0, ANB(x, &) # @J; and, by Lemma 2.1.16,
this is true if, and only if, x € A.

(ii1) Let x, y € X. Then for all a € A,

dx,A) —d(x,y) <d(x,a) —d(x,y) <d(y, a).
Hence d(x,A) — d(x,y) < d(y,A). Interchange of x and y shows that d(y, A) —
d(y,x) <d(x,A), and (iii) follows. U

The notion of uniform convergence for sequences of real-valued functions, intro-
duced in Sect. 1.7, may be developed further to include functions with range in a
general metric space.

Definition 2.1.41 Let S be a non-empty set, let (X, d) be a metric space and, for
eachn € N, letf, : S — X. The sequence (f;,) is said to converge pointwise on S if
there is a function f : § — X such that for each s € S,

lim_ d(f,()./(5)) = 0;
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it is said to converge uniformly on S if there is a function f : § — X such that
lim sup d(f,(s),f(s)) =0.
n— oo S

Evidently uniform convergence on S implies pointwise convergence on S; apart
from special cases, the converse is false. In Sect. 1.7 it was observed that the limit
of a uniformly convergent sequence of continuous real-valued functions defined on
a subspace of R is itself a continuous function. This observation carries over to the
setting of a general metric space: loosely speaking, uniform convergence preserves
continuity. Henceforth, it will be convenient to use the symbol C(X, Y) to denote
the family of all continuous functions from a metric space X to a metric space Y;
C(X, R) (R being given the usual metric) may be abbreviated to C(X).

Theorem 2.1.42 Let X and Y be metric spaces and let a € X. For each n € N
let f, : X — Y be continuous at a, and suppose that the sequence (f,,) converges
uniformly on X to f : X — Y. Then f is continuous at a. In particular, if each
eCX,Y), thenf e CX,Y).

Proof This is an obvious modification of that of Theorem 1.7.7. O

Our goal in this subsection is to prove that a continuous real-valued function on a
closed subspace of a metric space X has a continuous real-valued extension to all of
X. The lemma which follows, usually referred to as Urysohn’s lemma , is a special
case of this result. Framed in the metric space context adequate for our purposes, it
has an elementary proof: Urysohn established it in a more general setting.

Lemma 2.1.43 Let A and B be disjoint closed subsets of a metric space (X, d). Then
there exists a continuous map f : X — R such thatf(x) =1 (x € A), f(x) = —1
(xeB)and |f(x)] < 1onX.

Proof If either A or B is empty, then a suitable constant map may be chosen for f.
Suppose that neither A nor B is empty and, adopting the notation of Lemma 2.1.40,
define f : X — R by f(x) = {d(x,B) — d(x,A)}/{d(x, B) + d(x,A)}. Part (ii)
of Lemma 2.1.40 shows that, for all x € X, d(x, B) + d(x,A) > 0 and so f is
well-defined; part (iii) shows that the maps x — d(x,A) and x —— d(x, B) are
continuous and therefore (see also Example 2.1.30 (ii)) f is continuous. That f has
the remaining properties is clear; indeed, on X\ (A U B), || < 1. O

With this lemma at our disposal we give the promised extension theorem, which is
due to Tietze.

Theorem 2.1.44 (Tietze’s extension theorem) Let A be a non-empty closed subset
of a metric space X and letf : A — R be continuous. Then there exists a continuous
map g : X — R such that g(x) = f(x) for all x € A.

Proof Let¢p : R — (—1, 1) be defined by

d(x) = (1 +[xh~'x.
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Let h = ¢ o f; plainly, || < 1 on A. We begin by proving that the bounded map 4
has a continuous extension to X. Let E, F be the disjoint closed sets given by

E={xeA:h(x)<—-1/3},F={x€e€A:h(x) >1/3}.
By the Urysohn Lemma, there exists a continuous map u; : X — R such that
ur(x) =—-1/3 x € E),u1(x) =1/3(x € F)
and |u;(x)] < 1/3 (x € X). Note that
[h(x) —u1(x)| <2/3 (x € A).

With A replaced by %(h — uy), repetition of the above argument shows that there
exists a continuous map u> : X — R such that

2
lup ()| < 7 (xeX)

and
|h(x) — w1 (x) — (0] < (2/3)* (x € A).

Inductively, it follows that there is a sequence (u,,) of continuous real-valued functions
on X such that

n—1
[y ()| < 3 (xeX;neN) (2.1.1)
and i
hx) = > w@)| < (2/3)" (x € A;n € N). (2.12)
k=1

Use of (2.1.1), Theorem 1.7.5 (the Weierstrass M —test) and Theorem 2.1.42 shows
that > u,, converges to a continuous function on X, say u. Then, for all x € X,

0 0 on—1
@) <= > @l = 3 e = 1;
n=1 n=1

also, from (2.1.2), u |a= h.

The map u is a continuous extension of /4 to X, but this extension may assume the
values —1 or 1. A continuous extension eliminating this possibility is constructed
next. Let

B={xeX:ukx)e{-1,1}}



2.1 Basic Definitions 89

Plainly, B is closed and A N B = (. By Urysohn’s Lemma, there exists a continuous
map ¥ : X — R such that

Yx)=1xeA),yx®=0(xeB)
and0 <y < 1onX\(AUB).Letv:X — R be defined by

v(x) = y(ux) (x € X).

Evidently, v |4= u |4= h, and v is a continuous extension of 4 with values in (—1, 1).

Lastly, the conclusion of the theorem is immediate on setting g = ¢! o v.
Incidentally, it can be shown (see [5], (4.5.1)) that there is an extension g with the
property that

sup g(x) = supf(y), inf g(x) = inf £ (y).
xeX yeA reX YEA

Exercise 2.1.45
1. Letl <p < ooanddeﬁnep/ by% +§ = 1. Letf : [0, 00) — R be given by

f@ = % + [% — t. Show that the minimum of f on [0, c0) is attained only at
t = 1 and that the minimum value is 0. Hence show that for all a, b € [0, 00),

a b
ab < — + —,
p p

with equality if, and only if, a = /@~
Deduce Holder’s inequality: for every x = (x1,...x,),y = (b1, ..., yn) € R",

n n l/p n 1/p'
> bal < (Z |xk|p) (Z |yk|f’) :
k=1 k=1 k=1

(The case p = 2is Schwarz’s inequality.) Use this to prove Minkowski’s inequal-

1ty:
n 1/p n 1/p n 1/p
(Z Ik + Vi |") < (Z e |1’) - (Z vk |,,) :
k=1 k=1 k=1

Hence show that (R", d,) is a metric space, where

n 1/p
dy(x,y) = (Z e — Vi |") :
k=1
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2. Leta, b € R, suppose thata < b and put I = [a, b]; let 1 < p < oo. Prove that
(C), d) is a metric space, where

l/p

b
aif,g) = /lf(t)—g(t)l”dt (f, g € CU)).
3. Letp € [1, 00) and set

o0
6, = [x = (xien : x; € Rforalli e N, D |xil? < oo] ,
1

00 1/p
dy(x,y) = (Z i — y,-|") (x,y € £p).
i=1

Prove that (£,, d)) is a metric space.
4. Let S be the set of all sequences of real numbers and define d by

00
% — Ynl

dx.y) = ; Tt ] = Gy = On €5

Show that (S, d) is a metric space.
[Hint: t —> t/(1 4 ¢t) is an increasing function on [0, c0) ]
5. Let p be a prime number. Given any distinct integers m, n, let t = ¢(m, n) be the
unique integer such that
m—n=kp'

for some integer k not divisible by p. Define d : Z x Z — R by

1/pt ifm #n,
d(’”’”):[o/p ifZiZ.

Prove that for all distinct a, b, ¢ € Z,
t(a, c) > min{t(a, b), t(b, c)},
and hence show that (Z, d) is a metric space.

6. Determine whether the following subsets of R (endowed with the usual metric)
are open, closed or neither open nor closed:

N, (i) [%:neN], (iii) Q, (iv) [(—l)”(l—i—}l):neN].
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. Show that each of the following sets is an open subset of R?, endowed with the

Euclidean metric:

(i){(x,y) x4y <1, x>0, y>0},
(i) {(x,y) : x +y #0},
(i) {(x, y) : xy # 1}.

Is {(x,0) : 0 < x < 1} an open subset of R2?

. Show that each subset of a discrete metric space is open and closed.
. Let .S be the set of all sequences of real numbers; given any x = (x,) andy = (y,)

in §, with x # y, let k(x, y) be the smallest integer n such that x,, # y,. Define
d:SxS— Rby

1/k(x, if x ,
deey = xii

Prove that for all x, y, z € S,
d(x,y) < max{d(x,z),d(z,y)},

and hence show that (S, d) is a metric space.
Let (X, d) be a metric space and suppose that for all x, y, z € X,

d(x,y) < max{d(x,z),d(y,2)}.

Prove that if d(x, z) # d(y, z), then d(x, y) = max {d(x, z), d(y, z)}. Show also
thatif x € X and r > 0, then B(x, r) = B(y, r) for all y € B(x, r). Prove that if
two open balls in (X, d) intersect, then one is contained in the other. Show that
forall x € X and all » > 0, B(x, r) is closed and {y € X : d(x, y) < r} is open.
Let X be a non-empty setand d : X x X — R a mapping such that

(1) d(x,y) = 01if, and only if, x = y;
@) d(x,z) <d(x,y) +d(z,y) forall x,y,z € X.

Prove that (X, d) is a metric space.
Let di, d>» be two metrics on a non-empty set X, and suppose that there are
positive constants «, 8 such that for all x, y € X,

adi(x,y) < da(x,y) < Bdi(x,y).

Prove that the metric spaces (X, d1) and (X, d») have the same open sets.
Deduce that each of the metrics d,, of Example 2.1.2 (iii) generates the same
family of open subsets of R".
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13. Show that for all subsets A and B of a metric space X,

o
o o —_— — — [
ANB=ANB, AUB=AUB.
Show by means of examples that, in general,
o o L
AUB # AUB, ANB#ANB.
Find the closure and interior of the subset D of R? (with the Euclidean metric)

defined by
D= [(X,y, z) € R® : cosh(x + yz) > 2} .

14. Determine the interiors and closures of the following subsets of R? (with the
Euclidean metric):
@O{x,y):0<x<y<1}, (i) {(x,0):0 <x < 1}, (i) {(x,y) : x,y € Q}.
15. Let S be the subset of [0, 1] (with the usual metric) consisting of all those real
numbers which have a decimal representation of the form

> a
Zl(;n’

n=1

where a,, € {0, 1} for all n € N. By consideration of any y € [0, 1]\S and the
first digit in the decimal representation of y which is not 0 or 1, find the closure
of S.

16. By consideration of a discrete metric space, show that a closed ball in a metric
space need not be the closure of the open ball with the same centre and the same
radius.

17. Let (X, d) be a metric space, let Y be a non-empty subset of X and let dy be the
restrictionof dto Y x Y.

(i) Show that A is a closed subset of (Y, dy) if and only if there is a closed
subset B of (X, d) suchthat A =BNY.

(i1) Let Y be a closed subset of (X, d) and S C Y; let cly(S) (clx(S)) denote
the closure of S'in (Y, dy) ((X, d)). Show that cly (S) = clx(S).

18. Letf : R> — R be defined by

_[xy/GE 47 if () # (0,0),
TED =10 if (x,) = (0, 0);

R? and R are each supposed to be equipped with the appropriate Euclidean
metric. Show that f is continuous at each point of R?\{(0, 0)}, and that it is not
continuous at (0, 0).
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19. Let X be a metric space, letf, g : X — R be continuous and define 4 : X — R?
by h(x) = (f(x), g(x)) (x € X). Given that R? is endowed with the Euclidean
metric, show that /4 is continuous on X.

20. Discuss the continuity of the map f : R*> — R? (R? is equipped with the
Euclidean metric) defined by

it A e 5 T
f(X,y)Z (x2+y2’ x2+y2 ) lf(‘x’y)#(ovo)v
0,0 if (x,y) = (0, 0).

21. Show that§ : = {(x,y) : x> — y? + 2xy < 0} is an open subset of R? (equipped
with the Euclidean metric).
22. Let A and B be non-empty subsets of a metric space (X, d). Prove that

(i) A is bounded if, and only if, there exist x € X and r > 0 such that A C
B(x, r);
(il) A C B implies that diam(A) < diam(B);
(ii1) diam(A) = 0 if, and only if, for some x € X, A = {x};
(iv) ifa € A and b € B, then

diam(A U B) < diam(A) + diam(B) + d(a, b);

(v) if A and B are bounded, then A U B is bounded; further, a finite union of
bounded subsets of X is bounded.

23. Let A be a non-empty set of real numbers which is bounded above and let
a = supA. Prove that a € A.

24. Let A and B be closed, disjoint subsets of a metric space X. Show that there
are open, disjoint subsets U and V (of X) such that A C U and B C V. [Hint:
Urysohn’s lemma. ]

2.2 Complete Metric Spaces

An important property of real numbers is that every Cauchy sequence in R converges
to a point of R. We distinguish a class of metric spaces in which the same kind of
property holds. These spaces, the complete spaces, are of the utmost theoretical and
practical importance.

Definition 2.2.1 Let (X, d) be a metric space. A sequence (x,) in X is called a
Cauchy sequence if given any ¢ > 0, there exists N € N such that d(x,,, x,) < €
whenever m, n > N; equivalently, diam{x,, : m > n} — 0 as n — oo. Loosely,
these conditions may be written d(x;,, x,) — 0 as m, n — oo. The space X is said
to be complete if given any Cauchy sequence (x,) in X , there exists x € X such that
Xp — X asn — o0.
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Example 2.2.2

@
(i)

(iii)

(iv)

v)

R, with the usual metric, is complete: this was our prototype.

R", with the usual (Euclidean) metric d5, is complete. To prove this, let (x™)

be a Cauchy sequence in R”, with x = (x(m) v, XUy For each j e

{I,....n},
‘x]?’”) _x]@‘ 5( ‘ (m) _ ) ) = d ™, xPy S 0
k=

as m,p — oo; that is, (x;m))meN is a Cauchy sequence in R and hence con-
verges, to x; € R, say. Put x = (x,...,x,) € R". Then dr(x™ x) =

o N 1/2
(Z X" —xk’ ) — 0asm — oo : R" is complete.

Q, the set of all rationals, with the usual metric inherited from R, is not complete:
((1 + }l)”)neN is a Cauchy sequence in Q which does not converge to an
element of Q.

The open interval (0, 2), with the usual metric inherited from R, is not complete:
(Vlt)neN is a Cauchy sequence in (0, 2) which fails to converge to an element of

0,2).

IEet I)z [0, 1], take X = C(I) (the set of all continuous, real-valued functions
on /) and define a metric d on C(J) by

1
df,g = /0 If (&) — g(®)| dt.

Then (C(I), d) is not complete. To establish this, consider the sequence (f;,),>2,
where

0, if 0 Sts%l,
) = qnt=3). ify<t<34g,
L, if T +1l<r<1
Since d(fn. fm) = %|m_l_"_1| — O asmn — o0, (f) is a Cauchy

sequence. Suppose that there is a function f € C(I) such that d(f,,f) — 0
1) —fOlde < d(fyf) — 0asn — oo; thus

[f (1)l dt = 0, and hence f(r) = 0 for all t € [0, 3]. Now lete € (0, 5).
Smce

as n — oo. Then f
1/2

/ fn(@®) —f@O|dt <d(f,f,) > 0asn — oo,

1
§+8

and for all large enough n, f,(t) = 1 on [% + ¢, 1], we see that
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(vi)

1
/ If () = 11dr =0,
%+s

sothatf(r) = 1forall7 € [§ + &, 1]. As this holds for all e € (0, 3), it follows
that f(r) = 1 forall ¢ € (% l], which implies that f is discontinuous at t = %
This contradiction shows that (C(I), d) is not complete.

Letp € [1, 00), let

o
Ly = [x = (xj)ieN : x; € Rforalli € N, Z |xi|? < oo] ,
1

00 1/p
dy(x,y) = (Z i — i |f’) :

1

and let

where x = (x;), y = (i) € £p. Then ({p, dp) is complete. To prove this, let
(*")neN be a Cauchy sequence in £, where x" = (x!'), . For each i € N,

|xf” — xﬂ < d,(x", x")

and hence (x?)neN is a Cauchy sequence in R. Using the completeness of R,
let x; = limnﬁooxl’.’ and put x = (x;)ieN. It remains to show that x € £, and
that x" — x in £,.
Let ¢ > 0. There exists N € N such that d,(x™, x") < ¢ if m, n > N. Thus for
each k € N,

Z |x’~" —x”|p < elifm,n>N;

1 1

thus (letting m — 00),

k
xi—x"P <ePifn>N. (2.2.1)
1

i=1

Use of (2.2.1) in conjunction with Minkowski’s inequality shows that, for each
k € N,
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() (Ehr) (1)

i=1
00 » 1/p
§8+(Z va‘ ) .

i=1

Hence x € £,. Further use of (2.2.1) shows that

o] 1/p
d[,(x",x) = (Z ‘xi — xﬂp) <e.
i=1

Hence x* — x.

To make the interval (0, 2) of Example 2.2.2 (iv) above into a complete space all
we have to do is to adjoin the two points 0 and 2; the space Q of Example 2.2.2 (iii)
may be ‘completed’ by adjoining all irrationals. These two examples illustrate the
general principle, examined later, that any incomplete space may be enlarged so as
to make it into a complete space.

The following result gives a useful characterisation of complete spaces; it uses
the so-called Cantor intersection property: a metric space (X, d) is said to have this
property if whenever (A,) is a sequence of non-empty, closed, bounded subsets of
X such that A,y C A, for all n € N and lim,,_, o, diam A,, = 0, then ﬂ;’i 1 Ap has
exactly one point.

Theorem 2.2.3 (Cantor’s characterisation of completeness) A metric space (X, d)
is complete if, and only if, X has the Cantor intersection property.

Proof First suppose that X is complete, and let (A,) be a sequence of non-
empty, closed bounded subsets of X such that A,y C A, for all n € N and
lim,_, o diam A, = 0; let (x,) be a sequence such that for all n € N, x,, € A,.
If m > n, then x,, € A, and diam{x,, : m > n} < diamA, — 0asn — o0.
Hence (x;) is a Cauchy sequence and x := lim, o X, € A = Ay forall k € N;

o0
sox € (Ag. Ify € ﬂfoAk, then d(x, y) < diamA, — 0asn — oo; hence y = x.
1

It follows that (7 A, = {x}.
Conversely, suppose that X has the Cantor intersection property and let (x,) be
a Cauchy sequence in X. Let A, be the closure of {x,, : m >n} (n € N); then
Ap+1 C Ay and diam A, — 0 asn — oo. Thus there exists a unique x € X such that
o0

x € (\Ap; and d(x, x,,,) < diamA,, — 0 as m — oo, that is, x,, — x. Hence X is
1
complete. O

Augmenting the complete metric spaces already described, we now introduce
further examples each of which provides a suitable context for specific problems.
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Definition 2.2.4 Let S be a non-empty set and let Z(S) be the family of all bounded,
real-valued functions on S. The uniform metric d, on Z(S) is given by

doo(f, 8) = sup{lf(s) —g(s) : s € S} (f, g € AB()).

If S is a metric space, €(S) stands for the family of all continuous, bounded, real-
valued functions on S; the restriction of doo to €'(S) is again denoted by du.

Note that deo (fy, f) — 01if, and only if, (f;;) converges to f uniformly on S.

The arguments needed for the proofs of the next two theorems are essentially
those given in Sect. 1.7, but we give the details for the convenience of the reader.

Theorem 2.2.5 The metric space (B(S), dso) is complete.

Proof Let (f,) be a Cauchy sequence in Z(S). Then given any & > 0, there exists
N € Nsuchthat do (fyy, fin) < €ifm,n > N;and soforeachs € S, |f,(s) — fin(s)| <
¢ if m,n > N. Thus for each s € S, (f,(s)) is a Cauchy sequence in R and hence
converges, to f(s), say. We thus have amap f : S — R, where f(s) = lim,— o0 fn (5)
for all s € S. To complete the proof we must show that f € Z(S) and d(f,,f) — 0
as n — 00. As above, we see that for all s € S, |f,(s) —fin(s)| < eif m,n > N. Let
m — oo :thenforall s € S, |f,(s) —f(s)| < eifn > N. Since |f(s)| < |fn(s)| + &,
it follows that f € Z(S); also we have ds(f,f;) < € if n > N. Hence f, — f in
AB(S). (I

Theorem 2.2.6 Let (S, d) be a metric space. Then (% (S), dxo) is complete.

Proof Let (f;) be a Cauchy sequence in %(S). Then (f;,) is a Cauchy sequence in
A(S), and so by Theorem 2.2.5, there exists f € H(S) such that doo(f, f,) — 0 as
n — 00. Let ¢ > 0. Then there exists N € N such that foralln > N and all s € S,
Ifn(s) —f(s)| < &/3.Letsy € S. Since fy is continuous at sg, there exists § > 0 such
that |y (s) — fv(s0)| < /3 if d(s, s9o) < 8. Thus if d(s, s9) < &, then

[F(s) = f(so)| < [f(s) —fn ()| + v (s) —fv(so)| + [fv(so) — f(s0)| < e.
Hence f € %'(S), and the theorem follows. U
Corollary 2.2.7 Letl =[a,b] C R.ThenC() = € () and (C(I), dxo) is complete.

Proof That C(I) = € (I) follows immediately from the fact that every continuous
real-valued function on the closed, bounded interval [ is bounded. The rest is now
clear from Theorem 2.2.6. (I

We take up in the next section the question of under what conditions on a metric
space S can it be shown that C (S) = €(S).

Theorem 2.2.8 Leta,b € Rand a < b. Then (% [a, b, dx) is complete.
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Proof Let (f,) be a Cauchy sequence in Z [a, b]; it is also a Cauchy sequence in
A la, b] and so there is an f € A a, b] such that ds (f,f,) — 0 as n — oo.
Evidently (f;,) converges uniformly to f on [a, b]. By Theorem 1.7.12 it follows that
f €Za,b]. O

Theorem 2.2.9 Leta,b € R,a < b, letI = [a, b] and let C'(I) denote the family of
all continuously differentiable real-valued functions on 1. Let v : C(I) x C(I) - R
be defined by

v(f, g) = sup {[f(x) — g)| : x € I} + sup {|f'(x) — g’ )| : x € I}

(that is, v(f,8) = doo(f, 8) + doo(f', g)). Then (C'(I),v) is a complete metric
space.

Proof Routine arguments show that v is a metric on C' (). To prove completeness,
let (f,,) be a Cauchy sequence in C (). Then (f) and (f,)) are Cauchy sequences in the
complete space (C(I), dx,), and so there exist f, g € C(I) such that doo (f,, f) — O
and doo (f;, g) — 0 as n — oo. The result is immediate if we can prove that /' = g.
However, by Theorem 1.4.4,

Fo) — fola) = /fn’ (xelneN)y;

and since |fax(f,; — g)| <(@x- a)doo(f,;, g) — 0asn — oo, we have that

X

FO) = fl@ = lim (h) —fu@) = lim / fo= / glreD.

a

Thus by Theorem 1.4.9, f is differentiable and f - 8- ]

Corollary 2.2.10 Let (f,) be a sequence in C L) (I = [a, b]) such that (fy) con-
verges uniformly on I and for some xo € I, (fy(x0)) is convergent. Then there exists
f € C'(I) such that (f,) converges uniformly on I to f and

f'(x) = lim f(x) (x € ).
n— 00
Proof 1t is enough to show that (f;,) is a Cauchy sequence in (C(I), dx)), for then
(fn) will be a Cauchy sequence in (C (I, v) and the result will follow immediately

from Theorem 2.2.9. To do this, let ¢ > 0 and let N € N be such that

[im(x0) — fu(x0)| < &/2 and doo(f;, f;) < €/2(b — a) if m,n > N.

Since for all x € I we have, by Theorem 1.4.4,
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on () — o] < UnCx0) — fo(x0)] + / " — 1)

< [fin(x0) = fu(x0)| + (b — @)oo (fy, f) < &

if m, n > N. The result follows. U

Returning to the observations concerning the completion of an incomplete metric
space following Example 2.2.2, we see that Theorem 2.2.6 leads to the following
result.

Theorem 2.2.11 Let (S, d) be a metric space. Then there is a complete metric space
(S d) such that S is isometric to a dense subset S of S, that is, a subset Sy such that
S() =5

Proof Fix a € S and for every p € §, define f, : S — R by

Jp(x) =d(x,p) —d(x, a).

Use of the triangle inequality shows that, for all x, y € S,

o) — 0| < 2d(x,y). |f,()] < d(a.p).

Hence f,, € €'(S). Let So = {f,, : p € S}. Since, forall p, g € S,

doo(fp. fq) = sup ld(x,p) —d(x,q)| =d(p.q),

xeS§
the map p — f, : § — So C €(S) is an isometry of S onto Sp. Let S be the closure
of Sy in (%(S), ds) and d be the restriction of dy to S x S. Since S is closed in
(€(S), dxo), use of Lemma 2.1.24 shows that G , Zi) is complete. Let 30 denote the
closure of Sy in (§ , a As Sy = :i So is dense in (§ , a and § is isometric to it. [

Even though X is not unique in having the property of being complete and having
X isometric to a dense subset of X—it is only unique up to an isometry—we shall
refer to it as the completion of X.

Two of the most celebrated results associated with complete metric spaces are
the Contraction Mapping Theorem and the Baire Category Theorem. The rest of this
section is devoted to establishing these and illustrating their application.

2.2.1 The Contraction Mapping Theorem

This is one of the most useful, yet simple, theorems in mathematics.
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Definition 2.2.12 Let (X, d) be a metric space. A map f : X — X is called a
contraction if there is a number A € [0, 1) such that for all x, y € X,

d(f (). f() = Ad(x,y).
Theorem 2.2.13 (Banach’s contraction mapping theorem ) Let (X, d) be a complete

metric space and let f : X — X be a contraction. Then there is exactly one point
x € X such that f (x) = x; that is, f has exactly one fixed point.

Proof Asf isacontraction, there exists A € [0, 1) such thatd(f (x), f(y)) < Ad(x,y)
for all x, y € X. Let xo € X and define a sequence (x;,) by x, = f(x,—1) (n € N).
Then for each n € N,

d(Xpg1, %) = d(f (%), f (Xn—1)) < Ad (X, xp—1) < A"d(x1, X0).
If m > n,

d X, Xn) < dQony Xm—1) +dXm—1, Xm—2) + ... + dXug1, Xp)
< MmN d (g, X0)

A — A"
= %d(xl,xo).

It follows that (x,) is a Cauchy sequence in X and, as X is complete, there exists
x € X such that x, — x. Thus

dx,f(x)) < dx, xp41) +dXpt1, f (X)) < d(x, Xp41) + Ad (X, X)

— 0asn — o0.

Hence f(x) = x; that is, x is a fixed point of f.
If there exists y € X such that f(y) =y, then

dx,y) =d(f(0).f() = Ad(x,y);
andas A < 1,d(x,y) = 0. Hence x = y, and the proof is complete. [

Note the constructive nature of this proof: no matter what point x( of X is chosen,
the fixed point x of f is given by the formula

x = lim f*(xp).
n— oo
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In practical circumstances, approximations to the fixed point may be derived by
choosing a convenient point xo and determining f” (xg) for various values of 7.

Corollary 2.2.14 Let X be a complete metric space and let f : X — X be such that,
for some k € N, f* is a contraction. Then f has a unique fixed point.

Proof By Theorem 2.2.13, there is a unique x € X such that f*(x) = x. But

A x) = F(f*(x)) = f(x), and so f(x) is a fixed point of fk. Hence f(x) = x.
That f has a unique fixed point now follows since evidently any fixed point of f must
be a fixed point of f*, and so must coincide with x. (I

‘We can now give an application of the contraction mapping theorem to the theory of
ordinary differential equations.

Theorem 2.2.15 Let a,b € R, a < b, putl = [a,b], letf : I x R — R be
continuous and suppose there exists M > 0 such that forall x € [ and all y1,y, € R,

IF e, y1) —f (e, y2)l = Myt — yal.
Let ¢ € R. Then there is a unique function u € C'(I) such that

W' (x) =, ux)) (x e ), ua) = c. (2.2.2)
Proof First observe that if u € C(I), then t — f (¢, u(¢)): I — R is continuous,
for if + € I and (t,) is a sequence in I with t, — ¢, then (¢, u(t,)) — (¢, u(t))
in I x R and so f(¢,, u(t,)) — f(t, u(t)). Further, by the Fundamental Theorem of

Integral Calculus, there is a unique u € C (I such that (2.2.2) holds if, and only if,
the integral equation

ux) =c+ /f(t, u(t))dt (x € I) (2.2.3)
has a unique solution u € C(I). Defineamap T : C(I) — C(I) by
(Tu)(x) = ¢ +/f(t, u())dt (x € I, u e C(I)).

For each n € Ny, let P(n) be the proposition
|(T"u) (x) = (T"v)(x)| < (M |x — al)"doo (1, v) /!

forall u,v € C(I) and all x € I. (Here T is the identity map of C (/) to itself.)
Plainly P(0) is true; moreover, if P(n) holds for some n € Ny, then
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Ty — ()| = / [ @w@) — e )@} dr

<M /{(M It — al)'deo (u, v)/n!}dt

< M |x — a)" M doo (u, v)/(n + 1)!

for all u,v € C(I) and all x € I, and so P(n + 1) is true. Hence P(n) is true for all
n € N. It follows that

doo(T"u, T"v) < (M (b — a))"dso (u, v)/n!

for all u, v € C(I) and all n € N. Choose k € N so large that (M (b — a))k/k! < I:
then T is a contraction on the complete space (C(I), dwo). By Corollary 2.2.14, there
is a unique u € C(I) such that Tu = u; that is, such that

u(x) =c+ /xf(t, u(r))dt (x € ).

The result follows. (]

2.2.2 The Baire Category Theorem

Several formulations of this theorem exist. One of the most accessible is as follows.

Theorem 2.2.16 Let X be a complete metric space and let (O,) be a sequence of
dense open subsets of X. Then 072 | O, is dense in X; that is, 72 0, = X.

Proof Suppose that the conclusion is false. Let U := X\ N>2, 0, : U is open and

non-empty. Since &1 = X, U N 0 # . Hence there exists a non-empty open set
Uy such that o o
U cU cUNO;and diamU; < 1.

(U1 may be taken to be an open ball of suitable radius). Since Ez =X, UN0C, #0
and so there is a non-empty open set U, such that

Uy C U, CU NOyand diam U, < 271,
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Continuing in this way we see that there exists a sequence (U,,) of non-empty open
subsets of X such that, for all n € N,

U, C U, CU,1NO,and diamU, < n~".

(Here Uy := U.) Thus Cantor’s characterisation of completeness (Theorem 2.2.3)
shows that for some x € X, .

Since U; C U and, for all n € N, U,, C 0,, it follows that x € U N (NS, 0n), a
contradiction. O

o _
Taking complements, and recalling that “(A) = A whenever A C X, we imme-
diately obtain the equivalent result:

Theorem 2.2.17 Let X be a complete metric space and let (F,) be a sequence of
closed subsets of X, each with empty interior. Then U2 | Fy, has empty interior.

Breaking the theoretical development for a moment, we use this last result to give
a striking demonstration of the existence of a continuous nowhere-differentiable
function.

Theorem 2.2.18 Let I be the closed interval [0, 1]. Then there exists an element of
C(I) which is not differentiable at any point of I.

Proof For each n € N put

h) —
M, = {f € C([0,2]) : forsomexg € I, sup I/ xo + ZL S (x0)| Sn].
O<h<l

We claim that each M, is closed in C([0, 2]). To prove this, let f € M,, and let (fr)
be a sequence in M,, that converges to f. For each k € N, there exists x; € [ with

ik + h) — fi()| < nhif 0 < h < 1.

As the bounded sequence (x;) contains a convergent subsequence, we may and shall
assume, without loss of generality, that x; — xo € I. For all k € N,

[f(xo +h) — fxo)| < [f(xo +h) —fOx + )]+ [f Gk + h) — fiuex + B)|
+ [fe Gk + 1) — fie | + i () — f Ge) |

+ [f ) — f (xo)l s

and using the fact that |fi (xx + h) — fi (xx)| < nh we see, on letting k — oo, that
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If o + 1) — F(x0)| < nhif0 < h < 1.

It follows that f € M, and our claim is justified.

Next we claim that each M,, has empty interior. For let g be a piecewise-linear
continuous function on [0, 2], so that the graph of g consists of a finite number of
straight-line segments; let M be the maximum absolute value of the gradients of these
segments. Given ¢ > 0, choose m € N so that me > n + M, define ¢ : R — I by

¢(x) =min{x — [x],[x]+1—x}, x€R

(here [x] denotes the integer part of x; ¢ (x) is simply the distance of x from the
nearest integer), and put

Fx) =gx)+ep(mx), x el.
Thenifx el and0 < h < 1,

|F(x+h) = Fx)| = [g(x +h) — g) + e{@(m(x + h)) — ¢ (mx)}|
> emh — [g(x +h) — g(x)|

> emh — Mh > nh.

Hence F € C([0, 2])\M,,. Moreover, d (g, F') = . Assuming for the moment that
the set of all piecewise-linear continuous functions is dense in C ([0, 2]), our analysis
shows that any f € C([0, 2]) may be approximated arbitrarily closely in C([0, 2])
by an element of C([0, 2])\M,,, so that the interior of M,, must be empty, as claimed.
Since C([0, 2]) is complete, it follows from Theorem 2.2.17 that C ([0, 2])\ Uf,i] M,
is non-empty; and as every function in C([0, 2]) that is differentiable at some point
of I must lie in some M,,, the theorem follows.

All that remains is to establish the density of the piecewise-linear continuous
functions in C([0, 2]). Let f € C([0, 2]) and let ¢ > 0. Since f is uniformly con-
tinuous on [0, 2], there is a partition P = {0, 2/m, 4/m, ..., 2} of [0, 2] such that
forj =1,...,m we have osc(f, [(2j — 1)/m, 2j/m]) < e (see Exercise 1.1.10 /2).
Define ¢ on [0, 2] by

m 2 — 1) , 2j .
v =7 H(x E— )f(2j/m) + (— —X)f(Z(z - 1)/m)]

m

if 2G—1)/m<x<2j/m,j=1,...,m,
so that v is piecewise linear and coincides with f at the points of the partition.
Evidently doo (f, ) < &, and the density follows. (I

Alternative formulations of the Baire theorem demand a little preparation.
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Definition 2.2.19 Let A and B be subsets of a metric space X. Then A is said to be
dense in B if B C A; it is everywhere dense (or simply dense) if it is dense in X
and it is nowhere dense (or rare) if it is not dense in any non-empty open subset of
X, or equivalently, if its closure contains no interior points.

Remark 2.2.20

(i) Plainly, a subset of a nowhere dense set is nowhere dense; also, the closure of
a nowhere dense set is itself nowhere dense.
(i1) A closed setis nowhere dense if, and only if, it coincides with its own boundary.

- o o
Thatis,if A C X and A = A, then A = ¢ if, and only if, A = A\A = A.
(ii1) To say that a set is everywhere dense is not the antithesis of saying that it is
nowhere dense.

Example 2.2.21

1. Letx € X. Then {x} is nowhere dense if, and only if, x is not an isolated point of
X : an isolated point y is one having a neighbourhood containing no point of X
o

except y. Note that {x} is closed. Thus {x}= 9 if, and only if, every neighbourhood
U of x is such that U N° {x} # @; and this is so if, and only if, x is not an isolated
point of X.

2. The boundary of an open (or closed) set in X is always nowhere dense. For let U
be an open set in X and let V be an open setin X suchthat V c U = UN‘U =
U N °U. Then °V is closed and contains U, so that °V > U D V, which is
possible only if V = . Note that the boundary of an arbitrary set A in X need
not be nowhere dense: for example, A and “A might both be dense, in which case
0A =X.

Lemma 2.2.22 Let A be a subset of a metric space X. The following three statements
are equivalent:

(1) A is nowhere dense in X.
(i1) “A contains an everywhere dense open subset of X.

(iii)) Each non-empty open set U in X contains a non-empty open set V such that
VNA=10.

o - o
Proof (1)=(ii) Suppose A = (. Then ¢(A) = “(A) = X and so the open set €(A),
which is contained in A, is everywhere dense.
(ii)=(iii) Let & be a dense open subset of X contained in “A and let U be a non-
empty open subset of X. Note that U N & # ) : otherwise, & is contained in the
closed set ‘U, so that X = & C U which implies that U = . Let V. = U N 0.
Then V is non-empty and open, V C U and VNA = ¢, since V C & C “A.

o
(iii)=> (i) To obtain a contradiction, suppose U := A # . Then there is a non-empty
open set V c Usuchthat ANV = @. Since “V is closed and AC ¢V, it follows that
UCACWandso@d=UNV =V #{, acontradiction. O
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Lemma 2.2.23 Let X be a metric space.

(1) IfU and V are each dense open subsets of X, then U NV is a dense open subset
of X.

(ii) If A and B are each nowhere dense subsets of X, then A U B is nowhere dense.
Proof (i) To obtain a contradiction, suppose U NV # X. Then G :=° (U N V) is
open and non-empty. Since U = X, GNU is open and non-empty: otherwise, ‘G D> U
and, since °G is closed, °G D U = X, implying that G = ¢J. Since V = X, similar
reasoning shows that G N U NV is open and non-empty. But this contradicts the fact
that UNV C °G. Hence U NV is dense in X.

(ii) Since A and B are nowhere dense, each of the sets °(A), ¢(B) is open and dense
in X. Thus, using (i), it follows that (A) N¢(B) = ‘(A U B) = ‘(A U B) is dense in

X. Since
0 -
C(AUB) =¢AUB) =X,

the set A U B is nowhere dense. O

Note that (i) and (ii) can obviously be extended to arbitrary finite intersections
and finite unions.

Taken together, Theorems 2.2.16 and 2.2.17 extend the last Lemma to countably
infinite families of sets. But the extension comes at a price. Recall that a countable
intersection of open sets need not be open, and a countable union of closed sets need
not be closed. The theorems demand a stronger hypothesis, namely the completeness
of X, and support a weaker conclusion than that of the Lemma. To illustrate by
example, let X = Rand A,, = {x,}, where the sequence (x;,),cN is an enumeration of
the rationals. Then Q = U2 | A, is a countably infinite union of nowhere dense sets
and its interior is empty. However, it is not nowhere dense; indeed, it is everywhere
dense.

Definition 2.2.24 A subset A of a metric space X is said to be of first category (or
meagre) in X if it can be represented as a countable union of nowhere dense subsets
of X. Otherwise, it is said to be of second category (or nonmeagre) in X. A set
B C X is said to be residual in X if “B is of first category in X.

To give an example of a set of first category arising naturally in a non-trivial
context, we establish the following result.

Theorem 2.2.25 Let X be a metric space, let (fy) be a sequence of continuous real-
valued functions on X which is pointwise convergent, and let the functionf : X — R
be defined by

fx) = nlggo Sa@) (x € X).

Then
2 := {x € X : f is not continuous at x}

is of first category in X.
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Proof Let w be the oscillation function of f (see Definition 2.1.31). The identity
2 =U2xeX wkx) > n 1

exhibits Z as a countable union of closed sets each of which will be shown to be of
first category (in X). Plainly, a countable union of sets of first category is itself of
first category. Thus Z is of first category (in X).
Let e > 0 and let
F={xeX: wkx) >e¢&}

It is enough to establish that F is of first category. To do this, for n € N let
Ey = Nijeplx € X : [fi(x) — ()] < &/8}:
each E, is closed, E, C E,11 and X = U>?2 | E,,. Evidently
F=UX | (FNEy),
_°
and the matter of category is settled provided that, for each n, F N E,, = (. To obtain

a contradiction, suppose that for some n, F' N E, is not nowhere dense. Then there
exists an open set U such that

U#0,UCFNE,=FNEy,;
moreover, for each x € U,
i) — )| < /8ifi,j > n.
Setting i = n and letting j — o0, it follows that
() —f0)| = &/8 (x € U).

Lety € U. Since f, is continuous at y, there is a neighbourhood Uy of y such that
Uy C U and
() =] < €/8 (x € Uy).

It follows that
If () —fnO)| < /4 (x € Uy);

that
[f(x) —f(&N] < /2 (x,x" € Uy);

and that
w@) <e&/2.
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But the last inequality, valid for all y € U, implies that U N F = {J, a conclusion
incompatible with U # @, U C F. Thus, for all n € N, F N E,, is nowhere dense, as
required. g

Paraphrasing, Theorem 2.2.25 shows that, for an arbitrary metric space X, the
set & of points of discontinuity of a function f generated as a pointwise limit of a
sequence of continuous real-valued functions is of first category. Naturally, isolation
of those metric spaces in which more can be said about & is of interest. If as an ideal
one might wish to have ¥ = ¢, 7 = X, then as a step towards this, generally, for

o

complete metric spaces it turns out that & = ¢, €% = X. This is a consequence of
the following theorem.

Theorem 2.2.26 Let X be a metric space. If X has one of the following properties,
then it has all of them.

(1) Every countable intersection of dense open subsets of X is dense in X.
(i1) The complement of every set of first category in X is dense in X.
(iii) Every set of first category in X has empty interior in X.
(iv) Every non-empty open set in X is of second category in X.

A metric space with one, and hence all, of the above properties is said to be a Baire
space.

o
Proof (i) = (ii) LetA be aset of first category in X : A = U>° | H,,, where H, =1
(neN).LetB = Ui‘il]?,,. Then B is of first category in X and A C B. Now

‘B=np2, “(H,) and ¢(H,) = ¢ (F) =X (neN).

Hence, given that (i) holds and that “B C “A, it follows that X = ‘B CCACXand

that A is dense in X. L

(i) = (iii) Let A be of first category in X. Using (ii) we see that ‘A = X. Thus ¥ =
- o

(cA) = A.

(iii) = (iv) To obtain a contradiction, suppose that U is a non-empty open subset

o

of X which is of first category in X. Then, since (iii) holds, ¥ = U = U.

(iv) = (i) Let (&,) be a sequence of dense open subsets of X and let £ = ﬂ;’f: 1On.

Then ‘E = U2 | 0, and

o) o

<O, =Op= “(0,) =0 (n€N).

o

Hence “E is of first category in X and consequently so is °E. Since (iv) holds, it
o

follows that @ =°E and X = E. O
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In view of the above result it is obvious that our first version of Baire’s theorem
may now be recast in a final one as follows.

Theorem 2.2.27 Every complete metric space is a Baire space.

The reader should note that there exist incomplete metric spaces which are Baire
spaces (see [2], Sect. 5, Exercise 14).

‘We conclude this section with the observation that, in the context of complete met-
ric spaces, Baire’s theorem immediately permits the following strengthened version
of Theorem 2.2.25.

Theorem 2.2.28 Let X be a complete metric space and let f : X — R be the
pointwise limit of a sequence of continuous real-valued functions on X. Then the set
of points of continuity of f is residual and dense in X.

Exercise 2.2.29

1. Let (X1, d1) and (X3, d2) be complete metric spaces, let X = X x X and define
d:XxX— Rby

2 2 1/2
dey) = {di ey + e 6= @)y = 012 € X).

Prove that (X, d) is complete.

2. Let (X, d) be a metric space and let F' be a non-empty subset of X. Prove that
(1) if (X, d) is complete and F is closed relative to (X, d), then (F, d) is complete;
(ii) if (F, d) is complete, then F is closed relative to (X, d).

[By convention, (F, d) stands in place of (F, d |rxF).]

3. Letl =1[0, 1] and define T : C(I) — C(I) by

TN = x + / (x— 0f (Odi (x € If € C(1)).
0

Show that 7T is a contraction on C(/) (assumed to be endowed with the uniform
metric) and deduce that the only element f of C (/) such that

fx) =x+/(x—t)f(t)dt xel
0

is the restriction to [0, 1] of the hyperbolic sine function.
4. Use the contraction mapping theorem to show that foreach k € (0, 1) the equation

fe) =1+ / F@dr (0 < x <k)
0
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has exactly one solution f € C([0, k]). Hence show that this result is also true
when k = 1.
5. (i) Give an example of a contraction mapping of an incomplete metric space
into itself which has no fixed point.
(i) Give an example of a mapping 7T of a complete metric space (X, d) into
itself with the property

d(Tx,Ty) <d(x,y) forallx,y € X, x #y,

but which has no fixed point.
(iii) Give an example of a mapping T of a complete metric space into itself such
that 7™ is a contraction mapping for some m € N, but 7 is not a contraction.
6. LetX ={x € R:0 < x < 1} and let d| and d> be metrics on X defined by

1 1
di(x,y) =|x—y|,d(x,y) = ‘)—C—;‘ (x,y e X).

Prove that the two metric spaces (X, d1) and (X, d») have the same convergent
sequences, but that (X, d») is complete while (X, d1) is not complete.
7. Let S be the set of all real sequences x = (x,,) andletd : S x § — R be defined by

e¢]

d(x,y) =
23

% — Ynl
(x = (), y= () €9)
L+ b = yal] ! !
Prove that (S, d) is a complete metric space.
8. Let (X, d) be a metric space.

(i) Show that if (x,) and (y,) are Cauchy sequences in X, then (d(x,, y,)) is a
Cauchy sequence in R and is therefore convergent.
(i) Let 2 be the set of all Cauchy sequences in X. Call elements (x,), (y,) of
Z equivalent, and write (x,) ~ (y,), if lim,_ o d(x;, y,) = 0. Show that
~ is an equivalence relation on 2.
(iii) Let (xn), (x},), (v») and (y,,) € £ and suppose that (x,) ~ (x,) and (y,) ~
(¢,,). Show that
lim d(x,,y,) = lim d(x,y,).
n— oo n—o0

(iv) For (x,) € Z,let[(x,)] denote the equivalence class of which itis a member:

()] = {On) € 2 (n) ~ ()}

Let X be the set of all equivalence classes and define d:XxX—>R by

A (@) (o] = lim_ dn. yn)-
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Show that d is a metric on X (it is well-defined by virtue of (iii)),

(v) For each x € X, let ¢(x) = [(x,)], where x, = x for all n € N. Let
Xo = {¢(x) : x € X}. Show that, if Xy is equipped with the metric inherited
from X, then x > ¢(x) : X — X is an isometry.

(vi) Prove that Xy is dense in (}A(, ZZ), ie,Xo=X.

(vii) Prove that (5(\ , a is a complete metric space.

2.3 Compactness

We focus here on those metric spaces X with the following property: if a map f :
X — R is continuous then it is bounded, that is, its range, f (X), is bounded. Spaces
with this property are precisely those for which the sets C(X) and % (X) coincide,
a coincidence already noted in the case of each non-degenerate, closed, bounded
interval in R. In seeking to ensure the property three main strategies have emerged.
These we now examine in turn.

Strategy I Let f : X — R be continuous. Then each x € X has a neighbourhood U,
such that, for all u € Uy,
F| < 1+ [f(x)].

Evidently X = UXGX U,. Hence if a finite set {x|, xp, ..., x;;} C X exists such that
X = UZQ:I U,,, then f(X) is bounded, since for all u € X,

Fl <1+ max [f(x)l.

This observation motivates the next definition and establishes the theorem that
follows.

Definition 2.3.1 A metric space X is said to be compact if every family % of open
subsets of X such that X = U% contains a finite subfamily 7" such that X = U7".

Theorem 2.3.2 [fX is a compact metric space, then every continuous map f : X —
R is bounded.

By way of illustration, leta, b € Randa < b. We claim that, viewed as a subspace
of R, the interval [a, b] is compact. For if this were not so, then there would be a
family % of open subsets of [a, b], with union [a, b], such that no finite collection
of sets in %/ has union [a, b]. Bisect [a, b] : then at least one of the sub-intervals
[a, %(a + b)], [%(a + b), b] is not contained in the union of any finite collection of
members of 7/. Repetition of this process gives a sequence of nested, closed sub-
intervals of [a, b], (I,) say, with the length of I,, equal to 27"(b — a). By Cantor’s
intersection theorem (Theorem 2.2.3) these intervals I,, have intersection consisting
of a single-point setin [a, b], {x} say. Obviously, there exists U € % suchthatx € U,
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since U is open, I, C U for all large enough n. This contradicts the fact that no 7, is
contained in the union of a finite number of members of %, and our claim is justified.

Strategy II Suppose that X does not have the required property and that f : X — R
is a continuous but unbounded map. Then, for each n € N, there exists x;,, € X such
that |f(x,)| > n. The sequence (x,) does not have a convergent subsequence. To
see this, suppose that (x;) has a subsequence (x,,,(,)) wWhich converges to an element
x € X. Since f is continuous at x,

lf(xm(n))| = [fl;

however, for all n € N, lf(xm(n))| > m(n) > n, and so Lf(xm(,,))| — 00.

We have shown that any metric space X without the required property has a
sequence with no convergent subsequence. Put equivalently, if each sequence in X
has a convergent subsequence, then each continuous, real-valued function on X is
bounded. These matters are summarised below.

Definition 2.3.3 A metric space X is said to be sequentially compact if each
sequence in X has a subsequence which converges to a point of X.

Theorem 2.3.4 If X is a sequentially compact metric space, then every continuous
map f : X — R is bounded.

That each closed, bounded interval in R is sequentially compact is immediate
from the Bolzano-Weierstrass theorem.

We preface the final strategy with a definition.

Definition 2.3.5 A metric space X is said to be totally bounded if to each ¢ > 0
there corresponds a finite family .# of subsets of X such that X = U.% and, for each
Fe % diamF < e.

Plainly, the interval [0, 1], inheriting the usual metric from R, is totally bounded.
Indeed, every bounded subspace of R is totally bounded.

Strategy III Let X be complete and totally bounded. To obtain a contradiction,
suppose that it carries a continuous but unbounded map f : X — R. Since X is
totally bounded it is a union of finitely many closed sets each with diameter < 1.
(Observe that, if A C X, then diamA = diamZ.) The restriction of f to one of
these, X say, is unbounded. A further appeal to the total boundedness of X shows
that it, and therefore X1, is a union of finitely many sets each of which is closed in X
and of diameter < 1/2. The restriction of f to one of these subsets of X1, X» say, is
unbounded. Proceeding in this way, the result is a sequence (Xj,) of sets closed in X
such that, for alln € N, (i) X,+1 C X,, (il) diam X,, < 1/n, (iii) f (X,,) is unbounded.
By the Cantor intersection theorem, there exists x € X such that {x} = N°°, X,. Since
f is continuous at x, there is a neighbourhood U, of x on which f is bounded. But,
for sufficiently large n, X;, C U, and therefore f(X,,) is bounded. This contradicts
(iii), and we have proved the following theorem.



2.3 Compactness 113

Theorem 2.3.6 If X is a complete and totally bounded metric space, then every
continuous map f : X — R is bounded.

Conditions sufficient to ensure our property of interest are offered by each of
Theorems 2.3.2, 2.3.4 and 2.3.6. Remarkably, they are also necessary conditions
and hence equivalent. The position is formalised in our next result, the definition
preceding which concerns terminology useful in its proof.

Definition 2.3.7 Let S be a subset of a set X and let .% be a family of subsets of X
such that S € U.%#. Then .7 is called a covering of S : if .# has only a finite number
of members then it is called a finite covering of S. If X is a metric space and the
members of .% are open sets, .% is called an open covering of S.

Theorem 2.3.8 Let X be a metric space. The following are equivalent statements:

(a) X is compact.

(b) C(X) = € (X), i.e. each continuous map f : X — R is bounded.

(¢) X has the Bolzano-Weierstrass property : every infinite subset of X has a limit
point in X.

(d) X is sequentially compact.

(e) X is complete and totally bounded.

Proof (a)==(b): this has already been established in Theorem 2.3.2.

(b)==(c): let (b) hold and suppose that X has an infinite subset with no limit point
in X. Then there is a sequence (x,) of distinct points of X such that S := {x, : n € N}
also has no limit point in X (the countable axiom of choice A.5.2 is used here). Thus,
for each n € N, there exists r, € (0, 1/n) such that B(x,, r,) NS = {x,}. Letting d
denote the metric on X, for each n € N define f;, : X — R by

fn(x) = max {n (1 — 2r,:1d(x,xn)) ,O} .

Evidently, each f;, is continuous.

Now, each element of X has a neighbourhood of itself restricted to which all save
finitely many f;, are identically zero. To see this, let x € X and let p > 0 be such
that B(x, p) NS C {x}. Further, let N € N be such that N > ,o’1 and, foralln > N,
Xxn # x. Then

B(x, p/2) 0 | BCi, ra/2) = 0
n=N

for otherwise an n > N would exist such that
p=dx,x,) <(p+m)/2<(+1/n)/2<p,

which is impossible. Hence, for alln > N and all y € B(x, p/2), fu(y) = 0.
Define f : X — R by
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o0
[ = fulo.
n=1

The existence for each x € X of an N and a p, both depending on x, such that

N
fO)=D_£H0) & eBx. p/2),
n=1

shows that f is continuous: the fact that, for each n € N, f(x,) = n, shows that it is
unbounded. Such an f is incompatible with (b) and so X has the Bolzano-Weierstrass
property.

(c)==(d): Suppose that (c) holds and let (x,) be a sequence in X. If there is a
point x € X such that x, = x for infinitely many values of n, then evidently there is
a subsequence of (x,) which is constant (has all its terms equal to x) and converges
to x. If no such x exists then S := {x,, : n € N} is infinite and has a limit point y € X.
We now choose m(1) to be the least positive integer n such that 0 < d(y, x,,) < 1,
and define inductively a subsequence (xm(n)) of (x,) which converges to y. Suppose
that m(1) < m(2) < ... < m(n) have been chosen so that 0 < d(y, x(j) < 1/j for
j=1,2,...,n Choose m(n + 1) to be the least integer exceeding m(n) such that
0 < d(y, Xm@u+1y) < 1/(n 4+ 1). This establishes (d).

(d)==(e): Suppose that (d) holds, let ¢ > 0 and select x; € X. Suppose that
X1, ..., X, have been chosen in X so that d(x;, x;) > /3 if i # j. If possible, choose
Xn+1 € X such that d(x;, x,4+1) > ¢/3 for all i, | < i < n. This process must stop
after a finite number of steps because of our assumption that (d) holds. It follows
that X = Ujvzl B(xj, ¢/3) for some N € N. Since B(x;, £/3) has diameter < ¢, X is
totally bounded.

To prove X complete, let (x,,) be a Cauchy sequence in X. By (d), there is a
subsequence (xi(,)) of (x,) which converges to a pointin X. Suppose lim,_, o0 Xk(n) =
x andletn > 0. There exists N € N such that d(x;,, x,) < n/2and d(x, xrpu)) < n/2
if m,n > N. Thus, foralln > N,

d(x, x,) < d(x, Xkm)) +drmy, Xn) < 03

hence lim;,—, s X, = x; X is complete; and (e) holds.

(e)==(a): Let % be an open covering of X and suppose that no finite subfamily
of % is a covering of X. By (e), X is a union of finitely many closed sets each with
diameter < 1. One of these, say X1, cannot be covered by finitely many members of
7% . Repeat this argument with X in place of X and continue indefinitely: there is a
sequence (X,) of closed sets such that, foralln € N, (i) X,,+1 C X, (ii) diam (X;,) <
1/n, (iii) X, is not covered by a finite subfamily of %/. By the Cantor intersection
theorem there is a point x € X such that {x} = N2, X,. Hence x € U for some
U € 7% . By (ii), X;, C U for all large enough n and this contradicts (iii). Hence X is
compact and the proof of the theorem is complete. [
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Corollary 2.3.9 If X is compact then C(X), equipped with the uniform metric

doo(f, g) = sup |[f (x) — g(¥)|,

xeX
is complete.
Proof The result is immediate from Theorems 2.2.6 and 2.3.8. ]

A standard method generates new compact spaces from old. Proceeding through
a reformulation of total boundedness we show that a finite Cartesian product of
compact spaces equipped with the standard metric is compact.

Lemma 2.3.10 Ler (X, d) be a metric space. The following three statements are
equivalent.

(a) X is totally bounded.
(b) Given any ¢ > 0, there exists a finite set F C X such that, for each x € X,

dix,F):=inf{dx,f) :f € F} < &.

(c) Given any & > 0, there exists a finite set F C X such that X C |J rerB(f, €).

Proof Suppose that (a) holds, that ¢ > 0 and that x € X. There exist finitely many
non-empty sets A1, As, ..., Ar C X, whose union covers X, and each of which has
diameter less than ¢. Select a; € Aj for 1 < j < k; put F = {ay, az, ..., a;}. Then,
for some j, x € Aj and d(x, aj) < €. Hence d(x, F) < ¢ and (b) holds.

Next, suppose that (b) holds and that ¢ > 0. Let F be a finite set in X such that,
for each x € X, d(x, F) < e. Plainly X = UrcpB(f, ¢), since, for each x € X there
isanf € F withd(x, f) < €. Thus (b) implies (c).

Finally, suppose that (c) holds and that ¢ > 0. Evidently X = UrerB(f, &/3) for
some finite set ' C X, and so X is covered by finitely many sets each with diameter
< &. Hence (a) holds. O

Corollary 2.3.11 If X is totally bounded, then it is bounded.

Proof Let X be totally bounded. There exists a finite set /' C X such that for all
xe€X,d(x,F) < 1.Hence diamX < 2 + diam F. O

Theorem 2.3.12 Let (X1,d1), ..., (Xu, d,) be compact metric spaces. Let X =
HZ:1X1< and let d be defined for all x = (x1,...,%,),y = (V1,...,Yn) € X by

n 172
d(x,y) = {Zdi(xk,yk)] :
k=1

Then (X, d) is a compact metric space.
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Proof The obvious extension of Exercise 2.2.29 /1 shows that (X, d) is complete. It
remains to prove that it is totally bounded.

Let ¢ > 0. Use of Lemma 2.3.10 shows that for each k € {1, ..., n}, there is a
finite set Fy C X such that, forall u € Xy, dy(u, F) < e//n.LetF =[[;_, Fx: F
is finite. Let x = (x1,...,x,) € X. For each k, there exists fy € Fy such that
di (o fr) < e//n.Letf = (fi,....fy) : f € Fand d(x,f) < e. Hence (X, d) is
totally bounded. 0

Metric spaces are often encountered as subspaces of others. Language for the
situation in which the embedded space is compact is introduced in the next definition.
The two lemmas which follow it describe attributes of a compact subspace relative
to its host.

Definition 2.3.13 A subset of a metric space X is said to be a compact set in X
if either it is empty or it is compact as a subspace of X. The obvious substitutions
respectively define (a) a sequentially compact set in X, (b) a totally bounded set
in X.

Lemma 2.3.14 Let E be a subset of a metric space X. Then E is a compact set in X
if, and only if, every covering of E by sets open in X contains a finite covering of E.

Proof If E = (J the result is obvious.

Let E be anon-empty compact setin X and let % be a covering of E by sets open in
X.The family ZZ ={E N U : U € % }is acovering of E by sets open in the subspace E
and, therefore, there existsets Uy, ..., U, € % suchthat E = Uj’.’:]EﬂUj C U}’zl U;.
Thus % contains a finite covering of E.

Conversely, let E be non-empty and let ¥ be a covering of E by sets open in the
subspace E. Then there exists a covering % of E, whose elements are open in the

metric space X, suchthat ¥ = {ENU : U € % }. Since there are sets Uy, ..., U, €
% such that E C U]'.':] Uj, 7 contains a finite covering of E. Hence E is a compact
setin X. ]

Lemma 2.3.15 Let X be a metric space.

(1) IfE is a compact setin X then it is closed and bounded in X.
(11) If X is a compact space and E is a closed set in X, then E is a compact set in X.

Proof (i) If E = ¢ then the matter is clear.

Suppose E # (. The subspace E is complete and totally bounded. Hence the set
E is closed in the space X (Exercise 2.2.29/2(ii)) and bounded in the space X, since
it is bounded in the subspace E (Corollary 2.3.11).

(i1) Suppose E # (J; otherwise the result holds trivially. Since E is closed in X,
E is a complete subspace of X (Exercise 2.2.29/2(i)). Since X is a totally bounded
space, so also is the subspace E. Hence E is a compact set in X. (]

For general spaces X, the converse of Lemma 2.3.15 (i) is false. However, in the
important special case when X = R", it is true.
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Theorem 2.3.16 (Heine-Borel) Let K be a subset of R". Then K is a compact set in
R" if, and only if, it is closed and bounded.

Proof If K is compact in R” then by Lemma 2.3.15 (i), it is a closed and bounded
set in R".

Conversely, suppose that K is a non-empty, closed and bounded set in R"; if
K = ¢ then the result holds trivially. Observe that K is contained in a cube I” C R”,
where / is a closed and bounded interval in R. Since K is closed in R" it is closed in
the subspace 1”. Hence, by Lemma 2.3.15 (i), if /" is compact then K is a compact
set in /" and also in R” It remains to prove that " is compact.

Note that I regarded as a subspace of R is complete and totally bounded and
therefore compact. By Theorem 2.3.12, I" is compact, as required. ]

The example to follow reinforces the fact that the converse of Lemma 2.3.15 (i)
is false. It is sited in £», and is complemented by a characterisation of the compact
sets therein.

Example 2.3.17 From Examples 2.1.2 (vi) and 2.2.2 (vi),

o
U = [x = (Xy)neN : X, € Rforalln € N, Zx,% < oo}

n=1

is a complete metric space when equipped with the metric

00 1/2
dx,y) = HZ(xn _Yiz)Z] s
n=1

where x = (x,),y = (yn) € €.

Let K = {x € €5 : d(0,x) < 1}: K is the closed ball with centre 0 and radius 1.
Although closed and bounded, K is not compact. For let " = (8;’)./61\1 € ¢y, where
SJ’? is the Kronecker delta, equal to 1 when j = n and zero otherwise. As the sequence

(e") in £, is such that d(e™, ") = /2 if m # n, it has no convergent subsequence.

Theorem 2.3.18 Let A be a non-empty subset of £5. Then A is compact if, and only
if, it is closed, bounded and such that

o
sup Zx,% — 0 as n— oo. (2.3.1)
x=(x;)€A k=n

Proof Let A be compact. By Lemma 2.3.15 (i), A is closed and bounded. Let ¢ > 0.
There exists a finite set ' = {al, R a”} C Asuchthat, forallx € A,d(x, F) < ¢/2.

Choose m € N such that
o0 1/2
max { |aZ|2} < ¢g/2.
k=m

I=q=p
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Let x = (xx) € A. There exists r, | < r < p, such that d(x, a") < ¢/2. Thus, by the
Minkowski inequality,

00 172 0 12 00 1
[leklzl < ’Z]xk—a,ﬂzl —i—’Z]a,ﬂz]
k=m k=m k=m

/2

. 1/2
Ed(x,ar)+{2|a,r(|2} <e,

k=m

~ 12
sup [Zx,f] <e.

x=(x;)€A k=m

and so

Conversely, suppose that A is closed and bounded and has the property (2.3.1).
Then A is closed in the complete space £, and hence is a complete subspace of £;. It
remains to show that it is totally bounded. Given ¢ > 0, choose n € N such that

1/2
. /

sup z x,% <¢e/2.

x=(x;)€EA k=n+1

Since A is bounded, there exists a real number A such that, forallx € A,d(0, x) < A.
LetA = {Z,fil k‘z}]/2 and choose m € Nsothatme > 4L A.Foreachj,1 <j <n,

let
2r .
Fi=i{\-14+—)A:r=0,1,...,jm¢}.
jm

Put
F={x=0)€ely :xpeFrifl <k<n, andx;y =0ifk > n}:

F is a finite set in £7. Let x = (x;) € A. There exists f = (fy) € F such that, if
1 <k < n, then |x; — fi| < k~1(2A/m). Hence

A0 f) =D ba—filF+ D lal
k=1

k=n+1

< QAA/m)? + (e)2) < €%

As it is covered by finitely many balls of radius €, it follows that A is totally
bounded. (]
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Corollary 2.3.19 The Hilbert cube
H = {x = (xg) € o : foreachk € N, |x;| < kil}

is compact in £5.

Proof 1t is routine to check that 7 is closed and bounded in ¢, and that (2.3.1)
holds. =

Pursuing the characterisation of compact sets in special spaces a little further, we
consider next the position in spaces kindred to C[0, 1]. The best known character-
isation in such spaces is the Arzela-Ascoli theorem, which involves the concept of
equicontinuity explained below.

Definition 2.3.20 Let (X, d) be a metric space. A set % C C(X) is said to be
equicontinuous at a point x € X if, given any ¢ > 0, there exists § > 0 such
that for all y € X with d(x,y) < 8, we have sup;c z [f (y) —f(0)| < &;if F is
equicontinuous at every point of X we say that .# is equicontinuous on X.

Lemma 2.3.21 Let (X, d) be a compact metric space and let % C C(X). Then F is
equicontinuous on X if, and only if, it is uniformly equicontinuous on X in the sense
that given any € > 0, there exists § > 0 such that for all x,y € X with d(x,y) < §,
we have SUPfe 7 Ffo) —fx)| <e.

Proof Suppose that .% is equicontinuous on X and let ¢ > 0. Then given any x € X,
there exists 6, > 0 such that SUPfc 7 f) —fx)| < e/3if d(x,y) < 6x. By the
compactness of X, there exist xy, ..., x, € X such that X = U]'.’:]B(xj, 8xj/2); let
5 = %min{(le,...,an}. Let x,y € X, d(x,y) < é§ and f € .%. For some j,
X € B(xj, 85;/2). Thus x and y belong to B(x;, ;) and

) —fO)] < [F) —f£)] + [f () —FO)| < 2¢/3.

It follows that supse z [f () —f(x)| < & whenever d(x,y) < & : % is uniformly
equicontinuous on X.
The converse is obvious. ([

Theorem 2.3.22 (Arzela-Ascoli) Let (X, d) be a compact metric space and let &~ C
C(X). Then % is compact if, and only if, it is closed, bounded and equicontinuous
on X.

Proof Suppose £ is compact. Then it is certainly closed and bounded. To estab-
lish equicontinuity, let ¢ > 0 and let f,...,f, € £ be such that & C
Ur—Bco) (fi» €/3). Since each f; is uniformly continuous on X, there exists § > 0
such that |f(x) — fr ()| < €/3ifd(x,y) <Sandk € {1,2,...,n}. Nowletf € &
and d(x,y) < 8 : thenf € Bcx)(fk, €/3) for some k and

F ) =fODI = F&) = fir @ + @) =fi + ) =f D] < &;
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that is, % is equicontinuous on X.

Conversely, suppose that " is equicontinuous on X, closed and bounded. It is
enough to prove that . is totally bounded. To do so, let ¢ > 0. Since X is compact,
 is uniformly equicontinuous on X and thus there is a § > 0 such that, whenever
x,y € Xandd(x,y) <,

sup [f(x) —fWI < €/4;
fex

also, there exist xq, ..., x, € X such that
n
X=U_U,;,

where U; = Bx(x;,8) (1 < i < n). Moreover, each x € X is such that, for some
ie{l,2,...,n},x € U;and

sup |[f(x) —f(xi)| < &/4.
fex

Let A = supse y doo(f,0), I = {1 € R : [A| < A} and define 6 : H — I" C R"
by
() = (F(x1), ... f(xn)).
Since I" is totally bounded, so also is 6(.%"). Thus there exist f1, ..., f;, € 2% such
that
6(H) C U™ Bre(0(f). £/4)
and, to conclude the proof, we show that

A C UL Be) (fjs €)-

Letf € % .Forsomej € {1,2,...,m},

" 172
des (0. 6(F)) = [Z ey —ﬁ(xi)|2] <e/4,
i=1

and therefore
max |[f () —fix)| < e/4.

Let x € X. Then, for some i € {1,2,...,n},x € U; and

max {lf(x) _f(xi)|, M(X) —ﬁ(xi)|} < ¢g/4.
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Hence

[F ) —fi@)| < [F) = fG| + [fG) = fia) | + () — fi(x)| < 3e/4.
It follows that do (f, f;) < € and f € Bcx)(f;, €). The proof is complete. O

Corollary 2.3.23 Let X be a compact metric space and let & C C(X). Then %
is relatively compact (that is, & is compact) if, and only if, it is bounded and
equicontinuous.

Proof Tt is easy to prove that if % is equicontinuous on X, then so is # . The rest
is obvious. (]

We next turn to continuous maps on compact spaces.
Theorem 2.3.24 Let X1 and X> be metric spaces and letf : X1 — X» be continuous.

(1) IfE is a compact set in X1, then f (E) is a compact set in X3.
(ii) If Xy is compact and f is bijective, then f is a homeomorphism.

Proof

(i) Suppose E # ¥; otherwise the result holds trivially. Let # be an open covering of
f(E). Then% = {f’l (V): Ve ”1/} isan open covering of E. Since E is compact
in X|, by Lemma 2.3.14, % contains a finite covering, {f~'(V1), ....f~1(V,)}
say, of E. But this implies that {Vy, ..., V,} C 7 is a finite covering of f(E).
Using Lemma 2.3.14 again, we see that f(E) is a compact set in X>.

(ii) Let U be an open set in X. Since X;\U is closed and therefore compact in X
(Lemma 2.3.15 (ii)), by the first part of the theorem, f (X;\U) is compact and
therefore closed in X (Lemma 2.3.15 (i)). Further, since f (X1\U) = X2\f(U),
it follows that f(U) is open in X,. Now, appeal to Remark 2.1.37 (ii) completes
the proof. (]

Corollary 2.3.25 Let X be a metric space, let f : X — R be continuous, and let
E be a non-empty compact set in X. Then f(E) is bounded and both inf f (E) and
supf (E) belong to f(E). In particular, there exist points u and v in E such that

f(u) = inff(E) and f(v) = supf(E).

Proof By Theorem 2.3.24, f(E) is compact in R; by Theorem 2.3.16, it is closed
and bounded. The result now follows easily. (]

The novelty of Corollary 2.3.25 is in the attainment of bounds. It is utilised in
proving the next result, about the distance of a point from a set and the distance
between two sets.
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Theorem 2.3.26 Let A and B be non-empty subsets of a metric space (X, d), and
let d(x, A), d(A, B) be defined as in Lemma 2.1.40. Then

(1) if A is compact, B is closed and A N B = (), then there exists a € A such that
d(a,B) =d(A,B) > 0,

(i) if X = R", d is the Euclidean metric on R", A is compact, B is closed and
AN B = {, then there exista € A and b € B such that d(a, b) = d(A, B).

Proof

(i) By Lemma 2.1.40 (iii), the map x — d(x, B) : X — R is continuous. Since A
is compact, by Corollary 2.3.25 there exists a € A such that

d(a,B) = inf {d(x, B) : x € A}.

Using Lemma 2.1.40 (i), we therefore see that d(a, B) = d(A, B). Now, if
d(a,B) =0thena € B (by Lemma 2.1.40 (ii)). Given that B is closed, it would
follow that @ € A N B, which contradicts A N B = @.

(ii) By (i), there exists a € A such that d(a, B) = d(A, B). Choose any b € B.
Let B = {y e B:d(a,y) <d(a, b)} note that d(a, B) = d(a, B). Since B is
closed and bounded, by Theorem 2.3.16 it is compact. Thus, using (i), there
exists b € B C B such that d(a,b) = d(b,{a}) = d( B,{a}) = d(a,B)
=d(a, B). (I

Note that the conclusion of (i) is false if the set A is merely required to be
closed, rather than compact. To illustrate this take X = R, with the usual metric, let
A=N,B={n—1/n:n e N}. Plainly A and B are closed, and A N B = {J; but, for
alln e N,d(A,B) <d(n—1/n,n) = 1/n — 0asn — oo, and hence d(A, B) = 0.

Corollary 2.3.25 has many uses, and it is worthwhile to note that key aspects of
it apply to functions with properties similar to continuity but of weaker regularity.
Looking back at Definition 2.1.27 it is clear that for a real-valued function f on a
metric space X to be continuous at x € X, it is necessary and sufficient that, given
any ¢ > 0, there exists a neighbourhood U of x such that
(1) f(x) — & < f(u) whenever u € U,
and
(i) f(u) < f(x) + & wheneveru € U.

Taken separately, conditions (i) and (ii) define classes of functions of importance in
their own right.

Definition 2.3.27 Let (X, d) be ametric space, x € X andf be areal-valued function
on X. Then f is said to be lower semi-continuous at x if, given any ¢ > 0, there
exists § > 0 such that

fx)—e <f(y)ifd(x,y) <.

The functionf is said to be lower semi-continuous on X if it is lower semi-continuous
at each point of X. Similarly, f is called upper semi-continuous at x if, given any
e > 0, there exists § > O such that
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FO) <f)+eifd(x,y) <d;
upper semi-continuity on X is defined in the obvious way.

Plainly, given x € X, anecessary and sufficient condition for f to be continuous at
x is that it should be both lower semi-continuous at x and upper semi-
continuous at x. Note that if f is lower semi-continuous at x, then —f is upper
semi-continuous at x.

Example 2.3.28

(1) LetX beametricspaceandx € X. Afunctionf : X — Rissaidtohave a relative
minimum (respectively, relative maximum) at x if there exists a neighbourhood
U of x such that f(x) < f(u) (respectively, f(x) > f(u)) whenever u € U. It is
clear that if f has a relative minimum (maximum) at x then it is lower (upper)
semi-continuous at x.

(2) Let X be a metric space and A C X. Then A is open in X if, and only if,
the characteristic function x4 of A is lower semi-continuous on X. To see this,
suppose that A is open. Then y4 has a relative minimum at each point of X and so
is lower semi-continuous on X. Conversely, let x4 be lower semi-continuous on
X. Omitting the trivial case of A = {J, let a € A. Then there is a neighbourhood
V of a such that

1 1
3= xa(a) — 5 < xa(x)ifx e V.

But this shows that V C A, that A C /(i and that A is open.

(3) Letf : [0,1] — R be defined by f(r) = O if ¢ is irrational, f(#) = 1/q if
t = p/q, where p and ¢ are integers with no common factor greater than 1, and
g > 0. Then f is upper semi-continuous on [0, 1]. Note that f is continuous
and therefore upper semi-continuous at all irrational points of [0, 1] (refer to
Exercise 1.3.10/6). Further, it has a relative maximum at every rational point of
[0, 1].

Lemma 2.3.29 Let X be a compact metric space and f : X — R be lower semi-
continuous on X. Then f has an absolute minimum on X : there exists u € X such
that, for all x € X, f(u) <f(x).

Proof We begin by showing that f is bounded below. Suppose otherwise. Then for
each n € N, there exists x,, € X such that f(x,) < —n. Hence

nli)rrolof(xn) = —o0. (2.3.2)

Since X is compact, the sequence (x,) has a convergent subsequence, (X)) say.
Suppose lim,,—, oo Xim(n) = X. As f is lower semi-continuous at x, a neighbourhood V
of x exists such that
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f)—1<f) (veV).

Hence, for sufficiently large n,

f(x) -1 <f(xm(n))s

a conclusion incompatible with (2.3.2).
Now let
K =inf{f(x) : x € X};

it remains to show that K € f(X). For each n € N, there exists u, € X such
that f(u,) < K + n~!. Since X is compact, the sequence (u,) has a convergent
subsequence, (uk(y)) say. Suppose Uy, — u. Clearly

K < f(ukm) <K +km)~' (n e N)

and so
K = lim f(ug(n)).
n—0o0

Further, as f is lower semi-continuous at u, for each ¢ > 0 there exists a neighbour-
hood U of u such that

f() —e < f(x) whenever x € U.

Thus forall ¢ > 0,
fw) —e < lim f(ukp) = K,
n— oo
and so f(u) < K. But by definition of K, f(u) > K. Thus K = f(u) € f(X). ([l

Theorem 2.3.30 Let (X1, d1), (X2, d2) be metric spaces, let (X1, d) be compact
and letf : X1 — X, be continuous. Then f is uniformly continuous.

Proof When (X3, d>) is R equipped with the standard metric, this result follows
from Lemma 2.3.21. To illustrate the ways in which compactness can be used we
give here a proof by contradiction that is not so readily available for Lemma 2.3.21.
Suppose f is not uniformly continuous. Then there exists ¢ > 0 such that, given any
8 > 0, there exist x, y € X with

di(x,y) <dand da(f(x),f(y)) > e.

Hence, for all n € N there exist x,,, y, € X1 such that

dy(Xn, yn) < 1/nand da(f (xn), f (yn)) = &.
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Since X is compact, there exist x € X; and a subsequence (X)) of (x,) such
that dy (Xu(ny, X) — 0. As di Xy, Ymm)) < 1/mn) < 1/n — 0, it follows that
d1 (Y, Xx) — 0. But given that f is continuous,

e < (f ) f Omw)) < do(f Gimeny)s f (X)) + d2(f (), f Qi) — O,

a contradiction. Hence f is uniformly continuous. ]

Corollary 2.3.31 Letf : R?> — R be continuous and have a continuous first partial
derivative 0yf with respect to the second coordinate. For each t € R put

1
F(t):/ f(s, t)ds.
0

Then F : R — R is differentiable and, for all t € R,

1
F'(t) = / oof (s, t)ds.
0
Proof Letty,t € R, t # 9. Then

5 _f(sv tO)

F(t) — F
’M s o) s

t—1

1
S/
0

Lete > 0. By Theorem 2.3.16, [0, 1] x [fo — 1, fo+ 1] is a compact subset of RZ; thus
the continuous map 9>f is uniformly continuous on this rectangle, by Theorem 2.3.30.
Hence there exists § € (0, 1) such that, forall s € [0, 1] and all v € [t — 8, ty + 5],

1
—/ dof (s, to)ds
0

|02f (s, v) — daf (s, t0)| < €.

It follows that, if s € [0, 1] and O < |t — fp| < &, then (by the mean-value theorem)
for some v strictly between ¢ and ¢,

(s, 1) — f (s, 10)
']CT — 02f (s, 10)| = 102f (s, v) — %f (5, 10)| < &.
Thus |
F(t)—F(t
‘M—/ of (s, to)ds| < &
t—1p 0
if 0 < |t — 19| < &, and the result follows. (Il

This Corollary is particularly useful. To illustrate, we give the following example.

2
Example 2.3.32 For each 1 € R, put g(1) = ( I e_szds) . By the fundamental
theorem of integral calculus,
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2 ! 2
gt =2e" / e ds.
0
Puth(t) = [ (1 +s2)~'e " (+9ds (1 € R). By Corollary 2.3.31,

1 1
H(t) = —2t/ e+ g — —2te_’2/ e ds.
0 0
If t # 0, the substitution u = st reduces this to

t
H(t) = —2¢" / e du (1 # 0):;
0

plainly #'(rf) = 0 if t = 0. Thus, forall 7 € R, g’(¢) + /'(¢r) = 0 and so

1
g(t) + h(t) = constant = g(0) + h(0) =/ (1 + s> lds = n/4.
0

Hence

1
G oew| == [as e e e o
0

as t — oo. It follows that

N
lim (/ e * ds) = —,
t—o0 \ /o 4

which gives the famous result that

1

o0 2
/ e ds = =m.
0 2

We conclude this section by giving two applications of the ideas of completeness
and compactness.
2.3.1 Application 1

This is to the theory of ordinary differential equations. Let / be a non-degenerate
interval in R; given any n € N, let f™ be the nth derivative of f and put

c'(I) = {f € C(I) : f™ exists and is continuous on I} .
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By a linear ordinary differential equation of order n on / we shall mean a
problem, denoted by

x4 a;Ox" Y + 4 an(O)x = kD), (2.3.3)

of the following type:
Given ay, ..., a,, h € C(I), does there exist a function x € C"(I) such that for
allr e,
X0 +ar(Ox" V@) + .. 4 an()x(t) = k(1) ?

If there is such a function, it is called a solution of (2.3.3). Equation (2.3.3) is called
homogeneous or non-homogeneous according to whether 7 = 0 or & # 0. Given

to € 1, an initial-value problem set at 7y associated with (2.3.3), is the problem
of whether given (11, ..., n,) € R”, there is a solution ¢ of (2.3.3) such that

(¢0). 9P w0), ... 9"V 10)) = (1. ).

This problem is symbolised by

x® 4+ a (Hx™ D + L+ a,()x = h(r),
(2.3.4)
x(to) = n1, xXV(tg) = mp, ..., x V(1) = n,.
Example 2.3.33
(i) LetI = R. The problem
¥—x=0 (2.3.5)

is a homogeneous ordinary differential equation of order 2. The function 7 —
€' is a solution. The problem

X—x=0,x0)=1, x(0)=0

is an initial-value problem set at 0, associated with (2.3.5). Its unique solution
is t —> cosht.
(i1) LetI = (0, 00). The problem

-1 2

X+t x—t “x=logt, (2.3.6)
is an inhomogeneous equation of order 2, with t — (3logt — 4)1>/9 as a

solution. The problem

S+ —r2x=log s, x(1) =1, x(1) =0
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is an initial-value problem set at 1 associated with (2.3.6), and has the unique
solution

4 11 2
tr—>t+§t +§(3logt—4)t.

We shall now prove the existence and uniqueness of solutions of initial-value
problems, when n = 2 and / is closed and bounded.
Consider the initial-value problem
X+ai(H)x+ax(t)x = h(p),

2.3.7)
x(to) = no, x(to) =1,

where ay,az, h € C(I) and fop € I. Suppose ¢ € C2(I) is a solution of (2.3.7) and

let u = ¢. By Taylor’s theorem with the integral form of the remainder,

t t
() = 10+ (t — to)m + / (1 — Suls)ds. $(r) = n + / u(s)ds.
0 0]

Substitution in (2.3.7) now shows that

t
u(t) = h(t) —mai () — {no + (t — t0)n1} az(?) —/ {ar () + (t — s)az (D)} u(s)ds,
0]

and so u satisfies the integral equation (of Volterra type)
1
u(t) = g(t) +/ k(t, s)u(s)ds, (2.3.8)

fo

where

g(t) = h(®) —mar(t) — {no + (t — to)m } az(1),

k(t,s) = —{a1(t) + (t — )ax(0)}.

Thus the second derivative of any solution of (2.3.7) is a solution of (2.3.8).
On the other hand, if the integral equation (2.3.8) has a unique solution w € C(I),
let

t
w(t)zno+(t—to)n1+/(t—S)W(S)ds (tel)
0]

so that .
V() =+ / w(s)ds, ¥ (1) =w@)(t ).

fo
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Plainly ¢ satisfies (2.3. 7) Moreover, it is the unique such solution, for if | were
another, then ¥ = w = 1 and so, by Taylor’s theorem, y; = .

It follows that the problem of the existence of a unique solution of (2.3.7) can be
reduced to that of the existence of a unique solution of the integral equation (2.3.8).
We now prove, with the aid of the contraction mapping theorem, that (2.3.8) does
indeed have a unique solution.

Theorem 2.3.34 Let I be closed and bounded, let g € C(I), to € I, put D =1 x I
and let k : D — R be continuous. Then there is a unique ¢ € C(I) satisfying the
Volterra equation

t
o) =g() +/ k(t,s)p(s)ds (t €l).

o
Proof LetI = [a, b], u € C(I) and define ¥ by

t

Y() =g +/ k(t, u(s)ds (¢t €1).

fo

We claim that ¥ € C(I). To prove this, first note that for fixed ¢+ € I, the map
s —> k(t, s)u(s) belongs to C(I) C Z(I). Now lett; € [ and ¢ > 0. Foreacht € I,

1

t
/k(t,s)u(s)ds—/ k(ty, s)u(s)ds
fo

fo

V(1) — @)l < |g(0) — gt +

< lg(®) — gl +

t
/ k(t, s)u(s)ds
1

t
+ /l {k(t,s) — k(t1, s)} u(s)ds| .
0]

Let
m =sup{lu(s)|:s el}, M =sup{lk(t,s)|: (t,s) € D}.

In view of Theorem 2.3.16 and Corollary 2.3.25, both m and M are finite. The
continuity of g at #; and the uniform continuity of k on the compact set D (see
Theorem 2.3.30) imply that there exists § > 0 such that

lg(®) — gt < /3, Mm|t — 1| < e/3andm|k(t,5) — k(t1, )| (b —a) <&/3
ifs,t €I =[a,b]and |t — ;]| < §. It follows that

[y (@) — ()] <eifteland |t —1] <6,

and so v is continuous on /.
Next, define T : C(I) — C(I) by
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t

Tu(t) = g(t) +/ k(t,)u(s)ds (t € I, u € C(I)).

fo

Since C (1) is a complete metric space when equipped with the uniform metric doo,
we claim that for some k € N, T¥ is a contraction mapping and so propose to use
Corollary 2.2.14 to show that T has a unique fixed point. For each n € Ny, let P(n)
be the proposition

|T"u(t) — T"v(1)| < (M |t — to])" doo (u, v)/n! for all u, v € C(I) and all t € I.

Evidently P(0) is true; and if P(n) is true for some n € Ny, then

T u(r) — T”‘Hv(t)‘ -

t
/ k(t,s) {T"u(s) — T”v(s)}ds
fo

S M dOO (u’ V)

t
/ (M |s — to])" /n'ds

0
< Mt — 101)" " doo(u, v)/(n + 1)!

for all u,v € C(I) and all ¢ € I, so that P(n + 1) is true. Hence P(n) is true for all

n € N. Thus
M (b — a)"

doo (T"u, T"v) <
n!

doo (U, v)

for all u, v € C(I) and all n € N. Choose k € N so large that (M (b — a))k Jk! < 1;
T* is a contraction. Hence by Corollary 2.2.14, T has a unique fixed point, ¢ say,
and

t
¢ =Tp() =g +/ k(t, 5)p(s)ds(t € I).

0]
The proof is complete. O

As an immediate consequence of this theorem we have

Corollary 2.3.35 Let I be closed and bounded. Then the initial-value problem
(2.3.7) has a unique solution.

Next we show how the Arzela-Ascoli theorem may be used to prove a famous
theorem, due to Peano , which establishes the existence of a solution of the initial-
value problem for a non-linear differential equation.

Theorem 2.3.36 Letty, xo € Randa, b > 0, putl = [ty, to+al, J = [xo—b, xo+b]
and suppose that f : I x J — R is continuous, with

M = max |f(¢,x)| > 0;
(t,x)el xJ

put ¢ = min(a, b/M). Then there is a function x € C'([to, to + c]) such that
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x(t) = f(t, x(1)) for t € [ty, to + c], x(t9) = xo. (2.3.9)

Proof Plainly x is a solution of (2.3.9) if, and only if,

t
x(t) = x¢ +/ f(s,x(s))ds, t € [to, tg + c]. (2.3.10)
0]

For simplicity of exposition, suppose that 7o = 0; the general case is handled simi-
larly. Put I} = [0, c] and for each n € N define x,, : I1 — R by

0 = X0, 0<t<c/n,
) = X0 + fé_c/"f(s,x,,(s))ds, c/n<t<c.

The function x, is well-defined: it is given by
xu(t) = xj0(0) forje/n <t < (j+ Dc/nandj=0,1,...,n—1,
where
xon(1) =x0 (0 =1 < c¢/n),

t—c/n
x1,2(t) = X0 +/ f(s,x0)ds (c¢/n <t <2c/n)
0

and, forj=2,...,n—landjc/n <t < (j+ l)c/n,

=1 ke/n
Xjn(t) = x0 + Z/ f(s, xk—1,,(5))ds
k=1

(k—1)c/n

t—c/n
—l—/(j S8, xj—1,n(5))ds.

—1e/n
It is clear that x,, € C(I1). Moreover, forall t € Iy and all n € N,
X (£) — x0l = cM < band |x,(1)| < |xol + b.
Hence the sequence (x,) is uniformly bounded. In fact, it is equicontinuous, for given

anyn € Nand any 1,1 € I,

[x,(t1) — xp(22)| <

th—c/n
/ f(s, x,(8))ds| <M |ty —11].
'

1—c/n

Hence by the Arzela-Ascoli theorem (Theorem 2.3.22), there is a subsequence (xi))
of (x,) which is uniformly convergent on /1, to x say. For all ¢ € Iy, as k(n) — oo,
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t
/ f (s, Xy (9))ds
t—c/k(n)

< Mc/k(n) — 0.

t
Xy (1) — X0 — /0 F (8, Xk (s))ds

Since f is uniformly continuous on the compact set I} x J, (s, Xk (s)) converges
uniformly on 71 x J to f(s, x(s)), and

t t
/0f(s,xk(,,)(s))ds—>/Of(s,x(s))ds

as k(n) — oo. Thus

t
x(t) =xo+/ f(s,x(8))ds, t € 1q,
0

and the proof is complete. (]

Note that there may well be more than one solution of the initial-value problem
(2.3.9). For example, the initial-value problem

x(t) = [x(0)|"* fort € [0, 1], x(0) =0,
has, apart from the zero function, a whole family of solutions given by

= 0, 0<t<c,
=104, c<r<1,

for any ¢ € (0, 1). Sufficient conditions on the function f for uniqueness to be
restored are given in Exercise 2.3.38/14 below.

2.3.2 Application 2

Here we revisit the Riemann integral and give a celebrated criterion for functions to
be Riemann-integrable. To do this, we need the concept of a null set. A subset E of
R is said to be a null set if, given any ¢ > 0, there is a sequence (/) of intervals I,
of length /(7)) such that E C U,I, and ZZ‘;I I(I,) < e.Itis clear that every finite
set is a null set, as is every subset of a null set. Somewhat less obviously, if (E,) is a
sequence of null sets, then U;’li]En is a null set. To establish this, let ¢ > 0 and note

that given any n € N, there is a sequence (I,(n")) of intervals such that E;,, C Uan:] 1,5;”,

Z;O:l l (I,(n") ) < &¢/2". The sequence (I,(n"))m’,,eN is countable and so may be arranged
as a sequence (J) keN, With Up2 | E, C UZ2 | Jk, and
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DU =D e/ =e.
k=1 n=1

This justifies our claim.
The criterion mentioned above is as follows.

Theorem 2.3.37 Leta,b € R, witha < b, let f € PBla, b] and set
Dy = {x € [a, b] : f is not continuous at x}.

Thenf € Z|a, b if, and only if, Dy is a null set.

Proof We may clearly suppose that f is not the zero function. Let M = sup {|f (x)] :
x € [a, b]} and for each n € N put

E, ={x €la,b]: forall § > O there exists,t € (x — 3, x 4+ &) N [a, b] such
that |f(s) —f ()| > 1/n}.

Plainly f is not continuous at x if x € E, for some n. On the other hand, if x € Dy,
then there is a sequence (xx) in [a, b], with x; — x, such that f(x;) - f(x). This
implies that there exist n € N and a subsequence of (xj), still denoted by (x) for
convenience, such that |f(xx) —f(x)| > 1/n for all k € N. Thus x € E,. It follows

that
Df - UneN En.

We claim that each E,, is compact. Since E,, is obviously bounded, it is sufficient
to prove that it is closed. To do this, let x € E,. Given § > 0, there exists yeE,
with |x —y| < §/2; and since (y — §/2,y + 6/2) C (x — 8, x + ) and there are
s,t € (y—368/2,y+ 68/2) with |f(s) —f(¢)] > 1/n, it follows that x € E,, which
establishes our claim.

Now suppose that f € Z|a, b]. By Exercise 1.1.10/7, given n € N and ¢ > 0,
there is a partition P = {a = xg, X1, . . ., Xy = b} € P[a, b] such that

‘Z:n:lvgr) — [} —x—1)| < e/n

whenever &, n, € [x,—1,x/], forr € {1,...,m}. Foreach r € {1, ..., m} we may
plainly choose &, 1, so that f (§,) > f(n,); moreover, if (x,_1, x,) NE, # @, we may
ensure that f (&) > f(n,) + 1/n. It now follows that the sum of the lengths of those
intervals (x,_1, x,) with non-empty intersection with E,, is less than ¢. Hence, since
the length of degenerate intervals is zero, E, is a null set; and as Dy is the countable
union of the E,,, it also is a null set.

For the converse, suppose that Dy is a null set. Let ¢ > 0 and choose n € N so
thatn > 1/¢. Since E,, is obviously null, there is a sequence (/,) of open subintervals

of the metric space [a, b] which covers E,,, with Zfil I(I}) < ¢. As E, is compact,
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it is covered by a finite number of these intervals, say Ji, ..., J,; and of course
Z’;zl [(J;) < &. An inductive argument shows that the set

[a, b]\ U f:y]r

consists of a finite collection of closed intervals, say Ki, ..., K,; for each j €
{1, ..., g}, there exists P; € Z(K;) such that |f(x) —f(y)| < 1/n for all x,y in
the same subinterval of P;. Finally, let P € &?[a, b] consist of the points of U ;Izle
together with the endpoints of the intervals Ji, . . ., J,. Then, using Exercise 1.1.10/2,
we see that the contribution to U(P, f) — L(P, f) from the points of Py, ..., P, can
be estimated from above by

l(b —a) < e(b—a).
n

Therestof U(P, f)—L(P, f) arises from the endpoints of the J, and may be estimated
from above by

4
2M Zr:l I(J,) < 2Me.

Hence
UP,f)—L(P,f) <e(2M + b — a),

and so f € #|a, b]. O

Note that this theorem gives an immediate proof of the fact, established earlier,
that Riemann-integrability is preserved by taking sums and products.

Exercise 2.3.38

1. Let I = [0, 1]. Exhibit a subset of the metric space C(I), endowed with the
uniform metric, that is unbounded. Show that the mapping f ——> fol fof C()
to R is uniformly continuous on C(J).

2. Let (X, d) be a compact metric space and let (F;);c; be a family of non-empty
closed subsets of X with empty intersection. Prove that there is a positive number
¢ such that for each x € X, d(x, F;) > c for some i € I.

3. Let (X, d) be a compact metric space such that for all x,y,z € X, d(x,y) <
max {d(x, z),d(y, )}, and let xo € X; let x € X be such that d(xp, x) = r > 0.
By assuming the contrary show that

sup{d(xo,y) : y € B(xg, r)} < r and inf {d(xg,y) : y € X,d(x9,y) > r} > r.

Hence prove that {d(xg, z) : z € X} is finite or countably infinite.

4. Let (X,d) be a compact metric space, let 7 : X — X be such that for all
x,y € X,dx,y) <d(T(x),T(y)),andleta, bbe any points of X. By considering
appropriate subsequences of (7" (a)) and (7" (b)), show that given any ¢ > 0,
there is an integer k such that d(a, T* (a)) < eandd(b, T* (b)) < &.Deduce that
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d(T(a), T(b)) = d(a, b) and that T(X) is dense in X. Hence show that T maps
X isometrically onto itself.

. Let (X, d) be a compact metric space and suppose that 7 : X — X is such that

d(T(x),T(y)) < d(x,y) forall x,y € X with x # y. Prove that T has a unique
fixed point.

. (Dini’s theorem: see also Exercise 1.7.17/18) Let (X, d) be a compact metric

space and let (f;,) be a monotone sequence in C(X) which is pointwise convergent
tof € C(X). Prove that f;, — f in the uniform metric on C(X).

. Leta € (0, 1]. A real-valued function f on [0, 1] is said to be Holder-continuous

with exponent o if there is a constant C such that for all x,y € [0, 1],
If @) —fO)| < C |x — y|%. Define

[f ) —f I
lx — y|*

)

Iflle = max [f(x)| + sup
x€[0,1]

where the supremum is taken over all x, y € [0, 1] with x # y. Prove that the set
of all functions f with ||f||, < 1is a compact subset of C[0, 1].

. LetZ ={f € C[0, 1] : dso(f, 0) < 1}. Show that %" is not compact in C[0, 1].
. Let (X, d) be a compact metric space and let (f;,) be a sequence in C(X). Prove

that if the set {f, : n € N} is equicontinuous, and for each x € X the sequence
(fn(x)) converges, then (f;,) is convergent in C(X).

Let f,,(t) = sin«/t +4n?mx2 fort > 0, n € N. Prove that {f, : n € N} is a
bounded and uniformly equicontinuous subset of %[0, co), but that it is not
relatively compact. Prove also that the sequence (f,,) converges pointwise to 0
on [0, 00). [This shows that the Arzela-Ascoli theorem and Exercise 9 may fail
when X is not compact.]

Let % C CIO0, 1]. Suppose that each f € J# is differentiable on (0, 1) and that
there exists M > 0 such that [f’(t)| <M forallt € (0,1)and all f € Z. Prove
that % is equicontinuous.

Let X be a metric space, x € X, and f be a real-valued function on X. Prove that
f is lower semi-continuous at x € X if, and only if,

f(x) < liminf f(x,) whenever x,, — x.
n—o0

Let (X, d) be a metric space and let f : X — R be bounded and lower semi-
continuous. For each n € N, let g, : X — R be defined by

gn(x) = inf{f(y) +nd(x,y)} (x € X).
yeX

(i) Prove that (g,) is an increasing sequence of continuous functions that con-
verges pointwise to f.

(i) Show that the set of points of continuity of f is residual in X and deduce
that, if X is complete, then this set is dense in X.
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Let a,b,c € R witha < b and ¢ > 0, let u, v be non-negative continuous
functions on [a, b] and suppose that

t
v(t) <c +/ v(s)u(s)ds fora <t < b.
a

Establish Gronwall’s inequality:

t
v(t) < cexp (/ u(s)ds) fora <t <b,
a

so thatif ¢ = 0, then v is the zero function. Deduce that the initial-value problem
(2.3.9) has a unique solution if the function f is Lipschitz-continuous in the sense
that there is a constant K such that

f(t, w1) —f(t,wa)| < K |wy —wy| forall t € [y, to + c] and all wy, wr € J.

Let % be an open covering of a compact metric space X. Show that there is a
positive number ¢ (called a Lebesgue number of %/) such that if A C X and
diam A < ¢, then there exists U € % that contains A.

Let (X, d) be a complete metric space and let " be the family of all non-empty
compact subsets of X. The Hausdorff metric § on . is defined by

3(A, B) = max{supd(a, B), supd(b,A)} (A,B € %),
acA beB

in the notation of Lemma 2.1.40. Show that
8(A,B) =inf{r >0:A CV,(B),BC V.(A)},

where V,(A) = {x € X : d(x,A) < r}. Prove that § is a metric on .# and that
(', 8) is complete. Show further that if X is compact, then so is (£, §). Prove
that if for each i € {1, ..., n}, A; and B; belong to ', then

8 (Ul A, UL B;) < max 8(A;, By).

1<i<n

Let F : X — X be a contraction; that is, there exists r € (0, 1) such that for all
x,y € X,d(F(x), F(y)) < rd(x,y). Prove that for all A, B € .7,

3(F(A), F(B)) <ré(A, B).
Now suppose that for each i € {1, ...,n}, F; : X — X is a contraction. Define

F . H — K by F(A) =UL Fi(A) (A€ x),show that .Z is a contraction
on (£, §) and hence prove that there is a unique K € ¢  such that
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K = U?:lF,-(K).

By taking X = [0, 1] (with the metric inherited from R), n = 2, Fj(x) = x/3
and Fr(x) = 2+ x)/3 (x € [0, 1]), deduce that lim,,_, o, -#" ([0, 1]) exists in
(A, 8) and so defines a compact non-empty subset of [0, 1]. This is the Cantor
set.

2.4 Connectedness

In this section we isolate those metric spaces with the following property: if a map
f : X — Ris continuous, then its range, f(X), is an interval. The motivation for this
stems from the well-known intermediate-value theorem.

We begin with a characterisation of those subsets of R which are intervals.

Lemma 2.4.1 A subset S of R is an interval if, and only if, it has the following
intermediate-value property (abbreviated as ivp):

ifx,yeSand x <z <y,thenze€S.

Proof 1If S has at most one element, it is a degenerate interval and the result holds
by default.

Suppose that S has at least two elements. If it is an interval then it clearly has the
ivp. To establish the converse we distinguish four cases:

(i) infS =a > —oo, supS = b < oo. Evidently S C [a, b]; we claim that
(a,b) C S. For suppose that x € (a, b). Then there exist ¢,d € S such that
a < c¢ < x <d < band hence, by the ivp, x € S. Thus (a, b) C S C [a, b] and
S is an interval.

(i1) infS = a > —oo, supS = oo. Here S C [a, 00). If x € (a, 00), then there
are c,d € Ssuchthata < ¢ < x < d < o0 and, as before, x € S. Thus
(a,00) C S C [a, c0) and S is an interval.

(iii) infS = —o0,supS =b < oo.

(iv) inf § = —o0, sup S = oco.

We omit the proofs in cases (iii) and (iv) as they are similar to that of case (ii).[]

We can now give equivalent forms of the property with which we began this section.

Theorem 2.4.2 Let X be a metric space. The following three statements are equiv-
alent:

(i) The only subsets of X which are both open and closed are ) and X.
(i1) There do not exist two non-empty disjoint open subsets of X whose union is X.
(iii) The range of each continuous map f : X — R is an interval.
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Proof Suppose that (i) holds and that (ii) does not. Then there are non-empty open
subsets U, V of X such that U NV = @ and U UV = X. This implies that U = “V
and so U is closed. Thus ¥ # U # X and U is both open and closed, contradicting
).

Now suppose that (ii) holds and (iii) does not. Then there is a continuous map
f : X — R such that f(X) is not an interval. Hence, in view of Lemma 2.4.1, there
existx,y € X and A € R such that f(x) < » < f(y) and, forall z € X, f(z) # A.
Let U :f‘l((—oo, A)) and V :f‘l((k, 00)). These sets are non-empty, disjoint,
open and their union is X, contradicting (ii).

Finally, suppose (iii) holds and (i) does not. Then there is a set U which is both
open and closedin X and ¥ # U # X. Definef : X - Rbyf(x) = 1ifx € U,
f(x) = Ootherwise. Since f~1 (W) € {8, U, “U, X}if W C R, it follows thatf ~' (W)
is open in X whenever W is open in R. Hence f is continuous, but its range is not an
interval and (iii) is contradicted. O

This leads us to formulate the following definition.

Definition 2.4.3 A metric space X is said to be connected if it is not expressible as a
union of two non-empty, disjoint open subsets of itself; it is said to be disconnected
if it is not connected.

Of course, any of the equivalences of Theorem 2.4.2 could have been used to
define a connected space. There is some loss of motivation in not choosing (iii), but
the compensation is that we have an intrinsic and functional definition.

We now turn to subsets of a metric space.

Definition 2.4.4 A subset of a metric space X is said to be a connected set in X if it
is either empty or it is connected as a subspace of X it is said to be a disconnected
set in X if it is not a connected set in X.

Let E be a subspace of a metric space X. By definition, £ is a disconnected
space if, and only if, there are non-empty sets O; and O», each open in E, such that
01 N0y =@and O U O, = E. If 7 denotes the family of all the sets open in X,
then {UNE : U € %} is the family of all the sets open in the metric space E. It
follows that E is a disconnected space if, and only if, there are sets U and V, each
open in X, such that

UNE#W, VNE#0

and
(UNEYN(VNE)=@, (UNE)U(VNE)=E.

With the observation that
@WUNEYN(VNE)=¢if,andonlyif, UNVNE =0,
and

G)WUNEYU(VNE)=FEif,andonlyif, ECUUYV,
this means that we have established the following theorem.
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Theorem 2.4.5 Let E be a subset of a metric space X. Then E is a disconnected set
in X if, and only if, there are sets U and V, each open in X, such that

UNE#W, VNE #0,
UNVNE=¢, ECUUV.

In practice, given a set E in a metric space X, Theorem 2.4.5 provides a basic
test for its disconnectedness. In the event that the set E is known to be disconnected,
a condition stronger in form than the test-condition of Theorem 2.4.5 holds. This
appears next.

Theorem 2.4.6 Let E be a subset of a metric space X. Then E is a disconnected set
in X if, and only if, there are disjoint open sets U and V in X such that U N E # (),
VAE #AWand EC UUV.

Proof Let E be disconnected in X. Then there are sets U; and Vi, each open in X,
suchthat ENUy #D, ENVI £#B, ENU NV =@ and E C Uy U V;. Moreover,
given any u € E N Uy, there exists 7(u) > 0 such that B(u, r(1)) C Uy; also, given
any v € E N Vy, there exists (v) > 0 such that B(v, r(v)) C V. Put

U= |J Buwrw/,v= ] B rw)/2).

ueENU, veENV]

Itisclear that U and V are open, that ENU = ENU| Z@and ENV = ENV| # (0,
andthat E = (ENU) U(ENV)) C UU V. Itremains to prove that U NV = 0.
To obtain a contradiction, suppose that U NV # (). Let w € U N V. Then there are
points u € E N Uy, v € EN Vy such that d(u, w) < %r(u), dlv,w) < %r(v), where
d is the metric on X. Thus

du,v) <d(u,w) +dw,v) < % {r(u) +r(v)} <max {r(u),r(v)}.

It follows that either v € U; or u € Vi. Whichever is the case, U N Vi NE # @, and
we have a contradiction.
The converse is obvious. ([l

Example 2.4.7

(1) In every metric space (X, d) any set containing only one point is obviously
connected; any finite set with at least two points is disconnected. Thus if S =
{a, b} C X and a # b, for example, we may take U = B(a,r), V = B(b, 1),
where r = %d(a, b), and note that U and V are open, UNV =@, U NS # @,
VNS #@PandS CUUV.

(i1) In any discrete metric space every subset with more than one point is discon-
nected, as every subset of the space is both open and closed.
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(iii) Let X be a metric space, let A, B be non-empty, disjoint, closed sets in X and let
E = AU B. Then E is disconnected. To see this, put U = “A, V = “B so that
UandVareopeninX. Then UNE=B# 0, VNE=A#0,UNVNE =
‘AN°BN(AUB) = (AUB)‘N(AUB) =@andE =AUB C ‘BU‘A=UUYV.
To illustrate this, let X = R, A = {(x,y) e R :x > 0, xy =1}, B={(x,y) €
R? : y = 0}. Then A U B is disconnected in R.

(iv) Let X be a metric space and let A, B be non-empty, open, disjoint sets in X with
union X. Then if C is a connected subset of X, either C C A or C C B. For
otherwise CNA # 0, CNB # W, CNANB =@ and C C AU B, and the
connectedness of C is contradicted.

(v) A metric space X is connected if, and only if, given any x,y € X, there is a
connected subset A of X such that x,y € A. To prove this, suppose first that
given any x, y € X, there is a connected subset A of X such thatx,y € A. If X
were not connected, there would be disjoint, open, non-empty sets U, V with
union X. By (iv), either A C U or A C V, and we have a contradiction. The
converse is obvious.

The connected subsets of R, equipped with the usual metric, can be classified
completely.

Theorem 2.4.8 Let S C R. The following three statements are equivalent.

(1) S is connected.
(i1) S has the intermediate-value property.
>iii) S is an interval.

Proof Suppose that S is connected yet fails to have the intermediate-value property.
Then there are real numbers x, y and z with x,y € S, x < z < yand z ¢ S. Put
U={treR:t<z} andV ={reR:t>z}. Then U and V are open, S N U # 0,
SNV #@,UNV =@Pand S € U U V. Thus S is disconnected and we have a
contradiction. Hence (i) implies (ii).

Conversely, suppose that S has the intermediate-value property and is discon-
nected. Then there are disjoint open sets U, V inRand pointsx, y € S withx < ysuch
thatx e SN U,ye SN VandS C U U V.Letz :=sup{UN[x, y]}. Plainly z € U
and, as U is contained in the closed set R\V,z¢ V.Sinceze[x,y]CSCUUYV,
it follows that z € U. Since U is open and z # y, there exists z; > z such that
[z,z1] C U N [x, y]. But this contradicts the definition of z. Hence (ii) implies (i).

The rest of the proof follows from Lemma 2.4.1. O

Corollary 2.49 Let S C R, S # (0. Then S is an interval if, and only if, f(S) has
the ivp whenever f : S — R is continuous. [ The ‘only if’ part of this result is called
the intermediate-value theorem.]

Proof By Theorem 2.4.8, S is an interval if, and only if, S is connected; by The-
orem 2.4.2, this is so if, and only if, f(S) is an interval whenever f : S — R is
continuous; and now the result follows from Lemma 2.4.1. O
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Corollary 2.4.10 Leta,b € R, witha < b, and let f : [a, b] — [a, b] be continu-
ous. Then f has a fixed point; that is, there exists c € [a, b] such that f(c) = c.

Proof 1If f(a) = a or f(b) = b there is nothing to prove. We shall therefore assume
that f(a) > a and f(b) < b. Define g : [a, b)] — R by g(x) = x — f(x), x € [a, b].
Then g is continuous, g(a) < 0 and g(b) > 0. By Corollary 2.4.9, there exists
¢ € [a, b] such that g(c) = 0; that s, f(c) = c. O

This elementary fixed-point result may be extended to higher dimensions with
considerably greater effort: see Chap. 3 for the two-dimensional version.

Under a continuous map connectedness is preserved. Amongst other uses this fact
allows new connected sets to be generated from old.

Theorem 2.4.11 Let X and Y be metric spaces and let f : X — Y be continuous.
Then f (E) is a connected subset of Y whenever E is a connected subset of X.

Proof Suppose that E is connected and yet f(E) is not. Then there are disjoint open
sets U, Vin Y such that U Nf(E) # ¥, VN f(E) # W and f(E) C UU V. It follows
that f~Y(U)NE # @, f "\ (V)NE # 0, E C f~'(U)Uf~!(V) and, since UNV = ¢,
YUY Nf~1(V) = @. Asf is continuous, f~1(U) and f~1(V) are also open in X.
Thus E is disconnected and we have a contradiction. (]

Corollary 2.4.12 Let S = {(x,y) € R> : x> +y> = r?}, where r > 0. Let f :
S — R be continuous (S inherits the Euclidean metric from R2). Then there exists
u = (u,v) € S such that f(n) = f(—u).

Proof Note that S is connected: it is the image of the interval [0, 27r] under the
continuous map ¢ — (rcost, rsint).
Let g : S — R be defined by

gp) =f(P) —f(-=p).

Then g is continuous: if p, € § (n € N) and p, — p € S, then f(p,) — f(p)
and f(—pn) — f(—p), so that g(p,) — g(p). Since S is connected, it follows from
Theorem 2.4.2 that g(S) is an interval. This interval is symmetric about the origin: if
0 € g(S), then g(s) = 6 for some s €S and so —0 = —g(s) = g(—s) € g(S). Hence
0 € g(S) and there exists u € S with g(u) = 0; that is, f(u) = f(—u). O

The use of the term connected in the context of metric spaces may seem remote
from the everyday sense in which the term is employed. That sense, in which elements
are linked or joined, does have a specialised counterpart for which the technical
expression is path-connected. Three definitions introduce this.

Definition 2.4.13 Let X be ametric spaceandleta, b € R, witha < b. A continuous
map y : [a, b] — X is called a path in X with parameter interval [a, b]. The points
y(a), y (b) are called the initial and terminal points, respectively, of y; y is said to
join its initial and terminal points; y is a closed path if y (@) = y (b); y is a simple
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path if y(s) # y(t) whenever s,t € [a,b], s # t and {s, t} # {a, b}. The range
y* = y([a, b]) of y is called the track of y. If y* C E C X we refer to y as a path
in E.

Without loss of generality, any path may be chosen to have parameter interval
[0, 1] : make the obvious change of variable t — (1 — t)a + b : [0, 1] — [a, D].

Example 2.4.14 The function y : [0, 1] — R? defined by y () = (cos ¢, sin 1) is
a path in R? which joins its initial point (1, 0) to its terminal point (—1, 0) and has
track

Y ={,y) eR>: x> +y* =1,y > 0}.

Observe that different paths may have the same track: the path v : [0, 1] — R? given
by v(t) = (cos wt?, sin 7¢?) has the same track as y, though v # y.

Paths in R” of a particular character are singled out.

Definition 2.4.15 Given a,b € R witha < b, amap y : [a,b] — R" is
said to be a polygonal path if points x@ x(U .  x® e R” and a partition
{a =1y, 11, ..., 1 = b} of [a, b] exist such that

y(@) =t —t;i-1)"" {(tj — VD 4 - tjfl)x(i)}

whenever ;1 <t <tjandj € {1,2,...,k};if, in addition_, y is such that for each
je{l,2,..., k}thereisaline passing through xU=1 and x\) parallel to a coordinate
axis, then it is said to be a p-path. In the elementary case of k = 1, when

y@&)=b-a) b -DxQ + 1t —-axV) @<t <b),

the path y is referred to as a line segment and may be denoted by [x©, x(V]. This
terminology and symbolism is used also for y*, the track of y, and the intended
meaning has to be understood by context.

Elementary reasoning shows that a polygonal path is continuous and therefore a
path in the sense of Definition 2.4.13. Also, the track of a polygonal path (or p-path)
y is a union of line segments: y* = Ujlle [(xU=D x0,

Definition 2.4.16 A subset E of a metric space X is called path-connected if, given
any x, y € E, there is a path in E with initial point x and terminal point y. If X = R",
E is said to be polygonally connected if, given any x, y € E, there is a polygonal
path in E which joins x to y.

Example 2.4.17

(i) Leta € R.ThenR\{a}, with the metric inherited from R, is not path-connected.
Forletx,y € R, withx < a < y,and suppose thereisapathy : [0, 1] — R\{a}
joining x to y. By the intermediate-value theorem, y () = a for some ¢ € [0, 1],
and we have a contradiction.
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(ii) Leta € R%. ThenR?\{a}, with the metric inherited from R?, is path-connected.
For let x,y € R?\{a}, x # y. Then, if x, y and a are not collinear, the line
segment joining X to y is a path in R?\{a}; and if these three points are collinear,
x may be joined to y by a p—path in R?\{a} whose track is a union of at most
three line segments, each parallel to one of the coordinate axes. The same
argument shows that when n > 2, removal of one point from R” leaves the set
path-connected.

Proposition 2.4.18 Let X and Y be homeomorphic metric spaces. Then X is path-
connected if, and only if, Y is path-connected.

Proof Let ¢ : X — Y be a homeomorphism, suppose that X is path-connected and
lety;,y2 € Y. Theny; = ¢(x1), y2 = ¢ (x2) for some x1, xp € X;lety : [0, 1] - X
be a path joining x; to x2. Then ¢ o y is a path in Y joining y; to y, and so Y is
path-connected. The result is now clear. (]

Corollary 2.4.19 Ifn > 1, R and R" are not homeomorphic.

Proof Suppose the result is false Then for some n > 1, there is a homeomorphism
¢ : R — R" Leta € R : then the restriction of ¢ to R\{a} is a homeomorphism
of R\{a} onto R"\{¢(a)}. But by Example 2.4.17 (i) and (ii), R\{a} is not path-
connected while R"\{¢ (a)} is path-connected. This contradicts Proposition 2.4.18
and completes the proof. (I

We remark that it is also true that if m, n € N and m # n, then R” and R” are not
homeomorphic. However, this is much harder to prove.

Next we relate the notions of connectedness and path-connectedness.

Theorem 2.4.20 Let E be a path-connected subset of a metric space X. Then E is a
connected set in X.

Proof Suppose E is not connected. Then there are disjoint open sets U, V in X such
that
UNE#W, VNE#@andECUUYV.

Letx e UNE,y € VNE;as E is path-connected, there is a path y : [0,1] — E
with initial point x and terminal point y. Since y is continuous, y ~'(U) and y =1 (V)
are open sets in [0, 1]; also y L(Hyuy=L(v)y=10,11and y L () Ny~ 1 (V) = 0.
Thus [0, 1] is not connected, contradicting Theorem 2.4.8. O

Example 2.4.21

(i) Every open ball in R” (n > 1) is connected, as is R" itself.
To see this, let a € R" and r > 0. We show that B(a, r) is path-connected and
therefore connected. Let d denote the Euclidean metricon R”. Letx,y € B(a, r)
andlet y : [0, 1] — R" be given by y (r) = (1 —)x + ty. We claim that y isa
path in B(a, r) joining X to y. Evidently y is continuous: if #, € [0, 1] (n € N)
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and t, — t € [0, 1], then d(y(t,), y (¢)) = |ty — t|d(x,y) — 0. Moreover,
y* C B(a,r) :forallt € [0, 1],

vy —a=(0-nx—-a)+i1y—a)

and
172

diy(@),a) = [ D {0 =005 —a) +10; —ap}

j=1

IA

(1—-0ndx,a)+1td(y,a) <r.

The rest is clear.
The converse of Theorem 2.4.20 is false: not every connected set is path-
connected. To illustrate this, take X = R? and

E:{(O,y):—lfyfl}u{(x,sinz) :0<x§1}=AUB, say.
X

The set B is the image of (0, 1] under the continuous map ¢t —— (t, sin %) and
s0 is connected. We claim that BC AUB C B : granted this, it follows from
Exercise 2.4.33/1 that E is connected. To establish our claim, let (0, y) € A and
lete > 0;letn € N be so large that 1/n < e. Since sin (2n £ 1) 7 = %1, there

. 2 2 . . .
exists t € [m, m] such that sin % = y. The point (t, sin %) belongs to

B and its distance from (0, y) is less than ¢; thus A U B C B and the claim is
justified.

However, E is not path-connected. For suppose y : [0, 1] — E is a path in
E with initial and terminal points (0, 0) and (1, 0), respectively; write y (f) =
(y1(2), y2(1)), t € [0, 1]. Then y’l (A) is a closed set contained in [0, 1] and
containing 0; thus b := supy ~'(A) € y~1(4) and 0 < b < 1. Suppose that
y2(b) < 0. Then given any § > O with b+ § < 1, we have y1(b + §) > 0, and
there exists n € N such that

0=y1(b) <2/(4n+1) < y1(b+9);

also, by the intermediate-value theorem, there exists # such thatb <t < b+ 4§
and y1(t) = 2/(4n + 1). Hence y»2(t) = 1 and y»(¢) — y2(b) > 1. The same
kind of argument may be used if y»(b) > 0, and we conclude that y» is not
continuous at b. This contradiction shows that E is not path-connected.
The closure of a path-connected set need not be path-connected. For with the
notation of (ii), B is plainly path-connected but E, and hence B, are not.
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(iv) For any n € N, the unit sphere S" in R"*! is a connected subset of R"*1,
To see this, note that by Example 2.4.17 (ii), R"*1\{0} is path-connected; by
Theorem 2.4.20 it is connected. Define f : R**1\{0} — S" by

FOeq, e x) = (xqg, ... ,xn)/(x% +... —i—x,zz)l/z.
Since f is clearly continuous and surjective, it follows from Theorem 2.4.11

that §” is connected.

In view of Example 2.4.21 (ii) above, it is a relief to know that provided that
we restrict ourselves to open subsets of R”, the notions of connectedness and path-
connectedness coincide. The next lemma prepares for this result.

Lemma 2.4.22 Letx = (X1,...,Xn), Yy = V1, ...,Yn) € R" Then there is a map
y . [0, 1] = R"™ which is a p-path in R" joining x to y such that

d(y(s),y (1) =d(x,y) (s, 1 € [0,1])

where d is the Euclidean metric on R".

Proof Let eV, ... e™ be the vectors of the natural basis for R”. Let p(©) = x and

J
p(l) =x+ Z(yk — xp)e® Gg=1,...,n).
k=1

Define y : [0, 1] — R" by
y(s) = (G —ns)pV"" + (ns —j + Hp¥
if j — 1 < ns < jandj is a positive integer not exceeding n. It is routine to verify
that, for all s € [0, 1],
n
() =x+ D W) o — x)e®,
k=1

where
¥, (s) = min {max{ns — k + 1,0}, 1}.

Hence y is a p-path in R” joining x to y; moreover, since 0 < Wi (s), Y () < | and
therefore |W, (s) — ¥ (t)| < 1, we have for all s, ¢ € [0, 1],

n 1/2
d(y(s), y (1) = {Z Wi (s) — W (D1 Iyx — xk|2} <d(x,y).

k=1
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Theorem 2.4.22 Let G be an open set in R". Then the following statements are
equivalent.

(i) G is connected.
(i) G is polygonally connected; further, given any x,y € G there is a p-path in G
Jjoining them.
(iii) G is path-connected.

Proof Suppose that G # J; otherwise, the result holds trivially. It is obvious that
(ii) implies (iii); also, Theorem 2.4.20 shows that (iii) implies (i). It remains to prove
that (i) implies (ii).

Suppose that G is connected, let a € G and let

A := {x € G : there is a p-path in G joining a to x}.

To show that G is polygonally connected it is enough to prove that A = G. First we
prove that A is open. Letx € A and let i : [0, 1] — R”" be a p-path in G joining a to
x. Since x € G, there exists r > 0 such that B(x, r) C G.Lety € B(x, r). By Lemma
2.4.22, there is amap v : [0, 1] — R” which is a p-path in B(x, r), and hence in G,
joining x to y. Let y : [0, 1] — R” be defined by

_[wm@n  ifo<r<i,
(= [v(Zl—l) if 1 <r<1.
Evidently y is a p-path in G joining a to y. Hence y € A. It follows that B(x, r) C A
and that A is open.

Next we show that G\A is open. Let z € G\A and let ¥/ > 0 be such that
B(z, ) C G. It is enough to prove that B(z, ') C G\A. To obtain a contradiction,
suppose that this is not the case. Then there exist w € B(z, r’) N A and a p-path in
G joining a to w. Further, this path may be extended, by means of a construction
similar to that of the previous paragraph, to a p-path in G joining a to z. It follows
that z € AN (G\A), an impossibility.

Finally, note thata € A, G = AU (G\A) and A N (G\A) = @. Thus, since G is
connected, G\A =@ and A = G. |

Next we turn to components: the idea is that even if a set is not connected, it is
made up of connected subsets; components are the largest such subsets.

Definition 2.4.24 Let E be a non-empty subset of a metric space X. A subset D of
E is called a component of E if it is a maximal connected subset of E, that is, if (i)
D is connected, and (ii) whenever D is connected and D C D C E, it follows that
D = D;.

To prove the basic theorem about components, the following lemma will be very
useful.
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Lemma 2.4.25 Let E be a non-empty subset of a metric space X and let F be a
non-empty family of connected subsets of E with one point in common; that is, there
existsa € N .F. Then A := UZ is a connected subset of E.

Proof In view of Lemma 2.1.5 (iii) it is enough to show that A is a connected subset
of X. Suppose that this is not so. Then there are disjoint open sets U, V in X such
that ANU # B, ANV # @Pand A C U U V. Since each F € .7 is connected
and F C UUV,either FNU =@or FNV = @. AsANU # 0, there exists
Fi € % suchthat FiNU # $Pand so F1 NV = @. Since ANV # {J, there
exists Fp € % suchthat F;, NV # Pandso F, NU = . Hencea € F1 N F; =
FiNF,NWUWUV)cC (F,NnU)UF; NV) =0, and we have a contradiction. [

Theorem 2.4.26 Let E be a non-empty subset of a metric space X. Then

(1) each a € E lies in a component of E (so that E is the union of its components);
(ii) distinct components of E are disjoint.

Proof Leta € E and let % be the family of all connected subsets of E which contain
a. Plainly .7 # (, since {a} € .%. By Lemma 2.4.25, A := U.% is connected and
contains a. Now A is a component of E : for, if A C A1 C E and A is connected,
then A; € % and so A] = A. This proves (i).

Regarding (ii), let A| and A, be components of E, suppose that A| % A; and that
a € A1 NAy. By Lemma 2.4.25 , A} U A, is connected. But in that event, since A}
and A, are components, it follows that A| = A1 U Ay = A», a contradiction. ([l

Theorem 2.4.27 Let G be a non-empty open subset of R"*. Then G has countably
many components, each of which is open.

Proof Let A be a component of G and let a € A. Since G is open, there exists ¢ > 0
such that B(a, ¢) C G. Now B(a, ¢) is path-connected and thus connected: hence,
by Lemma 2.4.25, A U B(a, ¢) is connected. As A is a component this implies that
AUB(a, ) =A. Hence B(a, ¢) C A and A is open.

The set Q" is a countable subset of R” and may be written as {px : k € N}.
Given any component A of G, there exists a least k € N such that p; € A. By
Theorem 2.4.26, to distinct components there correspond distinct k, and so the com-
ponents may be put in one-to-one correspondence with a subset of N. The proof is
complete. (]

Corollary 2.4.28 Let G C R be open. Then G = | .2 | I, where the I, are pairwise
disjoint open intervals.

Companion to the notion of a component of a set there is that of a path-component.

Definition 2.4.29 A path-component of a subset A of a metric space X is a maximal
path-connected subset of A.

This idea has useful consequences, given below. Note that, plainly, distinct path-
components are disjoint.
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Theorem 2.4.30 Each path-component of a metric space X is open (and therefore
also closed) if, and only if, each point of X has a path-connected neighbourhood.
The space X is path-connected if, and only if, it is connected and each x € X has a
path-connected neighbourhood.

Proof Suppose that each path-component of X is open, and let x € X. Let C be the
path-component containing x : C is a neighbourhood of x and is path-connected.
Conversely, suppose that each point of X has a path-connected neighbourhood, let C
be a path-component and let x € C. Then there is a path-connected neighbourhood
U(x) of x, and since C is a maximal path-connected set containing x, U(x) C C.
Thus C = J,¢ U(x) is open. Since X\C is the union of the remaining open path-
components, it is open: thus C is closed.

If X is path-connected it is connected, by Theorem 2.4.20, and, of course, X is
a path-connected neighbourhood of its points. Conversely, suppose that X is con-
nected and that each x € X has a path-connected neighbourhood. Then each path-
component is both open and closed; and since X is connected, this path-component
must be X. (]

To conclude this section we show that connectedness and path-connectedness are
preserved on taking products.

Theorem 2.4.31 Let X1, Xo be connected (respectively, path-connected) metric
spaces. Then the metric space X1 X X» (see Example 2.1.2 (ix)) is connected (respec-
tively, path-connected).

Proof First suppose that X; and X, are connected and let (ay, a), (b1, by) € X1 X
X5. Then {a1} x X» and X7 x {b>} are connected subsets of X; x X, as they are
homeomorphic (even isometric) to X, and X respectively; moreover, they have a
common point, (a1, by). By Lemma 2.4.25 their union is connected: thus there is a
connected set containing (ap, az) and (b1, by). The connectedness of X; x X, now
follows from Example 2.4.7 (v).

Now suppose that X; and X, are path-connected and again let (a1, az), (b1, b2) €
X1 x Xp. There is a path y; : [0, 1] — Xj joining a; to by, and hence there is a
path y1 : [0, 1] — X; x X joining (a1, by) to (b1, b2), given by y1 (1) = (y1(2), b2).
Similarly, there is a path 3, : [0, 1] — X| X X joining (ay, az) to (ai, by). The path
y : [0, 1] = X; x X» defined by

- 72(20) if0<t<3,
f)=1= .
YO =15 01 if <<l
joins (ay, az) to (b1, b2), and so X x X, is path-connected. U

Corollary 2.4.32 The torus T := S' x S' is connected.

Proof From Example 2.4.21 (iv) we see that S! is connected. The corollary now
follows from Theorem 2.4.31. (]
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Of course, the torus as defined here is a subset of R* and is endowed with the
inherited metric. In fact, 7 is homeomorphic to the subset T of R3 obtained by
revolution of the circle {(0, y, z) : (y — 1)® + z2 = 1/4} about the z-axis. For T is
given parametrically by

cos 6 cosf) .
x=\1+ 5 cos¢p, y= 1+T sin ¢,

sin 0
227(059<2n,05¢<2n),

and the map

((cos B, sinf), (cos ¢, sin¢p)) —> ((1 + 00259) cos ¢, (1 + 00259) sin ¢, 511;9)

is a homeomorphism of T onto T. This map, f, is given by

f(a,b),(c,d) = ((1 + %a) c, (1 + %a) d, %b)

and is evidently continuous. It is bijective, with

f‘1<p,q,r>=(z(_1+m),2,v P q )

P+ P+

since p = (1 + %a)c,q =(1+ %a)d,r: %b, and so

1\ 1
2 2 __ - o 2 2
P +gq —(1+2a) A= 14++/p~+¢q

since 1 + %a > % Plainly f~! is continuous, and so f is a homeomorphism.
Exercise 2.4.33

1. Let A be a connected subset of a metric space and suppose that A C B C A. Prove
that B is connected. Deduce that the components of a closed set are closed.

2. Let R? be endowed with the Euclidean metric and let S be a subset of R? which
is both open and closed. Prove that either § = @ or § = R?.

3. Let E and F be subsets of R? ( endowed with the Euclidean metric) defined by

E={(xy):X+y" < 1JU{(x,y: =2 +) <1},
F={(xy :x>+y> <1}U{(1+41/n,0):neN}.
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Determine whether E or F is connected. What are the components of these sets?

4. Letn € N and let GL(n, R) be the set of all non-singular n x n matrices; identify
GL(n, R) with a subset of R” in an obvious way and give it the inherited metric.
Prove that GL(n, R) is not connected.

5. Let A and B be path-connected subsets of a metric space such that AN B # (.
Prove that A U B is path-connected.

6. Let E and F be metric spaces, with E path-connected, and let f : E — F be
continuous. Prove that f (E) is path-connected.

7. Let K be the subset of [0, 1] consisting of all numbers of the form Z:io 37 "¢y,
with ¢, € {0,2} for all n € Ny. This set is called the Cantor set (see
Exercise 2.3.38/16). Show that K is compact, that [0, 1]\K is a countable union
of disjoint intervals, and that the sum of the lengths of these intervals is 1. Show
that given any x € K, the connected component of K which contains x is {x}.

8. Let § = [0, 1] x [0, 1], let K be as in the question above and let f : K — S
be the map which to each x € K, with x = > °2 37 "c,, assigns the element
(X202 bops1, Doy 27 by, Where by, = c/2 (m € Np). Show that f
is well-defined, and that it is surjective and continuous. Deduce that there is a
continuous surjective map g : [0, 1] — S. (This is Peano’s space-filling curve.)

2.5 Simple-Connectedness

Our interest here is in those path-connected metric spaces which, loosely speaking,
may be viewed as without holes. To bring precision to this, the notion of homotopy
is introduced. Throughout this section the closed interval [0, 1] will be denoted by 7;
and if X is a metric space the product X x [ is assumed to be equipped with the metric
of Example 2.1.2 (ix).

Definition 2.5.1 Let X and Y be metric spaces and let fy, f1 : X — Y be continuous.
We say that the maps fy and f; are homotopic, and write fy >~ fj, if there is a
continuous map F : X x I — Y such that, for all x € X,

F(x,0) = fo(x) and F(x, 1) = fi(x).

Such a map F is called a homotopy between fj and f.
Example 2.5.2 Let X be a metric space and let fy, fi : X — R” be continuous.
Define F : X x I — R" by

F,t) = —t)fox) +tix), (x,1) e X x I.

Then it is easy to verify that F is a homotopy between f; and fj.

With regard to the homotopy F' in Definition 2.5.1, if we set f;(x) = F(x, t), then
{ft : t € I} is a one-parameter family of continuous maps from X to Y, and we may
think of the homotopy as a continuous deformation of fj into f;.
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Definition 2.5.3 Let X and Y be metric spaces and let A be a subset of X. Let
fo,fi : X — Y be continuous maps such that fo(a) = fi(a) for all a € A, that is,
Jo la= f1 |a. If there is a homotopy F between fy and f] such that, for all @ € A and
allt €1,

F(a, 1) =fo(a) = fi(a),

or equivalently f; |4= f1 |4 for all ¢ € I, then we say that fy and f; are homotopic
relative to A and write fy ~ fi rel A. [Note: if A is empty, then >~ rel A and ~
coincide.]

Example 2.5.4 LetA = {0, 1}. Let fp, fi : I — R be paths in R” such that fp(0) =
f1(0) and fo(1) = fi(1) : the paths have a common initial point and a common
terminal point so that fy |4= f |4. Consideration of F : I x I — R”" given by

F(s,t) = (1 = Dfo(s) +1f1(s)

shows that fo >~ f] rel {0, 1}.

Theorem 2.5.5 Let X and Y be metric spaces and A be a subset of X. Then >~ rel A
is an equivalence relation in C(X, Y), the family of continuous maps from X to Y.

Proof The steps which follow show that >~ rel A is reflexive, symmetric and transitive.

(HIff e C(X,Y), thenf =~ f rel A.
The continuous map F : X x I — Y given by F(x, t) = f(x) verifies this claim.
2)Iff,ge CX,Y)and f ~ grel A, then g >~ f rel A.

By hypothesis, there exists a homotopy F relative to A between f and g. Let
G : X x 1 — Y be defined by

Gx,t)=F(x,1—1).
As itis a composition of continuous maps, G is continuous. Moreover, for all x € X,
G(x,0) =g), Gx, 1) =fx);
also, foralla e Aandt €1,
G(a,1) = gla) = f(a).
Hence g >~ f rel A.
B)Iff,g.heCX,Y),f~grelAand g >~ hrel A, then f >~ hrel A.
Given that there are homotopies F and G relative to A between f and g, and g and

h, respectively, let H : X x I — Y be defined by

[ Fx. 20, 0<1<1/2,
H(x’t)_[G(x,Zt—l), 12<1<1.
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Since F(x, 1) = g(x) = G(x, 0) for all x € X, there is consistency of definition on
X x {1/2} and, by appeal to the glueing lemma (Lemma 2.1.35), it follows that H is
continuous. Further, for all x € X,

H(x,0) =f(x), H(x, 1) = h(x);
also, foralla e Aandt €1,

H(a,t) = f(a) = h(a).
Hence f >~ hrel A. O

Corollary 2.5.6 Letf € C(X,Y)anddenote by (f) the equivalence class associated
with f :
(f) ={ge CX,Y) : g = f rel A}.

The family of equivalence classes {{f) : f € C(X,Y)} constitutes a partition of
C(X,Y), by which we mean that no equivalence class is empty, their union exhausts
CX,Y) and, forallf,g € C(X,Y), the classes (f) and (g) are either disjoint or
identical.

Proof We leave this to the reader, noting that it is a special case of a general result
concerning equivalence classes: see, for example, [19], p. 50. (I

We now show that relative to the composition of functions, homotopy is well-
behaved.

Theorem 2.5.7 Let X, Y and Z be metric spaces and A be a subset of X. Let fy,
fi: X > Yandgo, g1 : Y — Z be continuous maps such that fo =~ fi rel A and
go =~ g1 rel fo(A). Then

goofo~giofirelA.

Proof Let F : X xI — Y and G : Y x I — Z be homotopies establishing that

fo =~ f1 rel A and go =~ g rel fo(A), respectively. The map ggo F : X x I — Z is
continuous; also, for all x € X,

(g0 o F)(x,0) = (go o fo)(x), (go o F)(x, 1) = (goof1)),
and, foralla € Aandr €1,
(80 o F)(a, 1) = (go o fo)(a) = (g0 o f1)(a).

Hence g o fo =~ go o fi rel A. Next, consider the map H : X x I — Z defined by
H(x,t) = G(fi(x), t). It is continuous; moreover, for all x € X,

H(x,0) = (g0 o f)(x), H(x, 1) = (g1 0/1)(x),
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and foralla e Aandt €I,
H(a, 1) = (go o f1)(a) = (g1 0 fi)(@).

Thus g o f] =~ g1 o fi rel A. Finally, by Theorem 2.5.5, gpofo >~ g1 ofi relA. O

In the next section we appeal to the simplest aspect of this theorem, when go = g1.

2.5.1 Homotopies Between Paths

Let X be a metric space. For present purposes we shall think of C(/, X) as the set of
all paths in X, each path being assumed to have I = [0, 1] as its parameter interval.
For brevity, the symbol ~ will be used for the relation >~ rel {0, 1} on C (I, X). Hence
fo ~ f1, to be read fy is equivalent to fi, is understood to mean that fo(0) = f1(0),
Jfo(1) = f1(1) and that a continuous map F : [ x I — X exists such that

F(s,0) =fo(s), F(s,1) =fi1(s) (s e )

and
F(0,1) = f0(0), F(1,1) =fo() (z € D).

The homotopy F may be viewed as continuously deforming fy into f; through a
family of paths with prescribed endpoints.

Definition 2.5.8 Let f and g be paths in a metric space X such that f(1) = g(0).
The product path f x g : I — X is defined by

_ | rQ@s), 0<
(f*8)(s) = [g(Zs— D1

Similarly, if fi,/>,...,fn : I — X are paths in X such that, for | <j <n — 1,
fi(1) = f;4+1(0), then the product path fi * f> * ... % f,, : I — X is defined by

Si(ns), 0<s<l1/n,
falns — 1), I/n<s<2/n,

(fl*fz**fn)(s): fj‘(ns_‘]_|_1)7 (]—1)/n§S§]/n7

fu(ns —n+1), (n—1)/n<s<1.

Evidently f * g is a path joining f(0) to g(1); likewise, f1 * f> * ... x f, is a path
joining f1(0) to f,(1).
Theorem 2.5.9 Let f,f', g and g be paths in a metric space X; suppose that f ~
[ g~ g andf * g is defined. Thenf x g ~ f' * g'.
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Proof Letf,f joinxtoyandg, g joinytoz :since f *gis defined, f (1) = y = g(0).
As f ~ f’, there exists a continuous map F : [ x [ — X such that

F(s,0) =f(s), F(s, D =f"(9) s €D

and
FO,H)=x, F(l,y=y(tel).

Similarly, since g ~ g’, there is a continuous map G : [ x I — X such that
G(s,0) = g(s), G(s,1) =g'(s) (s€ )

and
GO, =y, G(,t) =z el).

Let H : I x I — X be defined by

C[F@s,n,  0<s=<1/2,0 1,
H(S”)_[G(zs—l,t), 1/2<5s<1,0 1.

=

IATA

t
t

IAITA

Since F(1,1) =y = G(0, 1) for all ¢ € I, there is consistency of definition on the
line segment {1/2} x I. The glueing lemma ensures that H is continuous; further, for
alls € 1,

H(s,0) = (fx8)(s), H(s, 1) = (f' % g")(s)

and, forall r € I,
HO,t)=x, H(1,1) = z.

Hencefx g~ f'x g O

By dividing the unit square / x I into n vertical strips rather than 2, the following
generalisation of the last theorem may be established: details are left to the reader.

Theorem 2.5.10 Let fi,f>,....fx and f{,f5, ..., [, be paths in a metric space X;
suppose that, for 1 < j < n, f; ~ ]3/ and that the product path fi x fo % ... x f, is
defined. Then

fisfos . oxfy~flxfyk...xf.

Theorem 2.5.11 Let f1,f>, ...,fn (n = 3) be paths in a metric space X such that
the product fi * f> * ... x f is defined. Suppose 1 < k < n — 1 and let the map
¢ : I — I be given by

2sk/n, 0=
1

s <1/2,
n—ky2s—1)/n+k/n, /2 <s

<.

¢(s) = [
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Then

@ Gixfax...xf)od = 1xfax...xfi)* (o1 * ... xfn);
(ii) (f] *fz*...*fk)*(fk+1>k...>kfn) Nf] *fz*...*fn;

and
(iii) settingn =3, (fi *f2) *f3 ~ fi * (f2 x f3).
Proof

(i) Illustrated below, the map ¢ is continuous and strictly increasing; ¢ (s) < k/n if
0<s<1/2,¢(s) >k/nif1/2 <s <1.

(0,1) (1,1
(1.5
(p*
id}
t L
S
(0,0) (1,0 (1,0)

Hence, forall s € 1,

((frxf * ... % fn) 0 @)(s)
=fing(s) —j+ 1 if —1)/n<¢(s)<j/n and 1 <j<n

JiCks —j+ 1), J—1<2sk<j, 1<j<k,
=1filln=k2s—D+k—j+1), j—k—-1=Q2s—Dmn—-k) <j—k,
k+1<j<n,
JiQks —j+ 1), J—1=2sk<j, 1 <j<k,
= ity (n=0)Q2s =) =j +1), j/=1=<@Q2s—Dn—k <J,
1</ <n—k,

=((fixfa*x...xfi) * (ferr * ... % fu))(s).

(i) Consideration of the map H : [ x I — [ given by

H(s, 1) = (1 — ) (s) + s



156 2 Metric Spaces

shows that ¢ and id; (the identity map on ) are homotopic relative to {0, 1}.
Hence, using Theorem 2.5.7,

fixfas...xfi)x(imrx...xf)) =1 *xfa*x...xfu)od
~ (fi xfax...%xfp) o0idy
:f] *fz**fn

(ii) By (ii), both the product paths f1 *(f2*f3) and (f *xf>) *f3 are equivalent to f] /> /3.
Since the relation ~ is transitive, it follows that f] *x (f2 * f3) ~ (fi xf2) * f3. O

Theorem 2.5.12 Let X be a metric space, let x,y € X and let ey, ey be the constant
paths in X defined by ex(s) = x and ey(s) =y (s € I). Let f be a path in X such that
fO)=xandf(1) =y. Theney xf ~ fandf x e, ~ f.

Proof As each equivalence has a similar proof we give only that which involves
ex*f.Lety : I — I be given by

/2,

0, 0<
1 1.

N
V) = [2s—1, /2 <

The continuous map H : I x [ — I defined by H(s, t) = (1 — 1)1 (s) + s enables us
to see that v and id; (the identity map on ) are homotopic relative to {0, 1}. Hence,
noting that for all s € I,

v A
IN —

[ 0=s=1/2.
o = [f(2s— D, 12=s=1,
= (ex *f)(s),

application of Theorem 2.5.7 shows that
exxf=foy~foid =f,

as required. O

Theorem 2.5.13 Let X be a metric space, f be a path in X and? be the path defined
byf(s) =f(1 —s) (s € I); f is termed the reverse of f. Let f (0) = x and f(1) = y.
Then R R

frf~e Txf ~ey

where ey, ey are the constant paths given by e, (s) = x, ey(s) =y (s € I), respectively.

Proof Since the roles of f andf can be interchanged, it is sufficient to prove that
fxf~ey.Lett,0:1 — IDbe given by
2s, 0<
TW=120-9. 1
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and 6(s) = 0 (s € I). The map
s, ) 1=0nt(s): I xI—>1

shows that T >~ 6 rel {0, 1}. Since

Aoy 129, 0<s<1/2,
(f*f)(s)_[f(Zs—l), 12<s<1
_ | fQ@2s), 0<s<1/2,
T lrea—s), 12<s<l,
= (fo1)(s),

so that f *f = f o 7, application of Theorem 2.5.7 shows that f *f =fotr~fob
= ex, D

Definition 2.5.14 A closed path (or loop ) in a metric space X is a path whose initial
and terminal points coincide: this common point is called its base point . Thus, if
x € X and f is a path in X such that f(0) = f(1) = x, then f is a closed path in X
with base point x.

Remark 2.5.15

(i) Each x € X is a base point for at least one closed path in X, namely e,, given
by ex(s) = x (s € I), the path constant at x. R

(ii) If x,y € X and there is a path f joining x to y then, with f denoting the path
given by f(s) = f(1 — s), f * f is a closed path with base point x and f * f is a
closed path with base point y.

The definition to follow introduces a new type of homotopy, specific to closed
paths, called free homotopy. For closed paths f, g in a metric space X recall that the
statement f =~ g rel {0, 1}, more simply denoted f ~ g, means that f and g have a
common base point and that a continuous map H : I x I — X exists such that

(1) H(s,0) =f(s), H(s, 1) = g(s) (s € I)

and

2)HO,t) =f0)=H({,1t) (teI).

Note that the one-parameter family {4} of paths determined by H is made up
of closed paths with a common base point. The notion of free homotopy relaxes
condition (2).

Definition 2.5.16 Let f and g be closed paths in a metric space X. Then f is said to
be freely homeotopic to g if there is a continuous map H : I x I — X such that

(i) H(s,0) =f(s),H(s, 1) = g(s) (s € I)
and

() HO,t)=H(l,1) (t €1).
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Note that the paths h;, where h;(s) = H(s, t), are closed but are not required to
have the same base point; the path t — £1;(0) : I — X is not required to be a
constant map. A simple example of a free homotopy occurs when the base point of
a closed path is ‘shifted’ to another point on its track: see Exercise 2.5.30/4.

Theorem 2.5.17 Letf and g be closed paths in a metric space X such that f is freely
homotopic to g under a homotopy F : I x I — X. Let v be the path in X from f(0)
to g(0) defined by v(s) = F(0,s) (s € I). Then, with D given by V(s) = v(l —s)
(sel),

f~v*xgx*xD.

Proof Let x = f(0), y = g(0) so that v is a path joining x to y and V is its reverse:
the figure below is a guide.

fi V(1)

Recall that

v(3s), 0<s<1/3,
(w*xgxV)(s) =1 8g0Bs—1), 1/3<s<2/3,
v(3(1 —5)), 2/3<s<1.

For fixed ¢ € I, consider the path y; given by

v(3s), 0<s<t/3
vi() =1 £(B-20""C3s—1), t/3<s<1-1/3,
v(3(1 —y¥)), 1—t/3<s<1,

where f; is that path such that f;(s) = F(s, t). Loosely speaking, y; proceeds from
X to v(t), circuits the track of f; and then retraces its steps back from v () to x. We
show that {y; : ¢ € I} determines a suitable homotopy. Define G : I x I — X by

F(O,3S), OESSI/3,
Gis,)=1F(B3-20""'Gs—1.,1), t/3<s=<1-1/3,
F(0,3(1 —¥)), 1—t/3<s<1.
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Let K1, K7, K3 be the subsets of I x I defined by the inequalities 0 < s < ¢/3,
t/3<s<1-—t/3and1—1¢/3 <s < 1respectively and indicated below.
(0.1) (3.0 (3.1 (1.1

K K> K3

t
t=3(1-5)

N

(0,0) (1,0)

It is plain that each of the following maps is continuous:
(s,) —> (0,3s) —> F(0,3s) : K1 > I xI —> X,
(s,0) — (B=207'Gs—0,1) — F(B-20"'Gs—0.,1) : K» —
IxI—X
and
(s,) — (0,3(1 =8) — F(0,3(1 —s)): K3 > I xI — X.
Thus each G |g; is continuous. Since G is consistently defined on the line segments
K1 N K; and K> N K3, and each K; is closed, it follows from the glueing lemma that
G is continuous. Now

GG.0)=F(@s,00=f(s) (seD),

F(0, 3s) = v(3s), 0<s<1/3,
G, )=1F@3s—1,1) =¢g@Bs— 1), 1/3 <s<2/3,
F0,3(1 =5)=v3( —s)), 2/3<s<1,

=(WxgxV)(s) (sl

and
GO,)=x=G(,1 (t ).

Thus f ~ v % (g * D), as required. O

Theorem 2.5.18 Let X be a metric space and let f be a closed path in X with base
point x. Then f ~ ey if, and only if, f is freely homotopic to a constant path in X.

Proof If f ~ e, the result is obvious. Conversely, suppose that for some y € X, f is
freely homotopic, under a homotopy F : I x I — X, to the constant path e,. Let v
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be the path in X from x to y given by v(s) = F(0, s) (s € I). Then

f ~ v*ey*V (by Theorem 2.5.17)
~ v % (e, V) (by Theorem 2.5.11)
~ v %D (by Theorems 2.5.12 and 2.5.9)
~ e, (by Theorem 2.5.13).

Hence by Theorem 2.5.5, f ~ e. (I

Definition 2.5.19 A closed path in a metric space X is said to be null-homotopic
in X if it is freely homotopic to a constant path in X. A metric space X is said to be
simply-connected if it is path-connected and each closed path in X is null-homotopic
inX.

Remark 2.5.20 By Theorem 2.5.18, X is simply-connected if it is path-connected
and f* ~ ey (o) for each closed path f in X. Intuitively, a simply-connected space may
be viewed as one within which each pair of points can be joined by a path and each
closed path is continuously shrinkable to a point. No closed path can ‘encompass a
hole’ in the space.

Example 2.5.21

(i) Let K be a subset of a metric space X. Suppose that X is also a linear space
and that K is convex, so that tx + (1 — ¢)y € K whenever x,y € K and t € I.
Then K is simply-connected: its convexity implies that it is path-connected;
moreover, if yp is any closed path in K and z € K, then yy is freely homotopic
to the constant path y;, where y;(s) = z for all s € I, under the homotopy
H : I x 1 — K defined by H(s, t) = (1 — t)yo(s) + tz. Hence each ball in R"
is simply-connected.

(i) We shall see in Chap. 3, once the notion of winding number has been developed,
that neither a circle nor an annulus in R? is simply-connected.

The next two theorems reinforce the definition above and have application in the
chapter to follow.

Theorem 2.5.22 Let x and y be points in a simply-connected metric space X and
let f, g be paths in X which join x toy. Thenf ~ g.

Proof Let paths ey, e, and g be given by e,(s) = x, ey(s) = y and g(s) = g(1 — ).
Note that g * f is a closed path with base point y and, since X is simply connected,
g xf ~ ey. Since the relation ~ is transitive, the steps below yield the result:

f ~ ey *f (by Theorem 2.5.12)
~ (g *g) * f (by Theorems 2.5.9 and 2.5.13)
~ g (g *f) (by Theorem 2.5.11)
~ g * e, (by Theorem 2.5.9)
~ g (by Theorem 2.5.12).
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Theorem 2.5.23 Let X, Y be metric spaces and let X x Y be endowed with the usual
metric (see Example 2.1.2 (ix)). Then X x Y is simply-connected if, and only if, both
X and Y are simply-connected.

Proof Suppose that X and Y are simply-connected and let y = (y1, y2) be a closed
pathin X x Y. Then y; and y, are closed paths which are null-homotopic in X and Y
respectively. Letmaps F'| : I xI — X and F, : I xI — Y establish these homotopies.
Thenthemap F : I x I — X x Y given by F(s,t) = (F1(s, 1), Fa(s, t)) shows that
y is null-homotopic in X x Y. Since, by Theorem 2.4.31, X x Y is path-connected
it follows that X x Y is simply-connected.

Conversely, suppose that X x Y is simply-connected. Elementary considerations
show that X and Y are path-connected. Let y; and y» be closed paths in X and Y
respectively and define y : I — X x Y by y(t) = (y1(¢), y2(¢)). Then y is a closed
path which is null-homotopic in X x Y under a homotopy H = (H1, H»), say. Since
the maps H; and H; are themselves homotopies which, respectively, establish that
y1 is null-homotopic in X and y» is null-homotopic in Y, the spaces X and Y are
simply-connected. (]

2.5.2 The Fundamental Group

Definition 2.5.24 Let X be a metric space and x € X. Let .Z(x) denote the family
of all closed paths in X with base point x :

L@ ={feCU.X) :f(0)=f(1)=x}.

By Theorem 2.5.5, the relation ~ is an equivalence relation in C(/, X) and therefore
in Z(x). For f € £ (x), let {f) denote the equivalence class associated with f :

fr={ge LX) g~ f}

The set
(X, x) ={{f) . f € L)}

equipped with the product defined by
(f)(g) = (f =g

is called the fundamental group of X at the base point x.

We must justify this terminology by showing that 7 (X, x) is indeed a group.
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(i) Theorem 2.5.9 shows that the product of equivalence classes is well-defined:

=), @=(g) =f~f g~ =rrg~fd =g
=(f"«g).
(i) By Theorem 2.5.11, the product of equivalence classes is associative:

({f) (g)) (h) = (f x g) (h) = ((f x @) * h) = (f x (g h)) = {f) (g *h)
= {f) ((g) (n)).

(iii) Theorem 2.5.12 confirms that (e,) is the identity:
(ex) (f)y =lexxf) ={f) = {f xex) ={f) (ex) .

(iv) Theorem 2.5.13 shows that given (f) in (X, x), its inverse (f) ! = O‘\):

N =1 =tex) = xf) =) )

Given distinct points x and y in X, it is natural to ask whether there is any rela-
tionship between (X, x) and (X, y). It turns out that one exists if x and y can be
joined by a path in X.

Theorem 2.5.25 Let x and y be points in a metric space X and let « be a path in X
such that «(0) = x, a(1) = y. Then (X, x) and (X, y) are isomorphic.

Proof Asusual, leta(s) = a(1 —s) (s € I). Using the notation of Definition 2.5.24,
note that if f € £ (x), then @ * f * a € .Z(y). Consider the map

Oo T X, x) > (X, y)

defined (see (i), below) by
G ((f) = @ *[f xa).

Routine use of Theorems 2.5.9 to 2.5.13 shows that
(i) forallf, g € L(x),

1) =1(8) & du({f) = Pa((g)):

(ii) for all u € Z(y),
P (@ xu*a)) = (u);

(iii) for all f, g € L (x),

P ((F) 9o ((8)) = P ({f) (g))-
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Detailed proof of (i) to (iii) is left to the reader, but by way of illustration of the
procedures to be adopted we indicate how to deal with (iii). For all f, g € .Z(x),

Do ((fNPa((8) = (@ *f o) % @ g*xa)) = (@+fxax*xg*a)

@*f)*(@*xa*g*a))

(
(
(@*f) x ((a %) * (g %))
(
(

@ #f) * (ex x (g x ))) = (@ xf) * (g * )
=@+ ((fxg) * ) = (@ (f xg) x &) = pa({f) (g)).

Statements (i) and (ii) show that ¢, is well-defined and bijective; (iii) shows that it
is a homomorphism. Hence 7 (X, x) and 7 (X, y) are isomorphic groups. U

This theorem has immediate corollaries.

Corollary 2.5.26 Let x and y belong to a path-connected metric space X. Then
(X, x) and (X, y) are isomorphic.

Note that different paths between x and y may generate different isomorphisms.

Corollary 2.5.27 A metric space X is simply-connected if, and only if, it is path-
connected and (X, x) = {{ex)} for some (and thus each) x € X.

To conclude this section, we show that fundamental groups at two points, one from
each of two homeomorphic, path-connected metric spaces, are isomorphic. The next
result is key in this: it does not require the hypothesis of path-connectedness.

Theorem 2.5.28 Let X and Y be homeomorphic metric spaces. Let x € X and
suppose that  : X — Y is a homeomorphism. Then 7 (X, x) and w (Y, ¥ (x)) are
isomorphic groups.

Proof With the notation of Definition 2.5.24, if f, g € £ (x), then evidently ¥ o f,
Yo g € Z(Y(x)). Further, use of Theorem 2.5.7 shows that

f~ginZx) & vof ~¢¥ogin Z(Y(x)). (2.5.1)
Consider the map ¥ : 7 (X, x) — 7 (Y, ¥ (x)) given by
V() = (Y of)(f € Lx).

Because of (2.5.1), the map ¥ is well-defined and injective; it is surjective since
'4 ((w—l o u)) = (u) for each u € Z (¥ (x)); moreover, it is a homomorphism as

V(NP UL =W of) x(Yog)) = (do(f*g)=¥({f*g)=¥({f)(g)

whenever f, g € Z(x). Thus ¥ is a group isomorphism and 7 (X, x) and 7 (Y, ¥ (x))
are isomorphic groups. O
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Corollary 2.5.29 Let X and Y be homeomorphic metric spaces, each of which is
path-connected. Then, for arbitrary choice of x € X andy € Y, the groups (X, x)
and (Y, y) are isomorphic.

Proof The result follows from Theorem 2.5.28 and Corollary 2.5.26. (]

The message of the corollary is that homeomorphic, path-connected spaces give
rise to isomorphic fundamental groups.

Exercise 2.5.30

1. Let S" be the unit sphere in R"*! (see Example 2.4.21 (iv)), let f : " — S" be
continuous, and suppose that, for all x € S", f(x) # —x. Show that f =~ idgn,
where idg» is the identity map on S”. [Consider the map H : 8" x I — S" defined
by

A =0f(x) +tx

He D =020 vl

where [[ul| = (z;:f u})l/z foru = (ui, ..., 1) € R71L]

2. Let x and y be points in a metric space X, and let u, v : I — X be paths in X
from x to y. Show that ; ~ v if, and only if, & * U ~ ey.

3. Give examples of closed paths f, g in R? such that (f s f) *f # f % (f xf) and
(g*g)xg=g*(g*g).

4. Letf be aclosed path in a metric space X; let a € I and define g : I — X by

[fs+a) f0<s<l-a,
g(S)—[f(a+s—1) ifl—a<s<l

Show that g is a closed path in X, that g* = f* and that H : I x I — X defined by

f(s+ta) if0<s<1-—ta,

H(s, 1) = [f(ta+s— ) ifl—rta<s<l
establishes a free homotopy between f and g.

5. Generalise Example 2.5.2: let X be a metric space, Y be a subspace of R” (a
non-empty subset of R” endowed with the metric inherited from R”, not to be
confused with a linear subspace) and fp, fi : X — Y be continuous maps such
that, for all (x,7) € X x I, (1 — t)fp(x) + tfi(x) € Y. Show that fy =~ f.

6. Two metric spaces X and Y are said to be homotopy-equivalent (written X >~ Y)
if there exist continuous maps f : X — Y and g : Y — X such that g o f >~ idx
and f o g =~ idy, where idy : X — X and idy : Y — Y are the identity maps.
Prove that homotopy-equivalence is an equivalence relation on the family of all
metric spaces. Note that homeomorphic spaces are homotopy-equivalent; also, as
illustrated below, the converse need not hold.

7. (i) Let X and Y be the subspaces of R? given by X = Slandy = S'u {(x,0) :
1 < x < 2}. Prove that X and Y are homotopy-equivalent but not homeomorphic.



2.5 Simple-Connectedness 165

[Hint: consider maps f : X — Y, g : Y — X defined respectively by f(x) = x if
xeX,gy) =yifyes', gy =(1,0)ifye r\s]

(ii) Let X and Y be subspaces of R? givenby X = Sl and ¥ = R?\{0}. Show
that X and Y are homotopy-equivalent but not homeomorphic. [Hint: consider
the map f : X — Y given by f(x) = x, and the map g : ¥ — X defined by
g = IyI~"y, where [yl = (2 +3)"/% fory = (1, y2) € R2.]

8. A metric space X is called contractible if the identity map id : X — X is
homotopic to a constant map. Prove that X is contractible if, and only if, X is
homotopy-equivalent to a space consisting of a single point. Show that every
convex, non-empty subset of R" is contractible.



Chapter 3
Complex Analysis

The theory of complex analysis, which is based on the fundamental work of Cauchy,
forms a most attractive, beautiful and useful part of elementary analysis. Quite apart
from its structural beauty, it also has the quality of unexpectedness which distin-
guishes outstanding pieces of mathematics from the rest and which is responsible for
a good deal of the charm of the subject. Reverting to Chap. 1, it is surely delightful
that the theory of complex analysis gives rise to diverse real-variable results such as

e¢]
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We develop the cornerstones of this theory quite rapidly in this chapter.

To begin with, we introduce basic concepts, including power series, branches of
the argument and the logarithm, the winding number for arbitrary paths in the plane
and integrals over contours. Some of these topics are discussed in more detail than is
common in books at this level: indeed the notion of the winding number is often not
introduced at all! This groundwork enables a global (homology) form of Cauchy’s
theorem to be established, a result that is central to the determination of necessary
and sufficient conditions under which an analytic function has a primitive. Moreover,
it leads to the residue theorem with applications not only to the evaluation of definite
integrals but also to Rouché’s theorem, the open mapping theorem and the inverse
function theorem. Further reward for the early preparation comes in Sects. 3.8 and
3.9 in which the Riemann mapping theorem and the Jordan curve theorem are shown
to arise in an aesthetically pleasing way from these foundations. In particular, the
work on the winding number is necessary for the straightforward and natural proof of
the Jordan curve theorem that is given: the related concept of the index is inadequate
for this purpose as it is not defined for general paths with no smoothness.
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3.1 Complex Numbers

Definition 3.1.1 A complex number is an ordered pair (a, b) of real numbers. If
z1 = (a1, by) and 7 = (aa, by) are complex numbers, we write z; = z; if, and only
if, a; = a» and by = b,. The set of all complex numbers is denoted by C. Addition
and multiplication of elements of C are defined by the rules

21 + 22 = (a1 +az, by + b2), 2122 = (a1az — b1b2, a1by + axby);

if a® 4+ b* # 0 the inverse of z = (a, b) is defined by 7! = ((EQW’ —ﬁ).

Plainly, addition and multiplication of complex numbers are both commutative
and associative; the definition of z~! is so chosen that zz~! = (1, 0) if z # (0, 0).
Note that the adjective ‘ordered’ in the definition simply means that (a, b) and (b, a)
are regarded as distinct objects if a # b. Moreover, the definition evidently implies
that for all a1, ap € R,

(a1, 0) + (az,0) = (a1 + ay, 0) and (ay, 0)(az, 0) = (a1az, 0).

This indicates that complex numbers of the form (a, 0) have the same arithmetical
properties as the corresponding real numbers a; we therefore shall identify (a, 0)
with a, so that R may be identified with a subset of C. In fact, it is plain that C is a
field and that R may be identified with a subfield of C.

Definition 3.1.2 The complex number (0, 1) will be denoted by i.

Proposition 3.1.3 Let ii be denoted by i%. Then i® = (—1, 0); with the identification
made above, i’ = —1.

Proof By Definition 3.1.1, i%> = (0, 1)(0, 1) = (-1, 0). ]

Proposition 3.1.4 Given anya,b € R, (a,b) = a +ib.

Proof We have
(a,b) =(a,0)+ (0,b) = (a,0)+ (0, 1)(b,0) =a +ib. 0

Because of this result we shall usually write the complex number (a, b) in the
forma + ib.

Definition 3.1.5 Given any complex number z = x + iy (x, y € R), the complex
number x — iy is called the conjugate of z and is written Z; x is called the real part
of z and is denoted by re z; y is the imaginary part of z and is denoted by im z.
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Proposition 3.1.6 Let w, z € C. Then
O w+z=w+z
(i) wz=wz;
(i) z4+z=2rez,z—z=2iimz;
(iv) zz is real, and positive save when z = 0.

Proof (1)) Putw =u +iv,z=x +1iy, where u, v, x, y € R. Then

w+z=wU+x)+iv+y)=ut+x—-iv+y)=@—iv)+x—iy) =w+7z.

(i) wz = (ux —vy) +i(uy +vx) = (ux —vy)—i(uy+vx) = u—iv)(x —iy) =
wz.

(i) z+Z=x4iy+x—iy=2x =2rezandz—zZ =x+iy— (x —iy) = 2iy =
2iim z.

(V) 2z = (x +iy)(x —iy) =x>4+y> > 0;zz =0if, andonly if, x = y =0. [

Definition 3.1.7 Let z € C. The absolute value, |z|, of 7 is the non-negative square
root of zz7.

Thus |z| = (z2)"/2, so thatif z = x + iy (x, y € R), |z| = (x? + y*)!/2. When
zisreal, z = x, say,

o2 X, x =0,
x| = &%) _[—x,x<0.

Proposition 3.1.8 Let w, z € C. Then

(1) |z| > O unless z =0, |10] =0;
() lz| = |zl;
(i) |wz| =|wl| |zl;
(iv) Jrez| <z, limz| < |z,
V) |w+z] < |w| +]zl.

Proof The proofs of (i)—(iv) are elementary, and are left to the reader. As for (v),
with w = u +iv, z = x + iy as usual, we have
w2 = @+ + @+ ) = @ +0°) + (5 +y) + 2(ux + vy)
< wl + |z + 2% + vH) 2 4 yH!2
= (lw| + |z])>. 0
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0 X

Property (v) is the triangle inequality and has a familiar geometrical interpreta-
tion. Represent complex numbers by points in the plane in the natural way, so that
z = x +1y is represented by the point P with coordinates (x, y), and w = u +iv by
the point Q with coordinates (u, v). Completion of the parallelogram OPRQ gives
the point R which corresponds to w + z, and the triangle inequality amounts to the
familiar result that OR < OP + OQ, pictured above.

We now define powers of complex numbers.

Definition 3.1.9 Let z € C and n € Z. Define

=1, ="z2n > 0),

= —iy)/ P4y @G=x+iy£0), 2 =@ D" (z#0,n > 0).
The usual laws of exponents hold.

Proposition 3.1.10 Let m,n € Z. Then z"z" = 21" (z # 0), 225 = (z122)"
(21,22 # 0).

The proof is by induction.

The set of all complex numbers may be furnished with a natural metric.

Proposition 3.1.11 Defined: Cx C — Rbyd(w, z) = |w — z|. Then d is a metric
on C.

Proof The result is clear, in view of Proposition 3.1.8. (I

As sets, R? and C are identical. They are distinguished by the algebraic structures
they carry: R? is a vector space over the reals and C is a field. Of course, the metric
space (C, d) is identical with (R?, J), where d is the Euclidean metric on RZ. In
view of this, we may take over all the properties of (R?, d) established in Chap. 2
to (C, d). Thus a sequence (z,,) of complex numbers is said to converge to z € C
if, and only if, d(z,,z) = |z» —z| — 0 asn — o0; and (z;,) converges to z if,
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and only if, rez, — rez and imz, — imz as n — 00; a sequence (z,) in C is
a Cauchy sequence if, and only if, d(z,, zm) = |zn —2m| — 0 as m,n — o0;
(C, d) is a complete metric space. Henceforth we shall assume that C is endowed
with the metric d, so that matters of convergence, continuity, openness etc. are to be
understood in this sense.

Proposition 3.1.12 Ler (z,,) and (z),) be sequences in C such that z, — z € C and
7, > 7 € C.Then z, + z), = z + 2/ and z,z}, — zZ'; and if, in addition, z # 0
and for alln € N, z, # 0, we have z;l — z7 L

Proof Use of the triangle inequality shows that
lzn+ 2, — @+ <lza—zl+ |z, — | = 0
moreover, that

znzy — 22| = |2z, — ) + 7 (20 — 2)|
=|(zn — (2, =) +2(z, — )+ 2 (20 — 2)|

<@ — 2@, = | +1zl |z, = | + || Iza — 21 = 0.

Hence z, +z,, — z+z and z,z), — zz'. Regarding the inverses we have |z, | > % |z]
for all n > K, say. Hence

z;l—

—1 2
| =1z =zl /] <212 = 2l /]

for all n > K, and the proof is complete. O
Convergence of series of complex numbers is dealt with just as in the real case.

Definition 3.1.13 Let (z,) be a sequence of complex numbers and put w, =
Z:’zl zr (n € N). If (wy,) converges to a limit w € C, we say that w is the sum of
the series ZTO z, and that the series ZTO z, converges; wy, is called the nth partial
sum of the series and we write w = > {° z,. If 7" |z | converges, > [° z, is said
to converge absolutely.

Proposition 3.1.14 If >"7° |z,| converges, so does >"{° zp.

Proof Put Wy, = > |z,|, wy = >0 zr (n € N).If m > n, then

m m
Wi — wy| = z Zr| = Z |zl = Wy — W, — 0
r=n+1 r=n+1

as m,n — oo. Thus (wy) is a Cauchy sequence, which converges as (C, d) is
complete. ([
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The ratio and root tests for convergence hold for series of complex numbers just
as for the real situation.

Theorem 3.1.15 (The ratio test) Let (a,) be a sequence of non-zero complex num-

bers and let
an+1

dn

an+1
dn

r = liminf
n—oo

’

, R = lim sup
n—oo

where 0 < r < R < oco. Then Y ay, converges absolutely if R < 1, and diverges if
r > 1. No information is given if r < 1 < R.

Proof Firstsuppose that R < 1 and let A be such that R < A < 1. From the definition
of R we know that there exists N € N with |a,+1/a,| < A for alln > N. Hence
lap+1] < Xlap| < AN ay| if n > N, and so comparison with the convergent
series A7V |ay | D02 A" shows that > a, is absolutely convergent.

Next, suppose that r > 1. Then there exists M € N such that |a, 1| > |a,| for
allm > M,and soa, - 0asn — oo : > a, must be divergent.

Finally, the series Zn_l and Zn_Z both have r = R = 1, but the first is
divergent while the second converges. (]

As an immediate consequence of this theorem we have

Corollary 3.1.16 Let (a,) be a sequence of non-zero complex numbers and sup-
pose that lim,,_, oo |ap+1/ay| exists and equals 1, where 0 < 1 < oco. Then > ay is
absolutely convergent if | < 1, and diverges if | > 1.

Theorem 3.1.17 (The root test) Let (a,) be a sequence of complex numbers and let
r =limsup,_, o lan| V™. Then > ay is absolutely convergent if r < 1, and diverges
if r > 1. No information is given if r = 1.

Proof Suppose that r < 1 and let A € (r, 1). Then there exists N € N such that
la,| < A" foralln > N. Comparison with >_ A" now shows that > a,, is absolutely
convergent. On the other hand, if » > 1, then |a,| > 1 for infinitely many »n and so
ay - 0asn — oo; thus > a, is divergent.

The last part follows from consideration of > n~! and > n~2, both of which
have r = 1. O

Having dealt with sequences and series of complex numbers, we now turn to
complex-valued functions. The definitions of pointwise and uniform convergence,
and the principal results associated with these concepts, are exactly the same as
for real-valued functions, which were dealt with in 1.7. For convenience we shall,
however, give the basic definitions and results here.

Definition 3.1.18 Let S be a non-empty set and let ( f;;) be a sequence of functions
fn + S — C. The sequence (f,) is said to converge pointwise on S if there is
a function f : S — C such that for all s € S, f,(s) — f(s); (fn) converges
uniformly on S if there is a function f : S — C such that given any ¢ > 0, there
exists N € N with |f,,(s) — f(s)| <eforalls € Sandalln > N.
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Theorem 3.1.19 (Cauchy’s general principle of uniform convergence) Let S be a
non-empty set and let (f,) be a sequence of functions f, : S — C. Then (f,)
converges uniformly on S if, and only if, for all ¢ > O, there exists N € N with
| fu(s) — fm(s)| <eforalls € S,allm > N and alln > N.

The proof is exactly the same as that of Theorem 1.7.3.

Theorem 3.1.20 Let X be a metric space and let ( f,,) be a sequence of continuous
functions f, : X — C which converges uniformly on X to f : X — C. Then f is
continuous on X.

This is a special case of Theorem 2.1.42.
Corollary 3.1.21 If X is a compact metric space, then C(X, C) is complete.

Given that every element of C(X, C) is bounded, the proof mimics that of
Theorem 2.2.6 and Corollary 2.2.7.

Definition 3.1.22 Let S be a non-empty set, let (f,) be a sequence of functions
fn S — Candputu,(s) = Zle fr(s) (s € §,n € N); uy is the nth partial sum
of the series > f. If the sequence (u,) converges pointwise (uniformly) on S, the
series > f; is said to converge pointwise (uniformly) on S.

Theorem 3.1.23 (The Weierstrass M-test) Let S be a non-empty set, let (f,) be a
sequence of functions f, : S — C and suppose there are constants M,, such that
foralls € Sandalln € N, | f,(s)| < M,,; suppose also that > M,, converges. Then
> fu converges uniformly on S.

The proof is precisely the same as that of Theorem 1.7.5.

Exercise 3.1.24

1. State the axioms for a field and check that, when endowed with the usual oper-
ations of addition and multiplication, the set C of all complex numbers forms a
field. Show that it is not an ordered field.

2. Prove that for all z1, z2 € C, ||z1] — |z2|| < |z1 — z2].

3. Show that for any n € N and any z1, ..., z, € C,

lz1 + -+ zal < lzil+---+lzal,

and show that the conditions z;7; = |zj| |zx| (j, k= 1,2, ..., n) are necessary
and sufficient for equality.

4. Leta, b € C. Show that im(ab) = 0 if, and only if, there exist real numbers A
and w, not both zero, such that Aa = ub.

5. Letay,...,a, and by, ..., b, be complex numbers. Prove that

\iakbkf < (imuz)(iwuz).
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6. Let p be a polynomial of degree n, with p(z) = > arz* (z € C), and suppose
that ag > a; > ... > a, > 0. Prove that if p(z) = 0, then |z| > 1. (Consider

1=2)p@).)

3.2 Analytic Functions: The Cauchy-Riemann Equations

We remind the reader that words such as open, closed, connected as applied to
subsets of C are to be interpreted in the sense of the metric space (C, d), where
dw,z) =|w—2z| (w,z € C). Sets which are open and connected are of sufficient
importance to warrant special terminology.

Definition 3.2.1 A subset of C which is non-empty, open and connected is called a
region.

Our main concern in this section is with differentiable functions, and we begin
with the definition.

Definition 3.2.2 Let G be an open subset of C and let zo € G. A function f :
G — Cis said to be differentiable at z( if there is a complex number XA such that

lim,_, %g()(zo) = A; that is, if given any ¢ > 0, there exists § > 0 such that
M—A <e¢eif0 < |z —z0| <.
Z—20

If this limit exists it is unique, is denoted by f’(zo) and is called the derivative of
[ at zo. If f/(z) exists at each point z in some neighbourhood of zg, f is said to be
analytic at zg. If f is differentiable at each point of an open subset U of G, then f is
said to be analytic (or holomorphic) in U. The family of all functions f : G — C
which are analytic in G is denoted by H (G); a function that belongs to H (C) is said
to be entire.

Just as in the case of real-valued functions of a real variable, natural properties of
differentiable functions can be established.

Lemma 3.2.3 Let G be an open, non-empty subset of C, let ¢ € C and define
functions f,g: G — Cby f(z) =z, g() =cforallz € G. Then f'(z) = | and
g () =0forallz € G.

The simple proof is left to the reader.

Theorem 3.2.4 Let G be an open subset of C, let zo0 € G and let f, g : G — C be
differentiable at zy. Then

(i) f is continuous at z¢;

(i) (f 4+ &)(z0) = f'(z0) + &'(z0);
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(i) (fg)'(z0) = f'(z0)g(z0) + f(z0)&'(z0);
(iv) if g(z0) # O, then (f/8)' (z0) = { f'(z0)8(20) — f(20)8' (z0)} /&*(20):
) if f,g € H(G), then f + g and fg belong to H(G).

The proof is omitted as it is exactly the same as the proof of these assertions for
real-valued functions of a real variable.

The chain rule for the differentiation of composite functions holds just as in the
real case.

Theorem 3.2.5 Let G, 2 be open subsets of C, let f € H(G), g € H(2) and
suppose that f(G) C Q. Then g o f € H(G) and

(go Y (w) =g (f(w)f (w)forallw e G.
Proof Letw € G.Forz € G,z # w,

8(f (@) — g(f (w))

I—w

=D (¥ (2),

where @, ¥ : G — C are defined by

D(z) = S (OEy e if £2) # f(w),
g/(f(UJ)) lf f(Z) = f(w)’

and f@—fw)
2)—f(w .
v = ot HiEe
[ (w) if z=w.

Evidently ¥ is continuous at w; so is @, but this needs proof. Given ¢ > 0, there
exists § > 0 such that

'g(w —g( ) |

o — f(w)

if 0 < |0 — f(w)| < §. Since f is continuous at w, there exists ; > 0 such that
|f(2) = f(w)| < §if |z —w| < p. Hence [@(2) — g'(f(w))| < eif |z —w| < u,
and so @ is continuous at w, with lim,_,,, ®(z) = g’(f(w)). Since @ and ¥ are
continuous at w,

(g0 ) = Jim ST ZETED ) = ¢/(Fn ',
]

Theorem 3.2.6 Let G and 2 be open subsets of C. Let f : G — Candg : 2 — C
be continuous functions such that f(G) C Q and g(f(2)) = z forall z € G.
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Then if g € H(Q) and for all w € Q, g'(w) # 0, the function f is in H(G) and
@) =1/g(f(@)forall z € G.

Proof Leta € G. Then if z € G and z # a, it follows that f(z) # f(a), for
otherwise g(f(z)) = g(f(a)) and so z = a. Thus for z € G, with 7 # a,

_8U@)—g(f@) _g(f2)—g(f@) [~ fl@

: z—a - f@ - f) z—a
so that
f@ - f@ 1
z—a  Y()’
where

W) = 8(f(2) —g(f(a)
f(@) = fla)

We claim that ¥ : G — C is continuous at a. Accepting this for the moment, and
noting that ¥ (a) # 0, it follows that

if 2 #a, W) =g¢'(f@)

L@ f@ 1
im = ,
7—a z—a ¥ (a)

so that f is differentiable at a and f'(a) = 1/g'(f(a)). That f € H(G) is now
plain.

It remains to show that lim,_,, ¥ (z) = g’(f(a)). Let ¢ > 0. Then there exists
n > 0 such that

§'(f(@)

‘M_ <& if0<|w— f@]<n

w — f(a)

Moreover, there exists § > 0 such that 0 < | f(z) — f(a)| < nif 0 < |z —a| < 4.
Hence

’g(fjfg SSD g(f@n| <o it0<lz-al <o,
and our claim is justified. (]

This result will be used later to show that branches of the logarithm are analytic.
Next, the notion of partial derivatives of real-valued functions is needed.

Definition 3.2.7 Let G be an open subset of C, let xo + iy, € G andletu : G — R;
denote the value of u at x +iy € G by u(x, y) (identifying x +iy with (x, y) € RZin
the usual way). If the function x —— u(x, yp) is differentiable at xo we say that the
first partial derivative of u with respect to x at (xo, yo) exists, and that its value
is the derivative of x — u(x, yp) at xg, denoted by u1(xg, yo) (or by uy (xo, yo) or
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g—fz(xo, v0))- The first partial derivative of u with respect to y at (xg, yp) is defined
analogously, and is denoted by u(x0, yo), uy(x0, Yo) or g—;(xo, ¥0).

In other words,

. u(x, yo) — u(xo, yo)
u1(xo, yo) = xlgnxo o

and

. u(xo, y) — u(xo, y0)
uz(xp, yo) = lim .
y=30 Y=

For example, if G = C and u(x,y) = e*cosy, then for all (xg,y0) € C,
u1(xg, yo) = €0 cos yg and u»(xg, yo) = —e*° sin yq.

Theorem 3.2.8 Let G be an open subset of C, let z0 = (xg, yo) € G and let
f : G — C bedifferentiable at 7o, define maps u, v : G — Rbyu(x, y) =re f(z),
v(x,y) =1im f(z) (z = x + iy € G). Then the partial derivatives uy, us, vy, vz all
exist at (xo, yo) and

f'(z0) = u1(x0, yo) + iv1(x0, y0) = v2(x0, yo) — ita(x0, ¥0)-
In particular, we have the so-called Cauchy-Riemann equations
ui(xo, y0) = v2(x0, Y0), u2(x0, yo) = —v1(x0, Y0)-

Proof Forany h = hy +ihy # 0 such that zg + h € G we have

fzo+h) — f(z0) = {ulxo + hy, yo + h2) — u(xo, yo0)}
+i{v(xo + k1, yo + h2) — v(xo, yo0)} .

Since f is differentiable at zg, it follows that given any ¢ > 0, there exists § > 0

such that
fzo+h) — f(zo0)
h

— flzo)| <& if0 < || <8.

u(xp+hi,yo)—u(xo,y0)

7 and

Thus if iy = 0 and 0 < |h1| < 8, we have, writing U =

V= v(xo+hi,y0)—v(x0,Y0)
= " ,

|U+iV — f(z0)| <e.

Hence
. u(xo + h1, yo) — u(xo, yo0)
m

/’l]*)() ]’ll

= re f'(z0)



178 3 Complex Analysis

and
v(xo + h1, yo) — v(x0, Yo0)

/11*)0 hl

= imf’(zo).

Thus u; and vy exist at (xo, yo) and f'(zo) = u1(xo, yo) + ivi(xo, yo). In a similar
way, putting 21 = O this time, we see that v, and uy exist at (xg, yo) and that
f'(z0) = va(x0, yo) — iua(xo, yo). Comparison of these two forms of f'(zg) gives
the Cauchy-Riemann equations. (I

We remark that it may happen that the Cauchy-Riemann equations hold at a point
but that the function concerned is not differentiable at that point: consider the function
f : C— Cdefined by f(z) = /|xy| (z =x + iy € C) and the point 0.

Corollary 3.2.9 If f € H(G), then the functions uy, u», vy and vy are continuous
in G and satisfy the Cauchy-Riemann equations in G.

Proof That the Cauchy-Riemann equations hold throughout G is clear from
Theorem 3.2.8; that the functions u1, up, v and vy are continuous in G follows
from a remarkable result (to be proved later: Theorem 3.6.10) that f” is analytic and
thus continuous in G. (]

It is here that we first begin to see how much stronger the notion of differentiability
is for complex-valued functions than for real-valued ones.

The converse of Corollary 3.2.9 also holds, as we now prove.

Theorem 3.2.10 Let G be an open subset of Cand letu : G — Randv: G — R
have first-order partial derivatives u1, us, vy and vy which are continuous in G and
satisfy the Cauchy-Riemann equations at each point of G:

up(x,y) = va(x,y), uz(x, y) = —vi(x, y) for all points (x, y) in G.

Then the function f : G — Cdefined by f(z) = u(x, y)+v(x,y) (z = (x,y) € G)
is analytic in G.

Proof Letz = (x,y) € Gandletr > 0 be so small that z + h € G if |h| < r. Then
ifh = (hy,hy)and 0 < |h| < r,

fz+h) = f@ ={ux+h,y+h)—ul,y+h)}t+{u,y+h)—ulx, )}
+ifv(x+hy,y+h) —vx,y+h)}+i{vix, y+ha) —v(x, y)}
=hiu1(x +hy, y +ha) + hauz(x, y + h))
+ifhivi(x +hY, y + ha) + hava(x, y + h5)}

for some h), b, hy, by with |h}|, |h}| < |h1] and |}|, |hy| < |hal, the final step
following from the mean-value theorem. Use of the Cauchy-Riemann equations gives
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|f@+h) = f@) = h{ui(x, y) +ivi(x, )}
<|hi{ur(x + R,y + ho) —ui (e, Y| + [hofua(x, y + Bh) — ua(x, y)}|
+ [hi{vi(x + RY, y 4+ ho) — vi(x, »}
+ |ha{a(x, y + k) — va(x, Y}, (3.2.1)

and in view of the continuity of uy, us, v and vy at (x, y), given any € > 0, there
exists 6 > 0 such that the right-hand side of (3.2.1) is less than or equal to

1 .
e + 1ha)) = e(hi >+ 1)) ? = e |n| i |n| < 8.

Hence
h) —
M —ui(x,y) —ivi(x,y)| <e if0 < |h| <6,
and so f'(z) = ui(x, y) +ivi(x, y) and f is analytic in G. O

To conclude this section we prove that an analytic function with zero derivative
everywhere in an open set is constant, provided that the open set is connected: the
connectedness is essential, as it rules out the situation in which the function takes
different constant values on disjoint open sets.

Theorem 3.2.11 Let G be a region in C, let f € H(G) and suppose that for all
7€ G, f'(z) =0. Then f is constant in G.

Proof By Theorem 3.2.8, the functions u1, u3, vy and v, all vanish identically in G.
Since G is open and connected, by Theorem 2.4.23 it follows that givenany a, b € G,
there is a polygonal path y in G joining a to b and with line segments parallel to the
coordinate axes, so that the track of y is y* = UZ:] [zk—1, zk], say, where zg = a,
Zn = b and [zx—1, zx] denotes the line segment joining zx—1 to zx. We prove that
f(a) = f(b) (and hence that f is constant, since a and b are arbitrary points in G)
by showing that f(z9) = f(z1) = -+ = f(zn). Putzx = xx + iy (0 < k < n).
Either x;y = xx—1 or yx = yx—1 (k = 1,...,n) as the segments are parallel to the
axes. Suppose that for a particular k, yr = yr—1 (the other case is handled similarly).
Then by the mean-value theorem, for some x’, x” between x; and x;_; we have

[ @) = fze=1) = ulxk, yi) — u(xe—1, yo) + i{oCeg, yio) — v(xe—1, yi)}
= {u1(x', yr) +ivi(x”, x0)}oox — xe—1)
=0.

The result follows. (]

Exercise 3.2.12

1. Let f : C — C be continuous and such that for all w, z € C,
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fw+z2)= f(w)+ f(2).

Show that there are complex numbers a and b such that for all z € C,
f(@) =az+0bz.

If in addition, f € H(C), prove that b = 0.
2. Investigate the continuity at z = O of the functions f and g defined by

f(2) =rez%)/ 121> (z # 0), £(0) = 0;
g(z) = (re(z9))?/ IzI* (z # 0), g(0) = 0.

3. Let f: C\{0} — C be defined by
@) =xXy(y—ix)/° +y%) @ =x+iy #0).
Prove that for all « € R,

lim f(rcosa +irsina)/r =0,
r—0

but that lim,_,o f(z)/z does not exist.
4. Prove that, regarded as functions from C to itself,

(i) z — |z| is continuous but nowhere differentiable;
(ii) z —> |z|? is differentiable at 0, but at no other point of C.

5. Let G be aregion in C and let f € H(G). Prove that if re f (im f or | f]) is
constant, then f is constant.
6. Find a function f € H(C) such thatforallz = x +iy € C,

re f(z) = e* cosy + xy.

7. Let G bearegionin Cwith0 ¢ G;let.% be the family of all functions f € H(G)
such that forall z = x + iy € G,

If ()| =e”/IzI*.

Find one function fy € .%, and by consideration of | f(z)| /| fo(z)|, where f is
any member of .%, show that # = {Afp: A € C, |A| = 1}.

3.3 Power Series
A central goal, achieved in Sect. 3.6, is to show that analytic functions are precisely

those which can be represented by power series. We begin with some results which
will have a familiar appearance in view of their similarity to real-variable statements.
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Letzp € C. A power series centred at z( is a series of functions Y f;, with which
is associated a sequence (a,),eN, of complex numbers such that f;,(z) = a,(z —z0)"
(z € C, n € Np). To be understood by context, although with some abuse of notation,
the series is usually denoted by >"°° 1 a,(z — z0)". Initially we set zo = 0 and deal
with power series centred at 0, termed simply power series. Frequently the symbol
> will be used in place of >~ .

Given a power series ) a,z", a matter of first interest is the nature of its conver-
gence set, that is, the set

S:={zeC: Zanz" is convergent}.

Since 0 € S, S # 0; if S is bounded, it is contained in a closed ball centred at the
origin. Let
R {sup{lzl iz eS8} if Sis bounded,
’ oo} if S is unbounded;

R is called the radius of convergence of > a,z". It will be shown that if R = 0
then § = {0};if 0 < R < oo then

{zeC:|zl <R} CcScC{zeC:|z] <R}

and if R = cothen § = C. The set {z € C : |z| < R} is referred to as the
disc of convergence of > a,z". Note that nothing is said about the convergence or
divergence of >_ a,z" when |z| = R.

In preparation for the next lemma, observe that if zp € S then, since
limy,— 0o |anzg| = 0, the set {a,z;; : n € No} is bounded.

Lemma 3.3.1 (Weierstrass) Let (a,)neN, be a sequence of complex numbers and
suppose there is a complex number zo # 0 such that {anzg ‘n e No} is bounded.
Then for all z € C with |z| < |zol, the series ZZ‘;O anz" is convergent, indeed is
absolutely convergent. Further, if r < |z¢| then the series is uniformly convergent on
{zeC: |zl <7}

Proof By hypothesis, there exists a positive real number M such that for all n € Ny,
|anzy| < M. Thus forall n € Ng and all z € C with |z| < |zo],

|anz"| = |anzg| 1z/20" < M |z/z0l" .

Hence, by comparison with the geometric series > |z/zo|", the series > a,z" is
absolutely convergent if |z| < |zg|. If |z| < r < |z0], then |a,z"| < M |r/zp|", and
use of the Weierstrass M-test gives the desired uniform convergence. ]

Theorem 3.3.2 Let (a,)neN, be a sequence of complex numbers. Let R be the radius
of convergence of the power series Y a,z" and let S be its convergence set. Then

(i) R = Oimplies that S = {0},
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(i) 0 < R < oo implies that
{zeC:|zl < R}cCcSc{zeC:|z] <R}

(iii)) R = oo implies that S = C.

Moreover; if |z| < R then >_ anz" converges absolutely; also, if 0 < r < R, then
> anz" converges uniformly on {z € C : |z| < r}.

Proof (i) Suppose that R = 0. Since |z| < R whenever z € S, it follows that § = {0}.
(ii) Suppose that 0 < R < oo. Plainly, S C {z € C : |z| < R}. To obtain the other
inclusion, suppose z € C and |z| < R. Then there exists w € § such that |z| <
|w| < R and so, in consequence of Lemma 3.3.1 D" a,z" is absolutely convergent.
Hence {z € C: |z] < R} C S.
(ii1) Suppose R = oo. Reasoning similar to that used to establish (ii) shows that
S = C. This is left to the reader.

Lastly, the absolute convergence of > a,z" if |z| < R was noted in the treatment
of case (ii) and a parallel argument establishes it in case (iii). Further, if 0 < r < R,
then there exists zo € S such that r < |z9| < R and appeal to Lemma 3.3.1 shows
that > a, 7" converges uniformly on {z € C : |z] < r}. O

Theorem 3.3.3 Let (a,),eN, be a sequence of complex numbers, let R denote the
radius of convergence of 3 a,z" and let S denote its convergence set.

(i) Suppose 0 < R < oo. Then the sequence (a,z")neN, is unbounded if |z| > R:
symbolically,
sup {|anz"| :n € No} = 00 (Iz] > R).

(ii) Let
T :={z € C: the sequence (a,z")neN, is bounded}.

ThenS CT C{zeC:|zl|<R}ifO<R<oo;and S =T = Cif R = . Also,

R— sup{lz| : z € T} if T is bounded,
'S if T is unbounded.
Proof (i) To obtain a contradiction, suppose that zo € C, |zg| > R and that the
sequence (anzg)neNO is bounded. Since R > 0, zo # 0 and so, by Lemma 3.3.1, the
set {z € C: |z] < |z0l} C S. It follows that |z9| < R, contradicting our assumption.
(ii) Obviously S C T.By (i),if 0 < R < oothen T C {z € C : |z| < R}; also, if
R = ocothen § = T = C. Hence S is bounded if, and only if, T is bounded. The
formula for R follows immediately. (I

Formulae for the evaluation of the radius of convergence are evidently desirable
and we now give some.
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Theorem 3.3.4 Let (a,) be a sequence of non-zero complex numbers such that

a

lim

exists (possibly equal to 00).
n— o0

Qn
Then the radius of convergence R of >_ anz" is given by the formula

1 .
— = lim
R n—o0

an+1

’

dn
provided that we interpret 1 /00 as 0 and 1/0 as oo.

Proof By Theorem 3.1.15, > a,z" converges absolutely or diverges according to

whether lim,, _, || ‘“Z—“‘ is less than or greater than 1. Thus

. . Ap+1
R = sup {|Z| : E a7’ is convergent} =1/ lim nt 0
n—oo | ay
Useful though this formula is, it relies on the existence of lim,_, 5o aZ“ and so

cannot cope with, for example, > 72" where, forn > 1, an+1/ay 1s either 1/0, 0/0
or 0/1. To remedy this, the nth root formula given below can be used.

Theorem 3.3.5 (Cauchy-Hadamard) Let (a,) be a sequence of complex numbers.
Then the radius of convergence R of >_ a,z" is given by

1
— = limsup|a,|'/",
R = suplanl

with the understanding that 1 /00 is 0 and 1/0 is oo.

Proof First suppose that R = 00, so that > a,z" is convergent for all z € C: thus
given any particular z € C, certainly |a,z"| < 1 for all large enough n. Hence

1/n

. 1 .
lim sup |anz”’ m— |z|limsup |a,| /" <1,
n—>0o0o

n—oo

and as this must hold for all z € C, lim sup,,_, o la,|'/" = 0.
Next, suppose that R = 0, so that > a,,z" is divergent for all z € C, z # 0. Then

lim sup ‘anz"]l/n = |z|lim sup |a,|"/" > 1 forall z # 0,
n—o00 n—oo

by Theorem 3.1.17. Thus lim sup,,_, la, |/ = oo.
Finally, suppose that 0 < R < oo. Since >_ a,z" is convergent if |z| < R and
divergent if |z| > R, we see that
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lim sup |anz”|1/n < 1if |z] < R, limsup \anz"|1/n > 1if |z] > R,
n— o0 n—o0

(by Theorem 3.1.17 again). Hence |z| lim sup,, , ., |a,|'/" is < 1if |z| < R,and > 1
if |z] > R. Thus 1/R = limsup,,_, o, lan /") .

Example 3.3.6

(1) Use of Theorem 3.3.4 shows immediately that the radius of convergence of
> i—': is 0o, for lim,_, o (nj_—'l), =0.

(ii) The series > 7" defies Theorem 3.3.4, as has already been remarked. However,

since for this series a,, is either 0 or 1, it is plain that lim sup,,_, . |a,| n —1,
andso R = 1.

Now we begin to establish the connection between power series and analyticity.

Definition 3.3.7 Let G be an open subset of C. A function f : G — C s said to be
representable by power series in G if, for each zg € G and each r > 0 such that
B(zo,r) C G, there is a sequence (a,),>0 in C such that for all z € B(zo, r),

oo

@)= anz—20)".

0
In fact, (a,),>0 depends on zp but not on r, as the following theorem shows.

Theorem 3.3.8 If f is representable by power series in G, then f € H(G) and f'
is also representable by power series in G, in fact, if

[@) = an(z—z0)" forall z € B(zo, 1),
0

then

fl@ = Znan(z —z0)""! forall z € B(zo, 7).
1

Proof Let zg € G, let B(zp,r) C G and suppose that f(z) = > " an(z — z0)" for
all z € B(zp, r). With the obvious change of variable we may suppose that zo = 0.
Let R be the radius of convergence of 280 anz™; plainly 0 < r < R. For each
z€ BO,r)putg(z) = Z;’;l na,,z"_l. The radius of convergence of this series is

1/lim sup [na,|"/" = 1/lim sup |a,|'/" = R,
n— 00 n—od

since lim,_, o0 7'/" = 1. Fix w € B(0, r) and choose p such that [w| < p < r. Then
if z #wand |z|] < p,



3.3 Power Series 185

f@)—fnm__ﬁw)zggan[i::z"_nww4], (3.3.1)

Z—w

Note that (7" — w")/(z — w) — nw" 1 equals 0 if n = 1, while if n > 2 it equals

n—1
Zn—l +Zn—2w 4ot wn—l _ nwn—l =(z— w)kak_IZn_k_l.
k=1

Moreover, if |z| < p,

n—1

n—1
ok o 1 _ _
k=1 k=1

n—1
kakflznfkfl
k=1

Hence if z # w and |z| < p,

f(z)_f(w)_ _ - 2 n=2
‘—Z_w g(w)' <lz—wl D n?p"?lal. (332

n=2
Since p < R,

1/n
‘ = lim (nz/"p‘—2/") lim sup a,|"/" = p/R < 1,

lim sup ‘nzp”_zan
n—0o0 n—00

n— oo
and so the series on the right-hand side of (3.3.2) converges. Thus the left-hand side

of (3.3.2) tends to 0 as z — w. It follows that f’(w) = g(w), and the proof is
complete. (]

Remark 3.3.9 Since f’ satisfies the same hypotheses as f, the theorem can be applied
to f’. It follows that f has derivatives of all orders, that each derivative is repre-
sentable by power series in G and is thus analytic in G, and that for each k € N,

fP@ =D nn—1)...(n —k+ Day(z —z0)"* forall z € B(zo. 7).

n=k

so that f *) (zo) = k! ai. Thus given any zg € G, there is a unique sequence (ay)
such that f(z) = 280 an(z — zo)" in B(zp, r) C G: itis given by

an = " (z0)/n!

We emphasise that this depends on zo but not on the particular ». The converse of
Theorem 3.3.8, namely that if f € H(G) then f is representable by power series in
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G, is true and as mentioned earlier, is one of our main objectives and will be proved
in Theorem 3.6.10 to follow.

We now turn to special functions represented by power series, beginning with the
exponential function.

Theorem 3.3.10 The series E(z) = Zo o converges absolutely for all z € C,
E'(z) = E(z) for all z € C and E(0) = 1. [The function E : C — C is called the
(complex) exponential function. It is more frequently written as exp : C — C, but
in this and much of Sect. 3.4, an economy of notation is obtained by using E in place

of exp].

Proof We have already seen in Example 3.3.6 (i) that the radius of convergence of
the series for E(z) is co. Now use Theorem 3.3.8. ([l

Theorem 3.3.11 For all w, z € C we have
E(z)E(—z) =1, E(z) #0and E(z + w) = E(2) E(w).
Proof By Theorems 3.2.5 and 3.3.10, (E(—z)) = —E(—z) and so
(E(z)E(—2)) = E(z)E(—z) — E(z)E(—z) =0 forall z € C.
Hence by Theorem 3.2.11, E(z) E(—z) is constant. Since E(0) = 1, E(z)E(—z) =

1; thus for all z € C, E(z) # 0. Finally, if we fix w € C, take any z € C and
differentiate with respect to z, we find that

(E(z4+w)/E@)Y ={(EQ)EGz+w) — E(z+w)E(2)} /E(z)* = 0.

Thus E(z + w)/E(z) remains constant as z varies; taking z = 0 we see that
E(z+w)/E(z) = E(w). O

Remark 3.3.12 From Theorem 3.3.11 it is easy to show, by inductive arguments,
that

E(sz) HE(zk) foralln e Nandall zy,...,z, € C,

and that
E(pz) = (E(z))? forall z € Cand all p € Z.

Note also that

1
e=E(1) :Z—’.
~ !

Moreover, Theorem 3.3.11 shows that for all z, zg € C,
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E(z) = EG0)E(z —20) = E(20) ) %
n=0 :

which proves that E is representable by power series in C. Finally, we recall
that the function x +—— E(x) : R — (0,00) is injective and has inverse
x —> log x : (0, 00) — R.

Next we deal with the trigonometric functions.

Definition 3.3.13 The functions sin : C — C and cos : C — C are defined by
oo oo
sing = » (=1)"z2"/@n+ Dl cosz = > (=1)"2*"/2n)! (z € ).
0 0

Use of Theorem 3.3.4 shows that both these series have infinite radius of conver-
gence. Obviously cos 0 = 1 and sin 0 = 0; by Theorem 3.3.8,

(cosz) = —sinz and (sinz)’ = cos z forall z € C.

Before establishing further properties of these functions we recall some elementary
facts about x —— sinx, x —> cosx : R — R. First, cos2 < 0: for

22 24 0 24}1—2 24n
cos2=1——+——z — )
2w =\ @

and
24n—2 2411 4n
@n )l — Zy = @) {(n(4n — 1) — 1} > Oforalln € N.

Next, sinx > 0if 0 < x < 2, since

o0 x4n—3 x4n—1
sinx = > ((4n 3 (dn— 1)!) ’

n=1

and

x4n—3 x4n—l x4n—3 )C2
— = 1— 0
4n—-3)! (@n-1)! (4n — 3)! [ (4n — 1)(4n—2)] ~
if 0 < x <2 and n € N. Moreover, since (cosx)’ = —sinx, x —> cos x is strictly

decreasing in [0, 2] and so has exactly one zero in [0, 2]. We denote this real number
by m/2: cos 7 =0,sin 7 > 0and 3 < 7 < 4, since with x = 3/2 the expansion

00
x2 x4 x6 ( x4" x4n+2 )
=2

cosx=1——+ — — — —
2 4 6 £ (4n)!  (4n+2)!
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shows that cos(3/2) > 0. From the definitions of sin and cos we see directly that
cosz = cos(—z), sin(—z) = —sinz,cosz +isinz = E(iz),cosz —isinz = E(—iz);

hence
cosz = (E(iz) + E(—iz))/2,sinz = (E(iz) — E(—iz))/(2i).

Also, if w, z € C, then

1
2coszCcosw = E(E(iz) +E(—iz))(E(iw)+ E(—iw)) = cos(z +w) +cos(z —w)
and

—2sinzsinw = %(E(iz)—E(—iz))(E(iw)—E(—iw)) = cos(z+w)—cos(z—w);

thus
cos(z + w) = coszcosw — sin z sin w. (3.3.3)
Setting w = —z in this, we see that
2 S0
cos”z+sin"z =1, (3.3.4)
and so cos> 7+ sin® 7 = 1, which shows that sin 7 = 1. Since E (%) = i,

EQni)=E@4 %) =i*=1; thus
E(z+2mi) = E(z) forall z € C. 3.3.5)
Now differentiate (3.3.3) with respect to z, holding w fixed; we obtain
sin(z + w) = sinzcos w + cos z sin w. (3.3.6)

From (3.3.3) and (3.3.6) it follows that cos and sin are representable by power series:
thus in the case of cos, given any a € C,

cosz = cos(z —a)cosa — sin(z — a) sina

_ (=D"(z — a)z” X (Z1)1(z — a)2 !
= cosa Z ) sina ZO: o D!

Other trigonometric functions can be defined as in the real case: thus
tanz = sinz/cos z, cotz = cos z/sinz, secz = 1/cosz, cosecz = 1/sinz

whenever the denominators are non-zero.
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Notice how power series can be used to handle limits. For example, if z # 0,
2 4

then % = 1 — % + & — .... This power series converges for all z € C and so
determines a continuous function: hence

. sinz
lim — = 1.
=0 Z

The hyperbolic functions are defined by

sinhz = %(E(z) — E(—2)),coshz = %(E(Z) + E(=2)),

tanh z = sinh z/cosh z, coth z = cosh z/sinh z, cosechz = 1/sinh z,
sechz = 1/cosh z;

sinh and cosh are defined for all z € C, the others whenever the denominator is non-
zero. Naturally there are relationships between these functions and the trigonometric
functions. For example, it is plain that

sinh z = —i sin(iz) and cosh z = cos(iz) forall z € C.
Note that if z = x + iy, with x, y real, then
E(z) = E(x +iy) = E(x)E(iy) = E(x)(cosy +isiny), |[E(z)| = E(x),

and

cosz = cos(x +iy) = cosx cos(iy) — sinx sin(iy) = cosx cosh y — i sin x sinh y,
sin z = sinx cosh y + i cos x sinh y.

Exercise 3.3.14

1. Let (a,) and (b,) be sequences of non-negative real numbers and suppose that
lim,,_ o a;, = a, where 0 < a < oc. Prove that

lim sup a, b, = alimsup b,.
n—oo n—oo

2. Find the radius of convergence of each of the following power series:

S Pzt (p e N), Snlz", XAz (4] < 1), {2 + (1)} "z,

3. Given that >_ a,z" has radius of convergence R, find the radius of convergence
of each of the following power series:

S ndan, Y an®, S a7
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4. Let (an)n>0 and (b,),>0 be sequences of complex numbers such that 280 a, and
>0 by are absolutely convergent, and put ¢, = > »_yarbp—r (n € Np). Prove
that >"0° ¢, is absolutely convergent and that

o o0 o
ch = (Zan)(z bn) .
0 0 0
(> ¢y is called the Cauchy product of >" a, and > b,.)

Use this result to show that:

n

i 3%, (Z"‘n—’f’)" - (Z?zio %) (Z;’OZO IZ—T) forall w, z € C;
(i) D%, n" ' =1 —2)72ifz] < L.

5. Let f(z) = >02yanz" (lz] < 1); suppose thata; = 1 and Y o, nla,| < 1.
Prove that f is continuous and injective on {z € C : |z| < 1}.
6. Prove that for all x, y € R,

|cos(x + iy)|2 = sinh? y+ coszx, [sin(x + iy)|2 = sinh? y+ sin? x.

3.4 Arguments, Logarithms and the Winding Number

We have already observed that in the real case, the inverse of the exponential function
is the logarithmic function. This makes it natural to study the corresponding situation
in the complex case, but to do this it is essential to consider the argument function,
and we now set about this.

Lemma 3.4.1 Given any z € C\{0}, there are unique r > 0 and w € C, with
|lw| = 1, such that z = rw.

Proof Plainly we may write z = |z| (z/|z|), so thatr := |z| and w := z/|z| have the
required properties. As for uniqueness, if z = ryw; and z = rpwy, withr;, . > 0
and |wi| = |wz| = 1, then |riw;| = |rpw2| and so r; = rp. Thus w; = w». |

Theorem 3.4.2 Let w € C be such that |\w| = 1. Then there exists 0 € R such that
—1 <0 <mandw = E(i0).

Proof Put w = u 4 iv, withu,v € R : u? + v% = 1. First suppose that u, v > 0.
Since x —— cos x is continuous and strictly decreasing on [0, /2] and cos0 = 1,
cos(r/2) = 0, there exists 0 € [0, /2] such that cos® = u; and evidently v =
+sin 6. In fact, v = siné since v > 0 and sin® > 0. Hence w = cos0 +isinf =
E(i0).

Ifu<0Oandv > 0,thenu +iv=i(v—iu) =iE(i0") for some & in [0, /2],
by the argument just given. But i E(i0) = E(in/2)E({0’) = E@i(® + 7/2)). If
u<0andv <O0,thenu +iv=—(—u —iv) = —E(i0)) = E(i(—m +61)), where
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01 € (0, /2] sincev < 0. Finally,ifu > Oandv < O,thenu+iv = —i(—v+iu) =
—iE(i6) = E(i(6, — /2)), where 6, € [0, w/2]. O

The next result is of considerable importance.
Theorem 3.4.3 E(z) = 1if, and only if, z = 2kmi for some k € Z.

Proof Since EQmi) = 1, EQkmi) = (EQmi)* = 1 for all k € Z. Con-
versely, suppose that 1| = E(z) = E(ez)E(iimz). Then since E(rez) > 0
and |E(iimz)| = 1, we must have rez = 0 and E(iy) = 1, where y = imz.
There is a unique integer n such that n < 2y/m < n 4 1; that is, such that
0<y-— %nn < %n. Putr =y — %nn; we claim that ¢+ = 0. For suppose not. Then

0 <t < imand E(it) = E(iy)E(—inn/2) = i™", so that E(4i1) = i~ = 1.

However, E(it) = | + im, where [ > 0, m > 0, 12 + m?> = 1, and thus
Eit) = (I +im)* = 1* — 61°m? + m* + 4ilm(I1*> — m?), which is real if, and
only if], 12 =m?= % But then E(4it) = —1 and we have a contradiction. Thus

t = 0; thatis, y = %nn, and so E(iy) = i" = 1. Hence n = 4k for some integer k,
and thus y = 2k, so that z = 2kmi. |

Corollary 3.4.4 Let z € C\{0}. Then there exist a unique r > 0 and a unique
0 € (—m, ] such that z = rE(i0). In fact, r = |z|; 0 is called the principal
argument of 7 and is written as arg z.

Proof By Lemma 3.4.1, there are unique numbers r > 0 and w € C, with |w| =1,
such that z = rw; and r = |z|. By Theorem 3.4.2, w = E(i0) for some 0 €
(=m,7]. If w = E(i9") for another 8’ € (—m, 7], then E(if) = E(i6’) and hence
E@i(® — 6")) = 1. By Theorem 3.4.3, 0 — 0’ is a multiple of 2k ; and since both 6
and 0’ belong to (—m, ], 0 = 0'. O

The argument and modulus functions are very important; we give their continuity
properties next.

Theorem 3.4.5 (a) The map z — |z| of C to R is continuous.
(b) The map z — arg z of C\{0} to (—m, w] is continuous at each point of

D) ={ze€C:z#|z| E(im)} ={z € C: z# — |z|}

and at no point of C\ D (7).

Proof (a) This follows directly from the triangle inequality ||w| — |z|| < |w — z].
(b)Letz € D(sr) and suppose that arg is not continuous at z. Then there is a sequence
(zn) in D(mr) such that z;, — z butt, := argz, — argz := t. Hence there exist
¢ > 0 and a subsequence (f,,()) of (¢,) such that |tm(,,) — t| > ¢ for all n. Let
Sn = tm(n)s Wn = Zm(n)s Wn — z and no subsequence of (s,) converges to ¢. Since
(s,) is bounded (in fact, s, € (—m, x]), it has a convergent subsequence (sy(n)),
with s,y — s # t, s € [—m, m]. As both the exponential map and z — |z| are
continuous,
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|wp(n)‘ E(isp(n)) — |z| E(is),

so that |z| E(is) = z = |z| E(it), and hence E(i(s — t)) = 1. Since |s — | < 2m,
it follows from Theorem 3.4.3 that s = ¢. This contradiction proves that arg is
continuous at z.

Finally, suppose that z # 0 and z € C\D(x). For each n € N put z, =

Izl EGin(1 —n™Y), w, = |zl E(=in(1 — n~1). Then z, — z, w, — 2z,
arg z, — mw and arg w, — —m, from which it follows that arg is not continu-
ous at z. (]

Since C\D () = {z € C : imz = 0, rez < 0}, we see that arg is continuous
everywhere on C except along the non-positive real axis: at 0, arg is not defined; and
at points on the negative real axis its oscillation is 2. Corresponding to the principal
argument we define the principal logarithm, which also behaves well except on the
non-positive real axis.

Theorem 3.4.6 Given any 7 € C\{0}, there is a unique w € Cwithimw € (—x, 7]
such that E(w) = z: explicitly,

w = log|z| +iargz.

This w is called the principal logarithm of z. It is denoted by log z, the same symbol
being used for the principal logarithm, i.e. the map z ——> w, as for the real logarithm,
given their natural identification when z is real and positive.

Proof Let z € C\{0} and put w = log |z| + i arg z. Then
E(w) = E(log|z))E(i argz) = |z| E(i argz) = z.

If w’ is such that E(w’) = z and imw’ € (—m, 7], then E(w) = E(w’) and so
E(w — w’) = 1. By Theorem 3.4.3, w = w’ since both im w and im w’ belong to
(—m, ). O

This Theorem implies that the exponential function maps {z € C : imz €
(—m, ]} injectively onto C\{0}. The principal logarithm is the inverse of this map
and the analyticity of its restriction to D () is established next.

Theorem 3.4.7 The function z — log z : D(w) — C is in H(D(r)) and has
derivative z+—— 1/z : D(wr) — C.

Proof Put f(z) = log z (z € D(r)). By Theorem 3.4.5, since f(z) = log |z| +
i arg z, it follows that f is continuous. Since E(f(z)) = z forall z € D(w), E €
H(C) and for all w € C, E'(w) = E(w) # 0, we see from Theorem 3.2.6 that
f € H(D(w)) and f'(z) = 1/z forall z € D(n). O

Now we can define arbitrary powers of z.
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Definition 3.4.8 Given any z € C\{0} and any a € C, we define z“, the principal
ath power of z, by z¢ = E(alog z).

Remark 3.4.9 1If we take z = e we have ¢ = E(a).

Theorem 3.4.10 Let a € C. The function z —> z% : D(w) — C belongs to
H(D(7)) and has derivative 7 —> az®~!: D(x) - C.

Proof By Theorem 3.2.5, z — z% isin H(D(r)). Also,

(E(alogz)) =a- %E(a logz) =aE(—logz)E(alogz)

— _ _ a—1
=aE((a—1)logz) = az""". O

We recall that the principal argument arg z of z # 0 is required to belong to
(—m, m]. There is no particularly good reason for this other than definiteness, and in
various circumstances it becomes inconvenient to have to put up with the associated
discontinuity on the negative real axis. Evidently any real number which differs from
arg z by a multiple of 2 is just as good a candidate for the position of the argument
of z as arg z, and we now recognise this fact by defining the argument of z to be the
set of all such candidates; we make the corresponding definitions of the logarithm
and powers of z.

Definition 3.4.11 Let z € C\{0}. The argument of z, Arg z, and the logarithm of
z, Log z, are defined by

Argz=1{0 e R:z=z| E(i0)}, Logz = {w € C: E(w) = z}.
By Theorems 3.4.2 and 3.4.3,
Argz = {2km +argz: k € Z},Log z = {logz + 2kmi : k € Z}.

Out of the infinitely many members of Arg z and Log z we need a procedure for
selecting desired members, just as the principal argument and principal logarithm
were chosen, and we now give this procedure.

Definition 3.4.12 Leto € R, z € C\{0}. The unique element of Arg zN (o — 27, ]
is called the «—branch of the argument of z and is denoted by (¢ — arg)(z).
Similarly, the «—branch of the logarithm of z is defined to be the unique element
w of Logz withimw € (o — 27, a], and is written (¢ — log)(z).

Evidently (7 — arg)(z) and (7w — log)(z) are the principal argument and the prin-
cipal logarithm of z respectively. The o —branches of the argument and the logarithm
behave well everywhere in C except on {z € C : z = |z| E(i«)}, the ray from the
origin at an angle o with the positive real axis: we summarise the position below.
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Theorem 3.4.13 Let o € R. Then (a— arg) : C\{0} — (¢ — 27, o] is continuous
at each point of
D(@) :={z€C:z# |z| E(in)}

and at no point of C\D(«). Moreover, the exponential function E maps {w € C :
imw € (o — 2w, a]} onto C\{0} injectively; also z —> (a¢ —log)(z) : D(a) — C
is analytic and has derivative 7 — 1/z.

Proof All these assertions follow from obvious modifications of the proofs of The-
orems 3.4.5 and 3.4.7. ]

Definition 3.4.14 Leta € C and z € C\{0}. The set {E(a(logz + 2kmi)) : k € Z}
is called the ath power of z. Given any « € R, the o« —branch of the ath power of z,
written (z%), is defined to be E (a(x — log)(z)).

Plainly the 7—branch of the ath power of z is the principal ath power of z, z%.
By proceeding along lines similar to the proof of Theorem 3.4.10 we obtain:

Theorem 3.4.15 Leta € C and o € R. The function z —> (z%)y : D(a) = Cis
in H(D(@)) and has derivative z —> a(z*~ Y, : D(a) — C.

Example 3.4.16

(1) Ifa € Z, E(a(log(z + 2kmi)) = E(alogz) for all k € Z, and so all branches
of the ath power of z coincide with the principal branch, z¢.

(i) Suppose we wish to find the 37 /2—branch of the argument , logarithm and ith
power of (—1 — 7). Then applying the definitions we see that

3 5t (3 S
(7” —arg) (—1—i) = Tﬂ’ (7” —log) (—1—i) =log /2 + %,

i (37 :
(=1 =D)")3zp=E (l (7 - 10g) (=1- l))
=E (—STN) {cos(log \/5) + i sin(log fz)} .

By way of contrast, the principal argument, logarithm and ith power are

3 3i
arg(—l—i):—%,log(—l—i):logf—%,

(=1=i) = E@ log(—1—i))=E (3%) [cos(log \/5) + i sin(log \/5)] .

It is convenient to be able to use different branches of the argument, logarithm and
powers because of the desirability of keeping discontinuities or lack of analyticity
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away from particular parts of the complex plane. We shall see how useful this is once
integration theorems have been developed in Sects.3.5 and 3.6.

To conclude the present section we turn to the notion of the winding number,
which provides a measure of the number of times a closed path in the plane winds
about a given point. This is achieved by means of continuous arguments, which we
give in a metric space setting for greater flexibility.

Definition 3.4.17 Let X be a metric space and let f : X — C\{0} be continuous.
A continuous map g : X — C is called a continuous logarithm of f (on X) if
exp(g(x)) = f(x) forall x € X (or, equivalently, if g(x) € Log f(x) forall x € X).
A continuous map € : X — R is called a continuous argument of f (on X) if
f(x) = |f(x)|exp(if(x)) for all x € X (or, equivalently, if 6(x) € Arg f(x) for
all x € X). In the special case in which X is a region in C such that 0 ¢ X, and
f : X — X is the identity map (f(x) = x for all x € X), a continuous logarithm
of the identity is called a branch of the logarithm (it is analytic by Theorem 3.2.6),
and a continuous argument of the identity is called a branch of the argument.

Various relationships of interest are given in the following:

Theorem 3.4.18 Let X be a metric space and let f : X — C\{0} be continuous.
Then:

(a) if g is a continuous logarithm of f, im g is a continuous argument of f;

(b) if 0 is a continuous argument of f, log|f|+i6 is a continuous logarithm of f;

(¢) if X is connected and g1, g2 are continuous logarithms of f, then go—g1 = 2win
for some n € Z; if 01, 0, are continuous arguments of f (and X is connected),
then 0y — 61 = 2mm for some m € Z;

(d) if X is connected and x,y € X, then g(x) — g(y) = log|f(x)| —log|f(y)|
+i{0(x) — 6(y)} for all continuous logarithms g and all continuous arguments

0 of f.
Proof (a)Forallx € X,

f(x) =exp(g(x)) = exp(re g(x)) exp(i im g(x)) = | f(x)| exp(i im g(x)),

and so im g is a continuous argument of f.
(b) Forall x € X,

() = 1f)[exp(if(x)) = exp(log | f(x)| +i0(x)),

which proves the result.

(c) Since f(x) = exp(gi(x)) = exp(ga(x)) for all x € X, it follows that
(g1 — &2)/(2mi) is a continuous integer-valued function on the connected set X
(by Theorem 3.4.3). Thus by Theorems 2.4.11 and 2.4.8, (g1 — g2)/(27i) is con-
stant, so that g — g» = 2min for some n € Z. From this and (b) we see that
60y — 61 = 2mm for some m € Z.
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(d) Let g, 0 be respectively a continuous logarithm and a continuous argument of f.
Then by (b), log | f|+i6 is a continuous logarithm of f; and by (c), g—log|f|—if =
2min for some n € Z. The result follows. (]

At the level of generality we have used so far, continuous arguments need not
exist. For example, let X = {z € C : |z] = 1} and define f : X — C\{0} by
f(z) = zforall z € X. Suppose that f has a continuous argument ¢, and define
y 1 10,27] — X by y(¢) = €''; since z = |z] exp(i6(z)) = exp(if(z)) when z € X,
we see that e/’ = exp(if(e'")) forall t € [0,2r]. Hence t — ¢ and 1 — 6(e'!)
are continuous arguments of y, and so by Theorem 3.4.18 (c), 0’y =t + 27k
for some k € Z. With t+ = 0 this gives (1) = 2mk, but with t = 2w we have
0(1) = 2w (1 + k). This contradiction shows that no continuous argument can exist.

This difficulty vanishes if X is a closed, bounded interval [a, b] in R, as we now
show.

Theorem 3.4.19 Let y : [a, b] — C\{0} be continuous. Then y has a continuous
logarithm.

Proof Let D be any open ball in C which does not contain 0. We claim that there
is an analytic branch of the logarithm on D: that is, there is a function g which
is analytic on D and is such that exp(g(z)) = z for all z € D. Evidently D C
{z € C:z # |z]€} = D(x) for some o € R. Since, by Theorem 3.4.13,
the map z — (@ — log)(z) belongs to H(D(w)), it suffices to choose g to be its
restriction to D.

Since [a, b] is compact, |y| attains its minimum, m say, on [a, b]; clearly
m > 0. As y is uniformly continuous on [a, b] (by Theorem 2.3.30), there is
a partition {ty, t1,...,1,} of [a,b], witha = th < t; < --- < t, = b, such
that \y(t) —y(tj)| < m whenever t € [tj,tj41] and j = O0,1,...,n — L.
Hence for all j € {0,1,...,n — 1}, there is a g; € H(B(y(t;), m)) such that
exp(gj(y (1)) = y(¢) forall t € [t;,1;41], as we saw in the first part of the proof.
Thus the restriction of y to each sub-interval [#;, ¢;41] has a continuous logarithm,
hj say, defined by h(t) = g;(y(¢)) foreacht € [t;, 1j11].

Since y (1) = exp(ho(t)) on [y, t1] and y (1) = exp(h(t)) on [t1, 2], it follows
that exp(ho(t1)) = exp(hi(t1)), so that by Theorem 3.4.3, ho(t1) = hi(t;) + 2wik
for some k € Z. Since hj + 2mik is also a continuous logarithm of y on [f1, 2],
the function % : [y, 2] — C defined by h(¢) = ho(¢) fortg <t < 11, h(t) =
hi(t) + 2mik for 1 < t < t, is thus a continuous logarithm of y on [fg, 12].
Repetition of this process a further n — 2 times gives a continuous logarithm of y on
[a, b]. O

Theorem 3.420 Let y : [a,b] — C be a path and suppose that 0 ¢ y*
(= v(a, b))). Let 0 and ¢ be continuous arguments of y. Then 6(b) — 0(a) =

¢(b) — ¢ (a); if y is closed, (6(b) —0(a)) /2m) € Z.

Proof By Theorem 3.4.18 (¢), 8 —¢ = 2mm for some m € Z, whence 6(b) —6(a) =
¢ (b) — ¢(a). Foreach t € [a, D], exp(i6(t)) = y(¢)/ |y (¢)[; thus if y is closed,
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exp(i0(b) —if(a)) =y (b) ly (@] /(y (a) |y (b)) = 1.

By Theorem 3.4.3, (6(b) — 6(a)) /(2n) € Z. O
We are now in a position to define the winding number.

Definition 3.4.21 Lety : [a, b] — Cbeapathand, forany w € C, denote by y +w
the path t — y(t) + w : [a,b] — C. Let zp € C\y* and let 6 be a continuous
argument of y — zo. The winding number of y with respect to z( is defined to be
{6(b) — 6(a)}/(2m), written n(y, zo).

Note that forall w € C,n(y, zo) =n(y +w, zo + w); note also that if y is closed,
n(y, zo) is an integer (by Theorem 3.4.20).

Example 3.4.22

(i) Let p,g € N,y : [0,2np] — C, y(t) = ré'! for some r > 0, f:C—C,
f(z) =z%7ando = foy.Then y*,acircle of centre 0 and radius r, is traversed
p times, the sense of that traverse being with the bounded component of C\y*
on the left. Since o (1) = f(y(t)) = r4e'?’, the function 0 : [0,27p] — R
defined by 6(f) = gt is a continuous argument of o, and hence n(o,0) =
{02mp) —6(0)}/(27) = pq. In particular, if ¢ = 1 this shows that n(y, 0) =
p: the winding number gives a measure of the number of times the circle is
traversed; the path y winds p times around 0.

(i) Let

) =342t —i(2<t<-1), @) =14+i(1+2r) (-1 <t=<0),
) =1-2t+i(0<t<1D),mu@t)=—14+iB3-2t) (1 <t <2),

and let y : [—2, 2] — C be the simple, closed polygonal path defined by
y()=y(@) fork—-3<t<k—-2,k=1,2,3,4.

The rectangle which is the track of y and the sense of its traverse which, as in
(i), has the bounded component of C\y* on the left, is illustrated below.

y

Ya

N
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(iii)

3 Complex Analysis

Evidently, y winds once around the origin and intuitively one might expect that
n(y, 0) = 1. To verify this, let 6 be a continuous argument of y. Then

6(2) — (=2 Ok —2) —0(k —3) <
nr,0 = P22 5 M0 SO Z(yk,O).

21
k=1

We claim that for each k, n(yx, 0) = 1/4, and prove this for the case k = 1
only, as the other cases are similar. Since y;* C D(r), the principal argument
of y1, that is arg oyy, is a continuous argument of y;, and

0(=1) = 0(=2) = arg(y1(=1)) —arg(y1(=2)) = arg(l — i) —arg(—1 — i)

Hence n(y;,0) = {0(—1) —0(=2)}/2n) = 1/4.

On the other hand, the path y does not wind at all around the point —2i and
so we would expect that n(y, —2i) = 0. To check that this is so, note that
(y +2i)* € D(3n/2) and so (— — arg) o (y + 2i) is a continuous argument
of y 4+ 2i. Hence

) 3 ) 3 .
2rn(y, —2i) = (7 — arg) (=147 — (7 — arg) (=1+9)=0.

Generalising (ii) somewhat, we consider now a simple closed polygonal path
whose track is a rectangle with vertices +a £ ib (a, b > 0). Specifically, let

i) =2t+a+2b—ib(—a—b<t<-—b),
o) =a+iQt+b)(=b <t <0),
y3(t)=a—2t+ib(0 <t <a),
v(t)=—a+iQRa+b—2t)(a <t <a+b),

andlety : [—a—b,a+b] — Cbedefined by y(t) = y1(¢t) for—a—b <t <
—b, etc. As in (ii), one might expect that n(y,0) = 1. Let 6 be a continuous
argument of y. Since y;* U y5° C D(rr), the principal arguments of y; and y»
are continuous arguments of y| and y» respectively, and

0(0) — 0(—a — b) = arg(y2(0)) — arg(y1(—a — b))
= arg(a + ib) — arg(—a — ib)
=arg(a +ib) — (arg(a +ib) — ) = m.

Similarly, 6(a + b) —6(0) = 7 andson(y,0) = (7 +7)/2n) = 1.

(iv) Let R > landlety : [—R, R + m] — C be the simple closed path defined by
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-R N 0 R X

y()=tif —R<t<R, yt) =Re'" P ifR <t <R+n.

Then y* has the semicircular form shown above and the bounded component
of C\y* is on the left as it is traversed.

We claim that n(y,i) = 1. To prove this, let y1, y» be the restrictions of y
to [-R, R], [R, R + ] respectively. Since ¢ := (37” —arg)o(yy—i)isa
continuous argument of y» — i,

n(y2. i) = (p(R+m) — ¢(R))/(2m),

and since —7 < ¢(R) < ¢(R+m) < 37”, we see that 0 < n(yz,i) < 1.

Similarly, ¥ := (% - arg) o (y) — i) is a continuous argument of y; — i, and
n(y1, i) = (Y (R) — ¥ (=R))/(2m);

hence, since —37” < ¥(—R) < ¥(R) < % we obtain the inequality 0 <
n(yy, i) < 1.Itfollowsthatn(y, i) = 1,sincen(y,i) = n(y1, i)+n(y2,i) € Z.
Alternatively, appeal to the proof of Theorem 3.4.2 shows that ¢ (R) = ¥/ (R)

and ¢ (R + ) = 2w + ¥ (—R), equalities which establish the claim directly.

Our next result establishes the invariance of n(y, w) under translation, rotation
and magnification.

Theorem 3.4.23 Leta,B € C,a # 0, f(z) = az+ B (forall z € C); let y :
[a, b] — C be continuous and suppose that w € C\y*. Then n(f o y, f(w)) =
n(y, w).

Proof Let 6y € Arg « and let 0 : [a, b] — R be a continuous argument of y — w.
Since f(y (1)) — f(w) = a(y () — w) forall t € [a, b], the map t — O(¢) + 6y :
[a, b] — R is a continuous argument of f oy — f(w), and thus

n(foy, f(w) ={0(b) + 60 —0(a) — O}/ (27) = n(y, w). O
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As might be expected, constant paths have zero winding number.

Proposition 3.4.24 Letz € Candlet y : [a, b] — C be such that y(t) = z for all
t €la,b). Then n(y, w) = 0 forall w € C\{z}.

Proof Let0 € Arg (z — w). Since t — 6 : [a, b] — R is a continuous argument of
y —w,2rn(y,w) =0—60=0. O

Our principal object now is to establish the invariance of the winding number
under homotopies, and we begin with a few subsidiary results, some of independent
interest.

Proposition 3.4.25 Letw € Candfor j =1,...,klety;:[a,b] — C beapath
such that 0 ¢ y;‘. Foreacht € [a,bllet y(t) = w4 y1(t)y2(t) ... yk(t). Then

k

n(y,w) =Y n(y;,0).

j=1

Proof For each j let 6 be a continuous argument of ;. Then ZI;: 1 0 is continuous
and for each t € [a, b],

k
y () —w=ly() —wlexp {i D 6;)
j=1

Hence

k k
2n(y, w) = Y (0;(b) —0j(@) = D> 2mn(y;,0). 0

=1 j=1

Theorem 3.4.26 Let y,o0 : [a,b] — C be closed paths, let w € C and suppose
that for all t € [a, b],
ly(@®) —o (@] < |w—y@)].

Then n(y, w) = n(o, w).

Proof Evidently w ¢ y* U o*. Define u : [a,b] — Cby u@) = (o(t) — w)/
(y(t) — w), and note that |1 — u@)| = |y@) —o@®)|/|ly() —w| < 1 for all
t € [a,b]and u* C {z € C: z # — |z|}. Hence arg u is a continuous argument of
w and

2mn(, 0) = arg(u (b)) — arg(u(@)) = 0.

Since 0 — w = u(y — w), it follows from Proposition 3.4.25 that

n(o, w) =n(w,0) +n(y, w) =n(y, w).
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Theorem 3.4.27 Lety : [a, b] — C be a closed path and suppose that w and z are
points in the same component of C\y*. Then n(y, z) = n(y, w). If w belongs to the
unbounded component of C\y*, n(y, w) = 0.

Proof For the first part we merely have to prove that n(y, -) is continuous on C\y*,
since it is integer-valued. Let z € C\y™* and put n = dist(z, y*) > 0. Let w €
B(z,n),w # z,and setoc =y — w + z. Then for all ¢ € [a, b],

ly@) —o@®)] =lw—z| <ly@®) —zl,
and thus by Theorem 3.4.26,
n(y,z) =n(o,z) =n(y —w+z2) =ny, w).

This shows that n(y, -) is continuous on C\y* and the first part follows.

Since y* is compact, there exists » > 0 such that y* C B(0,r). As °B(0, r) is
evidently connected, there is only one unbounded component of C\y*. Moreover,
(y +2r)* C {z € C: rez > 0}, and so arg (y + 2r) is a continuous argument of
y + 2r and n(y, —2r) = 0. Since —2r lies in the unbounded component of C\y*,
the result follows from the first part of the Theorem. (]

We are now in a position to establish the homotopy-invariance of the winding
number.

Theorem 3.4.28 Let G be an open set in C and let y, o : [0, 1] — G be closed
paths in G which are freely homotopic. Then n(y, w) = n(o, w) for all w € C\G.

Proof Let w € C\G. There is a continuous map H : I x I — G (where [ =
[0, 1]) such that for all s,¢ € I, H(s,0) = y(s), H(s,1) = o(s) and H(0,?) =
H(1,t). Since H(I x I) is compact, there exists ¢ > 0 such that for all s,¢ € I,
lw — H(s,t)| > €. As H is uniformly continuous on / x I, there exists k € N such
that

|H(s,t) — H(s', )| < eif |s —s'|+ |t —¢'| < 1/k.

Define closedpaths u; : I — G (j =0,1,...,k) by u;(s) = H(s, j/k); o = v,
ur=o0.Forj=1,2,...,kandalls € I,

|1 (s) — i1 ()| = [H(s, j/k) — H(s, (j — D/K)| < e. (3.4.1)

Clearly !w — ,u,j(s)] >¢gforj=0,1,...,kandforall s € /. From this, (3.4.1) and
k applications of Theorem 3.4.26, it follows that w has the same winding number
with respect to each of the closed paths y = uo, i1, ..., 4k = o.Hence n(y, w) =
n(o, w). O

Theorem 3.4.29 Let (yi) be a sequence of closed paths in C, each with parameter
interval [a, b, and suppose that (yi) converges uniformly on [a, b] to a path y :
[a,b] — C.Ifw € C\y*, then for all large enough k,
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n(yk, w) = n(y, w).

Proof Letw € C\y*. There exists ¢ > 0 such that |y (r) — w| > ¢ forallt € [a, b].
Since (yx) converges uniformly on [a, b] to y, there exists kg € N such that for all
k > ko and all ¢t € [a, b], |y (t) — y(t)| < &. From this and Theorem 3.4.26, it
follows that n(yx, w) = n(y, w) for all k > k. U

The winding number can be used to clarify our ideas about the ‘inside’ and
‘outside’ of a closed path y.

Definition 3.4.30 Let y be a closed path in C. We say that a point z € C is inside
y ifz ¢ y* and n(y, z) # 0; and that z is outside y if z ¢ y* and n(y, z) = 0.

Remark 3.4.31 For simple closed paths this fits in well with our intuition. For exam-
ple, suppose that y : [0, 27] — Cis givenby y (¢) = e/, so that y* is the unit circle.
Then C\y* has exactly two components, one bounded and the other unbounded. If
|z] > 1, z is in the unbounded component and we know from Theorem 3.4.27
that n(y,z) = O0; further, if |z|] < 1, using Theorem 3.4.27 again, we see that
n(y, z) = n(y, 0) = 1, the final equality following from Example 3.4.22 (i). Hence,
the points inside y correspond to those in the bounded component of C\y*, while
those outside correspond to those in the unbounded component. Evidently, Theo-
rem 3.4.23 extends this result to a larger class of circular paths, allowing tracks with
arbitrary centre and radius. Although y is so special a simple closed path, in a sense
it is typical of simple closed paths: we shall see later that the Jordan curve theorem
shows that given any simple closed path y, C\y* has exactly two connected com-
ponents, one bounded, the other unbounded, and that n(y, z) = 0 for all z in the
unbounded component, while n(y, z) = =1 for all z in the bounded component.

To conclude this section we show how the winding number may be used to prove
the two-dimensional version of a famous fixed-point theorem, due to Brouwer.

Theorem 3.4.32 Let D = {z € C: |z —a| <r}, r > 0, so that the boundary o D
is the track of the closed path y : [0,1] = C, y(t) = a + re*™ . Let f : D — C
be continuous, let w € C\ f(dD) and suppose that n(f oy, w) # 0. Then there is
a point z in D such that f(z) = w.

Proof Suppose that no such point z exists, so that w ¢ f(D).Let I = [0, 1], let yp :
I — Cbethe constant path defined by yo(t) = a (t € I)anddefineh : I xI — Cby
h(s,t) = (1 —1t)y(s)+tyo(s) (s,t € I).Plainly & is continuous and 2 (I x I) C D.
Let H : I x I — C\{w} be defined by H(s,t) = f(h(s,t)). Then H establishes
that, regarded as closed paths in C\{w}, f o y and the constant path f o yy are freely
homotopic.The homotopy invariance of the winding number (Theorem 3.4.28) now
shows that n(f o y, w) = n(f o yp, w); further, since f o yy is a constant path,
Proposition 3.4.24 tells us that n(f o yp, w) = 0. Hence n(f o y, w) = 0, contrary
to hypothesis. The proof is complete. O

Theorem 3.4.33 Let D be a closed ball in C and let f : D — C be continuous and
such that f(z) = z forallz € 0D. Then D C f(D).
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Proof Let D = {z € C : |z —a| < r} and let 3D be represented as the track of
o

y:[0,1]1 > C, y(t) =a+re*™ . Letw € D. Thenn(f oy, w) = n(y, w) = 1,
by Remark 3.4.31. Application of Theorem 3.4.32 now shows that there is a point
z € D such that f(z) = w, and hence D C f(D). O

Corollary 3.4.34 Let D be a closed ball in C. Then there is no continuous map
f : D — 0D which leaves fixed every point of 0 D.

In other words, d D is not a retract of D: a subset A of a metric space X is called
a retract of X if there is a continuous map r : X — A, called a retraction, such
that r(x) = x forall x € A.

We can now prove the Brouwer fixed-point theorem in a two-dimensional form.

Theorem 3.4.35 Let D ={z € C:|z—a| <r}andlet f : D — D be continuous.
Then there is a point zo € D such that f(z9) = zo.

Proof Suppose that f does not have a fixed point in D. Given any z € D, let g(z) be
the point on d D nearer to z than to f(z) on the line through z and f(z). This gives
amap g : D — 9D, the restriction of which to 9D is the identity map. If we can
prove that g is continuous, we shall have a contradiction, by Corollary 3.4.34. To do
this, note that g(z) = z + tu, where u = (z — f(2))/1z— f(2)| and t > 0 is so
chosen that |g(z) — a| = r. Since |u| = 1,

24 2re((z —a)i) — (P2 — |z —al*) =0,

and thus
1/2
t = —re((z — a)i)) + [(re((z — D)+ — |z — a|2)]

The continuity of g is now clear, and the Theorem follows. (I

Note that by identification of C with R> we have Brouwer’s theorem in the fol-
lowing form: any continuous map of a closed ball in R? into itself has a fixed point.

Exercise 3.4.36
1. Leta € C and define

fo=1py e hasnt D,

- n!
Prove that if « is not a non-negative integer, then this power series has unit radius
of convergence. Deduce that f/(z) = af(z)/(1 + z) if |z] < 1. By considering
¢, where ¢(z) = f(z)/(1 + 2)%, show that f(z) = (1 +2)*if |z] < 1.
2. LetS! = {z € C: |z| = 1}. Show that the map t —— E(it) : (—m, 7] — Stis
bijective and continuous, but that its inverse is not continuous at —1 € st [This
exercise highlights the hypothesis of a compact domain in Theorem 2.3.24 (ii).]
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3. Find the o—branch of the argument, logarithm and ith power of —1 — i in the
cases o = and o = 37 /2.

4. Let « be an irrational real number. Prove that:

(1) {m + na : m, n € Z} is a countable dense subset of R; (ii) the «th power of
lisdensein {z € C: |z] = 1}.

5. (i) Prove that there exists A € C such that [A\| = 1 and for alln € N, A" # 1.
(i1) Let A be asin (i), let f(z) = Zgo anz" have radius of convergence R > 0,
let Ay(2) = 5 Yo f(3¥2) (0 < |z| < R,n € No), and let

M(r) =sup{|f(2)|:|z|=r} forO<r <R.

Prove that:
(a)if 0 < |z| < R, thenlim,,_, 5o A,,(z) = ag;
(b)if 0 < r < R, then |ag| < M(r).

(iii) By considering f(z)/z/, show that |a;| < M(r)/r/ for all j € Ny
(Cauchy’s inequalities).

(iv) Deduce that if R = oo and there exists M € R such that | f(z)| < M for all
z € C, then f is constant (Liouville’s theorem).

6. Lety : [0,27] — C be given by

y(t) =cost +cos2t — 1 +i(sint +sin2¢) (0 <t <2m).

Find n(y, 0).

7. Lety : [a, b] — C be a path such that 0 ¢ y*. Suppose ¢, d € R, ¢ < d, and
¥ 1 [c,d] — [a, b] is a continuous map such that ¥ (c¢) = a, ¥ (d) = b. Show
that

n(y oy, 0) =n(y,0).

Show also that, if the hypotheses are varied to require instead that ¥ (c) = b,
¥ (d) = a, then

8. Use the homotopy invariance of the winding number to show that the circle S'
is not simply connected.

3.5 Integration

We begin with a review of differentiation of complex-valued functions defined on an
interval in R and an extension of the Riemann integral to cover continuous functions
of this nature.

The notion of differentiability of a function f : I — C, where [ is an interval in
R, has the expected definition: if f(s) = u(s) +iv(s) (s € I), where u(s) and v(s)
are real, then f is differentiable if, and only if, # and v are differentiable; also, in
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the event of differentiability, f’ = u’ + iv’. The usual rules for derivatives of sums,
products and quotients of such functions apply, as do those relating to composition.
Given the differentiability of f,if J isanintervalinRand ¢ : J — [ isdifferentiable,
then f o ¢ is differentiable and

(fod) ()= f(p)g'(t) (t € J);

also, if G isan open setin C, f(I) C G and g : G — C is analytic, then g o f is
differentiable and

(8o /) (s) =g (f(sNf'(s) (s € D).
Proof of these assertions is elementary and is left to the reader.

Definition 3.5.1 Let f : [a, b] — C be continuous. We define the integral of f

over [a, b] by
b b b
/f:/ref+i/ im f.

Note thatre f and im f are continuous, real-valued functions on [a, b] and hence
are Riemann-integrable over [a, b]; thus the definition makes sense. For example,

T T b
/ e'ldt = / costdt + i/ sin rdt = 2i.
0 0 0

Certain standard facts about Riemann integrals of real functions go over, with
obvious proofs, to the complex case. For convenience, we collect these in the fol-
lowing theorem.

Theorem 3.5.2 Let f, f1, f> : [a, b] — C be continuous and let a1, ap € C. Then
(1) fab(alfl +afr) =ai f: fit+a fab f2;

(i1) ifa <c < b, then , ,
/f=/ f+/ f:

(i) if F(r) = fat ffora <t < b, then F is differentiable and F'(t) = f(t) for all
t €la,b];
(iv) if F : [a, b] — C is differentiable and F'(t) = f(t) forall t € [a, b), then

b
/ f=F®) - F(a);

) if ¢ : [c,d] — Ris continuously differentiable and ¢ ([c, d]) C [a, D], then
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P d
/ f =/ CIONAGLIE
0] ¢

(vi) if (gn) is a sequence of continuous, complex-valued functions on [a, b] which
converges uniformly on [a, b] to g, then g is continuous on [a, b] and

b b
/gn—>/gasn—>oo.
a a

Extended to the complex case, we require an important, but standard, inequality.

Theorem 3.5.3 Let f : [a,b] — C be continuous. Then |f| : [a,b] — R is

continuous and
b b
[ = [
a a

Proof Continuity of | f]isimmediate: givenany ¢ € [a, b], by the triangle inequality,

HfOI=1f@I =1f() = fl)] - 0ast — c.

As for the integral inequality, put o« = f ab f = a1 4+ iag, with a1, ay real. Then

b b b
|a|2=a%+a§=a1/ ref+a2/ imf:/ (arre f + azim f)
b b
5/ (a%+a§>1/2[<ref>2+(imf>2]‘/2=|a|/ 1.

using Cauchy’s inequality. If o # 0, this gives |a| < [ ab | f1, as required; if « = O,
the result is obvious. (]

3.5.1 Integrals Along Contours

We next introduce the special kind of path along which we shall be integrating.

Definition 3.5.4 (i) A continuously differentiable path in C is called an arc: thus
a path y : [a,b] — C is an arc if it has a derivative y' that is defined and
continuous on [a, b], the derivatives at a and b being one-sided.

(ii) A piecewise continuously differentiable path in C is termed a contour : a path
y : la,b] — C is a contour if there is a partition {ty, t1,...,t,} of [a,b]
such that, for each j € {1,2,...,n}, the restriction of y to [tj_1,t;] has a
continuous derivative on [tj_1, t], so permitting the left and right derivatives
atty, ..., t,—1 to differ. Plainly, each arc is a contour, but a contour need not
be an arc.
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(iii) A closed path which is a contour is called a circuit; further, a simple path which
is a contour (circuit) is called a simple contour (simple circuit).

The path y : [0, 1] — C defined by y(r) = €™ (0 < t < 1) is an example
of an arc; each polygonal path in C (see Definition 2.4.15) is a contour; the path
v :[0,1] = Cdefinedby v(r) = e (0 <t <1/2),v(t) =4t —3(1/2<t<1)
is a simple circuit.

Definition 3.5.5 Let y : [a, b] — C be a contour. The length of y, written [(y), is
defined by

b b
uw=/h«ﬂm=/«mwiumwﬁm
n tj
=3 [ taer) 4 amy 2,
j=171!

where {tg, 11, ..., t,} is a partition of [a, b] such that the restriction of y to each
subinterval [f;_1, ¢;] has a continuous derivative on [t;_1, t;].

We leave it to the reader to show that the length of y is independent of the choice
of partition used to define y.

To illustrate with examples, if y : [0, 1] — C is defined by y () = e2mit 0 =<
t < 1), so that y* is the unit circle, then

1
I(y)= / 271(sin2 2wt + cos? 27rt)l/2dt =2,
0

as expected; also, if u : [a, b] — C is a polygonal path in C, so that there exist
20, 21, - - - Zn € C and a partition {z, t1, .. .1,} of [a, b] such that

() = (tj —tj—) ;= Ozjo1 + (¢ — tj-1)z)}
whenevert;_; <t <t;, then

n t
=3 [ lwola
]:1 ti—

Jj—1

n tj
—1
=> [ =t zj—zj|ar

=171
n

= Z|z/' —Zj—1|.
j=1

Definition 3.5.6 Let y : [a¢,b] — C be a contour. The contour opposite to y,
written —y, is defined by (—y)(¢t) = y(@+b —1t) (a <t <b).
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Clearly the track of —y is the same as that of y, but it is traversed in the opposite

sense. Naturally [(—y) = [(y): to prove this formally, let {a = 1, #1,...,t, =
b} be a partition of [a, b] which contains all the discontinuities of y’, so that
{uj=a+b—t;:j=0,1,...,n} contains all those of (=y),and a = u, <

Up—1 < +-- < ug = b; then, appealing to Theorem 3.5.2 (v),
n uj_1 n uj_y
l(—y):Z/ |(—J/)/(S)|ds:2/ ly'(a+b—s)|ds
1 YU 1 JUj

n tj
= Z/ [y ()] dt = 1(y). (3.5.1)
1 Jhi-

Now we can define the integral of a continuous complex-valued function along a
contour.

Definition 3.5.7 Let y : [a,b] — C be a contour and let f : y* — C be con-
tinuous. The integral of f over y, written | L for /; , f(@)dz, is defined to be

fab f(y @)y’ (®)dt. [The range [a, b] of ¢ is subdivided into subintervals correspond-
ing to the discontinuities of ¥’ if ¥’ is not continuous on the whole of [a, b].]

Example 3.5.8

(1) Letwi, wy; € Canddefiney : [0,1] > Cby y(r) = (1 —tH)w; +twy; y isa
line segment joining w1 to w,. Then

1
/ zdz = / {(1 —Hwy + twrl(wy — wy)dt = l(w% — w%).
Y 0 2

(ii)) Leta € C and let r, 6 be positive real numbers. Define y : [0,6] — C by
y(@) =a+re andput f(z) = (z —a)~! (z # a). Then

6
/(z —a) ldz =/ ire'! /(reé'")dt = i6.
Y

0

The particular case of this when 6 = 2x is important: the contour y is then
called the positively oriented circle with centre a and radius r, and

/(z —a) 'dz = 2mi. (3.5.2)
Y

Lemma 3.5.9 Lety : [a, b] — Cbheacontourandlet f, g : y* — C be continuous.

Then for all o, B € C,
[@r+po=a[r+p ]
14 Y Y
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[r==] ¢

Proof The first part is obvious from the definition of the integral over a contour allied
with Theorem 3.5.2 (i). For the second part, with the same notation as in the proof
of (3.5.1), we have

/ = / T F (=) ()ds

LI=2,

- Z/MH Fra+b—5)y'@+b—s)ds
1 74

n fi

> / Fly@)y' (nat

1 7

n tj
- fly@) ’(t)dt=—/f.
Z}:/tjl y(®)y i .

and

A simple and frequently applied inequality, an outcome of Theorem 3.5.3, is given
next.

Theorem 3.5.10 Let y : [a, b] — C be a contour, let f : y* — C be continuous
and suppose that M is a constant such that for all 7 € y*, | f(z)| < M. Then

/Vf

b
< / Lf Gyl |y’ )] dr. (3.5.4)

=Mli(y). (3.5.3)

More generally,

/yf

[The integral on the right-hand side of (3.5.4) is often written as fy | flldz].]

Proof 1t is sufficient to assume that y is an arc, as the general case proceeds by
similar arguments on appropriate subintervals of [a, b]. Then

[1]-

b
< M/ ly'®)|dt = Ml(y). U

b b
/ fly@®)y'adt 5/ |f @]y (@) dr

Definition 3.5.11 Let y : [a,b] — C, y; : [a1,b1] — C be arcs. We say that
y| is a reparametrisation of y if there is a continuously differentiable bijection ¢
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of [ay, b1] onto [a, b] with an everywhere strictly positive derivative ¢’, such that
YI=yoo.

It is clear that y and y; have the same track, and we would expect them to have
the same length. To give a formal proof: use of Theorem 3.5.2 (v) shows that

by b b
o= [l = [ resllel= [ I =i,
ai ai a

The commonest reparametrisation occurs when ¢ is defined by

@) ={aby —1) + bt —a)}/(by —ar).

Thus, if y () = e’ (0 <t < 1) and we want the parameter interval to be [2, 8], then
¢(t) = (t —2)/6 does the trick.

Lemma 3.5.12 Let y; : [a1,b1] — C be a reparametrisation of an arc y :
[a, b] — C. Then for all continuous maps f : y* — C,

Jr=lr

Proof Let y; =y o ¢, where ¢ is a continuously differentiable bijection of [aj, b;]
onto [a, b] and ¢’ (t) > 0 whenever a; <t < b;. Then

[Note that y;" = y*.]

by
/f=/ F@)y ()de
Y1 ai

by
= F @)y (@)¢'(1)dt

b
=/a f(V(S))J/(S)ds=/Vf~ 0

Remark 3.5.13 Let u : [a,b] — C, v : [c,d] — C be contours and suppose
that there are partitions {so = a, s1,...,8, = b} and {typ = c,t1,...,t,, = d} of
[a, b] and [c, d] respectively such that, for 1 < j < m, the restrictions w; v; of
w,vto[s;j_1,s;], [tj—1, t;], respectively, are arcs. Then the contour v is said to be a
reparametrisation of p if, for 1 < j < m, the arc v; is a reparametrisation of ;.
In this event v* = p*; also, using Lemma 3.5.12, for all continuous f : u* — C,

Lf=é/ﬂjf=é/vjf=/vf.
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As an illustration, let i : [a, b] — C be a contour. It is elementary to check that
wod¢:[c,d] - C, where ¢ < d and

¢(1) ={(t — )b+ (d —1)a}/(d — o),

is areparametrisation of . Itis called the standard reparametrisation of i relative
to the interval [c, d].

Exercise 3.5.14

1. Sketch the tracks of the following contours:
@O y:l=L1 = Cn@) =it (=1 <t <1)
(i) y2:[-5. 5] > Cn)=é" (-3 <t < %);

(i) y3: [-3.53] > C.oys() =T (- <1 <

).

(ST

For k = 1, 2, 3 evaluate f)/k |z| dz.

2. Leta and b be positive real numbers. Let & : [—1,1] - Cand v : [0, 7] - C
be contours defined by

—sa+ib(l1+s) if —1<s5<0,

and
v(s) =acoss +ibsinsif 0 <s <.

Evaluate | . f(@)dz and [, f(2)dz in each of the following cases:
1) f(z) =rez, (i) f(z) =2

3. Show that fy 2~ 'dz = 2mi in each of the following cases:

(i) y :[—m, ] — Cis the circuit defined by
y(t) =acost +ibsint,—m <t <m,

where a and b are positive real constants.
(i) y : [—1, 1] — Cis the circuit defined by

3+4r—1, —1<t=<-1/2,
) = 1+i(1+4+4r), —-1/2<t<0,
V=11 -at 41, 0<r<1/2,

—1+iB—4),1/2<t<1.

4. Lety : [0,2n] — C be defined by y () = 2exp(it). Evaluate f dz.

_1
y z2(z—1)
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3.6 Cauchy’s Theorem

In this section we present basic integration theorems due to Cauchy upon which
many important future developments rest.

Definition 3.6.1 Let G be an open subset of C and let f : G — C. A function
F : G — Cis called a primitive for fon Gif F' = f.

Our immediate concern is with the existence of a primitive for a given continuous
function, and we begin with a reformulation of the problem.

Theorem 3.6.2 (The fundamental theorem of contour integration) Let G be an open
subset of C and let f : G — C be continuous. Then the following three statements
are equivalent:

(1) f has a primitive on G;
(1) for every circuit y in G, fy f=0;
(iii) for all contours y1, ya2 in G with the same initial and terminal points,

fr=1.s

Moreover, if f has a primitive F on G and y is a contour in G with initial point
z1 and terminal point 7, then

/f = F(z2) — F(z1).
y

Proof Suppose that (i) holds and let F' be a primitive for f on G.Lety : [a,b] — C
be a contour in G with y(a) = z1, y(b) = z2. An application of the fundamental
theorem of integral calculus (Theorem 1.4.4) to the subintervals [#;_1, 7;] on which
y’ is continuous shows that

n tj n
/ f=> / F'(y@)y'(dt = > {Fy ) — F(y(tj-1)}
1% 1 Y- 1

= F(y () — F(y(a)) = F(z2) — F(z1).

This establishes the last part of the Theorem. Further, if y is a circuit, so that z; = z2,
then fy f = 0 and it follows that (i) implies (ii).

Next, suppose that (ii) holds and that y, y» are contours in G with the same initial
and terminal points. Referring to Remark 3.5.13, let 11, 12 be the standard repara-
metrisations of y1, y» relative to the intervals [0, 1 /2] and [1/2, 1], respectively: then

fﬁkf:f)’kf (k =1,2). Define y : [0, 1] - C by
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| m@,
v = { @O =m (G —1). L

(@]
A LA
r—l\)lv—

t
t

IA IA

Evidently y is a circuit in G and, because assumption (ii) holds,

AR e R R R

Thus (ii) implies (iii).
Finally, suppose that (iii) holds and, for the moment, that G is connected. Fix
Zo € G and for any z € G define
F(z) = / /s
14

where y is any contour in G joining zg to z. Note that such a contour exists because G
is open and connected, and hence polygonally-connected (Theorem 2.4.23); more-
over, since (iii) holds, F'(z) is independent of the particular contour y. Let 1 be the
standard reparametrisation of y relative to the interval [—1, 0]: then F(z) = f f.
For h € C\{0}, let u : [0, 1] — C be defined by u(¢) = z + th. Since G is open,
u* C G whenever |h| is small enough. Let v : [—1, 1] — C be given by

_Jn@®, —-1=<1=<0,
U(t)_[,u(t), 0<r<l.

Then, with |i| small enough, v is a contour in G joining zo to z + & and

F(Z+h):/vf=[;f+Af=F(Z)+Af.

Moreover, using Theorem 3.5.10,

‘ F(z+h)—F(2)

P / fw)dw — f(2)

S| =

|-

1
‘ / () — f@))dw
< sup{|f(w) — f(2)] :w e u*}.

Now, f being continuous, this supremum tends to 0 as |2| — 0. Hence F’(z) =
f(2), and F is a primitive for f on G.

If G is not connected, the argument given may be applied to each component of
G since, by Theorem 2.4.27, every such component is open. Thus (iii) implies (i),
and the proof is complete. (|



214 3 Complex Analysis

Corollary 3.6.3 Leta € C. Then

/(Z —a)'dz =0
y

for every circuit y if n = 0,1, 2, ..., and for those circuits y such that a ¢ y*
ifn=-2,-3—-4,....

Proof Since z —> (z —a)" has z —> (z —a)"*'/(n+ 1) asa primitive on C if
n=20,1,2,...,and on C\{a} if n = =2, -3, —4, ..., the result follows directly

from Theorem 3.6.2. (]
Corollary 3.6.3 cannot be extended to include the case n = —1, as we see from
(3.5.2).

Theorem 3.6.2 answers a natural question negatively. It is not the case that, if G is
an arbitrary open set in C, then every continuous function f : G — Chas a primitive.
To see this, let G = C, define f by f(z) =7 (z € C) and let y : [0, 1] — C be the
circuit given by y (f) = >, Then

1
/f :/ e 2T dmie? i dr = 2i # 0.
y 0

More than this, replacing the requirement of continuity of f by analyticity does not
help. This time, let G = {z eC: % <zl < 2}, f(z) = 1/z and let y be as before.

Then by (3.5.2),
/ f =2mi.
¥

It turns out that determination of those conditions on G which ensure that all f €
H (G) have a primitive involves some subtlety. This delicate matter we approach
slowly, beginning with the supposition that G is convex. Recall that a subset S of C
is called convex if Az 4+ (1 — A)z2 € S whenever z1, z> € Sand 0 < A < 1. Plainly,
every open ball in C is convex; also, no annulus {z € C: 0 < a < |z —z0| < b} is
convex. The convex hull of a set § C C is the intersection of all convex sets which
contain S; we denote this set by co S. An inductive argument (left to the reader)
shows that co S consists of all points which can be expressed in the form > ;| Axzk
for some n € N, some z1,22,...,2, € S and some non-negative real numbers
Ay A2, oo kg With D77 A = 1.

Definition 3.6.4 A closed polygonal path A : [u, v] — C such that a finite sequence
20, 21, 22, 23 = zo of complex numbers (its vertices) and a partition u =ty < 1] <
1 < t3 = v exist, and

A@) = (tj —tj—) @ — 120z + (t; — Dzj-1}
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whenevert; | <t <t; (j =1,2,3),is described as a triangular circuit. It is said
to be degenerate if the points zg, z1, z2 are collinear.

Remark 3.6.5

(i) The vertices and sense of description of A are determined by the ordered triple
(20, 21, z2) € C3. Note that each ordered triple (wo, wi, wp) determines the
vertices and sense of description of some triangular circuit: for example I :
[0, 1] — C defined by

wo + 3t (w; — wy), 0<t<1/3,
r@) =qw + @Gt —D(w—wy), 1/3=<1=<2/3,
wy 4+ 3t —2)(wg —wp), 2/3<t<1.

(ii) Let f : A* — C be continuous and, for j = 1,2, 3, let v ;j be the restriction of
A to the interval [f; 1, t;]. Since the canonical line segment from z; | to z;,
that is, the map

t—> (1—-1tzj_1+1tz;:[0,1] - C

denoted by [z;-1, z;] (as is its track), is the standard reparametrisation of v;
relative to the unit interval [0, 1], using Remark 3.5.13 it follows that

3 3
ISR
A =17vi = [zj-1,2/]

(iii) The boundary of co{zg, z1, z2} is the track of A.

Theorem 3.6.6 (Fundamental theorem of contour integration in a convex set) Let G
be a convex, open subset of C and let f : G — C be continuous. Then the statement

(iv) / f =0 forall triangular circuits A in G
A

is equivalent to statements (1), (i1) and (iii) of Theorem 3.6.2.

Proof We use the convention that, for wi, wy € C, the symbol [w;, w>] may stand
for the canonical line segment from w1 to w» or its track, the meaning to be understood
by context.

Since (ii) implies (iv), all we have to prove is that (iv) implies (i). Suppose that
(iv) holds. Fix zg € G and define F : G — C by

F(z) = i
[z0.z]
as G is convex, [z0,z] C G. Let h # O be such that z + /% € G and let A be a

triangular circuit in G whose vertices and sense of description are determined by the
triple (zo, z, z + h). Then, using Remark 3.6.5 (ii) and Lemma 3.5.9,
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O=/f= f—l—/ f+/ f=F(Z)+/ f—F(@z+h),
A [z0,z] [z,24h] [z+h,z0] [z,z+h]

and thus
F(z+h)—F(Z)=/ -

[z,24+h]

From this last equality one may proceed, just as in the proof that (iii) implies (i) in
Theorem 3.6.2, to show that (i) holds. ([l

Using this result it will be shown that, if G is a convex open set of C, then every
f € H(G) has a primitive or, equivalently, [ A J =0 whenever f € H(G) and A is
a triangular circuit in G. First we give a preliminary lemma.

Lemma 3.6.7 Let a, b, ¢ be collinear complex numbers and let A be a degenerate
triangular circuit in C whose vertices and sense of description are determined by
the ordered triple (a, b, ¢). Let f : A* — C be continuous. Then

/A /= /[a,b] U /[b,c] U [c.a] 7=0

(Here [a, b] denotes the canonical line segment from a to b, etc.)

Proof Leta, b, c be distinct: otherwise the result is obvious. Plainly, the track of one
of the line segments exhausts that of A. Three cases occur: a € [b,c], b € [c, a],
¢ € [a, b]. Cyclic interchange of a, b and c leads to the same result: for definiteness,
suppose that ¢ € [a, b] = A* and that 0 € (0, 1) is such that c = a +6(b — a). Note
thath —a =01 (c —a) = (1 — )1 (b — ¢). Use of Theorem 3.5.2 (v) shows that

1
/ f=/ fla+1t(b—a)(b—a)dt
[a,b] 0
% 1
=(b—a)/ f(a+t(b—a))dt+(b—a)/ fla+tb—a))dt
0 6
0
=9*1(c—a)/ fla+0""t(c—a)dt
0
1
+( —9)—1(b—c)/ fle+ A=)t —0)b—))dt
0

1 1
:(c—a)/ f(a+s(c—a))ds+(b—c)/ flc+sb—c))ds
0 0

- / |
la,c] [e,b]

Hence, using Lemma 3.5.9 and Remark 3.6.5 (ii),
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/Af Z/[cz,b1f+/[b,c1f+ lc,ulf = .

Theorem 3.6.8 (Cauchy’s theorem for a triangle) Let G be an open subset of C,
let f € C(G,C), let p € G and suppose that f is analytic on G\{p}. Let A be a
triangular circuit such that co A*, the convex hull of A*, is contained in G. Then

/Af=0.

Proof Let the vertices and sense of description of A be determined by the ordered
triple (a, b, c¢) € C3. Lemma 3.6.7 establishes the result when a, b, ¢ are collinear:
henceforth, we assume that this is not the case.

As a first step in the proof, suppose that p ¢ co A*. Leta; = (b + ¢)/2, b; =
(c+a)/2andc; = (a+b)/2,andlet A, A2, A3 and A* be triangular circuits whose
vertices and sense of description are determined by the ordered triples (a, c1, by),
(b, ay, c1), (¢, by, ar) and (ay, by, c1), respectively. Note that [(A/) = I(A)/2(f =
1,2, 3,4), where [ denotes length. The configuration envisaged is illustrated below.

C

Cl b

Adopting notation as for Lemma 3.6.7, from Remark 3.6.5 (ii), Lemma 3.6.7 and
Lemma 3.5.9 it follows that

Jor=[ o] s s
=/mf+/[q AT LT LY BAEY
LA SRR SNE) K V AREY IR )
(/. f+/[bl‘a]]f+/[umf)+(/[al’bl]er/[blmwa [W”]f)

4
:Z%/Aff
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Plainly, | [,; f| = | [ f| /4 for some j. For definiteness, choose the least j for
which this is true and relabel the corresponding triangular circuit as Aj: note that

JuAl=lh s

Evidently, with Ay in place of A, the same process may be repeated to produce a
further triangular circuit A,,and so on. The procedure generates a sequence (A,) of
triangular circuits such that co A* D co AT Dco AT D ..., withl(A,) =27"I(A)
and |fA f| < 4" “/‘An f‘ for all n € N. Now N2 co A% = {zo} for some z9 € G;

moreover, since zg 7% p, f is differentiable at zg. Let ¢ > 0. There exists r > 0
such that

coA* D co A}, <4 and [(A1) =2711(A).

| f(2) = f(z0) = (z — 20) f/(z0)| < €lz —z0l if |z — 20| <r;

also there exists n € N such that |z — z9| < r if z € co A}. By Corollary 3.6.3,

/ f= / {f(2) — f(z0) — (z — z0) f'(z0)}dz,
An An

and so, by Theorem 3.5.10,

I

Hence | [, f| < ((A))%. As this holds for all & > 0, it follows that [, f = 0.

Next, suppose that p is a vertex of A*, say p = a. Choose points x € [a, b],
y € [a, c], both close to a, and note that | A J is the sum of the integrals of f over the
triangles with vertices and sense of description determined by the triples (a, x, y),
(v, x, b) and (y, b, c). Refer to the figure below.

c

ZEA]

< e(sup |z — zo|)l<An> < e (l(A)* = e27"1(A))%.

b

Using that part of the result already proved, it follows that each of the last two of
these integrals is zero. Thus
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/A /= /[a,XI U /lx,yl I [y.al 4

and, since the lengths of the line segments [a, x], [x, y] and [y, a] can be made
arbitrarily small and f is bounded, it again follows that [ AS=0.
Lastly, let p be an arbitrary point of co A* and consider triangular circuits deter-
mined by the triples (a, b, p), (b, ¢, p) and (c, a, p), as portrayed in the figure below.
c

a
b
Application of the preceding result to the non-degenerate triangular circuits, and
Lemma 3.6.7 to any that are degenerate, completes the proof. (]

As an immediate consequence of Theorems 3.6.6 and 3.6.8 we have the following
important form of Cauchy’s theorem:

Theorem 3.6.9 (Cauchy’s theorem in a convex set ) Let G be a convex open subset
of C, let f € C(G,C), let p € G and suppose that f is analytic on G\{p}. Then
there is a function F € H(G) such that F' = f and (equivalently) fy f =0 forall
circuits y in G.

Used in conjunction with Theorem 3.3.8 the next theorem shows that in fact,
f € H(G); that is, the point p is not really exceptional. This follows from

Theorem 3.6.10 Let G be an open subset of C and let f € H(G). Then f is
representable by power series in G.

Proof Leta € G, let R > 0 be such that B(a, R) C G,let0 < r < R and let u
be the positively oriented circle with centre a and radius r. Let zg € G and define
g:G— Cbhy

(w # 20), g(z0) = f'(z0).

fw) — f(zo)
gw) = ——"—"7—
w — 20

Plainly, g is continuous on G and analytic on G\{z¢}. Since B(a, R) is convex, we
see from Theorem 3.6.9 that fu g = 0; thus, for all zg € G\u*,
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ro [w=ztaw= |-z s
w n

We now use the fact, to be established by the lemma which follows, that
fﬂ (w—z0) "V dw = 2ni if zo € B(a,r). Accepting this for the moment, we have
that

1
f(zo) = —,/(w —z0) " f(w)dw ifzo € B(a,r). 3.6.1)
2mi Sy,
Let zo0 € B(a,r) and s = r — |z9 — a|; evidently B(zp,s) C B(a,r). For all
z € B(zp,s),
1 -1 z—z20\] "
f(Z)=T/(w—ZO) - —— f(w)dw
Tl m w — 20
_ b -l o (z-20)"
© 2mi /u(w ) f(w);(w —zo) dw
Since

‘f(w)(z —20)"(w — Zo)_”_l‘ < Ms7(jz = z0l /9)",

where M = sup{|f(w)| : w € u*}, the series D7 ((z — z0)" (w — 20) 7" f(w)
converges uniformly on u* (by the Weierstrass M-test) and thus can be integrated
term by term (Theorem 3.5.2 (vi)) to give

o0
fz) = Zan(z — z0)" for all z € B(zo, ),
n=0

where, for all n € N,

= / (W — 200" F(w)dw.
27 "

Appeal to Remark 3.3.9 shows that
a, = f(")(zo)/n! for all n € No.

Thus, for all zg € B(a, r) and all n € Ny,
(n) n! —n—1
[ (z0) = ./(w - 20) f(w)dw, (3.6.2)
2mi P

a formula which includes (3.6.1) as a special case.
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Setting zg = a, we see that for each r € (0, R),

o]

f@@) = ch(z —a)" forall z € B(a,r),

n=0

where the sequence (c,),eN, is independent of r. Hence, for all z € B(a, R),
o0
f@ =2 caiz—a)"
n=0

where, for all n € Ng and all r € (0, R),

)
_T@ L,/(w — )" fw)dw.

]
n! 2wi J,

Cn

To complete the proof we need to justify our claim that [ M(w — 2 ldw = 27i
if z € B(a,r). [l

Lemma 3.6.11 Leta € C, r > 0 and define ju : [0,2n] — C by u(t) = a + re'’
0 <t <2m). Then

/M(w—z)_ldwz [éffl’ |Z_a| <r,

|z —al >r.

Proof Suppose first that |z — a| > r. Then w —> (w — z)~! is analytic on an open
ball B containing 1* but not z. Since B is convex, we conclude from Theorem 3.6.9
that [ (w — 2)~'dw = 0. On the other hand, if |z — a| < r, then

-1
/(w—z)_la’w=/(w—a)_1 Il—(z_a)] dw
L u w—a

(z—a\"
=/(w—a)_12(' )dw.
u —\w-a
z—a |z—al

Since ‘—‘ = < 1, the series is uniformly convergent on u* and thus, by

w—a r

Theorem 3.5.2 (vi), (3.5.2) and Corollary 3.6.3,

/(w — z)_ldw = Z(z — a)"/(w — a)_”_ldw = 2mi.
13 n=0 13
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Remark 3.6.12 In view of Theorem 3.3.8, Theorem 3.6.10 shows that a function f
is analytic on an open set G if, and only if, it is representable by power series in G.

Let us now take stock of the position. Suppose that G is an open subset of C,
a € G, rg = dist(a, C\G) (= 0o if G = C), u is a positively oriented circle with
centre a and radius r € (0, rg), and f € H(G). Our results show that under these
conditions,

()
f2) = z f ‘(a) (z—a)"forall z € B(a,r) (3.6.3)
=0 n:
and that \
F(a) = %/(w —a)™" f(w)dw for all n € N. (3.6.4)
Tl "

The series in (3.6.3) is called the Taylor expansion of f about a; it converges
absolutely on B(a, ro) and uniformly on compact subsets of B(a, ry). The formulae
(3.6.4) are well worth committing to memory; they are, however, special cases of an
important and more general result to which we now proceed, namely Theorem 3.6.15
below.

Theorem 3.6.13 Let y be a contour in C, let G be an open subset of C, let ¢ :
y* x G — C be continuous and suppose that for all ¢ € y*, ¢(¢,-) € H(G), put
fl2) = fy ¢(¢,2)d¢ (z € G). Then f € H(G) and for all k € N,

ak
P = / —— (£, 2)d¢ (z € G).
y 9z

Proof Leta € G,letr € (0, 1) be sosmall that B(a, r) C G and put u(¢) = a+re'
(0 <t <2m). Use of (3.6.2) shows that for all (¢, z) € y* x B(a,r),

1
$(0.2) = T/(w — (e wydw
Tl m

and
!

2mi

ak
AP = /(w — 27", wydw (k e N).
z ©

For simplicity, let ¢» denote the first derivative of ¢ with respect to its second argu-
ment (so that ¢ (¢, z) = d¢ (¢, z7)/9z). We show that ¢, is continuous. Let o € y*.
It suffices to show that ¢, is continuous at (@, a) € y* x G. Let ¢ > 0. Since the
map (¢, w, z) —> (w — z)"2¢(¢, w) is uniformly continuous on the compact set

y* x u* x B(a,r/2), there exists § € (0, r/2) such that

Ww—2729C w) — (w—a) g, w)| <e
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whenever (¢, w, z) € y* x u* x B(a,r/2) and {|¢ —al* + |z — alz}l/2 < 8. Use
of this inequality in conjunction with the integral expression for ¢, derived from
(3.6.2) shows that

1
[92(¢,2) — ¢a(a, a)| < - 2ar-e<eg
T

whenever (¢,z) € y* x B(a,r/2) and {|¢ —a|* + |z —alz}l/2 < 8. Thus ¢, is
continuous at («, @) and hence on y* x G.
We now establish the result when £ = 1. It is clearly enough to prove that

[0 e - 960 - ¢ - apac e > 0usz > a
Y
We use the identity
A= '=1+1+0 =072 #1)
witht = (z —a)/(w — a); thatis, | —t = (w — z)/(w — a). This shows that

—a (z—a)2
—a (w—a)(w-—27)

2ni¢(§,z)=/(w—a)_lil+ < }qb(g“,w)dw
" w
= /(w —a) e, wydw + (z —a)/(w —a) 2P, wydw
© ©
+(z—a)? / (w—a)2(w—2)"'p (¢, wdw.
o

With the aid of the formulae from (3.6.2) quoted earlier, this gives

(z

N2
$(C.2) —p(L.a) — (z —a)a(¢,a) = nf) /(w—a)_z(w—z)_lcb(i, w)dw
0

2
(3.6.5)

whenever z € B(a,r), ¢ € y*. Put M = sup{|¢p(¢,w)| : ¢ € y*,w € u*};
M < oo since y* x u* is compact. Thus from (3.6.5) and (3.5.3) we have that for
allz € B(a,r) and all ¢ € y*,

(. 2) —d(¢,a) — (2 — a)pa(t, @) < M|z —al® /{r(r — |z —a])},

which shows, by (3.5.3) again, that

/Iw_qsz(;,a)]dg‘ < r(rm;ml(y)—>0351—>a~
i -

z—a |z —al)

Hence f’(a) exists and



224 3 Complex Analysis

Fla) = / $2(¢. a)de.

14

which proves the case k = 1.

Finally, for k € N, let ¢ denote the kth derivative of ¢ with respect to its
second argument (¢2,1 = ¢2). Let I" be the set of natural numbers k such that ¢
is continuous and

P = / $2.4(¢, 2)d¢ (z € G).
Y

We have shown that 1 € I'"; moreover, since ¢, ; satisfies the same hypotheses as ¢
if k € I', induction shows that I = N. O

It is now convenient to introduce the index of a point with respect to a circuit; as
we shall soon see, this is nothing more than the winding number.

Definition 3.6.14 Let y be a circuit in C and let z € C\y*. The index of z with
respect to y is defined to be ind, (z), where

1
indy (z) = %/(C —2)7lde.
v

Before discussion of the meaning of ind, (z), we give the following important
result.

Theorem 3.6.15 (Cauchy’s integral formula in a convex open set ) Let y be a circuit
in a convex, open set G C C and let f € H(G); suppose that z € G\y*. Then

1
f@indy (@)= 5 - / (€ — 27 FO)de (3.66)
Tl y

and
n!

f(n) (z)indy (z) = i

/ C - " fOdc neN).  (B.6.7)
Y

Proof Fix z € G\y* and define g : G — C by
g ={f©) = f@}/ (& —z)for #z, g(2) = f'(2).
By Theorem 3.6.9, [, g = 0; (3.6.6) follows immediately. Next, define ¢ by
¢, 2) = f(Q)/( —z)for (£, 2) € y* x (G\y7),

and apply Theorem 3.6.13 with G replaced by G\y*. We see that the map

z— / (¢ —2) 7' f(©)d¢ =27if (z)ind, (2)
Y



3.6 Cauchy’s Theorem 225

isin H(G\y™*) and has derivatives of all orders:
2ri(f -indy)® (z) = k!/(g — 27 @)de(k € N). (3.6.8)
Y

Put ¥(¢,2) = (¢ — 2)7! for (¢,2) € y* x (C\y*); by Theorem 3.6.13, ind, €
H(C\y™*) and

2ri(ind,)® (z) = k!/(; —2) *lde =0k e N,
14

the final step following from Theorem 3.6.2 since ¢ +— (¢ — z)~*~! has primitive
L= —( — z)_k/k on C\({z}. Thus (3.6.8) reduces to

27if®(z)ind, (z) = k!/(; — 2 rde,
Y

O

which gives (3.6.7).
Note that formula (3.6.4), in which y is the positively oriented circle with centre
a and radius r, follows from (3.6.6) and (3.6.7) since in this case

indy,(z) =1if |z —al <r,ind,(z) =0if |z —a| > r,

as we know from Lemma 3.6.11.

As mentioned earlier, if y is a circuit and z € C\y*, then ind, (z) coincides with
the winding number n(y, z) of y with respect to z. To prove this it is convenient
to introduce the idea of an analytic logarithm, which is companion to that of a
continuous logarithm mentioned in Sect. 3.4.

Definition 3.6.16 Let G be an open subset of C and let f : G — C\{0} be analytic.
Ananalyticmap g : G — Ciscalled an analytic logarithmof fon Gifg € H(G)
and exp(g(z)) = f(z) forallz € G.

Theorem 3.6.17 Let G be an open subset of C, let f € H(G) and suppose that
0 ¢ f(G).Then f has an analytic logarithm on G if, and only if, f'/f has a primitive
on G.

Proof Suppose f has an analytic logarithm g on G. Then f = exp g, so that /' =
g'expg;thatis, g’ = f’/f, and g is a primitive of f’/f. Conversely, if g € H(G)
is such that g’ = f'/f, then [(exp g)/f] = 0 on G. Hence (exp g)/f is constant,
say equal to k;, on each component G; of G (by Theorem 3.2.11). Let ¢; be so
chosen that exp c¢; = k;. Then exp(g(z) — ¢;) = f(z) forall z € G ;. Suppose the
components G ; of G are indexed by a set J: then the function g : G — C defined
by g(z) = g(z) —cj forallz € G; (j € J), is an analytic logarithm of f on G. O
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Theorem 3.6.18 Let G be a convex, open subset of C and let f{ € H(G) be such
that O ¢ f(G). Then f has an analytic logarithm on G.

Proof Since f'/f € H(G), it follows from Theorem 3.6.9 that f’/f has a primitive
in G. The result now follows from Theorem 3.6.17. ]

The final result preparatory to the identification of the index and the winding
number for circuits is the following:

Theorem 3.6.19 Let g be an analytic logarithm of f on an open set G C C, and let
y :la, b] = C be a contour in G. Then

/ f'1f =gy b)) —gly(a)).
Y

Proof As in the proof of Theorem 3.6.17 we see that g’ = f’/f. Thus
b
/ f'If = / §' )y’ (dt = gy (b)) — gy (a)).
y a

The promised identification now follows.

Theorem 3.6.20 Let y : [a, b] — C be a circuit and let zg € C\y*. Then

n(y, zo) = indy (o).

More generally, if f € H(G) for some open set G D y* and zo € C\(f o y)*, then

1 /
n(F oy, 20) = ind oy (z0) = —— [ L&

- dz.
2wi J, f(2) —z0

Proof By ‘shrinking’ G if necessary, we may and shall suppose that f — zq is never
zero on G. For example, with r = dist(y*, FHzo}) > 0,let G’ = UzepxB(z,1/2)
and note that G’ is open, y* C G’ and f —zo # 0 on G’; G may now be replaced by
G’. We claim that there is a partition {fg, t1, . . ., #x} of [a, b] such that there are open
balls By, ..., By, each contained in G, with y () € B; whenevert € [t;_1,1;] (j =
1,2, ..., k). Toestablish this, let ¢ = dist(y*, C\G) > 0. Since y is continuous, and
hence uniformly continuous on [a, b], there exists § > 0 such that |7/(t) —y( )| <e
if [t —#'| < 8andt,t € [a,b]. Let {to, 11, ..., %} be a partition of [a, b] with
|tj —tj—1| < & foreach j € {1,2,...,k}, and put B; = B(y(t;),&) (C G) for
J=12,... k. Ift € [tj_1,1], then ‘t — tj] < § and hence ]y(t) — y(tj)] < &
thus y (¢) € B;, and our claim is justified.

By Theorem 3.6.18, f —z¢ has an analytic logarithm g ; on B ; by Theorem 3.6.19,

S
/y- 7@ — 20 = &) = 8 (v t5-0),

J
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where y; is the restriction of y to [t;_1,¢;]. Let 6 be a continuous argument of
foy—zo,andnote that g ; oy is a continuous logarithmof foy —zo : [t;—1,t;] — C.
Then
1@
2ri Jy f(2) =20

k
1
dz = 5~ ;{g,-wj)) =8 tj-)},

and by Theorem 3.4.18 (d) this equals

1
2mi

J

1
=5 10b) = 0@} =n(foy. ).
T

k
{log | f(y(tj)) — zo| — log | f (¥ (tj—1)) — zo| +i6(t;) — iO(tj—1)}
—1

O

Now that the identity between the winding number and the index has been estab-
lished for circuits, the properties of the winding number derived in Sect. 3.4 also
hold for the index. For convenience we summarise these properties in the following:

Theorem 3.6.21 (i) Lety beacircuitandlet G = C\y*. Thenind, is an integer-
valued function on G which is constant on each component of G and is zero on
the unbounded component of G.

(i) Leta,B€C,a #0,let f:C— Chbhegivenby f(z) =az+ B (z € C), lety
be a circuit and suppose that w € C\y*. Then

indy, (w) = ind fop, (f(w)).

(iii) Let G be an open setin C and let y, o :~[O, 1] — G be circuits in G which are
freely homotopic. Then for all w € C\G, ind, (w) = ind, (w).

Proof Part (i) is just Theorems 3.4.27 and 3.4.20; (ii) is Theorem 3.4.23; and
(iii1) simply Theorem 3.4.28, all applied to circuits rather than to closed paths. With-
out reference to these earlier results, it should be noted that Definition 3.6.14 permits
direct derivation of parts (i) and (ii). O

Remark 3.6.22 (i) Use of Theorems 3.6.20 and 3.6.21 shows that if y is either the
rectangular circuit of Example 3.4.22, part (iii), or the semicircular circuit of part
(iv), then ind,, (z) =1 for all z in the bounded component of C\y*. In the remainder
of this Remark, for use in another context, we show that the same result holds for
variants of these circuits. For these variants, the result may be proved either by
methods developed in Example 3.4.22 (a task left to the reader), by direct appeal to
Definition 3.6.14, or via a choice of an appropriate homotopy.

(ii) Suppose 0 < e <1 < R <ooandleto : [-R, R + m] — C be the simple
circuit defined by
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S, —R <s < —s¢,
_Jeexp(in(l —s/8)/2), —e <5 < ¢,
ols) = s, e <s <R,
Rexp(i(s — R)), R<s<R+m.

The figure below portrays o *.

-R - 0 € R
We seek to show that ind, (z) = 1 for all z in the bounded component of C\c*
and, because of Theorem 3.6.21 (i), it suffices to prove that ind, (i) = 1.
Loosely speaking, replacement of the smaller semicircle about the origin in the
figure above by a line segment along the real axis transforms it into the track of

the semicircular circuit of Example 3.4.22 (iv), a circuit y : [-R, R + 7] — C
defined by

s, _RESERa
Rexp(i(s —R)), R<s <R+m.

y(s) =
Evidently, the map H : [-R, R + 7] x [0, 1] — C\{i} given by
H(s,t) =1 —1t)o(s) +ty(s)
establishes that y and o are homotopic and thus freely homotopic in C\{i}. Hence,
by Theorem 3.6.21 (iii) and part (i) of this Remark, ind, (i) = ind, (i) = 1.
(iii) Let r > 0. Consider the map
H:[-1/2—-r1/2+7r] x[0, 1] = C\{0}

defined for the intervals specified and 0 <t < 1 by

1 . 1

2s+§+2r—ire_””/4, —yTrsss-on

1 .

5+ i(2s +r)e /4, —r<s =<0,
H(s,t) = | . 1

5—2s+ire‘””/4, 0<s= 5

—l+i(1+r—2s)e_””/4 l<s<l—i-r

2 27 T2 '
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The gluing lemma shows that H is continuous. Let y, o : [—-1/2—r,1/24r] = C
be circuits defined by

y(s) = H(s,0),0(s) = H(s, 1).

Evidently, y* is a rectangle with vertices :I:% 4 ir and o* is a parallelogram with

vertices :I:% + re™/* The map H establishes that  and o are freely homotopic in
C\{0} and thus use of Theorems 3.6.20, 3.6.21 and Example 3.4.22 (iii) shows that

ind, (0) = ind,, (0) = 1.
We shall now illustrate the significance of Theorem 3.6.15 by obtaining from it

several results of great importance.

Theorem 3.6.23 Let f € H(B(a, R)) and put

Myg(a,r) =sup{lf(2)|:lz—al=r}

for 0 <r < R. Then for all n € Ny,
‘f(”)(a)‘ <nMy(a,ryr™

and if f(z) = 280 a,(z —a)" (z € B(a, R)), then for all n € Ny,

n

lan| < My¢(a,r)r™".

Proof Let y : [0,27] — C be defined by y(f) = a + re'’. By Theorem 3.6.15,
since indy, (@) = 1 we have

|
@] = ‘zn—m [ €= poe| <y,
14

by (3.5.3). The rest is now clear. [l

That these inequalities for | f (”)(a)| are best possible we see by considering the
function f given by f(z) = (z — a)” for some m € N.
From these inequalities the famous theorem due to Liouville follows.

Theorem 3.6.24 (Liouville’s theorem) Every bounded function which is entire (that
is, in H(C)) is constant.

Proof Let f € H(C) and suppose there is a number M such that for all z € C,
| f(z)] < M. By Theorem 3.6.10, there are constants a, (n € No) such that for all
z€C, f(z) = X, panz". If n > 1, Theorem 3.6.23 shows that for all r > 0,
lap] < Mr™"; and as Mr™" — 0 asr — 00, a, = 0. Hence f(z) = ap for all
zeC. O
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Theorem 3.6.25 Let p be a polynomial of degree at least 1, with complex coeffi-
cients. Then there exists z € C such that p(z) = 0.

Proof Suppose p is never zero. Then 1/p € H(C). Moreover, since p(z) = ag +
aiz+ ---+a,7", where a, # 0,

ap—1 _ ap _
—2Z 1+"'+—Z "l — oo as |z|] = oc;

n An

1P| = [an2"| |1 +

thus 1/ |p(z)| — 0 as |z] — oo, and so there exists N > O such that 1/ |p(z)| < 1
if |z] > N. As 1/|p| is continuous on the compact set B(0, N), there exists M > 0
such that 1/ |p(z)| < M for all z with |z|] < N.Hence 1/ |p(z)| < max(M, 1) for all
z € C:1/pisbounded on C. Thus by Theorem 3.6.24, 1/p is constant, and so p is
constant. Since |p(z)| — oo as |z] — oo we have a contradiction and the theorem
is proved. (]

We now turn our attention to another remarkable property of analytic functions:
two functions which are analytic in a region G and coincide in an open, non-empty
subset of G (no matter how small!) must coincide throughout G. We lead up to this
by means of the following theorem involving the zeros of an analytic function.

Theorem 3.6.26 Let G be a region in C, let f € H(G) and put Z(f) ={a € G :
f(a) = 0}. Then either Z(f) = G or Z(f) has no limit point in G; in the latter
case, to each a € Z(f) there corresponds a unique positive integer m such that
f(x) =(z—a)"g(2) forall z € G, where g € H(G) and g(a) # 0. (The integer m
is called the order or multiplicity of the zero which f has at a.)

Proof Let L be the set of all limit points of Z(f) in G : L C Z(f) since f is
continuous. Let @ € Z(f) and let r > 0 be such that B(a,r) C G. Then f(z) =
Zgo an(z — a)" for all z € B(a, r). One of the following two possibilities must
occur: )

(i) a, =0 foralln € Ng; thus B(a,r) C L,a € L;

(ii) there is a smallest integer m such that a,, # 0; m > 1 since f(a) = ag = 0.

In case (ii), put g(z) = (z —a) " f(z) if z € G\{a}, g(a) = a;y. Then f(z) =
(z—a)"g(z) forall z € G and g is analytic in G\{a}. Moreover, for all z € B(a, r)
we have g(z) = Z,fio am+k (2 — a)* and so g is also analytic at a; thus g € H(G).
Since g(a) = a,, # 0, there is a neighbourhood of a in which g has no zero, and it
follows that f has an isolated zero at a.

If a € L, case (i) must occur and so L must be open. Put M = G\L.If b € M,
then there is a neighbourhood V (C G) of b such that Z(f) N (V\{b}) = ¥, and so

o
V C M; thus b € M. Hence M is open and, since G is connected, either L = G, in
which case Z(f) = G,or L = 0. O

Theorem 3.6.27 Let G be a region in C and let f, g € H(G). If f(2) = g(2) for
all z in some set which has a limit point in G, then f(z) = g(2) forall 7 € G.
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Proof Simply apply Theorem 3.6.26 to f — g. (]

As an immediate consequence of this we see that if f and g coincide on some
open, non-empty subset of G, then they are identical on G.

Theorem 3.6.28 (The maximum modulus theorem) Let G be a region in C, let
f € H(G) and suppose that f is non-constant on G. Then no point of G is a local
maximum of the function | f|.

Proof To obtain a contradiction, suppose that there exista € G and r’ > 0 such that
| f(2)| < |f(a)| whenever z € B(a, r).

LetO <7 < 7 and y(t) = a + re'’ (0 <t < 2m). Since B(a, r’) is open and
convex, and y* C B(a, r'), application of Theorem 3.6.15 gives

1
f(@)indy (@) = >— / (z—a) ' f(2)dz.
Y

Use of Lemma 3.6.11 thus gives

2
fla) = L fla+redt,
2 0

and so

1 2w ) 1 2w
f@l =5 [ @] = o [ ir@id =1l
T Jo 27 Jo

It follows that

2
| [r@i=|r@+ren

Jar=o0.
and that, since the integrand is continuous and non-negative,

O<t<2m:0<r<r).

f@l=|f@+re

Hence | f(z)| = | f(a)| for all z € B(a, r’). By Exercise 3.2.12/5, the constancy of
| f| on B(a, r") implies that of f on B(a, r’). In turn, through Theorem 3.6.27, this
implies the constancy of f on G, contrary to hypothesis. (I

After these diversions we return to Cauchy’s theorem, and attempt to answer the
question as to whether, given a region G, we can determine those circuits y in G
such that | Y f = O0forall f € H(G). To handle this we need a lemma and a new
idea, that of a ‘cycle’.
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Lemma 3.6.29 Let G be anopen subsetof Candlet f € H(G). Defineg : GXG —
C by
fO-f)
e (F L
8. 2) =
f'@. ¢=z

Then g is continuous.

Proof Continuity of g is clear at all points (£, z) € G x G with ¢ # z. To discuss
the ‘diagonal’ points, fix a € G. Given any ¢ > 0, there exists r > 0 such that
B(a,r) C G and | f'(w) — f'(a)| < & forall w € B(a,r).1f ¢,z € B(a,r) and
y 1[0, 1] — Cis defined by y(¢t) = (1 — t)z + t¢, then y* C B(a, r) and since

1 1
£ - f2) = /0 F @y Odt = ¢ —2) /0 Fy @,

it follows that .
§(¢.2) — gla.a) = /O (') — f@dr.

Thus |g(¢.z) — gla,a)| < e forall ({,z) € B((a,a),r) C Bla,r) x B(a,r),
which gives the required continuity. |

Not only does this lemma play a key role in our proof of a general form of Cauchy’s
theorem, but it also leads to the following useful result.

Corollary 3.6.30 Let G be an open subset of C, a € G, f € H(G) and f'(a) # 0.
Then there is a neighbourhood U of a in G such that the restriction of f to U is
injective; that is, f is locally injective at a.

Proof The proof of Lemma 3.6.29 and the choice ¢ = % | f! (a)| show that there is
a neighbourhood U of a such that, if ¢,z € U and { # z, then

f©) - f@ / 1 /
?—f(a) <§|f(d)|-
Thus 1
f©O = f@I= 3 [f@]l =zl
and so f is injective on U. (]

Definition 3.6.31 A finite sequence I" = (Vj)Tzl of circuits is called a cycle; the
track of the cycle I', denoted by I'*, is defined by I'* := Uf: 1 yk*; the cycle
opposite to I, written —I", is given by —I" = (—y; f}’:l. Let f: ' — Cbe
continuous. The integral of f over I', denoted by [, f, is defined by
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/Ff=g/wf.

Plainly [ f = — [_ f. Cycles I'l and I are said to be equivalent if

/Ffz f(feC(Fl*UFZ*,C));

I

acycle I' is said to be equivalent to zero if
/ f=0(feCT* ).
r

Evidently,if I = (y; );7:1 isacycleand o isabijective mapping of {1, 2, ..., m} onto
itself (a rearrangement or permutation), then I” and I = (Yo ( j));'?:] are equivalent;

rearrangement generates an equivalent cycle. Givenacycle I' = (y j)’}’:] and a point
z € C\I'*, the index of z relative to I" is defined by

m
indr(z) = %/F(g —2)lde = jz_;‘indyj(Z).
Note that if I'1 and I»> are equivalent cycles and z € C\(Fl* U Fz*), then
indr, (z) = indp, ().
We can now give a very general form of Cauchy’s theorem.

Theorem 3.6.32 (The global version of Cauchy’s theorem) Let G be an open subset
of C, let f € H(G) and let I" be a cycle such that I'* C G and ind(a) = 0 for all
a € C\G. Then

1
indr(z) f(2) = %/F(i — 27 f(©©)de forall z € G\I'*, (3.6.9)

and

/ f=0. (3.6.10)
r
If A and W are cycles in G (that is, A* C G and ¥* C G) such that indp (a) =

indy (a) for all a € C\G, then
/ f :/ I (3.6.11)
A v

Proof Define g : G x G — Cby
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8¢ ={f)— @}/ -2 ¢ #2), gz 2) = f(2).

By Lemma 3.6.29, g is continuous. Now define & : G — C by

1
h(z) = E/Fg(i,z)d{

and note that since for z € G\I"* we have

1
hz) = %/F{f(g“) ~ @M -2 e,

(3.6.9) is equivalent to the statement that #(z) = 0. To prove this statement, first
observe that since g(¢, -) is continuous on G and analytic on G\{¢}, Theorems 3.6.9
and 3.6.10 show that g(¢, -) is analytic on G. By Theorem 3.6.13, extended in the
obvious way to cycles rather than contours, / is analytic on G.

Put G| = {z € C:indj(z) = 0} and define 4 : G| — C by

1
hi(2) = T/@ ~ o7 F@)de.
L Jr

By Theorem 3.6.13 again, A is analytic on G| (note that by Theorems 2.4.27 and
3.6.21 (i), G is open). If z € G N G4, evidently h(z) = h1(z). Thus the function
¢ 1 G1UG — Cdefined by ¢(z) = h(z) (z € G), ¢(2) = hi(2) (z € G1) is
analyticin G| U G.

By hypothesis, C\G C G1, and so G U G = C and ¢ is an entire function.
Since ind;(z) = 0 on the unbounded component U of C\I'*, U C Gjy; thus
lim|;| 00 #(2) = limzoch1(z) = 0. Thus ¢ is bounded, and hence constant,
by Liouville’s theorem: the constant is clearly zero, and so 4(z) = 0 forall z € G,
which proves (3.6.9).

To obtain (3.6.10), let zo € G\I'* and define F(z) = (z —z0)f(z) (z € G) : F
is analytic in G. Thus by (3.6.9),

/rf = /F F()(¢ — 20)”'d¢ = 27i F(z0) indr(z0) = 0.

Finally, suppose A = (kj);.zl and ¥ = (Y ‘;.:1 , the A ; and v; being circuits, and
let I' = (yj);isl be the cycle defined by
vi=Ail=<j=<nr,yj=—¢j,+1=<j=r+ys).
Then
indr(a) = indy (@) — indy (@) = 0 (a € C\G);

further, application of (3.6.10) to f shows that
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o= [ r=[s=] 1
IRy R .

Remark 3.6.33 (i) Suppose that G is a convex, open subset of C and let y be a circuit
in G.If a € C\G, Theorem 3.6.9 shows that ind,, (a) = 0; thus ind ;- (a) = 0 for all
cycles I with I'* C G. Thus the basic hypothesis of Theorem 3.6.32 holds if G is
convex.

(i1) Let G be an open subset of C and let y be a circuit in G. Theorem 3.6.32 shows
that if ind, (a) = 0 for all @ € C\G then fy f =0forall f € H(G). The converse
also holds: if a € C\G and indy, (a) # O, put f(z) = (z — a)~! (z € G), so that
f € H(G) and fy f =2miind,y, (a) # 0. Thus the circuits y in G such that fy f=0
for all f € H(G) are exactly those for which ind, (z) = 0 for all z € C\G.

(iii) We have shown that for a given open subset G of C, the following three statements
are equivalent:

and therefore

(1) indy (z) = O for all z € C\G and all circuits y in G;
2) fy f =0forall f e H(G) and all circuits y in G;
(3) every f € H(G) has a primitive on G.

Itis desirable to formalise some of the ideas which appear in the above discussion.

Definition 3.6.34 Let G be an open subset of C. A cycle I' in G such thatind(z) =
0 for all z € C\G is said to be homologous to O (in G). Cycles '] and I in G such
that

indp, (z) =indp, (z) for all z € C\G,

are said to be homologous (in G).

This definition enables us to present the conclusions (3.6.10) and (3.6.11) of
Theorem 3.6.32 in the following form: if /' € H(G), then

J =0

for all cycles I" in G which are homologous to 0; and

Jr=1

for all homologous cycles 7 and I in G.

The global version of Cauchy’s theorem is thus called the homology version of
the theorem. There is another version, the homotopy version, which is easy to prove
from Theorem 3.6.32.
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Theorem 3.6.35 (The homotopy version of Cauchy’s theorem) Let G be an open
subset of C and let yy, y1 : [0, 1] — C be circuits in G which are freely homotopic.

Then
Jor=1s

forall f € H(G). In particular, if yy is freely homotopic to a constant path in G,
then f)/o f=0forall f e H(G).

Proof Since yp and y; are freely homotopic, they are homologous, by Theorem 3.6.21
(iii). Thus by Theorem 3.6.32, fVo f = f)’l f for all f € H(G). The rest is now
clear. O

Corollary 3.6.36 Let G be an open, simply-connected subset of C. Then for all
circuits y in G and all f € H(G), fy f=0.

Proof Since every circuit in a simply-connected subset is null-homotopic, the result
follows immediately from Theorem 3.6.35. (]

We shall see later that if G is a region in C such that fy f = 0 forevery f €
H (G) and every circuit y in G, then G is simply-connected. In view of this, and
Corollary 3.6.36, it follows that for a given region G C C, statements 1, 2 and 3 of
Remark 3.6.33 (iii) are each equivalent to the following statement:
4) G is simply-connected.

Exercise 3.6.37

1. (i) Sketch the track of the contour u : [—%, %] — C defined by u(t) =
—t+i (”TZ - tz). Evaluate [, cos zdz.

(i) Let v : [0, 1] — C be defined by v(0) = 0, v(r) = 3 exp(—2mi/t) if
0 <t < 1. Show that v is a contour and sketch its track. Evaluate fv 72etdz.

2. Lety :[0,1] — C bedefined by y(0) =0, y(1) =0, y(t) =1t +it3 sin(7r/t)
if0<t<1/2andy(t) = (1 —1) —i(1 —t)3sin(zw/(1 —1)if 1/2 <t < 1.
Show that y is a circuit and sketch its track. Evaluate
(i) fy cos3(z%)dz, (ii) fy log(1 + z)dz.

3. Let A : [u, v] — C be a triangular circuit with vertices z1, z2, z3. Let

3 3
K=1>ojzji0;20(=1,23).> a;=1
j=1 j=1

Show that K is a compact, convex subset of C and that
co{z1,22,23} =co A* =K.
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4.

8.

Leta > 1 and define y : [0,27] — C by y(¢) = ¢". Using Cauchy’s integral
formula evaluate

/(z2 —2az + 1) ldz,
Y
and deduce that
2
/ (a —cost) 'dt =2 (a® — 1)~ /2.
0

Let f € H(C) be defined by

_ w0 [ expliz) — 1) ifz #0,
f(z)_]; k! _[1 if z = 0.

Let R >0andlety : [—R, R+ ] — C be the circuit given by

(s) = s, —R <s <R,
V8= 1 expli(s — R)), R <5 < R+ .

By Cauchy’s theorem in a convex set, plainly [ y f = 0. Exploit this fact to prove

that
R .
sin x b4
/ dx — —
0 X 2

/2
< / exp(—R sin 0)d6
0

’

/2
< / exp(—2R6/m)d6 <
0

00 .

S1n x T
/ dx = —.
0 X 2

[Hint: if 0 < 6 < 7/2,then 20/7 < sinf < 6.]

Let p > 0. Show that if f € H(C) and |f(z)] < A|z|™ for all z € C with
|z| > p, where A and m are non-negative real constants, then f is a polynomial
of degree at most m.

Let G be an open subset of C, let f : G — C be continuous and suppose that
for every triangular circuit A such that co A* C G, [ A f = 0. Prove that f is
analytic in G. (This is Morera’s theorem .)

Let R > 0, zg € C and suppose f : B(zg, R) — C is defined by

x|

and deduce that

@) = an(z—z20)".
n=0
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10.

11.

12.

13.
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Prove that if 0 < r < R, then

T
/.
Hence show that:
(a) Every bounded entire function is constant.
(b) If Gisaregionin C, g € H(G) and B(zg,r) C G, then

12 ad
fao+re®| do =27 a2,
n=0

|g(z0)| < sup ”g(ZO +rei0)’ :0<0 < 27r} .

with equality if, and only if, g is constant. [Thus |g| has no local maximum at
any point of G unless g is constant: this gives another proof of the Maximum
Modulus Theorem (Theorem 3.6.28).]

Prove that

-z =D a2 (e BO.5-1)/2),
n=0

where the a,, are the Fibonacci numbers defined by
ay=a1=1, a1 =a,+a,1(n>1).

Further, show that

1 1+\/§n-ﬁ—l 1_\/gn-i-l
an:ﬁ 5 — 5 (n>0).

Compute the coefficients in the Taylor expansion of f about z = 0 as far as the
term in z’, in each of the following cases:

(@) f(z) =log(1+2); (b) f(z) =secz.

What is the radius of convergence of each power series?

If each of the following functions were expanded as a Taylor series about the
indicated points, what would be the radius of convergence? (Do not find the
Taylor series.)

sin — 0 — 0 — 4;
(a Zz_é‘,Z—O,(b)ﬁ,Z—O, ©) oy e =4

Find the first four terms and the radius of convergence of the Taylor series about
z = 0 for )

@ f(@) = g5z 0) Q) = Fryre

Let G be a region in C, let f, g € H(G) and suppose that fg = O (that is,
f(z2)g(z) = 0 for all z € G). Prove that either f = 0org =0 : H(G) is an
integral domain.

EZ
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Let y : [a, b] — C be acircuit and z € C\y*. Let F : [a, b] — C be defined

by t
_ Yy
F(1) _/—y(s)_zds,

a

note that y’ is defined save possibly at a finite number of points of [a, b]. Show
that, for all ¢ € [a, b],

(y(a) —2)exp(F(1)) = (y (1) —2),

and that therefore ind, (z) = 27i)~' F(b) € Z.
Let zg, z1 € C, zo # z1 and

S=58p,z)={(1-0zo+1tz1: 0=t < 1}.

Let y : [a,b] — C be a circuit such that y* NS = @. Show that, for all
w e C\S, (w—2z1)(w—2z0)"" € D(); that w — log{(w —z)(w — zo)_l}
is a primitive of w — (w —z7)~! — (w — z0) ' on C\S; and that

ind, (z1) = ind, (z0).

Deduce that ind, (-) is constant on components of C\y™* (hint: use Theorem
2.4.23). Further, observing thatif |z| > r > SUp,, ey« (W], thenw —> (w—z)"1
isanalyticin B(0, r), show thatind, (z) = 0if z lies in the unbounded component
of C\y*.

Leta e C,r > 0and y : [0, 27] — C be defined by y(¢) = a 4+ r exp(it). Use
the preceding exercise to show that

. |1 ifjz—al <,
indy () = 0 if|z—al>r.

Let0 < R < 00,0 < ¢ < m. Sketch the circuits u, v defined by

—sexp(ip) if —R <s <0,
wis)=14s if0<s <R,
Rexp(i(s—R)) ifR<s<R+¢;

and
—s if —R <s <0,
v(s) = 1 sexp(i¢) if0<s <R,
Rexp(i(p +s—R)) ifR<s<R+2m —¢.

Using Definition 3.6.14 directly, establish a cancellation of integrals over line
segments common to u and v and show that, if y (#) = R exp(it) (0 <t <2m),
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then
ind, (z) = ind,,(z) + ind, (z) (z € C\ {u* Uv*}.

Deduce that

. |1 if|z| < Rand argz € (0, ¢),
ind,, (z) = [0 if |z > Ror argz € (—m, 0) U (¢, 7].

[If ¢ = m, then u coincides with the semi-circular circuit of Example 3.4.22

(iv).]

3.7 Singularities
Let G be an open subset of C, let zo € G and suppose that f € H(G\{zp}). Our
immediate aim is to describe the behaviour of f near zg.

Lemma 3.7.1 Let G be an open subset of C such that
GDo{zeC:r <lz—2=<r}

for some 1y, 1) w_ithO <ry <ry<oo Fork = 1,2 define v, : [0,27] — C by
Vi (t) = zo + rre'’. Then for all f € H(G) and all 7 such that ry < |z — zo| < r2,

f(z)=L, f(w)dw_L S (w)
2mi

- dw.
by W—2 2wi Jy, w—2z

Proof Let I" be the cycle (v, —v1). Appeal to Lemma 3.6.11 shows thatifa € C\G,
then

indy (a) = ind,, (a) — ind,, (a) = 0.

Hence by Theorem 3.6.32, if z € G\I'*, then

1
indr (/@ == | u’j (iﬂ)zdw
=L, f(w)dw—L, ACTN
2wi Sy, w—z 2mi Jy, w—z

Since, with r; < |z — zg| < r2, we have
indr(z) =indy,(z) —indy, (z) =1 -0=1,

the result follows. O
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Armed with this lemma we can now prove a result of first-rate importance.

Theorem 3.7.2 (Laurent’s theorem) Let G be an open subset of C such that G D
A={z€C:s1 <|z—2z0 < s}, where 0 < s1 < 50 < 00, and let f € H(G).
Then there is a unique sequence (an)nez, of complex numbers such that the series
Z:O:O an7" is convergent when |z| < sy, the series Z;’; | A—p 2" is convergent when
lz] < sfl (forall z € C when s1 =0), and forall z € A,

f@ =D anz—20)"+ D anz—z0)"" (3.7.1)
n=0

n=1

Moreover, foralln € Z. and all s € (s1, 52),

a = —— [ S@
2w J, (w =zt

where ;s is the positively oriented circle with centre zo and radius s. The series in
(3.7.1) converge absolutely in A and uniformly on every compact subset of A. The
identity (3.7.1), commonly written

f@) = anz—2)",

is called the Laurent expansion of fin A and the a, are the coefficients associated
with that expansion. If s = 0, so that f is analytic in a deleted neighbourhood of
z0 (sets of the form U\{zo}, where U is a neighbourhood of zo, are described as
deleted neighbourhoods of z), then a_; is called the residue of f at zo, written

res( f, zo)-

1
res(f,zo0) = 2—7_”/ fw)dw (0 <s < 5).
Vs

Proof Let K be a compact subset of A, sothat K C {z € C:r' < |z—z0| <"}
for some r’, r” such that 51 < r’ < r” < s5. Fix ¢ € A and choose ry, r; so that
st <r<r,r" <ry<sy 1 <|C—zol < ro; let vy, vy be the positively oriented
circles centred at zog with radii rq, r» respectively. By Lemma 3.7.1,

1 1
F@oy = — [ L 4 T/ L) 4y — g(0) + h(c). say.
i Jy, Is

27i Sy, w—¢ w—

where

gx) =

/ AC) dw (z € C\v3})
V2

2mi w—z

and
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1
ho) = ——— [ L 4 e cun.
2wi Jy, w—2z

By Theorem 3.6.13, g is analytic in B(zg, r2) and so g(z) = ZZO:O an(z — zo)" for
|z — zo| < rp, wherea, = g(") (zo)/n!; also, further appeal to Theorem 3.6.13 shows

that

St
" 2mi b (w—zo)rtt
Since w — (w — zO)’(”“)f(w) : A — C is analytic, equality (3.6.11) of
Theorem 3.6.32 shows that v, may be replaced by y, for any s € (s1, s2). By
Lemma 3.3.1 the series for g converges uniformly on {z € C: |z — z0| < " < 12}
and is therefore uniformly convergent on K.

In view of Theorem 3.6.13, & is analytic in {z € C : |z — z9| > r1}. Write

_ -l o (v—2)"
h(Z)_Zm'/vl(Z 20) f(w),g‘)(z—Zo) dw

and note that if z € C\ B(zo, 1),

w — 20 N r <1

|z — zol

Z—20

The series in the integrand thus converges uniformly on v{ and term-by-term inte-
gration is permissible, giving

o0

h(z) =D auz—20" (2 —z0l > r1),

n=1

where )
a_, = —/ (w— zo)”flf(w)dw (n € N).
2wi Jy,

By Theorem 3.6.32 again, v; may be replaced by y;, for any s € (s1, 52). The series
> 0% a_,u™ is absolutely convergent for [u| < ry !and is thus uniformly convergent
on {u € C : |ul < (+')~'}. Hence the series for & is uniformly convergent on
{z € C: |z — zo| > r’}, and so is uniformly convergent on K.

All that remains is to prove that the sequence (a; ),z is unique. Suppose that for
allz € A,

f@) =D balz—20)" + D bn(z—20)7",
n=0 n=1
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that >"7° o b,u” is convergent if |u| < s and that > 7 b_,u" is convergent if
lu| < sl_l. Letr € (s1, s2). Then for each k € Z,

2
a =5 (w—zo) = r(w)dw = —/ e k0 £(z0 + re'®)do
1 o o—iko 0 1 o —ik0 i0) "
:m/o ! Zb (rel ) d9+2nrk/ e Zb,n (re’) dé.
n=l1

The series here converge absolutely for |z — zg| = r, and so are uniformly convergent
(in 0) on [0, 27 ]; thus

e¢]

1 2 1 0 27 )
ay = — bnr”_k/ g0 4 — E b,nr_”_k/ 710 g — by
2 0 2w 0
n=0 n=1 ]

Corollary 3.7.3 Let A ={z € C: 51 < |z — 20|l < 52}, where 0 < 51 < 53 < 00,
and let f € H(A). Then there are functions g € H({z € C : |z — z0| < s2}) and
he H{z € C: |z — zol > s1}) such that, forall z € A,

f@) =g@) + h().

This decomposition is unique if we require that h(z) — 0 as |z| — oo.

Proof Let f(z) = Ziooo an(z — zo)" be the Laurent expansion of f in the annulus
A Putgz) = X an(z —z0)", h(z) = X a-n(z—z0) " in A, f = g+ h,
ge€eH{zeC:lz—z20l <)), he H{z € C:|z—z9| > s1}) and h(z) — O as
|z| = oo. Let f = g1 + h; be another such decomposition and let ¢ be the function
equal to g — g1 when |z — z9| < sp and to Ay — h when |z — zg| > s;: note that
g—81 =hy —hin A. Then ¢ € H(C) and lim|;|_.o ¢(z) = 0. By Liouville’s
theorem, ¢ = 0. |

Definition 3.7.4 Let G be an open subsetof Cand zg € G.If f € H(G\{zo}), then
zo is said to be an isolated singularity of f.

Suppose G, zg and f are as in Definition 3.7.4. By Laurent’s theorem, there is
a unique sequence (ay)nez such that if 0 < r < oo and the annulus {z € C: 0 <
|z — zo| < r} C G, then the Laurent expansion of f in the annulus is

f@) = anz—2)".

Define i : C\{zo} — Cby h(z) = Zflozl a_,(z —z0)™"; h is called the principal
part of f at zo. Evidently 7 € H(C\{zo}) and h(z) — 0 as |z| — oo. Further, if I"
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isacycle and zo € C\I'*, then the series determining /2 converges uniformly on the
compact set {(z — 0 tize I'*} and, therefore,

1 0 — _
- _ _ d —_ _ _ Vld
5 =5 / Za n(@—z0)"dz = o Z; ,,/F(z 20) "dz

=a- mdr(Zo) = res(f, zo) indr(z0),

since those terms in the principal part of order greater than one have primitives on
C\{z0} and Corollary 3.6.3 applies. The sequence (a_,),eN is used to classify the
singularity of f at zp as one of three types:

(1) f has a removable singularity at zo if a_, = O for all n € N; thatis, if h = 0;
(ii) f has a pole of order m > 1 at zg ifa_,, #0anda_, = 0foralln > m;
(iii) f has an essential singularity at z if for infinitely many n € N, a_,, # 0.

Example 3.7.5
(a) Let f(2) = % (z # 0). Plainly f € H(C\{0}). Since

2

f(z)=1—§+§—~~(27é0)
and no negative powers of z appear, we see from the uniqueness of the Laurent
expansion that f has a removable singularity at 0. Since ag = 1, the singularity
can be removed by defining f(0) = 1; the extended f is thus in H(C). This
process of extension can be followed whenever a given function has a removable
singularity.
(b) Let f(2) = SIZ% (z # 0). Here f has an isolated singularity at 0; and since

f(z)=z_1—£+z——~'(z7é0),

f has a pole of order 1 at 0.

(c) Suppose f(z) = e'/ (z # 0). Since el = Z;’OO <5, there is an essential
singularity at z = 0.

(d) When f(z) = 1/sin(z™!) (z # 0, z # 1/kn for all k € Z\{0}), the function
f cannot be classified at 0 in any of the three ways given above, for it does not
have an isolated singularity at O: it has singularities at 1/ ks for all k € Z\{0}.

How can we tell the nature of an isolated singularity without going to the bother
of determining the Laurent expansion? The next two lemmas help a great deal in this
connection.

Lemma 3.7.6 Let G be an open subset of C, zo € G and f € H(G\{zo}). Then the
following statements are equivalent:
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(1) f has a removable singularity at zo;

(ii) lim,,,, f(z) exists in C;
(iii) f is bounded on B(zo, r)\{zo} for some open ball B(zo,r) C G;
(iv) 1im, 2y (z — 20) f(2) = 0.

Proof Evidently (i) = (ii) = (iii)) = (iv). To prove that (iv) implies (i), put
h(z) = (z — 20)* f (z) if z € G\{z0}, and put /i(z9) = 0. Then

W(z0) = lim (2 = 20)f(2) = 0.

by hypothesis; also, & is differentiable at each point of G\{zop}. Hence h € H(G)
and, being representable by power series in G, there is a unique sequence (d,),eN,
such that for any positive real number r such that B(zgp, r) C G,

h(z) = Zan (z —z0)"
n=0

whenever z € B(zo, 7). By Remark 3.3.9, ap = a; = 0. Define f(z9) = a»; then
f(@) =20 ansa(z — 20)" forall z € B(zo, r). O

Lemma 3.7.6 enables us to detect the presence of a removable singularity; the
next Lemma does the same for poles.

Lemma 3.7.7 Let G be an open subset of C, zo € G and f € H(G\{zo}). Then
f has a pole of order m at zq if, and only if, lim,_, ;,(z — z0)" f(z) = A for some
non-zero A € C. In this case, lim;_, 5, | f (z)| = oo.

Proof Suppose that f has a pole of order m at zg, that r € (0, c0) is such that
A={z€C:0<|z—2z0l <r} C G, and that the Laurent expansion of f in A is

fR = az—20)"+ D anz—20" a pn #0.
n=1

n=0

Then (z — z0)" f(2) = >0 ba(z — 20)" for all z € A, where by, = a, for
p > —m. By Lemma 3.7.6, (z — z9)™ f (z) has a removable singularity at z¢; also
lim;—, ;,(z — 20)" f(z) = by = a_y # 0, and so there exists ' € (0, r) such that
(2 = 20)" f@)] = L} la_ml if 0 < |z — 2| < /. Thus lim,, | f (2)| = 0.
Conversely, if lim,_, ;,(z — z0)" f(z) = A for some A € C\{0}, then by Lemma
3.7.6, (z — z0)™ f (z) has a removable singularity at zg and, in a punctured open ball
centred at zp and contained in G, is given by 280 b (z — z9)" with by # 0. Division
by (z — zo)"™ shows that f has a pole of order m at z. O

The last two lemmas show that if f has an isolated singularity at zp, then
lim,_, ., f(z) exists in C if the singularity is removable, while if it is a pole of
order m, then lim,_, ;, | f(z)| = oo. The behaviour near z( is much more exotic if
the singularity is an essential one, as the next result shows.
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Theorem 3.7.8 (The Casorati-Weierstrass theorem) Let G be an open subset of C,
let zo € G and suppose that f € H(G\{zo}). Then f has an essential singularity at
z0 If, and only if, for all v > 0 such that B(zo,r) C G, f(B(zo, r)\{zo0}) is dense in
C.

Proof Lemmas 3.7.6 and 3.7.7 establish ‘if’. Regarding ‘only if’, suppose that f
has an essential singularity at zo and that the conclusion is false. Then there exist
w e C,p > 0andr > 0 such that B(w, p) N f(B(z0,7)\{z0}) = @, that is,
|f(z) —w| > p whenever 0 < [z —z9| <r.Let A={ze€C:0< |z—20| <7}
and define g € H(A) by g(z) = (f(z)—w)~ L Evidently g has an isolated singularity
at 7o, g is zero-free in A and is bounded by p~!. Hence, by Lemma 3.7.6, it has a
removable singularity at zg. Setting g(zp) = lim,_, ., g(z), the extended function,
also denoted by g, lies in H(B(zp, r)). Note that, forall z € A,

1
f(Z)—w‘i‘%,

and therefore if g(zo) # Othen 1/g € H(B(zp, r)) and f has aremovable singularity
at zg, contrary to hypothesis. Thus g(zp) = 0. It follows, using Theorem 3.6.26, that
there is a positive integer m such that g(z) = (z — z0)"h(z) for all z € B(zo,r),
where h € H(B(zp,r)) and h(zg) # 0. Clearly, & is zero-free in B(zp, r): put
k=1/h.Then k € H(B(zo,r)) and

f@) —w=(z—2z0) "k(z)forallz € A.

Butk(z) = ZSO bp(z —zp)" for all z € B(zp, r), and by # 0. Hence f has a pole of
order m at zg, again contrary to hypothesis. The result follows. (]

This result can be strengthened: in fact, f(B(zo, r)\{zo}) is either all of C or all
of C except for one point. This is Picard’s theorem (see [16]).

We now turn our attention to the so-called residue calculus, which has far-
reaching implications. The next lemma prepares the way for a significant extension
of Cauchy’s theorem.

Lemma 3.7.9 Let G be an open subset of C and S be a subset of G which has no limit
point in G. Then G\S is open and S is at most countable. Further, if f € H(G\S),
then f has an isolated singularity at each point of S.

Proof Letz € G\S. Then there exists r > Osuchthat B(z,r) C Gand B(z,r)NS =
¢#; otherwise, z is a limit point of S in G, contradicting the hypothesis. Hence G\ S
is open. That § is at most countable is clear from the fact that each compact subset
of G contains only finitely many points of S (otherwise S would have a limit point
in G) and G has a compact exhaustion: specifically, setting aside the trivial case in
which G = C, if n € N and

K,={zeC:lzl <n}N{z e G :dist(z, C\G) > n" '},
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o
then each K, is compact, K, C K, and U7 | K, = G.
Lastly, let f € H(G\S) and zg € S. Put U = (G\S) U {z0}. Then U is open and
U\{zo} = G\S, so that f has an isolated singularity at zg. O

Theorem 3.7.10 (The residue theorem) Let G be an open set of C, S be a subset
of G with no limit point in G, f € H(G\S) and I" be a cycle in G\S which is
homologous to zero in G. Then {w € S : indp(w) # 0} is finite and

/ f(@)dz =2mi Y res(f. w)indr (w). (3.7.2)
r

weS

Proof Let U = {z € C : indr(z) = 0}. The set U is open, since it is a union
of components of C\I™*; it contains the unbounded component of C\I"*; and, by
hypothesis, C\G C U.Put K = C\U and T = {z € S :ind;(z) # 0}. Then K isa
bounded, closed and therefore compact subset of G and T C K. If T had infinitely
many points, then it would have a limit point in K and so S would have a limit point
in G. It follows that T is finite and that the right-hand side of (3.7.2) is a finite sum.

Considering the simplest case first, suppose 7 = ¢ so that ind-(w) = O for all
w € S.Then, since G\ S is open, I" is homologous to zeroin G\ S and f € H(G\S),
appeal to Theorem 3.6.32 shows that

/ f=0=2mi Zres(f, w) indr(w),
r

weS

and so (3.7.2) holds.

Now suppose that T # ) and that wy, ..., wy are its distinct elements. For
1 < j < k, let h; be the principal part of f at w;: observations immediately
following Definition 3.7.4 show that h; € H (C\{w;}) and

/ hj =2mires(f, w;)indf(w;).
r

LetG = G\(S\T); by Lemma 3.7.9, G is open. The function f — zl;zl hj defined
on G\S has a removable singularity at each point of 7" and hence has an analytic
extension, g say, defined on G. Since I" is homologous to zero in G and g € H(G),
further appeal to Theorem 3.6.32 establishes that

o= o= -5 v

Hence
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k k
/ f:Z/ hj :ZZnires(f, w;)indr(w;)
r j=1/T j=1

=2mi Y res(f, w)indp(w),

wesS
as required. O

In the rest of this section we concentrate on applications of the residue theo-
rem. Naturally, routine procedures for the determination of the residue at an isolated
singularity will be sought. Generally speaking, at poles such procedures are avail-
able; at essential singularities they are not. This accounts for the predominance of
applications of the residue theorem exclusively involving poles.

Aninstance in which the hypotheses of the residue theorem arise naturally appears
in Theorem 3.6.26 in connection with the zeros of an analytic function. Recapitu-
lating, if G is a region in C, f € H(G) and f is not identically zero in G, then
Z(f):={z € G: f(z) = 0} has no limit point in G. Further, ifa € Z(f) and m(a)
denotes the multiplicity of this zero of f, then there is a neighbourhood V of a and
a zero-free map h € H(V) such that, forall z € V, f(z) = (z — @)™ ®h(z). Hence,
for all z € V\{a},

f'@ _m@ , 1@
f@ z—a h@)’

Forz € G\Z(f), put ¥ (z) = f'(z)/f(z). Then v € H(G\Z(f)), ¥ has a pole of
order 1 ata, and res(y, a) = m(a). It follows from the residue theorem that, if y isa
circuitin G\ Z( f) whichis homologous to zeroin G, then {a € Z(f) : ind, (a) # 0}
is finite and

1 /f/(Z) . :
— dz = res(y, a) ind, (a) = m(a)ind, (a);
27i Jy, f(2) ae;(:f) s aeg(:f) ’

moreover, use of Theorem 3.6.20 shows that

1 [f@, . _
% ) mdz = 1ndfoy(0) = I’l(f oYy, 0)

Hence
indfoy (0) = > m(a)indy (a),
acZ(f)

an equality which may be used in conjunction with a suitable choice of y to determine
the number of zeros of f, counted according to multiplicity, in certain subsets of G.
Assume y chosen so that ind, (z) € {0, 1} forallz € C\y*, andlet @ = {z € C:
ind, (z) = 1} so that, in the terminology of Definition 3.4.30, €2 is the set of points
“inside” y. Then, since y is homologous to zero in G, 2 C G; also N7, the number
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of zeros of f in €2, is given by

Np= z m(a) = Z m(a)ind, (a) = ind foy (0).

acZ(f)NQ acZ(f)

These remarks establish parts (i) and (ii) of the following theorem.

Theorem 3.7.11 Let G be a region in C, f € H(G) and Z(f) # G. Let y be a
circuit in G\Z(f) which is homologous to zero in G. Then

(i) the set{a € Z(f) :indy (a) # 0} is finite and
1 [ f®

ind /o, (0) = 2_m/), e dz = a;f)m(a)indy (0),

where m(a) is the multiplicity of the zero of [ at a;

(i) ifind, (z) € {0, 1} forallz ¢ y*, Q :={z € C :ind, (2) = 1} and Ny denotes
the number of zeros of f in Q, counted according to multiplicity, then Q C G
and Ny = ind r, (0); and

(iii) (Rouché’s theorem) if in addition ¢ € H(G) and |f(z) —g)| <
| f()| forall z € y*, then Ny = Ny.

Proof Given earlier remarks, it remains to prove Rouché’s theorem. Since | f(z) —
g(@)| < |f(z)| forall z € y*, evidently Z(g) N y* = @. Hence (i) and (ii) hold with
g in place of f. It follows from Theorems 3.4.26 and 3.6.20 that

Ng =indgoy (0) =n(goy,0) =n(f oy,0) =inds., (0) = Ny. 0

Example 3.7.12 'We shall use Rouché’s theorem to prove that one root of the equation
74+ 7% + 1 = 0 lies in the first quadrant.

y
iR
TR
0 R X

The idea is to apply Theorem 3.7.11 with G = C, yg a simple, positively oriented
circuit with the track indicated above, f(z) = z* + 1, g(z) = z* + 2> + 1; the choice
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of f is dictated by the need to have a function known to have a zero in the first
quadrant and easy to compare with g. Evidently, f has a single zero at ¢/™/* in the
first quadrant and has no zeros on y if R > 1. Moreover, routine arguments similar
to those of Example 3.4.22 (iv) show that ind,,(a) = 1 for all a in the bounded
component B of C\yz: thus Q = B, as ind,, (a) = 0 for all a in the unbounded
component of C\yp.

Finally, consider f(z) — g(z) = —z>. On the non-negative real axis, where
z=x2>0,

‘—z3’ =x><1 —|—x4;

on the non-negative imaginary axis, where z =iy, y > 0,
‘—z3‘ =y <y'+1;

and on |z| = R, |-723| < | f(z)| for large enough R. Thus all the conditions of

Rouché’s theorem hold, and so Ng = Ny.

Theorem 3.7.13 (The fundamental theorem of algebra) Let p(z) = ag+ajz+-- -+
an7", where each ay is in C, n > 1 and a, # 0. Then p has exactly n roots, allowing
for multiplicities.

Proof Put f(z) = a,z" and let y be a positively oriented circle with centre 0 and
radius r so large that |p(z) — f(2)| < |f(z)| forall z € y*. Apply Theorem 3.7.11
(iii) with G = C: then N, = Ny =n. O

Theorem 3.7.14 (The open mapping theorem) Let G be a regioninC, let f € H(G)
and suppose that f is not constant on G. Then f(U) is open in C whenever U is an
open subset of G (that is, f is an open mapping), and f(G) is a region.

Proof Let U be an open subset of G and leta € U. To show that f(U) is open, it is
enough to establish that f(a) is an interior point of f(U). This is achieved below by

proving that there exists A > O such that B(f(a), A) C f(U). By Theorem 3.6.26,
there are a unique m € N and a function g € H(G), with g(a) # 0, such that

f@—fl@=z—-a)"g),z€G.

Choose r > 0 so that B(a,r)' C U and g(z) # 0if z € B(a,r). Define y :
[0,27] — Cby y(t) = a +re''. If z € y*, then plainly f(z) # f(a). Put

A =inf{|f(z) = f(@)|:ze€y™)
since y* is compact, A > 0. Let w € B(f(a), ). If z € y*, then

I(f(2) = fl@) = (f(@) —w)|=[f(a) —w| <r =|f(2) = fla)].
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Rouché’s theorem, Theorem 3.7.11 (iii), is now applicable and shows that, counting
according to multiplicity, f — w has exactly m zeros in B(a, r). Thus w is the image
under f of at least one point in B(a, r):

B(f(a),») C f(B(a,r)) C f(U).

Hence f(U) is open.
Finally, by the above, f(G) is open; by Theorem 2.4.11, it is connected. It follows
that f(G) is a region. O

Corollary 3.7.15 (The inverse function theorem) Let G be a region in C, let f €
H (G) and suppose that f is injective. Then

(1) f' is never zero in G;

(i) f~''e H(f(G)) and
FY(f@)=(f'@) ' aed.

Proof (i) To obtain a contradiction, suppose thata € G and that f’(a) = 0.Retracing
the steps in the proof of the last theorem and adopting the same notation, let U be
any neighbourhood of a in G and observe that m > 1, since f’(a) = 0. Choose
r > 0 so that it satisfies the following additional condition:

f(z) #0if z € B(a, r)\{a}.

Such a choice of r is possible because a cannot be a limit point of zeros of f': for if
a was such a limit point then, by Theorem 3.6.26, f" would be identically zero in G
and f could not be injective. Let w € B(f(a), A)\{f(a)}. The revised choice of r
ensures that the m zeros of f —w in B(a, r) are distinct: if z were such a zero of order
at least 2, then f/(z) = 0, which contradicts our choice of r. It follows that m > 1
is incompatible with the hypothesis that f is injective. Hence (i) is established.

(ii) Theorem 3.7.14 and Lemma 2.1.33 together establish the continuity of f~!:
if V is open in G, then (f~1)~!(V) = f(V) is open in f(G). Theorem 3.2.6 then
deals with its analyticity and provides the formula for its derivative. (]

Corollary 3.7.15 gives a necessary condition for an analytic map to be injective,
namely, thatits derivative is never zero. This condition is not sufficient, as the example
of the exponential function shows:

7 —> exp(z) : C — C\{0}

is not injective.

These facts notwithstanding, if at a point z a map f is analytic and its deriva-
tive is non-zero, then f is locally injective at z in the sense of being injective in a
neighbourhood of z. Although this result was proved earlier (see Corollary 3.6.30),
because of its interest we restate it below and establish it as an outcome of the proof
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of the open mapping theorem. Note that the exponential function is an example of
an analytic non-injective map which is nevertheless locally injective at each point of
its domain of definition.

Corollary 3.7.16 Let V be an open setin C,a € V, f € H(V) and f'(a) # O.
Then there exists a neighbourhood O of a such that the restriction of f to O is
injective.

Proof We again adopt the notation and retrace the steps of the proof of Theo-
rem 3.7.14, taking G to be that component of V containing a. Using the hypothesis
f'(a) # 0, it follows that m = 1. Thus each w € B(f(a), A) is the image under f
of precisely one point in B(a, r). Let

0 =B(a,r)N Y (B(f(a), V).

It is plain that & is a neighbourhood of @ and f is injective on &. O

Definition 3.7.17 Let G be an open set in C and let f and f,, (n € N) be complex-
valued mappings defined on G. The sequence ( f;,) is said to converge uniformly to
f on compact subsets of G if, for each compact set K C G and each ¢ > 0, there
exists N € N (depending on K and ¢) such that, forall z € K and alln > N,

|fn(2) = f(D)] <&

Equivalently, we require that for each compact set K C G,

nli)rgo (sulg [ fu(2) — f(z)l) =0.

Theorem 3.7.18 Let G be an open set in C and let (f,) be a sequence in H(G)
which converges uniformly to a mapping f : G — C on compact subsets of G. Then
f € H(G) and, for each k € N, the sequence ( n(k)) N converges uniformly to
ne

F% on compact subsets of G.

Proof Plainly f is continuous on G, since convergence is uniform on each closed
ball in G. Let A be a triangular circuit in G such that co A* C G. Using Cauchy’s
theorem 3.6.8 and the compactness of A*, we see that

/f(z)dz= lim / fu(2)dz = 0.
A n—o0 J A

Thus, by Morera’s theorem (Exercise 3.6.37/7), f € H(G).
Let K be a compact subset of G,
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[ ¢ .
V= Edlst(K, G)and L = {z € C : dist(z, K) < v}.

Then v > 0, L is compactand K C L C G.Fixk € Nandr,0 < r < v. Then, by
Theorem 3.6.23, for eachn € N and eacha € K,

k!
2@ = fP@)| = 7 suplful2) ~ £
™ zeL

Hence, for all n € N,

k!
sup [ £ @) = fO @] = = sup £ @) = f @)

ack " zeL

Since ( f;;) converges uniformly to f on L, it follows that ( n(k)) converges uniformly

to f® on K. |

Theorem 3.7.19 (Hurwitz’s theorem) Let G be an open set in C, let f,, € H(G)
(n € N) and suppose that (f,,) converges uniformly to f on compact subsets of G.
Suppose also that B(zg,r) C G and that f is never zero on dB(zg, r). Then there
exists N € N such that if n > N, then f,, and f have the same number of zeros in
B(zp, 7).

Proof Letmin{| f(z)| : |z — zo|l = r} = u; u > O since | f| is continuous and never
zero on the compact set d B(zo, r). For large enough n € N,

[ f(2) = i@l < 2 |f(@] if |z —z0l =1

Now use Rouché’s theorem. O

Theorem 3.7.20 Let G be a region in C, let f, € H(G) (n € N) and suppose that
(fn) converges uniformly to f on compact subsets of G. Suppose that for alln € N,
0 ¢ f.(G). Then either f is the zero function on G, or 0 ¢ f(G).

Proof Suppose that f(zp) = 0 for some zgp € G and that f is not the zero function
on G. By Theorem 3.6.26, there exists r > 0 such that B(zp, r) C G and f is never
zero on d B(zg, r). By Theorem 3.7.19, for all large enough n € N, f,, must have a
zero in B(zo, r), contrary to hypothesis. (]

Theorem 3.7.21 Let G be a region in C, let f, € H(G) (n € N) and suppose that
(fn) converges uniformly to f on compact subsets of G. If each f, is injective, then
f is either injective or constant on G.
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Proof Let zp € G and put g,(z) = f(z) — fu(z0) (n € N, z € G). Then g, is
analytic in G\{zo} and (g,) converges uniformly to f — f(zp) on compact subsets
of the connected set G\{zo}. Since g, is never zero on G\{zo}, Theorem 3.7.20
implies that f — f(zo) is either the zero function or never zero on G\{zp}. As zp is
an arbitrary point of G, the result follows. (]

A particularly striking use of the residue theorem is to evaluate definite integrals.
To help with this it is desirable to be able to calculate residues easily; the following
lemma gives a procedure for doing this.

Lemma 3.7.22 Let f € H(B(z0, p)\{z0}) have a pole of order m at zo. Then

1 ) dm—l ”
res(f, 20) = ——— lim [—{(Z—Zo) f(z)}]-

(m — 1)! z>z0 | dzm—1
In particular, if there is a pole of order 1 at zq (a simple pole), then

res(f, zo) = Zlgglo{(z —20) f (D)}

Proof The Laurent expansion of f about zg is

f@ =a_m(z—20)""+"- ~+a71(z—zo)_1+zan(z—zo)” 0 < |z — 20| < p).
n=0

Thus

@—20"f@=am+ - +a1(z—20)"" + D anz—20)""",

n=0
and hence
m—1
P {z=20"f(@} = (m = Dla_i + (z — 20)h(2),
where £ is analytic in B(zgp, p). The result follows if we let z — zp. ([l

The first definite integrals we consider are those of the type
2
I = / R(cos 8, sin6)do,
0

where (x, y) = R(x, y) is a rational function bounded on the circle x24+y2=1.
The ideais to let y : [0, 2w ] — C be the circle y (0) = ¢ and to note that

I:/R(l(z+z_l),i(z—z_l)) (iz)"'dz.
s \2 2i
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This integral can now be evaluated using the residue theorem. The procedure is
illustrated by the following example.

Example 3.7.23 Evaluate

2 1
I:/ do, where) < p < 1.
o 1 —=2pcosf + p?

Proceeding as suggested above we see that

:/—. ! dz
y il = p2)(z—p)

By Remark 3.4.31, the only pole of the integrand inside y is the simple pole atz = p
and n(y, p) = 1; by Lemma 3.7.22, the residue at p is

1 1
lim - = - -
=pi(l—pz)  i(l—p°)

Thus, since ind,, (p) = n(y, p), use of the residue theorem shows that

1 . 2n
i(l=p»  1-p?

1 =2mi -
Of course, this integral may be evaluated by traditional real-variable methods, but
the above treatment is admirably short and simple.

More complicated examples, typically involving an infinite interval of integration,
require limiting processes.

Example 3.7.24

(i) Evaluate
]
I = / i
o 1+x6
Let R > land y : [—R, R + ] — C be the circuit defined by

(5) = —R <5 <R,
vis Rexp(l(s—R)) R<s<R4+m.

This circuit was introduced and its track illustrated in Example 3.4.22 (iv);
experience shows that it is suited to the evaluation of a number of improper

Riemann integrals. The sets

={zeC:|z] < R,im z > 0}
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and
Gy:={z€C:|z| > Ror im z < 0}

are the components of C\y*, G, being the unbounded component. By Theo-
rem 3.6.21, ind,, (z) = O for all z € G2; by Remark 3.6.22 (i), ind}, (z) = 1 for
all z € G1. Evidently, y is formed of a pair of arcs, its restrictions to [—R, R]
and [R, R + =], respectively. Let n denote the first of these, and let v denote
the standard reparametrisation of the second relative to the interval [0, 7 ]:

pw(s) =s(—R <s < R); v(0) = R (0 <6 < ).

éfZLf+Lf

whenever f : y* — C is continuous.

Let f(z) = (l + z6)_l (z% # —1). The function f has six simple poles, all
roots of —1; those in G are z; = ¢'™/0 /2 73 = 71/ application
of Lemma 3.7.22 shows that

Then

22 =¢€

res(f, zx) = lim =

=z . |1+ =a+2)
lim _—
—u 14270 —=u

—1
} =1/(62}) = —z/6.

Z— %k

Hence by the residue theorem,

6 .3
—2mi
J = = 2 ] i d k) =
/Vf i k2=1 ind, (zi)res(f, zx) G > %

k=1
—z(l+2sinz)—2—n
3 6/ 3
However,
[+ fs
" v
and
R R
= d =2 d 5
/Mf /_R1+x6 * /0 14 x© *
while

T R'i@ T R
/ %de‘g/ ~—d6 >0
0 l—i—Re’ 0 R—l

[+

as R — oo. Hence
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b4 g
dx = —, andsolzg.

(i1) Evaluate

© cosmx
I:/0 x2+a2dz (m>0,a > 0).

With R > max({1, a}, take y to be the circuit of (i) above. For z # {—ia, ia} let
f(z) = €™ /(z% + a?); this choice is to be preferred when compared with the
more obvious one of (cosmz)/ (z2+4a?). Ateach of the points £ia the function
f has a simple pole; ia lies inside y, —ia lies outside and, by Lemma 3.7.22 ,

—ima

2ia

res(f,ia) =

Thus by the residue theorem,

AlsoJ = [ f+ [, f and

/f:/R exg(im?dx=2/R c;)smxzdx’
u _R X“+a 0o X“+a

while
exp(im Re'”) Re?) .,
f‘ ‘/ R200 1 g2 | ReTdE
< /77 R g—mRsiHGde
- 0 R2—a2
T
R
5/ ﬁd0—>0aSR—>oo.
0 R”—a
H
enee T R cosmx
—e_ma =J= 2 lim ﬁ
a R—o0 Jo XxX“+a
so that

0 cosmx T a
——5dx = e .
0o x“+4a 2a
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(iii) Evaluate

! /Ooxsinmxd ( 0 0)
= ———dx(a>0,m>0).
0 x2+a2

This looks very similar to the last example, but the inequality work needed is a
little more tricky.

Put f(z) = z¢!™%/(z> + a?) (z # =+ia) and take y to be as in (ii) above. The
function f has a simple pole at ia inside y and res(f, ia) = %e""“ ; the other
pole at —ia is outside y. Thus by the residue theorem,

J :=/f:m’e_m“.
%

As before,
J=/f+/ﬁ
n v
and R . R
xelmx . x sinmx
/f:/ ﬁdxzh/ ﬁd-xs
“ _rRX“+a 0 X“+a
while
p2 2i0 i6 2
/f _| [T iR exp(lmRe’) » S/” R —mrsin6 gy
) R2¢2i0 1 42 o R%Z—a2

This time it is not enough to estimate e X 5"? from above by 1; instead, we
observe that
m . /2 .
/ e—mR sin Hdg — 2/ e—mR sin Gde
0 0

and make use of the inequality

2 sin & . T
—<—<1if0<0 < —.
b/ 0 2
This shows that
/2 —2mR nR R
f’_ﬁ/{) exp( . 9)d9=m(l—em)—>0

as R — oo. Hence

. Ry sinmx T
im ——dx = —e ;
R— J x24+a? 2
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(iv)

thatis, I = Ze™"“.

This result leads easily to the evaluation of fooo Si%d)c: by Remark 1.6.13, this
exists as an improper Riemann integral. Use of the inequality |(sinx)/x| < 1

(x > 0) shows that, for any R > 0,

R g R R R
/ );Slnxzdx—/ MY y| = a2 / 7;1“)6 Fodx Saz/ ——dx
0 X“+4a 0 X 0 x(x=+a”) 0 x“+a

=atan"'(R/a) < 7a/2.

T, * sinx
—e ¢ — dx
2 0 X

for each a > 0, from which it follows, on letting a — 0, that
/  sin x b4
dx = —.
0 X 2

o
I:/ Sln$a’x(a>0,m>0).
0 x(xZ4a?)

Hence

<ma/2

Evaluate

This problem admits a choice of method. One such is to use the function z —
(e"’”Z - 1) /{z(z%+a?)}, which has a removable singularity at 0, in conjunction
with the circuit y adopted in parts (i), (ii) and (iii). Another is to use the slightly
simpler function z — €%/ {z(z2+a?)}, witha pole at 0, in combination with
a slightly more complicated circuit. For variety, we choose the latter method.
Forz # 0,z # %ialet f(z) = €™ /{z(z> +a?)}. Since y cannot be used with
f because 0 € y* and f has a pole at this point, a semicircular detour about
the origin is introduced: in place of y we use the circuito : [-R, R+ 7] — C
defined by

S, —R <s < —¢,
o(s) = | £exP (F(—s/e)), —e <5 <&,
S, e <s5s <R,
Rexp(i(s — R)), R<s<R+m,
where 0 < ¢ < r := %min{l,a} and max{1, a} < R < oo. This circuit was

introduced in Remark 3.6.22 (ii) where its track is portrayed. By Remark 3.6.22
(ii), ia lies inside o and ind, (ia) = 1; evidently, —ia and O lie outside . Since
f has a simple pole at each of the points +ia and 0, and since res(f, ia) =
—e™™4 /(2a?), appeal to the residue theorem shows that
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/Uf = —ime " /a.

Suppose that o1, 02, 03, 04 are the restrictions of o to[— R, —¢], [—¢, €], [¢, R],
[R, R + m] respectively. Then

\
/af=k§ s

Proceeding as in earlier parts of this example it follows easily that

R sinmx
f+/ f= Zi/ ———dx
/01 o3 e x(x2+a?)

Since f has a simple pole at z = 0 and res(f, 0) = a2, use of Corollary 3.7.3
shows that f(z) = a2z7! + g(2) (0 < |z| < a), where g € H(B(0, a)). Let
M = sup{|g(z)| : |z| < r}. Then

/f—a/ ‘dz+/

ds+

a2 o

and
/ gl <Mne— 0ase — 0.
0
Hence
/ f— —i7t/a2 ase — 0,
(%)
and so

R
2i/ sinmx _ /f———e ma
0 x(x? +02)

for all R > max{l, a}. But
—mRsin9
0 R? —

— 0as R — oo.

~do <m(R* —a*)!

[o=1
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We conclude that
I=2 (1.

(v) Evaluate

00 xk—l
I:/ dx, where 0 < A < 1.
0 1+x

The existence of I as an improper Riemann integral follows from Exer-
cise 1.6.15/4(a), based on Example 1.6.8. However, its evaluation presents dif-
ficulties not previously encountered: no branch of z*~! /(1 + z) is analytic in
any neighbourhood of the origin and there is a pole on the negative real axis.
To resolve these difficulties, the method adopted here involves the use of a pair
of circuits whose tracks have line-segment overlap; the circuits are a trifle more
complicated than those used earlier.

oy

*

My
Let0 <e <1 < R <oo.Let up (k=1,2,3,4) be arcs defined by

w1(s) = Rexp3smi/4), na(s) = {R(1 —s) + es}exp(B3mi/4),
u3(s) = eexp {3(1 — s)mi/4}, pa(s) = e(l —s) + Rs
for each s € [0, 1], and let i : [0, 4] — C be the simple circuit given by

ws)=urs—k+1),k—1<s<k,kef{l 23,4}

Clearly, C\u* has a single bounded component; u* is illustrated above.

Let f(z) = (2" Y2/(1 +2) (z € D(x)). Since f € H(D(x)) and p is
homologous to 0 in D (), change of variable and appeal to the global version
of Cauchy’s theorem shows that

4
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For each s € [0, 1] let

v1(s) = Rexp{(3 + 5s)mi/4}, v2(s) = R(1 —s5) + ¢s,
v3(s) = eexp {(8 — Ss)mi/4}, va(s) = {e(l —s) + Rs}exp(3m i/4),

and let v : [0, 4] — C be defined by
v(is) = —k+1),k—1<s<k,ke{l, 2,3, 4}.

Evidently, v is a simple circuit; the figure above depicts v*, its track. The
sense of traverse of v* is such that the bounded component of C\v* is on its
left. We show that, whenever z lies in this bounded component, ind, (z) = 1.
Identifying index and winding number, the method used is modelled on that
given in Example 3.4.22 (iv).

Let p be the restriction of v to [1,4], let w; = R + i and
wy = 27V2R(~1 +i) +i. Since ¢ := (3 —arg) o (p + i) and ¥ :=
(% — arg) o (v1 +1i) are continuous arguments of p +i and vy 4 i respectively,

n(v, —i) =n(p, —i) + n(vy, —i)

1
=5 {p@® - +y (1) —yO)} =1,
v/

because
) — 3 (7 _ w1
(1) = (—2 —arg) (wn) = (5 —arg) (wn) = (D)

and

T

o) — 3n _5 ) 0
¢()_(7—arg)(w2)— n+(5—arg)(wz)— 7w + ¥ (0).
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Use of Theorems 3.6.20 and 3.4.27 shows that, for all z in the bounded com-
ponent of C\v*,
ind,(z) =n(v,z) = 1.

Letg(z) = (Zkfl)sn/z/(l +2) (z € D(57/2)\{—1}). Since ind,(—1) = 1 and
res(g, —1) = e!m*=D yse of Theorem 3.5.2 (v) and the residue theorem shows

that
4
Z/ g =/g=2m’e"”@_l).
k=1 Vk v

Note that u, and vy are opposite arcs and that, for all z € w3 = v},
(7 — arg)(z) = 3m/4 = (57” _ arg) (2) and f(2) = g(2). In defining g,

the choice of the 5T’T—branch of z*~! is motivated by the fact that it coincides
with the 7 —branch on u3 = v} and that therefore 8= i) P f. It follows,

adding fﬂ fto [ g, that
/ f+/ g )+ / f+/ g)+ / f+/ g | =2mie™ .
My V1 Hy V) s v3

Now, elementary manipulation shows that

) R xA—l
/ f+/ g = (1 _eZ)JTl)/ dx,
Iy v e 1+x

2

and that a positive real number M exists such that for0 <& < 1/2and R > 2,

J AUl v |

Hence, letting ¢ — 0 and R — 00, we see that

£+ < MR, < M.

S+

1 3

ET e . imh
(1 —eh) o dx = —2mie'™”,
0 X

and conclude that
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3.7.1 Partial Fraction Decompositions

To conclude this section we indicate how the residue calculus may be used to derive
expansions for various functions, expansions which enable us to determine the sums
of certain celebrated series. We begin with the standard partial fraction expansion
for a rational function.

Let r(z) = p(z)/q(z) be a rational function (the quotient of two polynomials
without a common zero). Without loss of generality we may assume that the degree
of pisless than that of g, for the general case may be reduced to this by long division.
This implies that lim ;| o 7(z) = 0. Let

q() =colz —a)™ ... (z —a))™,

where o1, ..., a are the distinct poles of . Suppose that the principal part of r at

oy 1S
mg

(@) => b e—a™ k=1....5).

=1

Then

my—1

_h® —
(mp — Db, Zlggk dom T

{G=a)™r@} ¢=1,....mp).

The function r — hy has a removable singularity at o ; clearly Ay is analytic at each
oj with j # k. Hence g := r — >3, hy may be extended to be analytic in C. We
claim that g is bounded. For since r(z) — 0 and hx(z) — 0 as |z] — o0, g(z) — 0
as |z] — oo. Thus by Liouville’s theorem, g is constant, the constant being 0 as
g(z) = 0O as |z] — oo. Hence

s mg
r@ = > b /-,

k=1 I=1

an equality which exhibits the rational function r as a sum of its principal parts, the
usual partial fraction expansion for r in C.

It is natural to ask whether similar expansions can be obtained for non-rational
functions, functions with possibly an infinite number of isolated singularities. There
are general theorems to this effect: see the treatment of Mittag-Leffler expansions
given in [16]. Here we merely give a specific example to illustrate what may be
achieved.

Let S = Z\{0} and let f : C\S — C be defined by

f(z) =z 2(rzeotwz — 1) if z € C\Z, f(0) = —72/3.
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Then f € H(C\S); also, S is the set of isolated singularities of f and each of these
is a simple pole.
Let y : [—2, 2] — C be the circuit defined by

3425 —i, —2<s<-1,
)= ] 1Hid+25), —1<5<0,
V=125 414, 0<s<I,

—14+i(3—-25), 1<s<2,

and, for k € N, let yx = (k + 1/2)y. The track of y; is the square whose vertices
are the points (k + 1/2)(x1 % i). Example 3.4.22 (ii) shows that n(y,0) = 1 and
n(y,2i) = 0, and from Theorems 3.4.23, 3.4.27 and 3.6.20 it follows that

. _ |1 if max{lrez|, |imz|} < k+1/2,
indy, () =12 =10 if max{jrez|, imz|} > k + 1/2.

Ifz e yk* and |re z| = k + 1/2 then, for some t € R, z = +(k 4+ 1/2) + it and

cos?(k + 1/2) + sinh? 7t

— — — tanh? 7t <1;
sin“(k + 1/2)m + sinh” 7t

lcot rz|? =

moreover, if z € y,j and [imz| = k 4 1/2 then, forsomet € R,z =1 £ (k + 1/2)i
and

cos? wrt + sinh®(k + 1/2)7 L+ sinh?(k + 1/2)7
sin? ¢ 4+ sinh?(k + 1/2)mr ~  sinh?(k + 1/2)m

|cotzrz|2 = = cothz(k +1/2)m

< coth? (/2)

(coth is a decreasing function on (0, c0) bounded below by 1). Thus for all z €
and all k € N,

If ()] <k”! (JT coth% + 1) .
Now let K be a non-empty, bounded subset of C\S and choose M € N so large

that K C B(0, M).Letz € K and put F(w) = (w -2 f(w) (w e C\S, w # 2).
At the point z and at each point of S, F has a simple pole; moreover

res(F, z) = 1}}1212 fw) = f(2),

and foreach k € S,

res(F, k) = limk(w —k)F(w) = lim (w —k) (T[w COS T W _ 1)

wok w2(w — z) sin T w



266 3 Complex Analysis

. (w —k) 7w cos Tk COS T W
= lim - —
w—k w2(w — z) sin 7w (w — k)

m(w—k) cosmkcosmw 1

= lim — . = .
w—k sin(w — k) w(w — z) k(k —2)
By the residue theorem, for all m > M,
—1

“ 1 1
‘f(ZHgk(k—z)Jrk_z Kk —2)

=—m

;/ F'=;/ f(w)dw'
2mi Y 2mi v W—2

(mcothZ + 1) (8m + 4)
<
- 2aem(m — M)

Thus, given any ¢ > 0, there exists my € N such that for all z € K,

o2
‘f(z) +2 o
k=1

< eifm > my.

It follows that the sequence (—2 > #) converges uniformly to f on any
bounded subset of C which does not contain a pole of f. In particular,

for all z € C\Z,

Tcotmz 1 ad
f@==— '—Z—zzz

2 _ 12
P k
and , -
T 2
fO=-F=->15
k=1
so that
i 1 72
2 a
= k 6
Exercise 3.7.25

1. Describe the kind of singularity at O for each of the following functions:
(a) z73sin? z, (b) 272 — cosec?z, (c) sin(z) sin(1/z).

2. Find res(f; ) in the following cases:
@ f@) = +2+ DL a=e3;(b) f(z) =z 2cotz, a = 0;
(©) f(z) = >+ D 2exp(iz), a = i3 (d) f(z) = 2P exp(1/z), @ = 0.

3. Find the Laurent expansions which represent the function
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f@) =0+ (z e C\[—i,i))
in the following annuli:
@){zeC:0< |zl <1}, {zeC:|z] >1},(){zeC:0< |z —1i] <2}

What kind of singularity does f have ati?

Find res(f; i) and use contour integration to evaluate
o0
/ (1 + > 2dr.
0
4. Use the method of residues to show that
2
1
(0 / ——do=".
o S543cosé 2

i) /2” 1 " 2ra 0<b<a
ii = < b < a),
o (a+bcosh)? (a% — b2)3/2

(iii) / 7 cosdd o _ 2mp’ O<p<l
o 1—2pcos@+p2  — 1-—p? P ’
, T
) /o P>+ 2o’ = p(l 4 pHl/2 »=0
5. Show that
(i) /w;dle (@ > 0)
0o x2+a? 2a ’
(ii) / R N S
x4 +at 24243 '
cos mx (1 + ma)e ™
(iii) / (x —|—a2)2 _ +4a3) (a>0,m>0),
x3 sinmx 71(2 — ma)e "¢
@iv) / 2 —|—a2)2 = 1 (a>0,m > 0).

[The circuit introduced for Example 3.7.24 (i) may be used in each case.]
6. Show that

(i) / logx dx = Zloga (a>0),
2a
logx __z
(i) / =
(i) /°° (log)c)2 o
111 x2+1 = ] .

[The circuit introduced for Example 3.7.24 (iv) may be used in each case.]

7. Show that
/°° sin x 2d o
0 X T 2 '
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8.

9.

10.
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[Hint: consider the integral of 7721 — exp(2iz)) over the circuit introduced in
Example 3.7.24 (iv).]
Prove that

00 XZA—I T
dx = —cosec(A) (0 < A < 1),
0 1 —|—x2 2

and deduce that

oo x)ﬁl
/ dx = mcosec(Ar) (0 < A < 1).
o l4+x

[Cf. Example 3.7.24 (v).]
Suppose that 1 < R < oo and let y, : [0, 1] = C (k = 1, 2, 3) be arcs defined
by

y1(s) = Rs, y2(s) = Rexp(2mwsi/5), y3(s) = R(1 — 5) exp(27i/5).

By integrating z/(1 + z°) over a simple circuit formed from the yg, suitably
reparametrised, show that

/°° X di — T
0 14077 5sinr/5)
Suppose that) < R < coand A = exp(in/4).Letoyq, ..., o4 be arcs defined by

o1(s) =s —AR(—1/2 <s <1/2),00(s) = 1/2+ As(—R < s < R),
03(8) = =5 +AR(—1/2 <5 < 1/2),04(s) = —1/2 = As(=R < s < R),

and let f € H(C\Z) be given by
f(z) = exp(inz?)cosec(z).

Prove that if k € {1, 3} then

2
/ f’ < Y2 kD),
ox 7R
while if k € {2, 4} then

R
/f=2i/ exp(—nsz)ds.
ok 0

Further, by integrating f over a simple circuit whose track is a parallelogram
with vertices :I:% + AR, deduce that
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11.

12.

13.

14.
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/ exp(—sz)ds = ﬁ
0 2

[Cf. Example 2.3.32.]
Suppose that 0 < R < oo, let f(z) = exp(iz®) (z € C) and let o : [0, 3] — C
be the simple circuit given by
Rs, 0<s=1,
o(s) =1 Rexp(in(s —1)/4), 1 <5 <2,
R(3 —s)exp(in/4), 2 <s <3.

Show that [ f = 0and, given that [;~ exp(—x?)dx = /7 /2, deduce that

© o 1 |m
/ cos(xz)dx = / sin(xz)dx = —\/j.
0 0 2

Suppose that) < R <ocoand0 < ¢ <m.Lety, :[0,1] > C(k=1,2,3) be
arcs defined by

y1(s) = Rs, ya(s) = Rexp(igs), y3(s) = R(1 — s) exp(i9).

Let f(z) = (iz)"'(exp(iz) — 1) (z # 0), f(0) = 1. By integrating f over a
simple circuit formed from the y; suitably reparametrised, show that

/oo 1! exp(—t sin ¢) sin(t cos p)dt = %n — .
0

Deduce that if @ and b are real and positive,

/oo e sin bx dx = ln —tan~! (C—l)
0 X 2 b

Leta, A and R be positive real numbers. By integrating the function e!*% /(cosh z+
cosha) over a circuit whose track is composed of the segments [—R, R],
[R, R+ 2mi], [R+ 2mi, —R + 2mi] and [— R + 2mi, —R], show that

/ o COS At . 7 sin Aa
o cosht+cosha  sinhmisinha’

Letn € Nand 0 < o < 7. Prove that the residue of the function (z2 —2z cos a« +
1)~2 exp(inz) at the pole which lies in the upper half plane is —i A exp(in cos ),

where ) )
_ (1 4+ nsina) exp(—n sin &)

4gin’
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15.

16.
17.

18.

19.
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Hence show that, if o # 7 /2, then

X =
x4 —2x2cos2a + 1)2 4cosa

/°° x(x2 + 1) sinnx 7T A sin(n cos o)
o ( '

Find the value of the integral in the excluded case.
Let o € C\{0}. Prove that

expla(z+27")) = a0+ D a(@" +27") (z € C\{0D),

n=1

where the a, are given by

1 [7 ad a2
a, = —/ exp(2a cos 6) cos nfdo = o Z _—
7 Jo i+ LY

Show also that

exp(a(z —z ")) =bo+ D b + (-2 (z € C\{0D),

n=1
where the b, are given by
1 b4 o0 —1 J o2
b, = —/ cos(nf — 2a sin0)do = o" Z &
T Jo =0 (n+ P!

Prove that all the solutions of 72+ (14i)z—16 = Olieinthe annulus 1 < |z| < 2.
Use Rouché’s theorem to show that, if n € N and |«| > e, then az"” = e° has,
counted according to multiplicity, exactly n zeros in the disk |z| < 1.
Let A > 1. Show that the equation A — z — ¢~% = 0 has exactly one solution in
the right half-plane, and that this solution lies in B(}, 1) and is real.
Prove that

2z
Z2 — k2

] o0
mecosecmz = — + —1k
- k;( )

(z € C\2),

and show also that
j.[2 0 (— 1)k+l

—
12 o k
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3.8 Simply-Connected Regions: The Riemann Mapping Theorem

Throughout this section we shall assume that G is aregion in C. From Remark 3.6.33
(iii) and Corollary 3.6.36, it is known that, if G is simply-connected, then every
f € H(G) has a primitive in G. The objective of this section is to establish the
converse; namely, if every f € H(G) has a primitive in G, then G is simply-
connected. In pursuit of that objective, celebrated results, notably Montel’s theorem
and the Riemann mapping theorem, are obtained as intermediate steps.

Definition 3.8.1 A family of functions .# C H(G) is said to be bounded in a
subset S of G if there exists a real number M > 0 such that, for all f € .#,

[fls :==sup|f(2) =M.

zeS

The family .7 is said to be locally bounded in G if, given any point in G, .# is
bounded in a neighbourhood of that point.

Remark 3.8.2 Let % C H(G). Itis elementary, and left to the reader, to verify that
the three statements which follow are equivalent:

(a) Z is locally bounded in G.
(b) .% is bounded in every compact subset of G.
(c) .7 is bounded in every open ball with closure contained in G.

A useful variant of (c) is based on the observation that, given any ball B(a, r)
such that B(a, r) C G, there exists a ball B(c, s) with centre ¢ having rational real
and imaginary parts and rational radius s, such that

B(a,r) C B(c,s) C B(c,s) CG.

It follows that (a), (b) and (c) above are equivalent to
(d) % is bounded in every open ball B(z, R) with B(z, R) C G and re(z), im(z) and
R all rational.

Evidently, the family of balls described in statement (d) is countable.

Lemma 3.8.3 Let % C H(G) be locally bounded in G. Then . is equicontinuous
at each point of G: given any a € G and any € > 0, there exists § > 0 such that, for
all z € B(a, $),

sup | f(z) = f(a)| <e.
feF

Proof Let r > 0 be chosen so that B(a,2r) C G, and let y(¢t) = a + 2relt
(0 <t < 2m). Use of the Cauchy integral formula (Theorem 3.6.15) shows that, for
all f € % andall z € B(a,r),
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1 1 1 _(z—a) f )
f(z)—f(a)—%/[;—m}f(é)dé— — /@ dz.
Y Y

—2)(¢ —a)

Thus, appealing to Theorem 3.5.10, for all such f and z,

5@ - f@l = 2= g

since |(¢ — 2)(¢ — a)| > 2r? whenever ¢ € y*. As .Z is locally bounded,

M =1+ sup |f|m < 00.
feF

Hence, for all z € B(a, r),

sup | f(z) — f@| < Mlz—al/r,
fe7

from which the result follows immediately: put 6 = r min{l1, ¢/ M}. ]

Definition 3.8.4 A family .# C H(G) is called normal if every sequence of
functions in .# has a subsequence which converges uniformly on each compact
subset of G.

Note that it is not required that the limit function of the subsequence belongs
to .#. Nevertheless, in view of Theorem 3.7.18, this limit function does belong to
H(G).

Theorem 3.8.5 (Montel’s theorem ) A family % C H(G) is normal if and only if it
is locally bounded.

Proof To obtain a contradiction, suppose that .# C H (G) is normal and not locally
bounded. Then there is a compact set K C G such thatsup ;. & | f|g = o0 and, in
consequence, a sequence (f) in .# such that

|fulg = n(n €N).

Since .# is normal, there exists f € H(G) and a subsequence ( f;,(n)) of (f,) which
converges uniformly to f on K:

nliiroloifm(n) - f|K =0
But foralln € N,

n<mm) < | fuwl|x < 1flk + | Fnoy — flg -

and so | f|g = oo, which is impossible.
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It remains to show that if .% is locally bounded, then it is normal. Let (f;) be a
sequence of functions in .% and let {B jiiJ€ N} be the family of all open balls with
closures contained in G, with centres having rational real and imaginary parts, and
with rational radii. By Lemma 3.8.3, .% is equicontinuous at each point of G and is
therefore equicontinuous on each B_J As (f,) is uniformly bounded on By, it follows
from the Arzela-Ascoli theorem (Theorem 2.3.22) that ( f,,) has a subsequence that is
uniformly convergent on Bj. (We note that while Lemma 2.3.21 and Theorem 2.3.22
are stated and proved for real-valued functions only, extension to the complex case is
elementary since the proofs are formally identical.) We now apply the same argument
to this subsequence, considered this time on B;. Proceeding in this way, we see from
the Cantor diagonalisation technique that ( f;,) has a subsequence that is uniformly
convergent on each B;. Since every compact subset K of G can be covered by a
finite collection of the B, it follows that this subsequence is uniformly convergent
on each such K. Hence .% is normal. (]

Theorem 3.8.6 (Schwarz’s lemma) Let B = B(0, 1) and » € C. Let f € H(B) be
such that f(B) C B, f(0) = 0and f'(0) = A. Then

1) Al <1land
| f(@] <zl (z € B).

(1) |A| = 1 if and only if there exists zo € B\{0} such that | f (zo)| = |zol; further,
in either event,
f(z) = Az (z € B).

Proof (i) Let g : B — C be given by

g(x) =z f(2)ifz # 0; g(0) = A.

Evidently g is continuous; moreover, it is analytic in B\{0}. Hence, using Theo-
rem 3.6.9 and the remarks following it, g € H(B).Let0 < r < 1. Since f(B) C B,
application of Theorem 3.6.28 (the maximum modulus theorem) shows that, for all
z € B(,r),

lg@)| < sup lgw)| <r".

[w|=r
Letting r — 1—, it follows that

Ig(x)| = 1(z € B).

Hence |A| < 1 and

|f(@)] <zl (z € B).

(ii) Suppose that |g(w)| = 1 for some w € B. Then |g| has a local maximum in B
and, since Theorem 3.6.28 applies, g is a constant mapping. Hence |A| = |g(0)| =1
implies that, for all z € B, |g(z)] = 1 and therefore | f(z)| = |z]|; alternatively,



274 3 Complex Analysis

| f(zo)l = l|zol for some zo € B\{0} implies that 1 = |g(z0)| = |g(0)] = [A]. In
either event, g(z) = g(0) = X (z € B) and so

O
f(z) =iz (z € B).

Definition 3.8.7 Let G be a region in C. An analytic bijective map f : G — G is
called an automorphism of G.

Note that by Corollary 3.7.15, the inverse f ! of such amap f belongs to H(G).

Lemma 3.8.8 Leta € C, |a| < 1, and let ¢ : B = B(0, 1) — B be given by
$u(x) = (2 — )@z — 1)~

Then ¢q is an automorphism of B.

Proof Evidently ¢, € H(B).If z € B, then
oz — 117 — |z —al* = (1 — a|))(1 — |z} > 0,

and so |¢y(z)| < 1. Hence ¢4 (B) C B. Routine calculation shows that ¢ (¢4 (z)) =
z (z € B), which means that ¢, is its own inverse. O

We now show that up to rotations, the maps ¢, are the sole automorphisms of B:
by a rotation is meant a map of the form z — ¢'’z, where t € R.

Theorem 3.8.9 Let f : B — B be an automorphism of B and let o« = f~1(0).
Then there is a real number t such that

f@) =e€"9a(2) (z € B),
where ¢, is defined as in the last lemma.

Proof Let h := f o ¢y; h is an automorphism of B and 4(0) = 0. The first part of
the Schwarz lemma applies to both 4 and A~!. Thus, for all z € B,

1] < |2l and |h~'@)] < lal,

so that
|h(2)| = lz| (z € B).

By the second part of Schwarz’s lemma, there is a real number ¢ such that 4 (z) = '’z
(z € B). Hence

f(2) = h(¢a(2)) = "' ¢a(2) (z € B). 0
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Lemma 3.8.10 Leta, B € C, |a| < 1, |B| < 1 and let ¢y, ¢ be automorphisms of
B defined as in Lemma 3.8.8. Let j : B — B be given by j(z) = z°, and let ¥ be
defined on B by W = ¢q o j o ¢g. Then |¥'(0)| < 1.

Proof Clearly ¥ € H(B) and ¥ (B) C B; also, since j is not injective, neither
is Y. Put y = ¥(0) and let ¢, be the automorphism of B given by ¢, (z) =
(z—y)Fz—1)"" (z € B).Set f = ¢, oW. Then f € H(B), f(B) C B and
f(0) = 0. Application of the Schwarz lemma to f gives

[0, e' O] < 1.
and routine calculation shows that
6,00 = -y,

Hence
'O <1-lyP <L

If |lI//(0)| = 1, then ¥(0) = y = 0 and, by the Schwarz lemma, ¥ has the form
¥(z) = Az, where |A| = 1. But ¥ is not injective and so cannot have this form. Thus
&' ()] < 1. 0

Definition 3.8.11 A region G in C is said to have the square root property if each
zero-free f € H(G) has a square root; that is, there exists g € H(G) such that

g’ =f
Lemma 3.8.12 Let G have the square root property and suppose that G # C. Then
there is an injective map g € H(G) such that g(G) C B.

Proof Leta € C\G. By hypothesis, there exists 7 € H(G) such that W (z)=z—a
(z € G); plainly, A is injective. By the open mapping theorem, #(G) contains an
open ball B(c, r). Since h is zero-free, evidently 0 ¢ B(c, r).

Let w € B(—c, r). We show that w ¢ h(G). To obtain a contradiction, suppose
that z € G and h(z) = w. Since —w € B(c,r) C h(G), there exists 71 € G
such that —w = h(z;). The equality h%(z) = h*(z;) shows that z = zj, that
w = h(z) = h(z1) = —w, and that w = 0. But 0 ¢ B(c,r) and we have a
contradiction. It follows that B(—c, ) Nh(G) = @: forallz € G, |h(z) +c¢| > r.

For 0 < |v| < 1, define g, : G — C by

gu(@) =vr(h@) +o)7".
Then g, € H(G), gy isinjectiveand g,(G) C B.Evidently, any g, has the properties

desired of g. (I

Lemma 3.8.13 Let G have the square root property and suppose that G # C. Let
% = {f € H(G) : f is injective and f(G) C B}. Suppose that zo € G, g € U
and g(G) # B. Then there exists [ € % such that |g’(zg)| < |f’(zg)|.
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Proof Leta € B\g(G) and let ¢, be the automorphism of B given by
$u(z) = @z — 1) (z—a)(z € B).

Evidently ¢, 0 g € H(G) and, since g(z) # « (z € G), ¢, o g is zero-free. Hence
there exists 4 € H(G) such that

h2=¢aog.

As both ¢, and g are injective, so also is &; further, 1(G) C B, since h2(G) C B.
It follows that h € % .

Put B = h(zp). With ¢4 defined in the obvious way, let f = ¢4 o h: note that
f e and f(z0) = 0. With j : B — B givenby j(z) = z° (z € B),

g=¢uoh’ =doo(pgof)? =(puojodp)of=Wolf,
where ¥ = ¢y o j o ¢g. It follows that

§'(z0) = ¥'(f (20) f'(z0) = ¥'(0) f'(z0).

Now, by Lemma 3.8.10, |l1/’ (O)| < 1. Thus, since g is injective and therefore, by
Corollary 3.7.15, g’ (z0) # 0,

18'zo)| < |/ (z0)] - 0

Theorem 3.8.14 (The Riemann mapping theorem) Let G have the square root prop-
erty and suppose that G # C. Then G is analytically isomorphic to B in the sense
that there exists an analytic injective map g of G onto B (Corollary 3.7.15, the inverse
function theorem, shows that g~' € H(B)).

Proof Lemma 3.8.12 ensures the existence of an analytic injective map of G into B.
Let v be such a map. Let zo € G and put o = |v/(10) ; by Corollary 3.7.15, « > 0.
Let

¥ ={f € H(G) : f isinjective, f(G) C Band |f'(z0)| = a};
¥V # (), since v € 7. We establish below that there exists g € ¥ such that

|8'(z0)| = sup | f'(z0)|. (3.8.1)
fev

This fact accepted, then g(G) = B. For otherwise, by Lemma 3.8.13, there exists an
analytic injective map /& of G into B such that

| (z0)| > |8'(z0)| = e
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But this implies that 4 € ¥, in which event

|g'(z0)| = |h(z0)

)

a contradiction. It follows that G and B are analytically isomorphic, as required.

It remains to prove (3.8.1). Since the family ¥ is bounded and therefore locally
bounded in G, by Montel’s theorem, 7 is normal. Hence the set {’ Vi (z())’ cfev}
is bounded: otherwise, there exists a sequence (f,) in ¥ such that | I (zg)| >n
(n € N) and so, using Theorem 3.7.18, no subsequence of either (f)) or (f,)
converges uniformly on compact subsets of G. Let A = sup .y | Vi (zo)| and let
(gn) be a sequence in ¥ such that

|gn(z0)| — A.

The sequence (g,) has a subsequence, itself labelled (g,) for convenience, which
converges uniformly on compact subsets of G. Let g be its limit function. By The-
orem 3.7.18, g € H(G) and (g,,) converges uniformly to g’ on compact subsets of
G. Hence

|1 (z0)| = |¢'(z0)|

and so A = |g'(z0)|. Further, since [g,(z)| < 1 (z € G,n € N) and |g},(z0)| > «
(n € N), it follows that g(G) C B and |g'(z0)| = . As |g/(z0)| # 0, g is not
constant. Hence, by Theorem 3.7.14 (the open mapping theorem), g(G) C B; also,
by Theorem 3.7.21, g is injective. Summarising, g € ¥ and

|8'(z0)| = sup [ f"(z0)] - O
fev
Theorem 3.8.15 Let G be a region in C. The following statements are equivalent:
(1) G is simply-connected.
(ii) ind, (z) = 0 for all z € C\G and all circuits y in G;
(iii) fy f =0forall f € H(G) and all circuits y in G;
@iv) every f € H(G) has a primitive on G;
(v) every zero-free f € H(G) has an analytic logarithm on G;
(vi) every zero-free f € H(G) has an analytic square root on G;
(vii) either G = C or G is analytically isomorphic to B;
(viii) G is homeomorphic to B.

Proof (1)==(ii)

Given (i), since every closed path in G is null-homotopic, Proposition 3.4.24
and Theorem 3.4.28 show that, whenever z € C\G and y is a closed path in G,
n(y, z) = 0; if in addition, y is a circuit in G, Theorem 3.6.20 identifies n(y, z) and
indy (z). The validity of (ii) follows.

(il)=(iii)

This follows from Theorem 3.6.32, the global form of Cauchy’s theorem.

(iil)==(iv)
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This is immediate from Theorem 3.6.2, the fundamental theorem of contour inte-

gration.
(iv)=()

This is a consequence of Theorem 3.6.17.
V)=(vi)

Let f € H(G),0 ¢ f(G). Since (v) holds, there exists g € H(G) such that
exp(g) = f. Set h = exp(g/2). Then h € H(G) and h> = f: thus / is an analytic
square root of f.

(vi)==(vii)

This is the Riemann mapping theorem, Theorem 3.8.14.
(vil)=>(viii)

C and B are homeomorphic: an explicit homeomorphism is given by

z— (14+1z)~'z: C - B.

When G # C, the result is plain.
(vill)=(1)

By Theorem 2.4.23, G is path-connected. Let f : G — B be a homeomorphism,
let y : [0, 1] = G be a closed pathin G and let zo = f~!(0). Themap f oy isa
path in B which is freely homotopic to the constant path s —— 0 : [0, 1] — B under
H :[0,1] x [0, 1] — B givenby H(s, 1) = (1 — Df(y(s).Let H= f'oH.It
is trivial to verify that H is a homotopy between y and the constant path s — z :
[0, 1] — G. Thus G is simply-connected. O

Asaconsequence of Theorem 3.8.15 it follows that every simply-connected region
G # Cin Cis analytically isomorphic to the unit disc B(0, 1). This assertion is often
referred to in the literature as the Riemann mapping theorem. We refer to the books
by Burckel [3] and Remmert [13] for historical discussion of this famous result.
Theorem 3.8.15 is extraordinary because of the equivalence it establishes between
different kinds of properties: analytic ((ii), (iii), (iv), (v), (vii)), topological ((i), (viii))
and algebraic (vi). It has exceptional aesthetic appeal.

3.9 The Jordan Curve Theorem

The famous Jordan curve theorem (briefly mentioned in Remark 3.4.31) states that
if y is a simple closed path in C, then C\y* has exactly two connected components,
# and O, the first of these is bounded and is called the inside of y, while & is
unbounded and referred to as the outside of y. Moreover, y* is the boundary of
each of these components; the winding number n(y, z) is zero for all z € & ; either
n(y,z) = 1forall z € . or n(y,z) = —1 for all z € .. While this is immediate
for such elementary paths as circles, nevertheless to establish it as stated is by no
means a trivial matter, even though it may appear intuitively obvious. We refer to
Burckel’s book [3], and the references given there, for accounts of the history of



3.9 The Jordan Curve Theorem 279

this theorem. Over the years many proofs have been devised, largely falling into
two categories: those designated as ‘elementary’ but often involving extraordinary
ingenuity and complicated geometric constructions; and those that employ more
advanced material. The lack of aesthetic appeal is a common feature of much of
this work. Here we try to avoid the more obvious pitfalls in approaching this topic
and, inspired by the approach of Burckel, attempt to give an account that grows in a
natural way out of the material in the earlier part of the chapter.

3.9.1 Closed Paths and Continuous Maps on S'

We remind the reader that the notation S! was introduced in Example 2.4.21 (iv):
identifying R? and C as metric spaces, S! = {z € C:|z] =1}.

Theorem 3.9.1 Let (X, d) be a metric space and denote by I the closed interval
[0,1]. Let @ : I x I — X be continuous and suppose that, for all t € I,

@0,1) =P(1,1).
Then there is a continuous F : S' x I — X such that, forall (s,t) e I x I,
F(exp(2rmis), t) = D (s, 1).

Proof The map (s, t) —> (exp(2mis),t) : [0, 1) x [ — StxIis bijective. Hence,
if (z,1) € S' x I, then there exists a unique (s, #) € [0, 1) x I such that

(exp(2mis), t) = (z,1).

Let F(z,t) = @(s,t). Since ®(0,t) = &(1,¢) for all t € I, it follows that for all
(s,t) el x1,
F(exp(2mis), t) = D (s,1).

It remains to prove that F is continuous. Suppose that F' is not continuous at (zg, fp) €
S!'x I.Thenane > Oanda sequence ((z,, fy)) in S! x I exist such that (z ,, 1,,) —
(zo0, 10) and

d(F(zn,ty), F(zo, 1)) > €(n eN). (3.9.1)

For each n € N let s, be that unique element of [0, 1) such that z, = exp(2nis,).
Some subsequence of (s,), (Sm(n)) say, is convergent: suppose that s,,(,) — so € 1.
Then

Sm@m)» tmn)) — (S0, 10),
@mmy» tmny) = (@XPRTISiHm)), tmn)) — (exp(2misy), to) = (20, to)
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and
d(F(Z mm)s tnn))» F (20, 20)) = d(P Smm)» tmm))» P (S0, 10)) — 0,

which contradicts (3.9.1). (I

Corollary 3.9.2 Let X be a metric space and let ¢ : I — X be a closed path in X.
Then there exists a continuous map f : S' — X such that for all s € I,

fexp2mis)) = ¢(s).

Proof Let @ : I x I — X be defined by @(s,t) = ¢(s). Then @ is continuous
and, forallt € I, @(0,1) = &(1, ). The theorem just proved shows that there is a
continuous F : S! x I — X such that, for all (s,7) € I x I,

F(exp(2mis), t) = @(s,t) = ¢ (s).

Let f : S' — X be defined by f(z) = F(z,0). Then f is continuous and
fexpmis)) = ¢(s) forall s € 1. U

Theorem 3.9.3 Let X be a metric space. For j € {0, 1}, let f; : S > X be
continuous, ¢; : I — X be a closed path in X, and suppose that

fiexpQ2mis)) = ¢;(s) (s € I).

Then fy and f1 are homotopic if, and only if, o and ¢ are freely homotopic.

Proof Suppose fo =~ fi, so that there is a continuous map F : S! x I — X such
that

F(z,0) = fo(z), F(z, 1) = fi(z) (z € SY).

Define @ : I x I — X by ®@(s,t) = F(exp(2mis), t). As it is a composition of
continuous maps, @ is continuous. Moreover,

D(s,0) = ¢o(s), (s, D) =P1(s) (s € I)

and
Q0,t)=F(,t) =o,t)(t €).

Thus ¢ and ¢ are freely homotopic.

Conversely, suppose ¢ and ¢; are freely homotopic. Then there is a continuous
map @ : I x I — X such that

D (s,0) = ¢o(s), (s, 1) = p1(s) (s € )

and
D0,1)=@(,t)(t €.



3.9 The Jordan Curve Theorem 281

By Theorem 3.9.1, there is a continuous map F : S' x I — X such that, for all
(s,t) el x 1,
F(exp(2rmis), t) = D(s,1).

Letz € S'. A unique s € [0, 1) exists such that exp(27is) = z. Evidently

fo(2) = ¢o(s) = P(s5,0) = F(z,0)

and

J1@) = ¢1(s) = P(s, 1) = F(z, 1).

Hence F is a homotopy between fj and fi. ([

3.9.2 Existence of Continuous Logarithms

Theorem 3.9.4 Let U C C be open and [ : U — C\{0} be continuous. Then the
following statements are equivalent:

(1) n(f oy,0) = 0forevery closed path y in U.
(i) f has a continuous logarithm.

Proof Suppose that (i) holds and that U is connected. It is enough to establish (ii)
in the case that U is connected because of Theorem 2.4.27 : for, if this case is
established, then, more generally, a continuous logarithm exists on each component
of U and therefore on U itself.

Let zo € U. By Theorem 3.4.6, since f(zo) # O, there exists wg € C such that
exp(wo) = f(zo). By Theorem 2.4.23, since U is open and connected, it is path-
connected. Associate with each z € U apath y; : [0, 1] — U joining z9 to z, so that
y.(0) = z0, y;(1) = z. We show that the family {y, : z € U} determines a continuous
logarithm of f. Evidently, f o y; is a path in C\{0} and, by Theorem 3.4.19, it has
a continuous logarithm, ¢, say, so that

exp(¢z (1) = f(yz(1)) O =1 =<1).

Since exp(¢;(0)) = f(y:(0)) = f(z0) = exp(wp), say, this logarithm may be
adjusted so that ¢, (0) = wy. Put

V(z) =¢:(1) (z € V).

Then
exp(¥(2)) = exp(¢:(1)) = f(2) (z € U),

and it remains to show that i is continuous.
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Let z1 € U and r > 0 be such that B(z;,r) C U and f(B(z1,r)) C
B(f(z1), |f(z1)]). By Theorem 3.4.13, there is a branch L of the logarithm on

B(f(z1). | f(zDD):
exp(L(w)) = w (w € B(f(z1), |f(zDD).

It follows that, for all z € B(zy, r),

exp(L(f(2))) = f(z) = exp(¢:(1)).

Since these equalities hold at the point z; we may and shall suppose L is so chosen
that

L(f(z1)) = ¢z, (1).

Let z € B(z1,r) and let v : [0, 1] — C be the path joining z; to z defined by
v(t) = 71 + t(z — z1). Define a closed path y by

y(I—1), 0=<r=1,
y@O=qva0t-1D,1<1=<2,
vt —2), 2=<t<3,

and a function ¢ by

¢, (1 —1), 0<r=<1,

o) =1 ¢, — 1), 1<t<2,
L(f(v(t—=2))),2<t=<3.

The function ¢ is continuous on [0, 3], being continuous on each of the subintervals
[0, 1], [1, 2] and [2, 3], and suitably defined at the points 1 and 2. Further, it is simple
to check that it is a continuous logarithm of f o y :

exp(¢ (1) = f(y (1)) (0 =1 =3).

Since (i) holds,

0=2min(foy,0)=9¢03)—¢0) =L(f(2)—¢:(1),

and therefore

¥ (z) = ¢:(1) = L(f(2)).

It follows that L o f and v coincide on B(z1, r); moreover, since L o f is continuous
on B(zy, r), soalsois v. Since z; is an arbitrarily chosen point of U, v is continuous
on U and (ii) holds.

Conversely, suppose (ii) holds. Let g : U — C be a continuous logarithm of f,
and let y : [0, 1] — U be a closed path. Then
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exp(g(y (1)) = fy))(O0 =1 =< 1);

g oy is a continuous logarithm of f o y; and

0=gy ) —gy() =2rin(f oy,0),
thus establishing (i). O

Theorem 3.9.5 Let U C C be open and simply connected, and let f : U — C\{0}
be continuous. Then f has a continuous logarithm.

Proof Lety beaclosedpathin U. Since U is simply connected, y is freely homotopic
to a constant path in U, and so f o y is freely homotopic to a constant path in C\{0}.
Appeal to Theorem 3.4.28, which establishes the homotopy invariance of the winding
number, and to Proposition 3.4.24, shows that n(f o y,0) = 0. The proof is now
completed by use of Theorem 3.9.4. (]

We consider next zero-free continuous functions on compact subsets of C, with
initial attention paid to functions on the compact sets S l={zeC:|zl =1}and
90, where Q = [—1, 1]2.

Theorem 3.9.6 Let f : S' — C\{0} be continuous and odd in the sense that
f(=2) = —f(z) forallz € S'. Then f does not have a continuous square root and
so does not have a continuous logarithm.

Proof To obtain a contradiction, suppose f has a continuous square root g, so that
g> = f and g is zero-free. Let ¢ : S' — C\{0} be defined by

¢(2) = g(=2)/8(2). (3.9.2)

Then ¢ is continuous and ¢> = —1, so that ¢ is a continuous square root of the
function —1. Since ¢ is continuous and S! is connected, either ¢(S') = {—i} or
¢(Sl) = {i}. Whichever is the case,

—1=¢()¢p(—z) forallz € S';
but this contradicts the equality
¢()p(—z) = 1forallz € §'
which is an immediate consequence of (3.9.2). Thus f does not have a continuous
square root.

Lastly, f does not have a continuous logarithm: if it did have one, say %, then
exp(h/2) would be a continuous square root. a

Note that this theorem applies to the case in which f is the identity map on S'.
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Theorem 3.9.7 (i) Let f : S' — C\{0} be continuous. Then there is an integer m
such that
2— 2" f(2): S' > C\{0}

has a continuous logarithm.

(ii) Letg: S' — C\{0} be continuous, let p be an integer other than 0, and suppose
that gP has a continuous logarithm. Then g itself has a continuous logarithm.

Proof (i) Lety : [0, 1] — C\{0} be the closed path defined by y (t) = f(exp(2rwit))
and let m = —n(y, 0). By Theorem 3.4.19, y has a continuous logarithm and so

y (1) = expQriy (1) (0 <1 < 1),

where ¢ is continuous and

—m =Y (1) — ¥ (0).
It follows that
exp(2rimt) f (exp(mit)) = expRmi(P(t) +mt)) (0 <t < 1). (3.9.3)

The function t —— 2mwi(y(¢) + mt) : [0, 1] — C has the same value at r = 0 as at
t = 1. Thus, by Corollary 3.9.2, there exists a continuous ¢ : S I C such that

¢(exp2mit)) =2mwi(Y(t) +met) (0 <t <1).
Substitution of this equality in (3.9.3) shows that
exp(2rmit) f (exp(2rit)) = exp(¢ (exp(2rmit))) (0 <t < 1),
which translated to S' gives
" f(2) = exp(§(2) (z € S
Hence ¢ is a continuous logarithm of the map z —> " f(2).
(ii) We may and shall assume that p > 0. Let ¢ : S' — C be a continuous logarithm
of g? : exp(¢p) = gP. The set of roots of z” = 1 is
{expQnki/p) :k=1,2,..., p}.
Fork € {1,2,..., p}let

Ar = {z e S': g(2) = exp(($(2) + 2kmi)/ p)}.

Each of the Ay is closed; they are pairwise disjoint and have union S'. Since S is
connected, exactly one of the Ay = S! and the rest are empty. (]
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Theorem 3.9.7 (i) has an analogue for squares.

Theorem 3.9.8 Let Q = [—1, 11> and suppose that f : dQ — C\{0} is continuous.
Then there exists an integer m such that

z+—>7"f(z) : 00 — C\{0}

has a continuous logarithm.

Proof The map o : 9Q — S! given by o(z) = z/ |z| is a homeomorphism of 8 Q
onto S! (see Example 2.1.39 (iii)). Applying part (i) of the preceding theorem to
f oo~ ! we see that there exists an integer m and a continuous map ¥ : ' — C
such that

w™ f (o~ (w)) = exp(y (w)) (w € S).

Thus forall z € 00,
(0(2)" f(z) = exp(y¥ (0 (2)))

and therefore

" f(2) = |z2I" exp( (0 (2))) = exp(¥ (0 (2)) + mlog |z]) = exp(¢(2)),

where ¢ has the obvious definition and is a continuous logarithm of the map z ——
7" f(2). O

Theorem 3.9.9 Let K C C be one or other of the compact sets [—1, 1]2 and B(0, 1),
and suppose that f : K — C\{0} is continuous. Then f has a continuous logarithm.

Proof By the Tietze extension theorem (extended in an obvious manner to complex-
valued functions), there exists a continuous function F' : C — Csuchthat F |[g= f.
Let V = F~!(C\{0}). Then V is open, dist(K,¢ V) > 0 and, where U is the interior
of K, there exists A > 1 such that K C AU C V. By Theorem 3.9.5, F |,y has a
continuous logarithm and thus so does f. (]

We have seen via Theorems 3.9.5 and 3.9.6 that whether or not a zero-free con-
tinuous map has a continuous logarithm is influenced by its domain. If an extension
to a disk or to C is possible, then the existence of continuous logarithms is assured.
Extension theorems come into their own in the context of compact domains of defi-
nition. The theorem that follows preserves not only the property of being continuous
but also that of being zero-free.

Theorem 3.9.10 (The homotopy extension theorem) Suppose A C B C R”, with
A compact and B closed. Let the functions f : A — C\{0} and g : B — C\{0} be
continuous, and suppose that f and the restriction g |4 of g to A are homotopic, so
that there exists a continuous map h : A x [0, 1] — C\{0} such that

h(x,0) = f(x),h(x,1) =gx) (x € A).
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Then there exists a continuous function F : B — C\{0} such that F |4= f.

Proof LetT = (A x [0, 1)) U (B x {1}) and extend the domain of / to T by defining
h(x,1) =g(x) (x € B) :

the glueing lemma shows that this extension is continuous. Applied to the real and
imaginary parts of &, the Tietze extension theorem establishes that there is a contin-
uous map H : R"*! — C whose restriction to T is 4. Evidently T c H~!(C\{0}),
since H(T) = h(T) C C\{0}. For each k € N put

Ar={x eR" :d(x, A) <k™'};
each Ay is compact and
N2 Ar x [0,11=A x [0,11C T Cc H'(C\{0}).

Since ¢ (H -1 (C\{O})) is closed and its distance from the compact set A x [0, 1] is
positive, there exists k € N such that

A x [0, 1] ¢ H=H(C\{0}).
Let x € B. Then
(x, min{1, kd(x, A)}) € (A x [0, 1]) U (B x {1})

and, if we put
F(x) = H (x, min{l1, kd(x, A)}),

then a continuous zero-free extension of f to B is obtained. (I

Theorem 3.9.11 Let ¢ € C\{0}, K be a compact subset of C and [ : K — C\{0}
be continuous. With the understanding that ‘the constant map c’ refers to the map
72+ ¢ : K — C\{0}, the following statements are equivalent:

(i) f and the constant map c are homotopic.
(1) f has a continuous, zero-free extension to C; that is, there is a continuous
function F : C — C\{0} whose restriction to K equals f.
(i) f has a continuous logarithm.

Proof Theresults that (i) implies (ii) and (ii) implies (iii) are immediate consequences
of Theorems 3.9.10 and 3.9.5, respectively. To show that (iii) implies (i), let¢ : K —
C be a continuous logarithm of f, so that

f(2) =exp(@(2)) (z € K),
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and let w € C be such that ¢ = exp(w). Such a w exists in view of Theorem 3.4.6.
Define i : K x [0, 1] — C\{0} by

h(z,t) = exp((1 — Hw + tp(2)).

Evidently 4 is a homotopy between f and the constant map c. [

Corollary 3.9.12 Let K be a compact subset of C and let functions fo, f1 : K —
C\{0} be continuous and homotopic. Then fy has a continuous logarithm if and only

if f1 has.

Proof Suppose that fp has a continuous logarithm and that ¢ € C\{0}. By Theo-
rem 3.9.11, fj and the constant map ¢ are homotopic. Hence, by Theorem 2.5.5, fi
and the constant map c are also homotopic, and so a further appeal to Theorem 3.9.11
shows that f7 has a continuous logarithm. O

Theorem 3.9.13 Let K be a compact subset of C, f : K — C\{0} be continuous
and suppose 0 lies in the unbounded component of C\ f (K ). Then f has a continuous
logarithm.

Proof Letr > sup|f(K)| and let f + r denote the map z —> f(z) +r : K —
C\{0}. Let U be the unbounded component of C\ f(K). Since U is open and con-
nected, it is path-connected. Let y : [0, 1] — U be a path joining O to r : y(0) = 0,
y (1) = r. Define maps g, h : K x [0, 1] — C\{0} as follows:

gz, )y=f@+y@),hz,) =10 -0)f(2) +r

Plainly, g is a homotopy between f and f + r, and / is a homotopy between f + r
and the constant map r. By Theorem 2.5.5 it follows that f and the constant map r
are homotopic, and application of Theorem 3.9.11 now gives the result. (]

Theorem 3.9.14 Let K be a compact subset of C and let f : K — C\{0} be
continuous. Then there are finitely many points p1, ..., py € C\K and integers
ni,...,ny such that the map F : K — C\{0} defined by

N
F2)=f@ [J@-pp™

j=1
has a continuous logarithm.

Proof Let p > sup|K]|. Since z —> (Zp)_l(z + p(1 4 7)) is a homeomorphism
from [—p, p]2 onto Q := [0, 1]2, we may and shall assume that K C (0, 1)2. By the
Tietze theorem for complex-valued functions, a continuous fy : Q — C exists such
that fo |[xk= f.Let L = fofl({O}). If L = @, then the result is immediate: after an
obvious transformation Theorem 3.9.9 may be applied and so fy has a continuous
logarithm, as does f.
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Suppose that L # . Since L is closedin Q and L N K = @, dist(K, L) > 0 and
there exists § > 0 such that

lz—w|>8 (z€e K,w e L).
Letm e N,m > ﬁ/é and, for j,k = 1,2, ..., m, consider the cells
Qi =[m™'(j—1D.m™jIx [m~ "k —1),m™ k]

with centres
pik=m" N ((j —1/2) + ik —1/2))

and vertices vj 1 k—1, Vj—1,k» Vj,k—1, Vjk, Where v; x = m_l(j + ik). Put
K ={(J.k): 1 <j,k=<m, QjxNK # @}

and
ZL={(.k):1<jk<m QuNK =0

Let
Ky =Yg ner Qjk-

It is plain that K is closed, K C K; C Q\L and f| := fo |k, is a continuous
zero-free extension of f to K. Let

Kr,=K{ U (U’}szlank) .

We next seek a continuous zero-free function f> on the closed set K» whose restriction
to Ky is fi. Let f2(z) = fi(z) forall z € Ky, and let f(v;x) = 1 whenever
vjk ¢ K. To complete the definition of f, on the d Q jx it will be convenient to use
the symbol o (a, b) to denote the line segment with complex endpoints a and b :

o(a,b) ={(1—ta+th:0<t<1}.

The intersection of each ‘horizontal’ line segment o (v;_1 4, vjx) (1 < j < m,
0 < k < m) and each ‘vertical’ line segment o (v x—1, v ) With K is either the
segment itself or is contained in the set of endpoints of the segment. Let o (a, b)
be a segment of the type o(a,b) N K; C {a, b}. Then f>(a) and f>(b) are non-
zero complex numbers and f> is not so far defined on o (a, b)\{a, b}. Since C\{0}
is path-connected, there is a path v : [0, 1] — C\{0} joining f>(a) to f>(b). For
z € o(a, b),define f,(z) =v((z—a)/(b —a)). Thus amap f> : K — C\{0} has
been defined, it is continuous and its restriction to K1 is fi.

Finally, let (j, k) € .Z. Then 00 jr = K> N Q j and Theorems 3.9.8 and 3.9.11
show, through use of the map
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-1 2
W pix+Cm)~ w:[-1,1]" - Qj,
that an integer 7 j exists such that

2 (2= pj)"* f2(z) : 3Q jx — C\{0}

has a continuous zero-free extension Fj; : Qjr — C\{0}, say. Consider the map
Gji : Qjr — C\{0} defined by

Gi@=Fu@ [] @=p)":
(r)eZ\{(j.b}

if z € 90 ji, then

Gi@ = f@ [[ @—p).
(rs)eZ

It follows that a function Fy : Q@ — C\{0} is well-defined by

FO(Z) — [ fZ(Z) H(r,S)E,%(Z - I)rS)nhY (Z S K2)5 )
Gjr(2) (z€ Qjk. (. k) € 2);
the glueing lemma shows it to be continuous; and an application of Theorem 3.9.9
extended in the obvious way, shows it to have a continuous logarithm. Let F be the
restriction of Fj to K. Then F has a continuous logarithm and is of the form required.
O

The next result strengthens Theorem 3.9.14, casting out those p; which lie in the
unbounded component of C\ K and replacing by a single representative those which
lie in the same bounded component.

Theorem 3.9.15 Let K C Cbe compact, let € be the set of all bounded components
of C\K and associate with each C € € a point pc € C. Then, given any continuous
function f : K — C\{0}, there exist components Cy,...,Cy € € and integers
mi, ..., mp such that the function F : K — C\{0} defined by

M
F@) =f@ ]G - pc)™

k=1
has a continuous logarithm. (If € is void, then the product is to be interpreted as 1.)

Proof Let p1,..., py and ny,...,ny be as in Theorem 3.9.14, so that F:K
— C\({0} defined by

N
Fo=rf@[]c-rp"

j=1
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has a continuous logarithm. By Theorem 3.9.13, if some p; exists which lies in the
unbounded component of C\ K, then

> z—p;j: K — C\{0}
has a continuous logarithm and, therefore, so also does
2 F(2)(z—p;)™" : K — C\{0}.
It follows henceforth that we may assume that each p; lies in a bounded component
of C\K.

Let Cx (1 < k < M) be those elements of 4 which contain at least one of the
points p; and, foreach j (1 < j < N)let g; : K — C\{0} be defined by

gi@) =G —p)z—pc),

where p; € Cy. Since Cy is open, connected and thus path-connected, there is a path
v : [0, 1] = Cysuchthatv(0) = pc,,v(1) = p;. Themap H : K x[0, 1] — C\{0}
defined by

H@z 0 =G—p) ' @—v@)

is evidently a homotopy between g; and the constant map 1, and so, by

Theorem 3.9.11, g; has a continuous logarithm. Setting m; = Z{j:p,—eck} nj, it
follows that F : K — C\{0} given by
N M
F)=F@) [Ji@)" =r@[]c-pc)™
j=1 k=1
has a continuous logarithm, as required. ]

An immediate consequence of the last theorem is that the connectedness of C\ K
(which implies that C\K has no bounded component) is a sufficient condition to
ensure that every continuous f : K — C\{0} has a continuous logarithm. This
condition turns out to be also necessary: the following result is an aid in establishing
this.

Theorem 3.9.16 Let K C C be compact, C be a bounded component of C\K,
p € C, and define f : K — C\{0} by f(z) = z — p. Then, for all non-zero integers
n, f" does not have a continuous zero-free extension to K U C.

Proof We may plainly suppose that p = 0. To obtain a contradiction, let n be a
non-zero integer and suppose that F : K U C — C\{0} is a continuous map that
extends f". Note that since C has empty intersection with any component of C\ K
other than C,C ¢ K UC.Letr > sup |C| and, for z € B(0, r), define
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Z" if z € B(0,r)\C,

8@ = [F(z) ifzeC.

Since C N (B(O, r)\C) = C\C C K and F(z) = 7" whenever z € K,
there is consistency of definition. Because F is zero-free and 0 € C, the map g
defined on B(0,r) is also zero-free; further, by the glueing lemma it is contin-
uous. Appeal to Theorem 3.9.9 shows that g has a continuous logarithm and so
a continuous ¢ : B(0,r) — C exists such that g(z) = exp(¢(z)). In particular,
whenever |z| = r, 2" = exp(¢(z)). Thus z — z" has a continuous logarithm
on |z] = r as, in view of Theorem 3.9.7 (ii), does the identity map z +—— z.
But this contradicts Theorem 3.9.6. (I

Theorem 3.9.17 (Borsuk) Let K C C be compact. Then the following conditions
are equivalent:

(i) C\K is connected.
(ii) Each continuous function f : K — C\{0} has a continuous logarithm.
(iii) Each continuous function f : K — C\{0} has a continuous, zero-free extension
to C.

Proof That (i) implies (ii) is immediate from Theorem 3.9.15; further, (ii) implies
(ii1) by Theorem 3.9.11.

Suppose that (iii) holds. If C\K had a bounded component then, by Theo-
rem 3.9.16, a continuous f : K — C\{0} exists which does not have a continuous
zero-free extension to C. Hence C\ K has no bounded component and (i) holds. [J

3.9.3 Properties of Jordan Curves

Definition 3.9.18 A set J C Cis said to be a Jordan curve if it is a homeomorphic
image of the unit circle ' = {z € C : |z] = 1}.

Theorem 3.9.19 Let J be a Jordan curve. Then C\J has exactly one bounded
component.

Proof To begin with, suppose that C\ J has no bounded component and therefore is
connected. Let ¢ : S' — J be a homeomorphism and suppose that f : §' — C\{0}
is continuous. Then f o ¢~! : J — C\{0} is continuous and, by Theorem 3.9.17, a
continuous map ¥ : J — C exists such that

F@7' (@) =exp(¥(2) (z € J).

This equality shows that

fw) =exp(¥(p(w))) (weSh
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and so f has a continuous logarithm. But Theorem 3.9.6 contradicts this conclusion:
not every such f has a continuous logarithm. It follows that C\J has at least one
bounded component.

Next, suppose that C\J has two distinct bounded components C; and C, and,
as earlier, let ¢ : S — J be a homeomorphism. Choose p; € C; and put f;(z) =
z—pj(j=1,2;z€ J).Forj =1,2themap f;o¢ is continuous and zero-free on
S! and so, by Theorem 3.9.7 (i), there are an integer n; and a continuous function
¥ on S! such that

P (w) — pj = w" exp(¥;(w)) (w e Sh.

It follows that

(@) — p1) ($(w) — p2) ™" = exp(nayri(w) — niYa(w)) (w € S,

and therefore
(z—=pD)" (@—p)™" =exp(¥(2) (z € J),

where ¥ = nayriop™ ' —niyn ol
Suppose ny # 0. Then

(z—pD)"™ =@ —p)"exp¥(2)) (z€J).

Evidently z —— (z — p2)"! has a continuous zero-free extension to J U Cy;
also, because of the Tietze theorem, ¥ has a continuous extension to C. Hence
z —> (z — p1)"? has a continuous zero-free extension to J U Cy, an outcome which
contradicts Theorem 3.9.16. Thus n, = 0 and, similarly, n; = 0. Hence

¢(w) — p1 = exp(Y1(w)) (we S

and

fix) =z—p1 =exp¥i(p~ ' (2) (z € ).

Another appeal to the Tietze extension theorem shows that yr; o¢~! has a continuous
extension to C and therefore f7 has a continuous zero-free extension to J U Cy. But,
by Theorem 3.9.16, no such extension exists. Hence C\J has at most one bounded
component. (I

Lemma 3.9.20 Let K be a proper closed subset of a Jordan curve J. Then C\K is
connected.

Proof Tnitially, suppose J = S!. Then since C\K is open, it is enough to observe
that it is path-connected: if zg € S'\K, then it is clear that each z € C\K can be
joined to zg by a path in C\K.

Next, suppose J = ¢(Sl)for some homeomorphism ¢ : S > J.LetK = ¢o(T),
where T is a proper subset of S, and let f : K — C\{0} be continuous. Then
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fo¢ : T — C\{0}iscontinuous and so, by Theorem 3.9.17, there exists a continuous
Y : T — C such that

f(@w)) = exp(y(w)) (weT).

Hence

f@) =exp(¥ (¢ (2) (z € K)
and so, using Theorem 3.9.17 again, we see that C\ K is connected. O

Theorem 3.9.21 Let J be a Jordan curve and let C be a component of C\J. Then
aC = J.

Proof By Theorem 3.9.19, C\ J has exactly one bounded component. Let U be that
component and let V be the unbounded component. The sets U, J and V are pairwise
disjoint and their union is C; further, U and V are open and J is compact. Since U
is contained in the closed set ¢V, we must have U C °V; similarly, V c °U. Hence
AU =U\U CVN°U =°(U U V) = J and, likewise, 3V C J.

To obtain a contradiction, suppose that U # J. Then, by Lemma 3.9.20, C\oU
is connected. However,

C\aU = “(UN ‘U)=UU <),
UNSU)cWUNU)=0,U#@and“(U) DV #£0,

from which it follows that C\aU is disconnected. Thus 0U = J. Analogous reason-
ing shows that 9V = J. (]

Theorem 3.9.22 Let J be a Jordan curve and C be the bounded component of C\ J.
Let ¢ : S' — J be be a homeomorphism and let y : [0, 1] — J be the closed path
defined by

y (@) = ¢(exp(2mit)) (0 <t < 1).

Then either n(y,z) = 1 forallz € C orn(y,z) = —1 forall z € C.

Proof Applied to the map ¢! : J — S' c C\{0}, Theorem 3.9.15 establishes the
existence of a point p € C, an integer m and a continuous map ¥ : J — C such that

z—p) " 2) = exp(¥(2)) (z € J).

Hence

w = (p(w) — p)" exp(¥ (p(w))) (w € S
and therefore

v=_(y — p)"exp(¥ oy), where v(¢) = expmir) (0 <t < 1).
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By Proposition 3.4.25, relative to 0 € C, the winding numbers of the closed paths v,
y — p and exp(y o y) satisfy the equality

n(,0) =mn(y — p,0) +n(exp(y o y), 0).

By Example 3.4.22 (i), n(v, 0) = 1; also, since ¥ o y is a continuous logarithm of

exp(y o y), n(exp(yy o ¥),0) = 0. Thus mn(y — p,0) = mn(y, p) = 1 and so
n(y, p) = £1. Lastly, use of Theorem 3.4.27 shows that

n(y,z) = n(y, p) (z € 0),

and the proof is complete.
O

For the convenience of the reader we summarise the preceding results in the
following form, often called the Jordan curve theorem.

Theorem 3.9.23 Let J be a Jordan curve. Then C\J has exactly one bounded
component % (J) (called the inside of J), and exactly one unbounded component
O(J) (called the outside of J); 3.9(J) = d0(J) = J. Let ¢ : S' — J be be a
homeomorphism and let y : [0, 1] — J be the closed path defined by

y (1) = ¢(expQmir)) O <t =<1).

Then either n(y,z) = 1 forall z € S (J) or n(y,z) = —1 forall z € S (J);
n(y,z) =0forallz € O(J).

Note that the the claim n(y, z) = Oforall z € &'(J) follows from Theorem 3.4.27.
The ‘inside, outside’ terminology is in accordance with Definition 3.4.30.
Identification of Jordan curves is made simpler by the next result.

Theorem 3.9.24 A set J C C is a Jordan curve if and only if it is the track of a
simple closed path in C.

Proof First suppose that J is a Jordan curve. Then there is a homeomorphism f :
S! — J. Define a continuous map y of [0, 1] onto S! by y(s) = exp(2xis). Then
J =(foy) and f oy is a simple closed path in C.

Conversely, if y : [0, 1] — C is a simple closed path, then by Corollary 3.9.2
there is a continuous map f : S — C such that f(exp(27is)) = y(s). Since y is
simple, f is injective, and so, by Theorem 2.3.24 (ii), it is a homeomorphism onto
£(SY. Thus y* = f(S') is a homeomorphic image of S! and so is a Jordan curve.

O



Appendix A
Sets and Functions

A.1 Sets

For a systematic development of set theory we refer to [ 14]. Here we restrict ourselves
to terminology. We accept as undefined basic concepts those of ‘set’ and ‘membership
of a set’. To express this last we use the symbol € and write x € A to indicate that x
is a member (an element) of A. If x is not a member of A we write x ¢ A.

The set which has no elements is called the empty set (void set) and is written (.

If A and B are sets and every element of A is an element of B, we say that A is
a subset of B and write A C B or B D A. If, in addition, there is an element of B
which is not in A, then A is said to be a proper subset of B. Note that, for each set
A, C Aand A C A.

If AC Band B C A, we write A = B; otherwise A # B.

Common ways of specifying a subset of a given set A are as follows:

(1) Ifa, b, c, ... are members of A, then the subset of consisting of precisely those
members is written
{a,b,c,...}.
(i) If, for each x € A, S(x) is a statement which is either true or false, then

{x e A:Sx)}

is the set of those x € A such that S(x) is true.

To illustrate, when A = N,
(3.7} ={neN:n>—10n +21 =0}
Note that sets may themselves be elements of other sets. For example,

{{1,3,5,7},{2,4,6}}

R. H. Dyer and D. E. Edmunds, From Real to Complex Analysis, 295
Springer Undergraduate Mathematics Series, DOI: 10.1007/978-3-319-06209-9,
© Springer International Publishing Switzerland 2014
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is a set with two elements, namely the set of all positive odd integers <8 and the set
of all positive even integers <8.

If A is any set, then the collection of its subsets constitutes a set with these subsets
as its elements. This collection is denoted by P (A), or 24 and is termed the power
set of A. Thus if A = {1, 2}, then P(A) = {0, {1}, {2}, {1, 2}}. In general, if A has
n elements, then P(A) has 2" elements.

A set whose elements are sets is often referred to as a family of sets.

Let A and B be sets. The set A x B, called the Cartesian product of A and B,
is the totality of all ordered pairs (x, y) whose first coordinate x € A and whose
second y € B. Here the ordering is essential: (x, y) = (u,v) if and only if x = u
and y = v. Note that (x, y) # (y,x) if x # y. When A = B we sometimes write
AZ for A x A; for example, R2in place of R x R.

Similarly, we may write A x B x C as a set of ordered triples, etc.

A.2 Set Operations

Fix a set E and let P(E) be the family of all subsets of E. Let A, B € P(E). Their
union
AUB:={xe€eE:x € Aorx € B};

their intersection
ANB:={xe€ E:x € Aandx € B}.

When A N B = { the sets A and B are said to be disjoint.
If A, B and C are subsets of E, then

AUMBUC)=(AUB)UC,

and either side is written A U B U C. A similar remark holds for A N B N C. Further,
operations with U and N obey certain distributive laws:

AUBNC)=(AUB)N(AUCQ),
ANBUC)=(ANB)U(ANC).
Proof of these assertions is straightforward. To illustrate:

xeAUBNC)<—xeceAorxeBNC«+=xeAUBandx e AUC
<—xe(AUB)N(AUC).
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For A € P(E), the complement of A relative to E is the set
CA={xeE:x¢A}

note that © (“A) = A. The De Morgan laws relate complements to intersections and
unions: for all A, B € P(E),

“(AAUB)=°AN°‘B,“(ANB)=°“AU°B.
To prove the first:

x€ “(AUB)< xc Eandx ¢ (AUB)<= xc E,x ¢ Aandx ¢ B
= xecAandx e ‘B<= x € “AN°B.

Let A, B € P(E). We define the difference B\ A (the relative complement of A
in B) by
B\A={xeE:xeBandx ¢ A};

plainly B\A = BN °A.
The process of taking the union (intersection) of two sets can be extended to larger
families. For .% C P(E),

UpegF :={x € E :forsome F € % ,x € F}

and
NpezF ={x € E :forall F € #,x € F}.

The union of the sets in .% may be denoted by U.%; their intersection by N.%.
Sometimes a family of subsets of £ may be given in indexed form and then we use
a different notation for the union (intersection). Let / be a non-void set and suppose
that to each i € I corresponds a set A; € P(E). The set {A € P(E): for some
i €I, A= A;}, commonly written {A; : i € I} or {A;};¢, is called an indexed
family of sets and / is called an indexing set. The union of this indexed family

UicsAi i={x € E: forsomei € I,x € A;};
and the intersection

NicjAi :=1{x € E: foralli e I,x € A;}.
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A.3 Functions

Let A and B be non-empty sets. A function f from A to B associates with each
x € A exactly one element f(x) € B. The set A is the set of definition (the domain)
of f, B is the target set (the codomain) of f. To display the three components of a
function (rule of correspondence, domain, codomain), we write

f:A—> Borx+— f(x):A— B.

As an example, if E C A, then the characteristic function of E with domain A and
codomain R, denoted by xg : A — R, is defined by

() = 1 ifxekE,
XER) =10 ifx e A\E.

As synonyms for the word function we may use map or mapping. The graph of f is
the set
G(f) ={(, f(x)) e Ax B:x € A}.

A set H C A x B is the graph of a function from A to B if, and only if,

(i) for all x € A, there exists y € B such that (x, y) € H;
(i) (x,y) € H,(x,yY)e H = y=1y.

A map f : A — B generates further maps between the power sets of A and of B:

f:P(A) — P(B)

is defined by
FX)={f(x) e B:x e X}
while
71 P(B) — P(A)
is defined by

' yy={xeA: fx)eY).
The set f(X) is called the image (under f) of X C A; f(A) is called the range of
1 YY) is called the inverse image (under f) of Y C B.
Example A.3.1 Let f be the map x —> x2 : R — R. Then

0, 1) = [0, 11 = f([—1,0D), f(1,2]) =[1,4], f({1,2,3,4}
=1{1,4,9, 16};
F7H0, 1) = [=1,11, £, 4) = [-2, —11U[1,2], £~ '(~1,0]) = {0},
-4, -1 = 0.
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The composition of mappings f : A — Band g : B — C isthe map g o f from
A to C which associates with each x € A the element (g o f)(x) := g(f(x)) of C.
For any map i : C — D itis easy to show thatho (go f) =(hog)o f.

A function f : A — B is said to be injective (one-to-one) if a,a’ € A, a # a’
= f(a) # f(a); itis called surjective (onto) if f(A) = B; if it is both injective
and surjective, then it is termed bijective. As an example of a bijective map we cite
the identity map i4 from A onto itself defined by i4 (x) = x.

Bijective maps prove to be of considerable importance. Suppose that f : A — B
is bijective. Then, for each b € B, there is one and only one a € A such that
f(a) = b. Hence a function g : B — A may be defined by the rule which assigns
to each b € B that unique element g(b) € A such that f(g(b)) = b. The function g
is injective since f o g = ip:

b,b' € B,g(b) =g(b)) = b= f(gb) = f(gb) =b".

Moreover, since g o f =4, g is surjective:

ae A= f(a) e B= f(g(f(a) = fla) = g(f(a)) =a.

Thus, corresponding to a bijective map f : A — B thereis a bijectivemap g : B —
A such that

fog=ip andgo f =iy.

It is elementary to show that g is the unique map with these properties; it is called
the inverse of f. Since for each b € B,

FH by =ta e A: fa) = b} = {gb)},

it is customary to denote the map g by f~'. One has to understand by context the
sense in which the symbol f~! is used.

Particular terminology is needed for maps f : I — R, where [ is an interval in
the real line. Such a map is said to be increasing (strictly increasing) if f(y) > f(x)
(f(y) > f(x)) whenever x,y € I and y > x; it is said to be decreasing (strictly
decreasing) if f(y) < f(x) (f(y) < f(x)) whenever x,y € [ and y > x.

A.4 The Real Number System

The real number system consists of a set R, a subset P of R, and two maps (x, y) —>
x + yand (x,y) —> x -y (commonly written xy) of R x R to R such that the
following three axioms are satisfied.

Axiom A4.1 (R, +,)isafield: (R, 4) and (R\{0}, -) are abelian groups and, for
allx,y,ze Ryx(y+2) =xy +xz.
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Axiom A.4.2 The sets P, {0}, —P := { — x : x € P} are pairwise disjoint and their
union is R; further, x 4+ y and xy belong to P whenever x, y € P.

The elements of P are called positive numbers and those of —P negative numbers.
We write x < y or y > x to mean that y —x € P. We also writex < y ory > x to
mean that y — xe P U {0}.

Axiom A.4.3 (Dedekind completeness) Let A, B be non-empty subsets of R with
union R, and suppose that a < b whenever a € A and b € B. Then there exists a
unique ¢ € R such that

i) xeRx<c=xeA,
(ii)) xeR,c<x = x € B.

The existence of an object R satisfying the above axioms is assumed. The next
two results flow from Axioms 1 and 2.

Theorem A.4.4 Letx,y,z € R. Then

1) x<yy<z=>x<Zz

(ii) exactly one of x < y,x = y,x > y holds;
(i) x <y,zeR=x+z<y+2z

iv) x <y,z2>0= xz < yz;

V) x <y, 2<0=xz>yz

(vi) 1 >0and -1 < 0;

(vii) 7> 0 = 7! (: §)>o;
(viii) 0 < x <y =0<y !l <x7L.

A similar theorem holds with ‘<’ in place of ‘<’ in some instances.

Theorem A.4.5 Foreach x € R, let

x| = X if x >0,
RN [ ifx <O.

Then, forall x,y € R,
@) xyl = Ixlyl, G) [x + y| < |x[ + |yl, Qi) [[x] = [y[] = |x = yl.

Definition A.4.6 Let E be a non-empty subset of R. If » € R and, forevery x € E,
x < b, then b is termed an upper bound for E and the set E is said to be bounded
above. If ¢ € R is such that

(i) x <cforallx € E, and
(ii)) x <bforallx €e E=—c <b,

then c is called the least upper bound (supremum) of E and is written as supE. [The
terms lower bound and greatest lower bound (infimum) are defined similarly.]
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Theorem A.4.7 (The axiom of order completeness; the supremum principle) Every
non-empty set of real numbers which is bounded above has a least upper bound.

Proof Let E be a non-empty subset of R which is bounded above. Let B = {b € R :
x <bforall x € E} and A = R\B. Plainly B # ; also, if x € E,thenx — 1 € A
and so A # #. Givena € A and b € B, there exists x € E such thata < x < b.
Thusa € A,b € B = a < b. Appealing now to Axiom A.4.3, there exists a
unique ¢ € R such that (—oo, ¢) C A and (¢, 00) C B. Supposec € A. Thenc < y
forsome y € E and, with2 :=14+1,¢ < %(c—i—y) < y.Butc < %(c—i—y) ==
%(c+y) € B, while %(c+y) <y = %(c+y) € A.Hencec ¢ A,c € B and
¢ =supkE. (]

Corollary A.4.8 Every non-empty set of real numbers which is bounded below has
an infimum.

The natural numbers
Aset I C Ris said to be inductive if
()lel,and(i)x el = x+1€l.

Let .# be the class of all inductive sets in R. Note that .# # (J; for example, the
sets R, Pand {x € R : x > 1} all belong to .#. The set of natural numbers (positive
integers)

N = ﬂ[ej I.

Clearly N C I forevery I € .# and, for alln € N, n > 1. Further, N is inductive:
l1eNGincel e [foralll € #);x eN=xecl (Il e V)= x+1€el
(led)—x+1€eN.

The symbol 2 :=1+4+1,3:=2+1,4:=3+ 1, etc.

Theorem A.4.9 (The finite induction principle) Let S C N be such that (i) 1 € S,
and(ii)x e S=—=>x+ 1€ S. Then S =N.

Proof By hypothesis, S is inductive andsoN C S.Butalso S C N.Hence S = N.J

This theorem may be used to establish the following results, the proofs of which
are left to the reader:

(i) fneNandn > 1,thenn — 1 € N.
(ii) If m,n € N, thenm +n, mn € N.
(iii)) fneN,x e Randn <x <n+ 1, thenx ¢ N.

Corollary A.4.10 (The well-ordering principle) If A is a non-empty subset of N,
then it has a smallest element.

Theorem A.4.11 (The Archimedean order property) Let a, b € R and a > 0. Then
there is an n € N such that na > b. In particular, N is not bounded above in R.



302 Appendix A: Sets and Functions

Proof Suppose there exist a, b € R with a > 0 for which the result is false. Let
A = {na : n € N}. Then b is an upper bound for A and so, by Theorem A.4.7, A
has a supremum. Choose k € N such that ka > supA — a. Then (k 4 1)a > supA.
But this is not possible since na < supA for alln € N.

To show that N is not bounded above take a = 1. (]

It is assumed that the reader is familiar with the extension of N to Z, the set of all
integers:
Z =—-NU{0}UN.

Sequences in R
Let X be a non-empty set. A map f : N — X is called a sequence in X. Writing
x, = f(n), x, is the n’ h term of the sequence. It is customary to write (x,),eN, OF
simply (x,,), in place of f : N — X.

A sequence (y,) in X is said to be a subsequence of (x,) if there exists a map
m : N — N such that, for all n € N,

1) mn) <mmn+1),
(i1) Yn = Xmn)-

A sequence (x,) in R is said to be monotone if one of the following holds:

(i) x, < xu+1 (n € N), strictly increasing;
(i1) x, < xp4+1 (n € N), increasing;
(iil) x, > x,41 (n € N), strictly decreasing;
(iv) x, > xp41 (n € N), decreasing.

A sequence (x,) in R is said to converge if there exists x € R such that, given any
& > 0, there exists N = N (&) € N such that

n>N—|x, —x| <e.

In this event we may write lim,,, ~, X, = x, lim x, = x or x;, — x.
Theorem A.4.12 Every bounded monotone sequence in R converges.

Proof Let (x,) be an increasing sequence in R such that x, < K (n € N), where
K e R Let E = {x;, : n € N} and x = supE (Theorem A.4.7 ensures existence).
Let ¢ > 0. Since x — ¢ is not an upper bound for E, there exists N € N such that
x — & < xp. It follows that, foralln > N, x —¢ < x, < x. Hencen > N —
|x — x,| < &, and x;, —> x.

In the case that (x,) is decreasing, consider (—x;). [l

Theorem A.4.13 (Bolzano-Weierstrass) Every bounded sequence in R has a con-
vergent subsequence.

Proof Let (x,) be a bounded sequence in R; let K € R be such that |x,| < K
(n € N). For each n € N let u,, := sup{xx : k > n}. The sequence (uy) is
decreasing. Let u := limu, = inf{u, : n > 1} > —K. Define (xm(n)) inductively
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as follows. Choose m (1) to be the least k € N such that x; > u — 1. Having chosen
m(l) <m2) < ... < m(n) for some n > 1, select m(n + 1) to be the least integer
k > m(n) such that x; > u — (n + 1)~1. Then

Up 2 Um(n) = Xm(n) > U — n~! (n e N),

and so, by a sandwich argument, lim x,,(,) = u. O

A sequence (x,) in R is said to be a Cauchy sequence if, given any ¢ > 0, there
exists N = N(e) € N such that

m,n >N = |x, — x| <¢.

Theorem A.4.14 The real number system is Cauchy complete; that is, every Cauchy
sequence in R converges.

Proof Let (x,) be a Cauchy sequence in R. The sequence is bounded, since there
existsan NV € Nsuch that |x, — xy| < 1 whenevern > N and therefore |x,| < K :=
14+ maxi<g<n |xk| (n € N). By Theorem A .4.13, it follows that (x,,) has a convergent
subsequence, (xm(n)) say. Suppose lim x;,,(,) = x. We show that lim x,, = x.

Let & > 0. There exists N; € N such that

n>N — |xm(n) —x‘ < ¢&/2.
Also, there exists N € N such that
p.q=No=> |x, —x4| < /2.

Hence
lxn — x| < |xn _xm(n)| + |xm(n) _x| <é€

whenever n > max(Ny, N»). Thus limx, = x. ([l

Theorem A.4.15 (The Cantor nested intervals principle) Let {I,,} be a family of
non-empty, bounded, closed intervals such that

() Iye1 C I, (n €N), and
@i1) limI(l;) =0.

Then there exists x € R such that {x} = N3 | I.
[Here [(1,), the length of 1,,, is defined by [(I,)) = supl,, — inf I,,.]

Proof Let (x,) be a sequence in R such that x,, € I, (n € N). By (1), if n > m,
then x, € I, and |x,, — x;,| < I(I,;). Let ¢ > 0. By (ii), there exists N € N such
that [(Iy) < e.Hence m,n > N = |x, — x| < max{[(I,),l(I,)} <I(In) <e¢,
and so (x,) is a Cauchy sequence in R. Let x = lim x,,. Since I, is a closed interval,
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x € I, (n € N). Hence x € N2, I,. If y € N2 I, then x =, since [x — y| <
I(I,) — O. O

For further details of the development and properties of the real number system,
see [17], Chap. 1.

A.5 The Axiom of Choice

First we recall some basic concepts. A set S is said to be finite if either it is empty or
there exists n € N such that S can be mapped bijectively onto {k e N: 1 <k < n}.
Sets that are not finite are said to be infinite. A set E is called countable if it can
be mapped bijectively onto N; any infinite set that is not countable is said to be
uncountable.

The axiom of choice has various equivalent forms (see, for example, [10]). We
give the following:

Axiom A.5.1 (The axiom of choice) For every non-empty family .% of non-empty
sets, there is a function f : % — Ugc 4 S such that forall S € .7, f(S) € S.

The function f is said to be a choice function on .%. The only form of this axiom
that will be used in this book is the following weaker version.

Axiom A.5.2 (The countable axiom of choice) Every countable family of non-empty
sets has a choice function.

Proposition A.5.3 The countable axiom of choice implies that every infinite set has
a countable subset.

Proof Let S be an infinite set and let .% be the family of all finite sequences of
distinct elements of S: that is, . % = {Ay : k € N}, where

Ay = {(ag, ai, ...,ax) : ag, ..., a; distinct elements of S} .

Then by the countable axiom of choice, .%# has a choice function f: f(Ax) € Ag
for all k. The union of all the chosen finite sequences is countable. O

We refer to [10] for a thorough discussion of the axiom of choice and its variants,
together with an analysis of its place in contemporary mathematics.
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Sketch solutions or hints are provided for selected exercises.
Exercise 1.1.10

2. By question 1 above,

osc(f3 A) = sup{| f(x) — f(W]:x,y € A} =sup{f(x) — f(y) : x,y € A}
=sup{f(x):x € A} +sup{—f(x) : x € A}
=sup{f(x):x € A} —inf{f(x) : x € A}

5. Suppose the claim in the hint is false. There is a nested sequence ([a;, b,]) of
closed subintervals of [a, b] such that 0 < b, — a, < 1/n and sup{f(¢) :
ap <t <b,} < 1/n. By Theorem A.4.15, the [a,, b,] have intersection {u} for
some u € [a, b]. Thus f(u) < 1/n for all n, contradicting the hypothesis that
f) >0.Nowlet P, Q € Pla,bland Q = {a,c,d,b}. Then0 < e(d — ¢) <
UPUQ, f) <U(P, f):thus [7f > 0.

6. Suppose f € Z|a, b] and ¢ > 0. There exist Py, P, € Z|a, b] such that

b b
/ f—¢/2<L(Py f), U(Pz,f)</ f+e/2.

Let P = PiUP,.Since L(Py, f) < L(P, f) < U(P, f) < U(P2, f),itfollows
that U(P, f) — L(P, f) < ¢.

For the converse, as L(P, f) < fabf < fabf < U(P, f)whenever P € P[a, b],
we see that 0 < fab f— fab f < & whenever & > 0.

Exercise 1.2.14

2. For the lack of uniform continuity, consider points 1/(2n + 1), 1/(2n).
3. Since f is uniformly continuous on (0, 1], given ¢ > 0, there exists § > 0 such
that | f(x) — f(y)| < eif |[x —y| <& (x,y € (0, 1]). Suppose f is unbounded:

R. H. Dyer and D. E. Edmunds, From Real to Complex Analysis, 305
Springer Undergraduate Mathematics Series, DOI: 10.1007/978-3-319-06209-9,
© Springer International Publishing Switzerland 2014



306 Notes on the Exercises

there exists (x,) C (0, 1] such that | f(x,)| — oo. But the bounded sequence
(x,,) must have a convergent subsequence, denoted again by (x;), and so there
exists N € N such that [x, — x| < §if m,n > N:thus |f(x,) — f(xpm)| < €
if m,n > N, contradicting | f (x,)| — oo.
7. If f’ is bounded, then by the mean-value theorem,
‘f(x;—)jj(y)‘ = | f /(Z)| for some z between the distinct points x, y.
Thus f is Lipschitz. The converse is obvious.
8. (a) f(x) = |x — 1/2] is not differentiable at 1/2.
(b) Use question 7 above plus the fact that f is not bounded.
9. Consider f : [0, 1] — Z given by f(t) = |t — 1/2] if ¢ is rational, f(z) = 0
otherwise.
10. Letx € [a,b) and u, = x + (b — x)/n (n € N). By Lemma 1.2.6 and The-

orem 1.2.8, f € Rlu,y1,u,] and there exists x,, € (u,41, u,) at which f is
continuous. The case in which x € (a, b] is similar.

Exercise 1.3.10
1. By Example 1.1.4 (i) and Theorem 1.3.1 (v), f € %[cj_l,cj] and

/j f=ajlcj—cj-1) A =j=<k);
cj-1

now use Corollary 1.3.5.

2. f is bounded on [0, 1] and continuous on (0, 1): use Example 1.3.9 (ii).

3. Use Theorem 1.2.13 to show that | f|, fZ and 1/f> € #[a, b]. Now appeal to
Theorem 1.3.2 (a): 1/f = f - (1/f%) € Zla, b]. Alternatively, observe that for
any P = {xg, X1, ..., x,} € P[a, b],

UP1/f) = L(PA/f) = D ose(1/f [xim1, xiD) Ax;
=627 ose(filvio1,xiD Ax;
= e 2 {U(P, f) = L(P. )},

and either apply Theorem 1.1.7 or Exercise 1.1.10/6.

6. Forn e N,let T, = {t € [0, 1] : f(¢) > 1/n}: T, is finite.
(a) Continuity: suppose u# € [0,1]NQ and f(u) = 1/q. For all § > O there is
an irrational number v € [0, 1] such that [u —v| < d and |f(u) — f(v)| = 1/q.
Hence f is not continuous at u. Now suppose # € [0, 1]\Q, e > Oandn € N is
suchthat1/n < e.Letd = min{lu —t| : ¢t € T,} : 6 > 0.Since | f(u) — f(v)| =
[ fW| <1/n<eifvel0,1]and |v—u| <4, f is continuous at u.
(b) Integrability: for each n € N, let f,, : [0, 1] — R be defined by
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07 tETna

)= [f(t), r €0, INT,.

Since f,(t) < 1/n (t € [0,1]) and f > 0, appeal to Theorem 1.3.1 (v) and
Corollary 1.1.8 shows that

OSAlstf:ansl/n-

1. Let P, € Pla,b] have as its points of partition a + r(b — a)/n (r =
0,1,2,...,n); w(P,) = (b —a)/n — 0. Then

Exercise 1.4.15

L =D F ()b —a)/n = U ).

Now use Theorem 1.1.7.
3. Use question 1 above to show that

1 2
_ =14, _ 1 nooo r
71/4_/0(1+t) dt_hmgr:]n (1+n2)

4. Use question 1 above to show that

-1

b 1 n— 1 n
(b - a)—l/a f=tim= 3 o) =tim oo
-
= lim ~ > o2

combine these.
5. Suppose | f(1)], |f’(t)| < K (t € [a, b]). For A > 0, integration by parts gives

sin At b b, sin At
= f(t)L—/a ro () a

<KQ+b—a)/r.

b
/ f(t)cos Atdt

7. Since t —> cosec(t/2) : (0,2m) — R is continuously differentiable, use of
exercise 5 above shows that

Alim Lx) =00 <x <2m). Q)
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Forn e Nand 0 < x < 27,

Ing1/2(x) = In—1/2(x) = /n cosntdt = _Sinn"x
x
and hence |
Tip12(x) — I p(x) = — Zzzl smnnx
Thus |
| lig12(0)| = ‘%(n —x)— Zi;l smnnx

Now use (¥).

Use of Theorems 1.4.4 and 1.4.6 shows that J(0) = 7/2,J(1) = 1 and (n +
2)J(n+2) = (m+ 1)J(n) (n € Np). Induction gives the formulae for J(2n)
and J(2n +1). Since 0 < 1 —sin@ < 1if0 < 6 < 7/2, use of Theorem 1.3.1
(vi) shows that J(2n + 1) < J(2n) < J(2n — 1). Now routine manipulation
gives Wallis’s inequality; the product follows trivially.

As g'(x) = f/(x) — y, it follows that g’(a) < 0 < g’(b). The continuity of g
implies that g has a minimum on [a, b], at ¢ € [a, b], say. Since 0 > g'(a) =
a %, g(y) < g(a) when y is close enough to a: thus ¢ # a;
similarly ¢ # b. Hence ¢ € (a, b) and so g’(c) = 0.

Take f = F’, where F(x) = x?sin(1/x) (0 < x < 1), F(0) = 0.
On making the suggested substitution,

lim,_,

/2
I(a) =/ log{(l—2acosx~|—a2)(1+2acosx+a2)}
0
/2
=/ log(1 + a* — 24 cos 2x)dx = 1(a*)/2.
0
Thus forall n € N, I (a) = 27"1(a%"): if |a| < 1, then
[1(a)| < |log(1 — la])?|m/2",

and so I (a) = 0.1If |a] > 1, then I (a) = 2m log|a| + I(1/a) = 2m log |a|.

Exercise 1.5.7

1.

Both ¢ and log ¢ belong to Z[a, b]. Foreachn € N, write x,(") =a+r(b—a)/n
¢ =01,...m, Ay = 30 tog (¢ (x7)), By =0 20 6 (x).

1/n
Then A, = log {H:’Zl ¢ (x,("))} , and appeal to the arithmetic-geometric
inequality and Exercise 1.4.15/1 shows that
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b b
A, <logB,, A, — (b —a)_l/ log(¢(t))dt, B, — (b —a)_l/ ¢(t)dt > 0.
a a

2. Use the integral test.

4. Suppose that « < f; when 8 < o the proof is similar. Define R,(8) =
ﬁ faﬂ(ﬂ — )" £ (1)dt. Integrate by parts to obtain Ry (8) — Ri41(B) =
B—a) fO@)/k! (k =1, ..., n—1); by the fundamental theorem of calculus,
Ri1(B) = f(B) — f(a). Sum over k:

n=1 f®(a)
k=0 k!

Ru(B) = f(B)— D B -t

To derive the result involving y, let m, M be the inf and sup respectively of f
on [a, B]. If m = M, use the fundamental theorem of calculus. Otherwise, by
the continuity of £, there exists f € («, ) suchthatm < £ (¢) < M, which
leads to m(B — )" /n! < R,(B) < M(B — «a)"/n!. Now use the intermediate-
value theorem. For the final part, proceed as above, this time by consideration
of the inf and sup of (8 — )"~ f®™(¢).

5. By Theorem 1.4.4, f; is differentiable, f{ = f and fi(a) = 0. Use of induction
together with Theorem 1.4.9 shows that each f;, is n—times differentiable and

= foi (= 0,1,...,n), setting fo = f. Since fj(a) = 0 (j =

1, ..., n), the result follows from Taylor’s theorem.

7. (i) Plainly L is linear; since L(1) = L(u1) = L(uz) = L(u3) = 0, where
uj(t) = t/, it follows that L(p) = 0 if p is a polynomial of degree at most 3.
Use Taylor’s theorem with integral form of the remainder to give

h X h
L) =% [ /O ( /0 (x =1 f (r)dr) dx — 'g /0 (h - x)3f(4)(x)dx]

0 x 0
+4 I/ (/ (x — r)3f<4>(z)dr) dx — ﬁ/ (h +x>3f<4>(x)dx]
31 J=n \Jo 3.)-n

1 h
=— — / (h — x)*(h +3x) f @ (x)dx
72 | Jo
0
+/ (h+x)3(h = 3x) f@ (x)dx] ,
—h
from which the required inequality follows.

(i) Let M = sup,_,p, | FP O], h = (b —a)/n, g, (1) = f(t +x20—1) (1 <
r < n). Then g, is four times differentiable, g§4) € #Z[—h, h] and

5
< —

h h
‘/h 8r—3 {gr(—=h) +4g,(0) + g, (h)} %0
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Thus

X2

r b—a) M — a)’
/- on {f(e2r—2) +4f (x2r—1) + fx20)}| < 23305

X2r—2

Exercise 1.6.15

2. Use Theorems 1.6.11 and 1.6.12.

3. The integrand is locally integrable. For 0 < u < 1 < v < oo, let a(u) =
[rxr=le~*dx, b(v) = [} xP~'e~*dx. Then a(u) < [} xP~'dx < 1/p and
a(u) increases as u decreases: hence lim,_,oa(u) exists in R. Moreover, if
neN,n>p+1,thenb(v) < n!flvx_(”“_p)dx < n! flvx_zdx < n!; since
b(v) increases with v, lim,_, o, b(v) exists in R. Thus I'(p) = limy, ¢ a(u) +
lim,_, »c b(v). For the rest, use integration by parts.

4. (a) To deal with the lower limit of integration, @ > 0; for the upper limit we
need o < 1: for both, @ € (0, 1).
da < 1. .

(c) Integrand is x %! S8 need o < 2.
(d) o> —1.

6. For n € N, define f,, g, : [0,7/2] — R by f,(x) = cotxsin2nx (x #
0), /,(0) = 2n; g, (x) = x~sin2nx (x # 0), g,(0) = 2n. The functions f,
and g, are continuous; moreover,

/2 /2 n—l
/ fn(x)dxz/ [1+2Z cos2rx+0082nx]dx=n/2
0 0 r=1

and, using a change of variable and Remark 1.6.13,

/2 nmw

o
lim gn(x)dx = lim x " !sinxdx = x~!sinxdx.
n—o0 0 n—od 0 0

Define i : [0,7/2] — R by h(x) = cotx — x~' (x # 0), h(0) = 0; h is
continuously differentiable. Use Exercise 1.4.15/5 to show that

/2 /2
0= lim h(x)sin2nxdx = lim / (fn(x) — gn(x))dx
n—oo 0 n—o0 0
oo
_z —/ x~!sinxdx.
2 Jo

7. [)/¢ x N dog(1/x)Pdx = [(log(l/x))*“‘]i/e /(0 —1).

8. Use integration by parts to evaluate fov e ¥ sin(Ax)dx and then let v — oo.
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v < 1 v v 1 - . N
9. [, fé’;)fdx = [fg‘éf{]z + /; x(ls(‘)‘;’;)zdx; note that the integral on the right is

bounded above by fzv mdx. The other part of the question is similar but
easier.

10. [ sin(e")dx = [5 Y gy,

Exercise 1.7.17

1. (a) lim, oo fr(x) = 0 but f,(1/n) = n?/(n> + 1) > 1/2: not uniformly
convergent.
(b) lim,,— o f5(x) = 0 but f, (¥1/2) = 1/4: not uniformly convergent.
© lim,— 00 fn(x) =00 <x < 1),1/2 (x = 1). Each f, is continuous but
the limit function is not: not uniformly convergent.
(d) | fu(x)] < 1/n: uniformly convergent.

2. Since 0 < f,,(x) < nP(1 —x)" it follows that lim, . f,(x) =00 < x < 1);
also plainly lim,,, o f»(0) = 0. As f, (x) = n”(1 — )"l —m+Dx}=0
iff x = lor1/(n+ 1), we see that f; has a global maximum at 1/(n + 1). Thus

1 n+1
0= fulr) < fu (1/(n+ 1) =n"") (1 + ;) ,

which shows that ( f;,) is uniformly convergent to 0 on [0, 1] iff p < 1. Since
1 4
Jo fn = oy the rest follows.
3. For the first part use the Weierstrass M —test. The series does not converge when
x = 1 as the n'" term does not tend to zero.
4. If0 < |t| < L,thent~log(1—1?) = — > %21t 1 /(r+1). Use the Weierstrass

M —test to show that Zfio (% sin 0)2r+1 /(r +1) converges uniformly on [0, 1],
justifying term by term integration.

8. Since f;, is continuous and | f,(x)| < 2.47" (x € R, n € N), Theorems 1.7.5
and 1.7.7 show that >_° , f, converges uniformly on R and that f is continuous.
Fix u € R. Note thatif r € Z and 2r < x,y < 2(r 4+ 1), then

lg(x) —gW)| = Ix —yl. *)

Given any k € N, there is a unique r; € Z such that 2r; < aky < 20 + D).
Let Iy = [2r, 2(rx + 1)]; each I; has length 2 and Ix4+1 C 4I; (k € N). Set
v = Lifd5u +1 € I, vi = —1 otherwise. Then 4%u + vy € I, (k € N), where
vi € {—1, 1}; moreover, 47y +4j_kvk €l;if 1 < j <k,since [y C4lx_1 C
421> C ...C 41 . Foreachn € N,

—4n

’

fo (475 ) = futw)

g (4"u + 4"_kvk) — g (4"u)|;
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further, since g is periodic with period 4 and (x) holds, it follows that

fo (1 475%) = futw)

4K 1 <n <k,
10, n>c«k.

Let by = 4 %v;. Then

k k
e Fu+h) = f) =2 b falu+ho) = fu@) =" i,
an integer which is even or odd according as k is even or odd. Since 4y — 0 and
limg s oo h,:l (f(u + hyx) — f(u)) does not exist, f is not differentiable at u.

9. The maximum value of x"* (1 — x) on [0, 1] is (n"?)n /(n+1); by the M —test,
the series is uniformly convergent on [0, 1].
10. Forall x € R, |@2n)!sin®(x/n)| < @n)!/(n)? < 22"/n! := a,. Since
limay,y1/a, = 0, the M —test show that the series is uniformly convergent on
R; continuity follows.

11.If0 < x < I, then (1 —x)/(1 —x3) = (1 —x)(1 + x> + ... + 3Dy 4

x3 /(1 4+ x + x?), so that
1 3n 1
=/ x—dx 5/ xMdx
o 1+x +x2 0

1 l_x n—1 1 3
/0 mdx — Zr:()/o (1 — .X').X "dx

o
TS
Hence
S ! /1 L=, /1(1+ +x3)ldx = 7/ (3V/3)
_—_— —FdadX = XTX X =7 .
=0 Gr+ DGr+2)  Jo 1—x° 0

Apply this technique to the given integral.
13. Expand log(1 — x).
14. Use of the inequalities

1 1/n 1/n 1
/ (1 —2)"dt z/ (l—tz)”dtz/ (1 —ntHdt > —
0 0 0 2n

shows that ¢, < n foralln € N. Let 0 < § < 1. The uniform convergence
of (gn) on [—1, =81 U [3, 1] is clear: sups,j<;gn (1) < n(1 —§*)" — 0. Each
pn(s) is a polynomial. Since f(¢) = 0if |[¢| > 1, use of Exercise 1.3.10/5 shows
that, foralln € Nand s € [0, 1],

1—s

1
Pn(s) = J U+ $)gnw)du = /1 S+ 5)qn(w)du

—S
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18.

and hence

1
puls) — f(s) = /1 (f(u+s) = f(s)) gn(u)du.

Let K = 14sup,cg | f(#)land e > 0. As f is uniformly continuous, there exists
8 € (0, 1) such that for all x € R, |f(x +h) — f(x)| < ¢ if |h| < 8. Further,
there exists N € N such that sups,j<1gn(u) < ¢ if n > N. Thus if s € [0, 1]
and n > N, then

=

1 [ f(u+s)— f(s)|gn(u)du

< 2Ke;

5
/ | fu+s)— f(s)gn(w)du < eand/
)

similarly, f; |f(u+s)— f(s)|gn(u)du < 2Ke. Hence, for alln > N,

1
SUPeo,171Pn(8) — f ()] = /1 [fu+s)— f)]gnu)du < (4K + De,

from which the desired uniform convergence follows. The rest is a matter of
routine manipulation.

Let g, = fu — f for each n and suppose that (g,) is decreasing and converges
pointwise but not uniformly to 0. For some ¢ > 0 there is a sequence (x,) in
[a, b] such that g,(x,;,) > ¢ (n € N). By Theorem A.4.13, a point x € [a, b]
and a subsequence (xm(n)) of (x,) exist such that x,,;,) — x. Let k € N.
Forn > k, gk (Xmm) = &mm) (Xmm)) = & further, since gi is continuous,
lim,,— 0 gk (xm(n)) = gr(x) > &. Thus 0 = limg_, , gk (x) > &: contradiction.

Exercise 2.1.45

1.

Since f'(t) = t?~! — 1, the minimum of f is attained only at 1 and the minimum
value is 0. Hence 17 /p 4+ 1/p’ —t > 0 for all t > 0. Now take t = ab~!/(P—D
(assuming b # 0; the result is obvious if b = 0). Holder’s inequality is clear if

either > |xx|” or > |yk|? is zero. Otherwise, puta = |x;| / (3 |xk|p)1/p, b=
A LP
vil/ (Z |ykl? ) in the first part to obtain

"

|51 Wl |3

7 =< + 7
(S baal?) 7 (S )" P EIT T E Al
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now sum over j. For Minkowski’s inequality, note that

n n _ n —
Do el < D b P el D b+ P el
. 1/p n 1/p n , 1/p
< (2 b ) (; r) +(§ )t

Verification of the metric space axioms is routine.

. Only the triangle inequality presents any problems: proceed as in question 1

above to obtain the integral version of Minkowski’s inequality.

As above, the triangle inequality holds for sums Z{V ; now let N — oo.

The triangle inequality follows from the hint and the fact that |x, — y,| <
[Xn — znl + lzn — yal.

(1) Closed, not open, (ii) neither, (iii) neither, (iv) neither.

Last part: no.

Let S be any proper non-empty subset. If x € S, then B(x, 1) = {x} C S and so
S is open. Now apply the same argument to the complement of S.

Let x, y,z € S and suppose that d(x, z) = 1/k,d(z,y) = 1/I. Then x, = z,
(r <k),xx # zk; zr = yr (r <1), z; # y;. Hence either x = y, in which case
d(x,y) =0,ord(x,y) =1/t for some t > min(k, [).

Take x = y in (ii): d(y, z) < d(z, y). Interchange of z and y gives d(y, z) =
d(z, y).

Let U be openin (X, d;). Given x € U, there exists ¢ > 0 such that
{yveX:di(x,y)<e} Cc U:thus {y € X :dr(x,y) <ae} C U and so U is
open in (X, d). Interchange the rdles of di and d5.

o o
If x € AN B then B(x, &) C A and B(x, &2) C B for some g1, &, > 0: thus
o
o o —
B(x,&) C AN B, ¢ = min(ey, &), giving ANB CANB. The reverse inclusion

is obvious. Also, plainly A U B is contained in the closed set A U B, so that
AU B C AU B; the reverse inclusion is obvious. Take X = R, A = Q, B =“Q
o

AUB=0AUB=R,ANB=RANB=0.

D is closed; for its interior, replace > by >.

(1) Interior {(x,y) : 0 < x <y < 1}, closure {(x, y) : 0 <x <y < 1}; (ii) in-
terior empty, closure {(x, 0) : 0 < x < 1}; (iii) interior empty, closure R2.

Let y € [0, 1]\S. Uniqueness of decimal representation is obtained by ruling
out recurring 9’s. There is a first digit in the decimal representation of y which
is not 0 or 1: suppose it is the n'" digit. Then the distance of y from § is greater
than 107"~ " and so B(y, 107"~1) N § = @: thus S is closed.

Let (E, d) be discrete and let x, y be distinct points of E. Then B(x, 1) = {x} =
{x},while {z € E:d(x,z) <1} = E.

(1) A is a closed subset of Y iff Y\ A is open in Y, which by Lemma 2.1.5 (iii)
is equivalent to the existence of an open set U in X such that Y\A =Y N U,
which is equivalentto A = Y N (X\U).
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(i1) By (i), cly(S) = B N Y for some closed subset B of X: hence cly(S) is
closed in X and so cly (S) D clx(S). Given x € cly(S), there exists (x,;) C S
such that x,, — x: thus cly (S) C clx(S).

18. Continuity at (x, y) # (0, 0) : (x,, y,) — (x, y) implies thatx, — x and y, —
y, so that f(x,, y,) — xy/(x*> + y?). Discontinuity at (0, 0) : f(1/n, 1/n) =
1/2 » 0.
20. f is continuous everywhere except at (0, 0): f(2y, y) = (3/5, 9y2/5) - (0,0)
asy — 0.
21. The map f : R> — R given by f(x,y) = x? — y? 4 2xy is continuous:
S = f1((—o00,0)) is open.
23. There is a sequence (a,) of elements of A that converges to a: thus a € A.
24. Take U = f~1((1/2,3/2)), V. = f~'((=3/2,—1/2)), where f is as in
Urysohn’s lemma.
Exercise 2.2.29
2. (i) If (xp,) is a Cauchy sequence in F,thenx, — x € X : x € F as F is closed,
and so F' is complete.
(ii) Let x € F, and let (x,) be a sequence in F that converges to x. Then (x,) is
a Cauchy sequence in F; (x,) converges to a point of F'; thus x € F and F is
closed.
3. Forall f,ge C(I)and x € I,
X
(TF)(x) = (T)(x)| < doo(f, g)/o (x =0)dt < (1/2)dso(f, 8)-
Thus doo(Tf, Tg) < doo(f, g)/2. Hence T has a unique fixed point; routine
verification or use of the iterative process shows that it is given by sinh x.
4. Define T : C([0,k]) = C([0,k]) by (Tf)(x) =1+ f(f f(t*)dt. Since
X
(T () = (TR < /0 ) = ()| dr < xdw(f. 9),
it follows that doo (T f, Tg) < kdwo(f, g). By the contraction mapping theorem
the integral equation has exactly one solution f;, when k € (0, 1).
To deal with the case k = 1, define f by f(x) = f;(x) whenever x <[ < 1.
Since the sequence (7" g), N converges to f, direct calculation of 7" g shows
that f is bounded above on (0, 1). Thus f satisfies the integral equation on (0, 1)
and may be extended by continuity to [0, 1].
5.1 T:(0,1)— (0, 1), Tx = x*/4.

T :R—>R, Tx = % + x —tan~! x. Given x, y € R, x # y, there exists z
strictly between x and y such that |Tx — Ty| = |x — y| zz/(l +2%) < |x — vl
but 7 has no fixed point.

(i) T : A([0, 1)) — A([0, 1]),
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f(z+%),0 2
0, 1

(TfHx) = [

X
X

IN A

=
=

Nf—

Note that 72 = 0.

. Define ¢ : (0, 0c0) — (0, 00) by ¢(t) = 1/t : ¢ coincides with its inverse and

is continuous when (0, co) is given the natural metric inherited from R. Thus
x — x4 > 0= |¢p(x) — P (xp)| > 0 = [p(d(x)) — P(d(x))] — O :
di(x,xy) > 0 = do(x,x,) > 0 = di(x,x,) = O.If (x;) is a Cauchy
sequencein (X, db), then thereexists y € R, y > 1, such that¢ (x,) — y,sothat
dy(x,, 1/y) — 0: thus (R, d>) is complete. However, (R, d}) is not complete:
consider (1/n).

Exercise 2.3.38

2.

Suppose the result false. Then for each n € N, there exists x, € X such that
d(x,, F;) < 1/nforalli:as X is compact, (x,) must have a convergent subse-
quence, with limit x € X; and as each F; is closed, x € F; for all i, giving a
contradiction.

. As X is compact, there are convergent subsequences (7"/(a))jen and

(T" (b)) jen: thus given & > 0, there exists J € N such that
d (T" (a), T"*(a)) < eand d (T™ (b), T"1* (b)) < ¢

whenever j > Jand!/ € N. Thusd (a, Tk(a)) < eandd (b, Tk(b)) < &, where
k =nyjy1 —ny. Hence

d(T (a), T(b)) < d(T*(a), T*(b)) < d(T*(a), a) + d(a, b) + d(b, T* (b))
< d(a,b) + 2e.

Thus d(T (a), T (b)) = d(a, b). Density is clear from d (a, Tk (a)) < ¢. Given
a € X, by the density of 7(X) and the compactness of X, there is a sequence
(x,,) such that x,, — ¢ and Tx,, — a: thus

d(a,Tc) <d(a,Txy) +d(Tx,,Tc) =d(a, Tx,) + d(xy,, c),

which implies thata = Tc.

. Uniqueness: if Tx = x, Ty = yand x # y, thend(x,y) = d(Tx,Ty) <

d(x, y): contradiction.

Existence: suppose there is no fixed point. The map x —— d(x, Tx) is con-
tinuous on the compact set X and so attains its minimum, at xg, say. But
d(Txo, T%x0) < d(xo, Txo): contradiction.

. Suppose (fy) is decreasing, put g, = f, — f : & = gn+1 = 0. Put M, =

sup {g,(x) : x € X} = d(gn,0): we must show that M,, — 0. Given ¢ > 0,
put U, = gn_l((—oo, €)). Then U, is open, increases with n and for all x € X,
gn(x) = 0 :x € U, for some n. Hence the U,, cover the compact X, which is
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10.

11.
12.

15.

thus covered by a finite collection of the U,,: as the U,, are nested, Uy = X for
some N, which means that gy (x) < ¢ for all x € X, and so My < ¢. Since
M, | asn 1, and M, > 0, lim M,, = 0.

Boundedness is clear; for equicontinuity and pointwise convergence use the
mean-value theorem. If the set were relatively compact, there would be a conver-
gent sequence ( 5, ), with limit the zero function. But f;, ((4n + 1) 7?) = —1
for all k: contradiction.

Use the mean-value theorem.

Suppose that f is not lower semi-continuous at x but f(x) < liminf f(x,)
whenever x, — x. Then there exist ¢ > 0 and a sequence (y,) such that
d(x,y,) < 1/nand f(y,) < f(x)—e¢:thus y, — x and liminf f(y,) < f(x),
and we have a contradiction. Conversely, suppose f is lower semi-continuous
at x, x, — x and ¢ > 0. Then there exists § > 0 such that f(y) > f(x) —¢
if d(x,y) < 8. Thus for some n € N, inf{f(x;) : kK > n} > f(x) — ¢, which
implies that lim inf f(x,) > f(x) — e. This holds for all ¢ > 0.

Suppose the result false. Then for each n € N, there exists A, C X not contained
in any U and with diam A,, < 1/n. Let x,, € A,; the sequence (x,) has a
convergent subsequence with limit x; x € U for some U; B(x,¢) C U for
some & > (. There exists n > 2/¢e such that x, € B(x, ¢/2).If a € A, then

d(a,x) <d(a,xp) +d(x,,x) <diam A, +¢/2 < e.

Thus A, C B(x, ¢) C U: contradiction.

Exercise 2.4.33

1.

Suppose B is not connected. Then there are open sets U, V such that U N B #
G, VNB P, UNVNB=@Pand BCUUV.ThenUNV NA = and
ACUUV.IfUNA = @,then A C°U, which is closed: hence A CU, so that
U N B = {: contradiction. Thus U N A # @; similarly V N A # (. This means
that A is not connected: contradiction.

R? is path-connected and thus connected. Since SN (C\S) = @, SU(C\S) = C
and both S and C\ § are open, either S or C\§ is empty.

. E is path-connected and thus connected. F' is not connected: its components are

{(x,y) : x> + y* < 1} and the one-point sets {(1 + 1/n, 0)} (n € N).

. Define f : GL(n,R) — R\{0} by f(a) = deta. Since f is continuous and

surjective, and R\{0} is not connected, G L(n, R) is not connected.

. Letc € AN B and suppose a, b € A U B. There are paths in A U B joining a to

c and ¢ to b: combine them.
Letc,d € f(E),c = f(a),d = f(b). There is a path y in E joining a and b:
consider f o y.
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Exercise 2.5.30

1. Define g : §" x I — R by g(x,1) = (1 —t)f(x) + tx; both g and
(x,t) —> |lg(x, )| are continuous. The hypothesis guarantees that for all
(x,1) € S" x I, g(x,t) # 0, for the only zero of g could be when t = 1/2 and
f(x) = —x,whichisimpossible. Hence H is continuous. Since H (x, 0) = f(x)
and H(x, 1) =x (x € §"), f ~idgn.

2. Suppose 4 ~ v. Then w7V ~ v+ (Theorem 2.5.9) ~ ¢, (Theorem 2.5.13). By
Theorem 2.5.5, i %V ~ ex. Conversely, suppose i % v ~ e,. Then . ~  * e,
(Theorem 2.5.12) ~ % (V * v) (Theorems 2.5.9 and 2.5.13) ~ (u* V) * v
(Theorem 2.5.11) ~ ey * v (Theorem 2.5.9) ~ v (Theorem 2.5.12).

3. Consider the maps f, g : I — R? defined by f(r) = (cos 2xt, sin27t), g(t) =
(1,0).

4. To avoid triviality, suppose 0 < a < 1. Let K1 = {(s,t) e I x [ : s +at < 1},
Ky = {(s,t) € I x I : s+ at > 1}; both these sets are closed. The maps
(s, ) —> s+at — f(s+at): Ki —> X, (s, ) —>s+at —1+— f(s+
at —1) : Ko — X are continuous and, since f (1) = f(0), their values coincide
at points (s,7) € K1 N Ky. Hence H is consistently defined and the glueing
lemma shows it to be continuous. Plainly H(s,0) = f(s), H(s, 1) = g(s)
(sel)and H(O,1) = f(ta) = H(1,t) (t € I). The rest is left to the reader.

5.Let F : X x I — Y be defined by F(x,t) = (1 —¢)fo(x) + tf1(x). Then
F(x,0) = fo(x), F(x,1) = fi(x) and it remains to prove that F is continuous.
Since

dy (F(xp,10), F(x1,11)) <lto — 111 da(fo(x1), f1(x1))
+ (I = 19)da (fo(x1), fo(x0)) + tod2 (f1(x1)s f1(x0)),

routine procedures give the result.

7. (i) X and Y are not homeomorphic as the removal of (1, 0) from Y disconnects
Y but the removal of any point from X leaves X connected.
LetT = {(x,0) : 1 <x <2},p = (1,0); let d be the standard metric on
R2. Since d(f(w), f(x)) =dw,x) (w,x € X), f is continuous. Further, g is
continuous: if y € Y\{p},r =d(y, p) and u € B(y, r), then

. 1
d(gu), g(y)) = [g(“’ ) R 2 g‘

if y = p, then

. 1
d(g(w), g(y)) = [g(“’ Y EZ 2 ;

Evidently g o f = idyx. The map f o g : Y — Y is defined by

]y if y e ST,
(ng)(y)—lp ityeT.
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Consider H : Y x I — Y defined by H(y,t) = (1 —t)f(g(y)) + ty. This
map is continuous: (y,, ;) — (y,t) = H(yn,tn) — H(y,t). Moreover,
H(y,0) = f(g(y),H(y,1) = y (y € Y). Hence X and Y are homotopy-
equivalent.

(ii) Referring to (i), f is continuous; the continuity of g follows from that of
y —> |y|~': ¥ — R and idy. Plainly g o f ~ idx. Themap fog:Y —
Y is defined by (fog)(y) = |y|~'y. Let H : Y x I — Y be defined by
H(y,t) = (1 =0 f(g(y) + tidy(y) = (1 =t +1|y])|y|""y. Then H is
continuous, H(y,0) = (f o g)(y) and H(y, 1) =idy(y) (y € Y). Hence f o
g ~ idy: thus X and Y are homotopy-equivalent. They are not homeomorphic:
ST\{(—1,0), (1, 0)} is not connected.

8. Suppose that X is contractible. Let @ € X and assume that idxy =~ c, where
c: X — X isthe constant map c(x) = a (x € X). Let g : {a} — X be defined
by g(a) =a.Thengoc=rc,cog =idj),goc ~idy andco g = id(,. Thus
X and {a} are homotopy-equivalent. Conversely, let a € X and suppose that X
and {a} are homotopy-equivalent. There are continuous maps f : X — {a} and
g :{a} — Xsuchthatgo f >~ idx and f og > idj,). Since g o f is the constant
map x —> g(a), X is contractible.

Let K C R" be convex, a € K and suppose c is the constant map c(x) = a
(x € K). Themap H : K x I — K givenby H(x,t) = (1 — t)x + ta is
continuous, H(-,0) = idg and H(-, 1) = c¢. Hence K is contractible.

Exercise 3.1.24

1. If C were an ordered field, then either i > 0 or i < 0. Suppose i > 0. Then
—1=i2>0,s0that0 =1+ (=1) > 1; but 1 = (=1)(—=1) > 0: contradiction.
Proceed similarly if it is supposed that i < O.

2. Jz1il = lz1 —z2 + 22| = lz1 — 22| + [z2], so that [z1] — [z2] < |21 — z2]. Now
interchange z; and z5.

3. First part: induction. If equality holds, then

lztl + -+ lznl = 1(z1 +22) + -+ zul <Mz + 220+ -+ zal,

sothat 71| 4|z2] = |21 + 22|, which gives 217> = |z1]|z2|. As the numbering of
terms is arbitrary, necessity follows. Sufficiency: clear if all z; are zero. Suppose
some z; # 0. Then

1
Im+zz+-~-+zn|=_—|Z12j+-~-+zn2j|
%]

1
=— (lztl|zj] + -+ + lzal |2)]) -

|/

4. If im(ab) = 0, then ab = =+ |ab| and so a |b|> = = |ab| b. For the converse,
note that
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= [waTlplP, x#£0,
ab = 1,2
A~ al=, w#0.

5. Forall A € C,
0< Z lag — Abe|> = A + A2 B — 2re(RC).

If B = 0 the result is obvious; if B # 0, choose A = C/B.
6. Forall z € C,

(1= 2p@ z a0~ {3 @1 — ) lel* +a, 12"}

by exercise 3 above, the inequality is strict if and only if z # |z|. If z # |z| and
lz| < 1, then

(0= 2p@1 > a0~ {7 _ @t = a0 2 +an 21"} 2 0.

Plainly p(z) #0if z = |z|.

Exercise 3.2.12

1. Forallrational r, f(r) = rf (1) and f(ir) = rf(i); since the rationals are dense
inR, f(x) =xf(1)and f(ix) = xf (i) forall real x. Forall z = x +iy € C,

1 1
f@=xfM)+yf) =5+ f(D)+ z—l.(z —2f0).

2. f is not continuous at 0: if x # 0, x real, then f(x) =1 - f(0) asx — O.
Since |g(z)| < |z|2 — 0 as z — 0, g is continuous at 0.

3. Since
4 3

f(rcosa +irsinae)  r®cos’asina(sinoe —icosa)

r - r0cosb a + r2sin’ ’
this expression is zero if either cos « or sin « is zero, and otherwise has modulus
bounded above by r*/(r® cos® a + r?sin> ) — 0asr — 0.If z = x + imx>
(x,mreal, x #0), f(z)/z = —im/(1 +m?).

4. (1) ||z] = lal] < |z —a|] — 0as z — a: continuity follows. The function is not
differentiable anywhere as the Cauchy-Riemann equations are not satisfied.
(1) As lim, ¢ 1z|? /z = 0 the function is differentiable at 0. Since the Cauchy-
Riemann equations do not hold at any point other than 0, the function is differ-
entiable only at 0.

5. Put f = u +iv. If u is constant, then u; = v = 0 and up = —v; = 0: thus
f' = 0in G and f is constant (Theorem 3.2.11). The same holds when v is
constant. If u% + v? is constant, then uu; + vv; = 0 and uuy + vvy = 0; use of
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the Cauchy-Riemann equations gives w? +vHu; =0and @? +vHur, = 0. If
u? +v? = 0 the result is clear; if u> 4+ v> # 0, use the first part.

6. Sinceui(x,y) = e*cosy+yandus(x,y) = —e” sin y+x, use of the Cauchy-
Riemann equations leads us to consider v of the forms v(x, y) = e*siny +
%yz + g(x) and v(x, y) = e*siny — %xz + h(y): thus a desired f is given by
f) = e —iz?)2.

7. Take fo(z) = z 272, Let f € .% and define g = f/fo : g € H(G) and
lg(z)| = 1 in G. Write g = u + iv: then u> 4+ 1> = 1 and by question 5 above,
g isconstant, g = A, || = 1.

Exercise 3.3.14

1. Put b = lim sup b,, and suppose that b is finite. There is a subsequence (bnk)
that converges to b; hence a,, b,, — ab and so ab < limsupa,b,. We may
suppose that for all n, a, # 0. Apply what has been proved with a, replaced
by 1/a, and b, replaced by a,b,: thus limsupb,, = limsup(l/a,)a,b, >
(1/a) lim sup a, b,, and the result follows. The case b = oo is simpler.

2. 1,0, 00, 1.

3. (i) lim sup |n%a,| """
(i) R'3;  (ii) RA.

4. Foralln € N, 30 lerl < (X0_g larl) (Xr—g 1brl) < (520 larl) (52 1br1) ;
(Z:’:O lcr |) is monotonic increasing and bounded above; D ¢, is absolutely con-
vergent. Put A, = > _qar, B =20 _obr.Cn =2 _gcr, En =20 glarl, Fy =
> _olbrl. Then

= lim sup |a, |'/": radius of convergence is R;

Ay — A, B, — B, |Cy, — AB| < |Cyyy — Ay By| + |Ay B, — AB|
= |E2nF2n - EnFn| + |Aan - AB| — 0.

Since (C,) is convergent and Co, — AB, we see that C,, — AB.

5. > a,z" is uniformly convergent on the closed unit disc D and is therefore con-
tinuous on it, by the Weierstrass theorem. Suppose z, ¢ € D, z # ¢. Then

f@—f©) 0o e e e
?zl—kzn:zan(z I 1),

and so

—f(Z; : ?(C)‘ >1- Z:OZZ na, > 0.

Exercise 3.4.36

1. Application of the ratio test shows that the radius of convergence is 1. If |z] < 1,

I+af@=a+ " [
= af ().

o{(oe—l)...(oz—n)+a(a—l)...((x—n+l) n
nl n—1)! }Z
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Put D =C\{z:rez < —1,imz = 0}. Then z — (1 +z)™ € H(D) and
has derivative z —> —a(l +2)"' "% For |z] < 1, ¢'(z) = (1 +2)7%f'(z) —
a(142)7'7% f(z) = 0. Hence ¢ is constant; since ¢(0) = f(0) = 1, the result
follows.

. arg(—1 —i) = —37/4, log(—1—i) =log~/2 — 3mi/4,

(=1 —i) = E (ilog(—1 —i)) = EQ3n/4)E(i log v/2)
= EQ@n/4) {cos(log \/5) + i sin(log \/5)] .

(/2 —arg)(—1 — i) = 57/4, 3n/2 —log)(—1 — i) = log /2 + S7i /4,

((—1 _ i)i>3ﬂ/2 = E(i(31/2 — log)(—1 — i))
— E(—51/4) {cos(log V2) + i sin(log ﬁ)} .

@) {m +no:m,ne€Z} = Uyez {m + no : m € Z}: countability follows. For
density, enough to prove that given 6 € R, ¢ > 0, there exist m, n € Z such that

lm 4+ na — 0| < e. (D

Let 7 € N,r > ¢~!. By the Archimedean order property (Theorem A.4.11)
and the well-ordering principle (Corollary A.4.10), for each j € N, there is a
unique s; € Z suchthat 0 < s; + ja < 1. Among the (+ + 1) numbers s + ko
(k=1,...,r + 1) there are at least two, indexed by k1, k7, such that

Sk ki < sk, + koo, 0 < s, — s, + (ko — k) o < rl <

Let p = sk, — Sk, ¢ = ko —ki,A = p+qa > 0:then 0 < A < . Arguing as
before, there is a least | € Z such that A~'(6 — &) < . Thus

A0 —e) <l <A 'O —e)+2 <2710 +e).

Hence |IA — 0| < . Now take m = Ip, n = Iq to obtain (1).

() Letw e C, |w| =1, w = €. By (i), there are sequences (I,) , (k,) C Z
suchthat/, +k,a0 — 6/(2m).Letw, = exp 2w (I, + kya) i) = exp Quk,oi);
w, — ¢! = w and each w, belongs to the o' power of 1.

() Let A, ={zeC:7" =1}, A =UA, : Ais countable but the unit circle
is not. Alternatively, note that « € R\Q, A = exp(ira) = for all n € N,
A £

(i) (a) Since > a,z" is absolutely convergent when |z| < R,
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1 n 00 1 n
A - 2 2 akp,p — 2 {2 Akp} P
n(2) w1 k=0 Lt pms odrh "+ k=0 apt

1 ) )L(n+1)p
:a0+n+lzp:l( aPZ (|Z|<RneN0)

Given ¢ > 0, fix z (0 < |z] < R), choose g such that z;ozqﬂ ]apzp} < ¢e/2:
for all large enough n,

1 — aA@+Dp
1 —AP

1
14,2) —apl < —— >

o0
o lapz?| + Zp=q+1 |lapz”| <e.

O If |zl =r, | f(@] = M), |[An(2)] < M(r), lim |A,(2)| = lao| = M(r).
(iii) Proceed as in (ii), working with g, where g(z) = f(z)/z’.
(iv) laj| < Mr=/ (r > 0, j € N). Letr — oo.

7. Let 0 : [a,b] — R be a continuous argument of y : 2mn(y,0) = 6(b) —
O(a). The map 6 o ¥ : [c,d] — R is a continuous argument of y o ¥ and

2nn(y oy, 0) =60 (Y (d) =0 (Y(c)) =0 (b)) — 0 (a).

Exercise 3.5.14

1. Values of integrals: i, 2i, 2i.

2. (1) fv rezdz = fon acoss(—asins +ibcoss)ds = mwiab/2.
(ii) [, Zdz = [y (acoss — ibsins)(—asins + ibcos s)ds = wiab.
The integrals involving p are handled in a similar way.

Exercise 3.6.37

1. () fu cos zdz = sin(—m/2) — sin(/2) = —
(ii) v/ (1) = (3t% + 2mti) exp(—27i /1) (t # 0),1'(0) = 0 : V' is continuous on
[0, 1] and so v is a contour. fv 2etdz = e — 2.

2. y is continuous, lim;—¢ y (r) = lim,;—1 y(r) = 0: y is a closed path. y’ exists
and is continuous in [0, 1/2], [1/2, 1]: y is a circuit.
Both z —> cos’(z?) and z —> log(l + z) are analytic in the unit disc: by
Cauchy’s theorem in a convex set, both integrals are 0.

4. 22 =2az4+1=z—-a)z—B),a =a+va® —1,=a—a®> —1; (z—a)™!

is analytic in the disc |z| < «; by Cauchy’s integral formula,

1 1 1
SRy —
B—a 27mi), (z—a)z—p)

7 = —mi/~a* — 1. Now

indy, (B) -

by Lemma 3.6.11, ind, (8) = 1. Thus [, 5——d
1 dz = —1L 2 dt
72—2az+1 — 2J0 a-—cost*

observe that [
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7.

10.

Notes on the Exercises

Let V be a convex open subset of G. By Theorem 3.6.6, there exists F € H(V)
such that F'(z) = f(z) (z € V), thus f is analytic on V, and as this holds for
allsuch V, f € H(G).

Radii of convergence are (a) 1, (b) /2.

11. 2, 7, 4.

12. Radii of convergence are (a) 1, (b) 1 — el

13. Suppose f # 0. There exista € G andr > O such that f(z) # 0if z € B(a,r).
Hence g(z) = O for all z € B(a, r): by Theorem 3.6.27, g = 0.

15. To obtain a contradiction, suppose w ¢ S and that (w — zo)/(w — z1) ¢ D().
For some r > 0, w — z9 = re!™(w — z1), so that w = (1 — t')zo0 +t'z1 € S,
wheret’ = r(14r)~!, acontradiction. Since w — log (3:2)) is a primitive of
w —> (w—z1) "' —(w—z0) "' on C\ S, by Theorem 3.6.2,ind, (z1) = ind, (z0)-
It follows that ind,, (-) is constant on each component of C\y*, each being open,
connected and polygonally connected (Theorem 2.4.23). Finally, suppose that
sup{lw| : w € y*} < r < |z|, where z lies in the unbounded component
of C\y*. Since w — (w — 271 is analytic on the convex set B(0, r), by
Theorem 3.6.9,

ind, (z) = L,/(w —2)dw =0.
2wi J,
Exercise 3.7.25
1. (a) Pole of order 1 (use Lemma 3.7.7), (b) removable singularity (use Lemma
3.7.6), (c) essential singularity (use a contradiction argument).
2. (@) —(14+i/+/3)/4, (b) —1/3, (c) (2ei)~', (d) 1/41.
3. @ +2)72 =22 (=D"(n + 1)z>".

B A+2)2=z42% (=D + Dz =30 (=) (n — 1)z~
(©)

2—2 1 z—i\ "’
(1+z9)" = 4(z—i)2(1+ 2i)

 Temm Ry BT BN +3>(Z—_i)p
T 4G —0)?  4iGz—i) 16 &p=0 P 2% )

f has a pole of order 2 ati and res(f;i) = %.
Use the standard semicircular contour y: by the residue theorem,

1
2mi - — =/(1 +7%)72dz
4i v
and so

<7R(R%2-1)72)2.

R
l—/ (1+1%)"2dr
4 0

R
<
-2

T exp(if)
/0 (1 + R2 exp(2i9))2 a0
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Thus [;°(1 + 12)~2dt = 7 /4.

4. Integrate appropriate functions over the unit circle.

9. The function z — z/(1 + z°) has simple poles at z,, = exp((2n + 1)in/5)
with corresponding residues —zﬁ /5 (n =0, %1, £2).

17. The functions f and g given by f(z) = «z”", g(z) = az" — expz are entire.
Since f has n zeros in the open unit disc and | f(z) — g(2)| < | f(2)|if |z] = 1,
the result follows from Rouché’s theorem.

19. Consider the function g defined by

¢(z) = {mz cosec (wz) — 1} /2> (z # 0), g(0) = 72/6,

observe that g is meromorphic in C with simple poles at £n(n € N), proceed
k
asin 3.7.1 to show that g(z) = > 1o, Z(;TIJ)#’ then put z = 0.
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Arzela-Ascoli theorem, 119
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B
Baire
category theorem, 102
space, 108
Base point, 157
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Borsuk’s theorem, 291
Boundary, 76
Bounded set, 77

C
Cantor
characterisation of completeness, 96
intersection property, 96
set, 150
Casorati-Weierstrass theorem, 246
Cauchy
product, 190
sequence, 93
Cauchy’s

general principle of uniform conver-

gence, 51

integral formula, 224
Cauchy’s theorem

convex set, 219

global version, 233

homology version, 235

homotopy version, 236

triangle, 217
Cauchy-Hadamard theorem, 183
Cauchy-Riemann equations, 177
Change of variable, 26
Circuit, 207
Closed

ball, 75

set, 74
Closure, 75
Compact

metric space, 111

set, 116
Complete metric space, 93
Component, 146
Connected set, 138
Continuity, 8
Continuous

argument, 195

logarithm, 195

map, 78
Contour, 206
Contractible, 165
Contraction, 100
Contraction mapping theorem, 100
Convergent sequence, 76
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Convex

hull, 214
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Coordinate functions, 79
Covering, 113
Cycle, 232

D

Diameter, 77

Disc of convergence, 181
Discrete metric, 69

E

Entire function, 174
Equicontinuity, 119
Euclidean metric, 69
Everywhere dense set, 105
Exponential function, 186

F
First category set, 106
First fundamental theorem of calculus, 22
Free homotopy, 157
Function
analytic, 174
Fundamental
group, 161
theorem of algebra, 250

G
Glueing lemma, 81
Gronwall’s inequality, 136

H
Holder’s inequality, 89
Heine-Borel theorem, 117
Hilbert cube, 119
Holomorphic function, 174
Homeomorphism, 82
Homologous, 235
Homotopy, 150
-equivalent, 164
extension theorem, 285
Hurwitz’s theorem, 253

I

Improper Riemann integral, 43
Index, 224

Initial point , 141

Initial-value problem, 127
Inside, 294

Integral test for convergence, 36
Interior, 74

point, 74
Intermediate-value property, 137
Inverse function theorem, 251
Isometry, 83

J
Jordan curve, 291
theorem, 294

L
Laurent’s theorem, 241
Length of contour, 207
Limit
of a sequence, 76
point, 78
Line segment, 142
Liouville’s theorem, 229
Lipschitz condition, 12
Logarithm, 193
branch, 193
principal, 192
Loop, 157
Lower
integral, 3
semi-continuity, 122
sum, 2

M

Maximum modulus theorem, 231

Meagre set, 106

Mean value theorem for integrals
first, 27

Mean value theorem for integrals
second, 27

Metric, 68
space, 68

Minkowski’s inequality, 69

Montel’s theorem, 272

Morera’s theorem, 237

N
Neighbourhood, 76
Nonmeagre set, 106
Norm, 72
Normal family, 272
Nowhere dense set, 105
Null
-homotopic, 160
set, 132
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(o)
Open
ball, 72
mapping theorem, 250
set, 72
Opposite contour, 207
Oscillation, 7
function, 80
Outside, 294

P

P-path, 142

Parameter interval, 141

Partial
fraction decomposition, 264
sum, 171

Partition, 1

Path, 141
closed, 141, 157
component, 147
connected, 142
polygonal, 142

Peano

curve, 150

theorem, 130
Picard’s theorem, 246
Pointwise convergence, 86
Pole, 244
Polygonally connected, 142
Positively oriented circle, 208
Primitive, 22
Principal

part, 243

power, 193

R
Radius of convergence, 181
Rare set, 105
Ratio test, 172
Refinement, 3
Region, 174
Relative
maximum, 123
minimum, 123
Reparametrisation, 209
Residual set, 106
Residue, 241
theorem, 247
Retract, 203
Reverse path, 156
Riemann

integrability criterion, 132

integral, 3

mapping theorem, 276
Rouché’s theorem, 249

S

Schwarz’s
inequality, 17, 89
lemma, 273

Second category set, 106
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Second fundamental theorem of calculus, 24

Sequentially compact
metric space, 112
set, 116
Simple
path, 141
pole, 254
Simply-connected, 160
Singularity, 243
essential, 244
removable, 244
Square root property, 275
Standard reparametrisation, 211

T
Taylor expansion, 222
Taylor’s theorem, 37
Terminal point, 141
Tietze’s extension theorem, 87
Totally bounded
metric space, 112
set, 116
Track, 142
Trapezium rule, 21
Triangle inequality, 170
Triangular circuit, 215

U

Uniform
continuity, 8
convergence, 50, 87
equicontinuity, 119
metric, 97

Uniformly continuous function, 78

Upper
integral, 3
semi-continuity, 122
sum, 2

Urysohn’s lemma, 87
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A\ approximation theorem, 54
Volterra integral equation, 128 M-test, 52
Width, 1

Winding number, 197
w

Weierstrass
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