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1 Basic Theorems of Real Analysis

1.1 The Least Upper Bound Principle

A widely-used basic principle of analysis, from which many important theo-
rems ultimately derive, is the Least Upper Bound Principle.

Let D be a subset of the set R of real numbers. A real number u is said
to be an upper bound of the set D of x < u for all z € D. The set D is said
to be bounded above if such an upper bound exists.

Definition Let D be some set of real numbers which is bounded above.
A real number s is said to be the least upper bound (or supremum) of D
(denoted by sup D) if s is an upper bound of D and s < w for all upper
bounds u of D.

Example The real number 2 is the least upper bound of the sets {x € R :
r < 2} and {z € R: z < 2}. Note that the first of these sets contains its
least upper bound, whereas the second set does not.

The Least Upper Bound Principle may be stated as follows:

if D is any non-empty subset of R which is bounded above then
there exists a least upper bound sup D for the set D.

A lower bound of a set D of real numbers is a real number [ with the
property that [ < z for all z € D. A set D of real numbers is said to be
bounded below if such a lower bound exists. If D is bounded below, then
there exists a greatest lower bound (or infimum) inf D of the set D. Indeed
inf D = —sup{zr € R: —z € D}.

1.2 Monotonic Sequences

An infinite sequence aq,as,as, ... of real numbers is said to be strictly in-
creasing if a1 > a, for all n, strictly decreasing if a,,1 < a, for all n,
non-decreasing if a, 1 > a, for all n, or non-increasing if a,,,1 < a, for all n.
A sequence satisfying any one of these conditions is said to be monotonic;
thus a monotonic sequence is either non-decreasing or non-increasing.

Theorem 1.1 Any non-decreasing sequence of real numbers that is bounded
above is convergent. Similarly any non-increasing sequence of real numbers
that is bounded below is convergent.



Proof Let ay,as, as, ... be a non-decreasing sequence of real numbers that is
bounded above. It follows from the Least Upper Bound Principle that there
exists a least upper bound [ for the set {a, : n € N}. We claim that the
sequence converges to [.

Let € > 0 be given. We must show that there exists some natural num-
ber N such that |a, — | < € whenever n > N. Now [ — ¢ is not an upper
bound for the set {a, : n € N} (since [ is the least upper bound), and there-
fore there must exist some natural number N such that ay > [ —¢. But then
| —e < a, <1 whenever n > N, since the sequence is non-decreasing and
bounded above by . Thus |a, — | < ¢ whenever n > N. Therefore a,, — 1
as n — +00, as required.

If the sequence aq, a9, as, ... is non-increasing and bounded below then
the sequence —ay, —as, —as, ... is non-decreasing and bounded above, and
is therefore convergent. It follows that the sequence aq,as,as,... is also

convergent. [

1.3 Upper and Lower Limits of Bounded Sequences of
Real Numbers

Let aq,as,as,... be a bounded infinite sequence of real numbers, and, for
each positive integer j, let

Sy ={aj,aj11,a549,. ..} ={ap k> j}.

The sets Sy, 99, 53, . .. are all bounded. It follows that there exist well-defined
infinite sequences g, ug, us, ... and I, l, I3, . .. of real numbers, where u; =
sup S; and [; = inf S} for all positive integers j. Now S;; is a subset of .S; for
each positive integer j, and therefore u; 1 < u; and [;;1 > [; for each positive
integer j. It follows that the bounded infinite sequence (u; : j € N) is a non-
increasing sequence, and is therefore convergent (Theorem 1.1). Similarly
the bounded infinite sequence (I, : j € N) is a non-decreasing sequence, and
is therefore convergent. We define

limsupa; = lim u; = lim sup{a;,aji1,a;49,...},
itoo j—too oo

liminfa; = lim [; = lim inf{a;,a;41,a42,...}.
J—+o00 J—+o00 J—+0o0

The quantity limsupa; is referred to as the upper limit of the sequence
j—too
ai, as, as, . ... The quantity liminf a; is referred to as the lower limit of the
——+00
sequence ajp, ag, ag, . . .. ’



Note that every bounded infinite sequence aq,as,as,.... of real num-
bers has a well-defined upper limit limsup a; and a well-defined lower limit

j—too

lim inf a;.

Jj—+oo

Proposition 1.2 A bounded infinite sequence ay,as,as, . ... of real numbers

is convergent if and only if liminf a; = limsup a;, in which case the limit of
Jj—+o0 Jj—-+oo

the sequence is equal to the common value of its upper and lower limits.
Proof For each positive integer j, let u; = sup S; and [; = inf S;, where

Sj = {ajaaj+1;aj+2, .. } = {ak k> j},
Then liminfa; = lim [; and limsupa; = lim wu;.
Jeo Jmoo Jj—+o00 Jj—+o0

Suppose that liminf a; = limsupa; = ¢ for some real number c. Then,
J—+00 j——+o0

given any positive real number ¢, there exist natural numbers N; and N,
such that ¢ — ¢ < [; < ¢ whenever j > Nj, and ¢ < u; < ¢+ ¢ whenever
Jj > Ns. Let N be the maximum of N; and N,. If j > N then a; € Sy, and
therefore

c—e<Ily<a;<uy<c+e.

Thus |a; — ¢| < € whenever j > N. This proves that the infinite sequence
ai,as,as, ... converges to the limit c.

Conversely let aq,as,as, ... be a bounded sequence of real numbers that
converges to some value c. Let € > 0 be given. Then there exists some
natural number N such that ¢ — %5 <a; <c+ %5 whenever j > N. It follows
that S; C (¢ — 3¢,¢+ 1) whenever j > N. But then

1 1
C—§5§ljSUj§C+§8

whenever j > N, where u; = sup S; and [; = inf S;. We see from this that,
given any positive real number ¢, there exists some natural number N such
that |l; — ¢| < e and |u; — ¢| < € whenever j > N. It follows from this that

limsupa; = lim w; =cand liminfa; = lim [; = ¢,
j—+oo j—+oo j—+oo j—too

as required. |



1.4 Cauchy’s Criterion for Convergence

Definition An infinite sequence ap,as,as,... of real numbers said to be
a Cauchy sequence if, given any positive real number ¢, there exists some
positive integer N such that |a; — ax| < ¢ for all j and k satisfying j > N
and kK > N.

Theorem 1.3 (Cauchy’s Criterion for Convergence) A sequence of real num-
bers is convergent if and only if it is a Cauchy sequence.

Proof Let ay,as,as,... be a sequence of real numbers. Suppose that this
sequence converges to some limit c¢. Let some positive real number € be given.
Then there exists some natural number N such that |a; — ¢| < %z—: whenever
j > N. If j and k are positive integers satisfying 7 > N and k > N then

laj —ag| <la; —c| +]c—ax| < 3e+ie=e

This shows that any convergent sequence of real numbers is a Cauchy se-
quence.

Next let ay,as,as, ... be a Cauchy sequence of real numbers. We must
prove that this sequence is convergent. First we show that it is bounded. Now
there exists some natural number M such that |a; — a;| < 1 for all positive
integers j and k satisfying j > M and & > M. Let R be the maximum of
the real numbers

|CL1‘, |a2|, RN \aM_l\, |aM| + 1.

It is clear that |a;| < R when j < M. If j > M then |a; — ap| < 1, and
therefore |a;| < |ap|+1 < R. Thus |a;| < R for all positive integers j. This
proves that the Cauchy sequence is bounded.

For each positive integer 7, let

u; =sup{ay : k > j} and [; = inf{a;, : k > j}.

Then wuy, us, us, . . . is a non-increasing sequence which converges to lim sup a;,
jto
and Iy, 1y, 13, ... is a non-decreasing sequence which converges to liminf a;.

[ 11

Let € be some given positive real number. Then there exists soine natural
number N such that |a; — ai| < ¢ for all positive integers j and k satisfying
j > N and k > N. It follows from this that ay —¢ < a; < ay + ¢ for all
positive integers j satisfying j > N. It then follow from the definitions of
UN anle that aN—eglN SUN SCLN—F&. NOWOSUj—lj SUN_ZN
whenever 7 > N. It follows that

limsupa; —liminfa; = lim (u; — ;) <uy — Iy < 2e.
Jtoo jooo T oo
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Thus if d = limsupa; — liminfa; then 0 < d < 2¢ for all positive real

j——+oo J—too

numbers €. It must therefore be the case that d = 0. Thus limsupa; =
j—oo

liminfa;. It now follows from Proposition 1.2 that the Cauchy sequence
J—+00

ai, as, as, . .. is convergent, as required. |

1.5 The Bolzano-Weierstrass Theorem

Let a1, a0, as,... be an infinite sequence of real numbers. A subsequence
of this sequence is a sequence that is of the form a,,,, @pm,, Gy, - .., Where
mi, Mg, M3, ... are positive integers satisfying m; < mg < mgz < ---. Thus,
for example, as, a4, ag,... and ai,ay,ag, ... are subsequences of the given
sequence.

Lemma 1.4 Let ay,as,as, ... be a bounded infinite sequence of real numbers,

and let ¢ be a real number satisfying c < limsup a;. Then there exist infinitely
j—+oo
many positive integers j such that a; > c.

Proof Let N be a positive integer. Then

c < limsupa; <sup{a; :j > N},

j—+oo

It follows that ¢ is not an upper bound for the set {a; : j > N}, and therefore
there exists some positive integer satisfying j > N for which a; > ¢. We
conclude from this that there does not exist any positive integer N with the
property that a; < ¢ whenever j > N. Therefore {j € N : a; > ¢} is not a
finite set. The result follows. |

Proposition 1.5 Any bounded infinite sequence ay,as,as,... of real num-
bers has a subsequence which converges to the upper limit limsup a; of the
j—+oo

gilven sequence.

Proof Let s = limsupa;, and let
j—+oo

uny = sup{an, an+1,AN+2, ...} =sup{a;:j > N}

for all positive integers N. The upper limit s of the sequence aq, as, as, ... is
then the limit of the non-increasing sequence uy, us, us, . . ..

Let € be positive real number. The convergence of the infinite sequence
Uy, U, Uz, . . . t0 s ensures that there exists some positive integer N such that



uy < s +e. But then a; < s + ¢ whenever j > N. It follows that the
number of positive integers j for which a; > s + ¢ is finite. Also it follows
from Lemma 1.4 that the number of positive integers j for which a; > s —¢
is infinite. Putting these two facts together, we see that the number of
positive integers j for which s — e < a; < s+ ¢ is infinite. (Indeed let
S1=4{jeN:a;>s—c}and Sy ={j € N:a; > s+¢c}. Then S is an
infinite set, Sy is a finite set, and therefore S; \ Sy is an infinite set. Moreover
s—e<a; <s+eforaljesS;\S,)

Now given any positive integer j, and given any positive number m;
such that |a,,, —s| < 771, there exists some positive integer m;,; such that
M > mj and |ap,,,, —s| < (j +1)7". It follow from this that there exists
a subsequence Gy, , Gmy, Gms, - - - of the infinite sequence aq, as, as, ..., where
my < mg < mg < ---, which has the property that |a,, —s| < j~' for all
positive integers 7. This subsequence converges to s as required. |

The following theorem, known as the Bolzano-Weierstrass Theorem, is
an immediate consequence of Proposition 1.5.

Theorem 1.6 (Bolzano-Weierstrass) Every bounded sequence of real num-
bers has a convergent subsequence.

1.6 The Intermediate Value Theorem

Proposition 1.7 Let f:]a,b] — Z continuous integer-valued function de-
fined on a closed interval [a,b]. Then the function f is constant.

Proof Let
S ={z €a,b] : f is constant on the interval [a, z]},

and let s =sup S. Now s € [a, b, and therefore the function f is continuous
at s. Therefore there exists some real number ¢ satisfying 6 > 0 such that
|f(x) — f(s)] < 5 for all z € [a,b] satisfying |z — s| < §. But the function f
is integer-valued. It follows that f(z) = f(s) for all z € [a,b] satisfying
|z —s| < §. Now s — ¢ is not an upper bound for the set S. Therefore
there exists some element zy of S satisfying s — d < g < s. But then
f(s) = f(xg) = f(a), and therefore the function f is constant on the interval
[a, z] for all z € [a,b] satisfying s <z < s+9d. Thus x € [a,b]N[s,s+J) C 5.
In particular s € S. Now S cannot contain any elements z of [a, b] satisfying
x > s. Therefore [a,b] N [s,s 4+ §) = {s}, and therefore s = b. This shows
that b € S, and thus the function f is constant on the interval [a,b], as
required. ||



Theorem 1.8 (The Intermediate Value Theorem) Let a and b be real num-
bers satisfying a < b, and let f:[a,b] — R be a continuous function defined
on the interval [a,b]. Let ¢ be a real number which lies between f(a) and f(b)
(so that either f(a) < ¢ < f(b) or else f(a) > ¢ > f(b).) Then there exists
some s € [a,b] for which f(s) = c.

Proof Let ¢ be a real number which lies between f(a) and f(b), and let
ge: R\ {c} — Z be the continuous integer-valued function on R\ {c} de-
fined such that g.(z) = 0 whenever x < ¢ and g.(z) = 1 if > ¢. Suppose
that ¢ were not in the range of the function f. Then the composition func-
tion g. o f:[a,b] — R would be a continuous integer-valued function defined
throughout the interval [a,b]. This function would not be constant, since
ge(f(a)) # g.(f(b)). But every continuous integer-valued function on the in-
terval [a, b] is constant (Proposition 1.7). It follows that every real number ¢
lying between f(a) and f(b) must belong to the range of the function f, as
required. |

Corollary 1.9 Let f:[a,b] — [c,d] be a strictly increasing continuous func-
tion mapping an interval [a,b] into an interval [c,d], where a, b, ¢ and d are
real numbers satisfying a < b and ¢ < d. Suppose that f(a) = ¢ and f(b) = d.
Then the function f has a continuous inverse f~':[c,d] — [a,b].

Proof Let z; and x5 be distinct real numbers belonging to the interval [a, ]
then either z; < x5, in which case f(x1) < f(x2) or ;1 > x5, in which
case f(x1) > f(x2). Thus f(x1) # f(x2) whenever x; # x5. It follows that
the function f is injective. The Intermediate Value Theorem (Theorem 1.8)
ensures that f is surjective. It follows that the function f has a well-defined
inverse f~':[c,d] — [a,b]. It only remains to show that this inverse function
is continuous.

Let y be a real number satisfying ¢ < y < d, and let x be the unique real
number such that a < z < b and f(z) = y. Let € > 0 be given. We can then
choose x1, 25 € [a,b] such that z —e <21 <x <2y <z +¢e. Let y3 = f(a1)
and yo = f(x3). Then y; < y < yo. Choose 6 > 0 such that § < y — y;
and 6 < yo —y. If v € [c,d] satisfies |[v — y| < 0 then y; < v < y» and
therefore z; < f~'(v) < xy. But then |f~*(v) — f~*(y)| < e. We conclude
that the function f~':[c,d] — [a, ] is continuous at all points in the interior
of the interval [a,b]. A similar argument shows that it is continuous at the
endpoints of this interval. Thus the function f has a continuous inverse, as
required. ||



2 Analysis in Euclidean Spaces

2.1 Euclidean Spaces

We denote by R™ the set consisting of all n-tuples (z1,xs,...,x,) of real
numbers. The set R"™ represents n-dimensional Fuclidean space (with respect
to the standard Cartesian coordinate system). Let x and y be elements of
R™, where

X:(xbx?w"axn)a y:<ylay27"'7yn)7

and let A be a real number. We define

x+y = (14 y,22+ Y2, s Ty + Yn),

XxX—y = (1 —y1,%2 — Y2y, Ty — Yn),
AX = (Ax1, Axe, ..., Axy),

Xy = TiY1 +ToYs + -+ Tpln,

x| = \/x%—kx%—i----—l—x%.

The quantity x -y is the scalar product (or inner product) of x and y, and
the quantity |x| is the Euclidean norm of x. Note that |x|> = x -x. The
Fuclidean distance between two points x and y of R" is defined to be the
Euclidean norm |y — x| of the vector y — x.

Lemma 2.1 (Schwarz’ Inequality) Let x and y be elements of R". Then
[x-y[ < [x|lyl.

Proof We note that |Ax + py|? > 0 for all real numbers A and p. But
XX + py|? = A+ py).(Ax + py) = N[x[* + 22 px -y + 12 [y[*.

Therefore A\?|x|* + 2 \ux -y + p?|y|> > 0 for all real numbers A and p. In
particular, suppose that A = |y|*> and 4 = —x - y. We conclude that

I = 20y *(x - y)* + (x - y)*ly[* 2 0,
so that (|x|?ly|* — (x-y)?)|y|* > 0. Thus if y # 0 then |y| > 0, and hence
xPlyl* = (x-y)* = 0.

But this inequality is trivially satisfied when y = 0. Thus |x-y| < |x]|]y|, as
required. |



It follows easily from Schwarz’ Inequality that |x +y| < |x| + |y| for all
x,y € R". For

x+y]? = (x+y).&x+y) =[x+|y+2x y
< xP+ylP+ 2yl = (%] + [y])*

It follows that
z—x|<|z—y|[+ |y — x|

for all points x, y and z of R". This important inequality is known as the
Triangle Inequality. It expresses the geometric fact the the length of any
triangle in a Euclidean space is less than or equal to the sum of the lengths
of the other two sides.

2.2 Convergence of Sequences in Euclidean Spaces

Definition Let n be a positive integer, and let p1, p2, pP3, ... be an infinite
sequence of points in n-dimensional Euclidean space R™. This sequence of
points is said to converge to some point r of R” if, given any real number &
satisfying € > 0, there exists some positive integer N such that [p; —r| < ¢
whenever j > N.

Lemma 2.2 Let p be a point of R", where p = (p1,p2,---,Pn). Then a
sequence Xi,Xg, X3, ... of points in R™ converges to p if and only if the ith
components of the elements of this sequence converge to p; fori =1,2,...,n.

Proof Let x; and p; denote the ith components of x; and p. Then |z;;—p;| <
|x; — p| for all j. It follows directly from the definition of convergence that
if x; — p as j — 400 then z;; — p; as j — +00.

Conversely suppose that, for each i, z;; — p; as j — 4+00. Let € > 0 be
given. Then there exist natural numbers Ny, Ny, ..., N, such that |z;; —p;| <
e/y/n whenever j > N;. Let N be the maximum of Ny, Ny, ..., N,. If j > N
then

n

x; = pI* =Y (2 — pi)? < nle/v/n)? =&,

1=1

so that x; — pasj— +oo. ||

The following result is the analogue of the Bolzano-Weierstrass Theorem
for sequences in n-dimensional Euclidean space.

Theorem 2.3 FEvery bounded sequence of points in R™ has a convergent sub-
sequence.



Proof Let x;,x%,x3,... be a bounded sequence of points in R". Let us
denote by acgz the ith component of the point x;, so that
) .(2) (n))

_ (..
x; = (z;°,2;7,..., 7,

for all positive integers j. Suppose that, for some integer s between 1 and
n — 1, the sequence x;,Xs,x3,... has a subsequence x,, ,X,,,Xp,,... with
the property that, for each integer ¢ satisfying 1 < ¢ < s, the ith compo-
nents of the members of this subsequence constitute a convergent sequence
x,(,?, x,(f;), wé?, ... of real numbers. Let a; = :L’éjﬂ) for each positive integer j.
Then a1, as, as, ... is a bounded sequence of real numbers. It follows from
the Bolzano-Weierstrass Theorem (Theorem 1.6) that this sequence has a
convergent subsequence G, , Gm,, Amg, - - ., Where my < mg < mg < ---. Let
qj = Pm, for each positive integer j. Then x,,,X,,,X,;, - - - is a subsequence of
the original bounded sequence x1, Xz, X3, . .. which has the property that, for
each integer ¢ satisfying 1 < i < s+ 1, the ith components of the members
of the subsequence constitute a convergent sequence mgil) x((]?, x((]? ... of real
numbers.

Repeated applications of this result show that the bounded sequence
X1, X2, X3, ... has a subsequence X, ,X,,,Xy,, ... with the property that, for
each integer ¢ satisfying 1 < ¢ < n, the ith components of the members
of the subsequence constitute a convergent sequence of real numbers. Let
z = (21, 22, ..., 2,) where, for each value of i between 1 and n, the ith com-
ponent z; of z is the limit of the sequence xq(fl), xf«?, x%) ... of ith components
of the members of the subsequence x,,,X;,,X;,,.... Then this subsequence

converges to the point z, as required. |

2.3 Cauchy Sequences of Points in Euclidean Spaces

Definition A sequence xi,Xs, X3, ... of points in a Euclidean space is said to
be a Cauchy sequence if, given any € > 0, there exists some natural number N
such that |x; — x;| < ¢ for all integers j and k satisfying j > N and k > N.

Lemma 2.4 Fuvery convergent sequence in a Euclidean space is a Cauchy
sequence.

Proof Let x;,x9,X3,... be a sequence of points in a Euclidean space R"
which converges to some point p of R™. Given any ¢ > 0, there exists some
natural number N such that |x; — p| < €/2 whenever j > N. But then it
follows from the Triangle Inequality that

€

9~ ¢

£
|Xj—Xk|§|Xj—P|+|P—Xk|<§+
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whenever 7 > N and k> N. |}
Theorem 2.5 Fvery Cauchy sequence in R™ converges to some point of R™.

Proof Let pi,p2, p3, ... be a Cauchy sequence in R". Then, given any real
number ¢ satisfying ¢ > 0, there exists some natural number N such that
|p; — Pkl < € whenever j > N and k£ > N. In particular, there exists some
natural number L such that |p; — pig| < 1 whenever j > L and k& > L. Let
R be the maximum of the numbers |p1|, |p2],.-.,|pr—1| and |pr| + 1. Then
Ipj| < R whenever j < L. Moreover if j > L then

Ip;| < IpLl+Ip; —pol < Ipr| +1 < R

Thus |p;| < R for all positive integers j. We conclude that the Cauchy
sequence (p; : j € N) is bounded.

Now every bounded sequence of points in a Euclidean space has a con-
vergent subsequence (Theorem 2.3). In particular, the Cauchy sequence
(pj : j € N) has a convergent subsequence (pg, : j € N), where ki, ky, ks, . ..
are positive integers satisfying k1 < ky < k3 < ---. Let the point q of R" be
the limit of this subsequence. Then, given any positive number ¢ satisfying
e > 0, there exists some positive integer M such that |py,, —q| < 3¢ whenever
m > M. Also there exists some positive integer N such that |p; — pi| < %5
whenever j > N and k£ > N. Choose m large enough to ensure that m > M
and k,, > N. If 7 > N then

p; —al < |Pj — Pl + [Pk, —al < 36+ ie=c

It follows that the Cauchy sequence (p; : j € N) converges to the point q.
Thus every Cauchy sequence is convergent, as required. |}

2.4 Continuity

Definition Let X and Y be a subsets of R” and R” respectively. A function
f: X = Y from X to Y is said to be continuous at a point p of X if and
only if the following criterion is satisfied:—

given any real number ¢ satisfying € > 0 there exists some § >
0 such that |f(x) — f(p)| < e for all points x of X satisfying
|x — p| < 6.

The function f: X — Y is said to be continuous on X if and only if it is
continuous at every point p of X.
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Lemma 2.6 The functions s:R?> — R and p: R* — R defined by s(z,y) =
x+y and p(z,y) = zy are continuous.

Proof Let (u,v) € R2. We first show that s: R> — R is continuous at (u,v).
Let € > 0 be given. Let § = %5. If (z,y) is any point of R? whose distance
from (u,v) is less than § then |z —u| < ¢ and |y — v| < §, and hence

|s(z,y) —s(u,v)| =z +y—u—v|<|r—u|l+|y—v] <20 =e.

This shows that s:R? — R is continuous at (u,v).
Next we show that p: R? — R is continuous at (u,v). Now

p(z,y) — plu,v) =2y —uwv = (z —u)(y —v) +uly —v) + (x —u)v

for all points (z,y) of R%. Thus if the distance from (z,y) to (u,v) is less
than § then |z —u| < 6 and |y — v| < 4§, and hence |p(z,y) — p(u,v)| <
62 + (Ju] + [v|)d. Let € > 0 is given. If § > 0 is chosen to be the minimum of
1 and /(14 |u| + [v]) then 6 + (Ju| + |[v])d < (1 + |u| + |v])d < &, and thus
Ip(x,y) — p(u,v)| < e for all points (z,y) of R? whose distance from (u,v) is
less than §. This shows that p: R* — R is continuous at (u,v). ||

Lemma 2.7 Let X, Y and Z be subsets of R™, R" and R* respectively, let
f: X =Y be a function mapping X into Y, and let g:Y — Z be a function
mapping Y into Z. Let p be a point of X. Suppose that f is continuous at
p and g is continuous at f(p). Then the composition function go f: X — Z
18 continuous at p.

Proof Let € > 0 be given. Then there exists some 1 > 0 such that |g(y) —
g(f(p))] < e for all y € Y satisfying |y — f(p)| < . But then there exists
some d > 0 such that |f(x) — f(p)| < n for all x € X satisfying |x — p| < d.
It follows that |g(f(x)) — g(f(p))| < € for all x € X satisfying |x — p| < 9,
and thus g o f is continuous at p, as required. |

Lemma 2.7 guarantees that a composition of continuous functions be-
tween subsets of Euclidean spaces is continuous.

2.5 Convergent Sequences and Continuous Functions

Lemma 2.8 Let X and Y be a subsets of R™ and R™ respectively, and let
f: X — Y be a continuous function from X toY. Let x1,X,X3,... be a
sequence of points of X which converges to some point p of X. Then the

sequence f(X1), f(x2), f(X3),... converges to f(p).

12



Proof Let ¢ > 0 be given. Then there exists some 6 > 0 such that
If(x) — f(p)| < € for all x € X satisfying |x — p| < d, since the func-
tion f is continuous at p. Also there exists some natural number N such
that |x; — p| < § whenever j > N, since the sequence X;,Xs,Xs,... con-
verges to p. Thus if j > N then |f(x;) — f(p)| < €. Thus the sequence

f(x1), f(x2), f(x3),... converges to f(p), as required. |

Proposition 2.9 Let ay,as,as, ... and by, bs, bs, ... be convergent infinite se-
quences of real numbers. Then the sum, difference and product of these se-
quences are convergent, and

lim (a; +0b;) = lim a; + lim b,
Jj—+o0 Jj—-+o0 j—+oo
lim (a;j —b;) = lim a; — lim bj,
J—+o0 J—+00 J—+o00

If in addition b; # 0 for all n and lim b; # 0, then the quotient of the

j—+oo
sequences (a;) and (bj) is convergent, and

lim a;
lim 4 _ dotee ©
Jj——+o0 bj hm bj

Jj—+o0
Proof Throughout this proof let [ = jggloo a; and m = jEinoo bj.

Now a;+0b; = s(a;, b;) and a;b; = p(a;, b;) for all positive integers j, where
s:RxR — Rand p: RxR — R are the functions given by s(x,y) = x+y and
p(x,y) = xy for all real numbers x and y. Also the sequence ((a;,b;) : j € N)
is a sequence of points in R? which converges to the point (I,m), since its
components are sequences of real numbers converging to the limits [ and m
(Lemma 2.2). Moreover the functions s and p are continuous (Lemma 2.6).
It now follows from Lemma 2.8 that

lim (a; +b;) = lim s(a;,b;) =s ( lim (a;, bj)) = s(l,m) =1+ m,

Jj——+00 j—+oo Jj—+o0

and

lim (a;b;) = lim p(ay,b;) =p< lim (aJ':bj)) =p(l,m) = Im.

Jj—+o0 j—+oo Jj——+o00
Also the sequence (—b; : j € N) converges to —m, and therefore lim (a; —

Jj—-+o0o

b;) = | —m. Now the reciprocal function R\ {0} — R is continuous on
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R\ {0}, where r(z) = 1/x for all non-zero real numbers x. It follows from

Lemma 2.8 that if b; # 0 for all positive integers j then 1/b; converges to

1/m as j — 4o00. But then .liin (a;/bj) = 1/m. This completes the proof of
j—+o0

Proposition 2.9. |}

2.6 Components of Continuous Functions

Let f: X — R" be a function mapping a mapping a set X into n-dimensional
Euclidean space R™. Then

f@) = (fi(@), fo(), ., ful))

for all x € X, where fi, fo,..., f, are functions from X to R, referred to as
the components of the function f.

Proposition 2.10 Let X be a subset of some Fuclidean space, and let p be
a point of X. A function f: X — R"™ mapping X into the Fuclidean space
R™ 1s continuous at p if and only if its components are continuous at p.

Proof Note that the ith component f; of f is given by f; = p; o f, where
pi: R" — R is the continuous function which maps (y1, 49, ..., y,) € R" onto
its ith coordinate y;. It therefore follows immediately from Lemma 2.7 that
if f is continuous the point p, then so are the components of f.

Conversely suppose that the components of f are continuous at p € X.
Let € > 0 be given. Then there exist positive real numbers 61, do, ..., d, such
that | f;(x) — fi(p)| < e/+/n for x € X satisfying |x — p| < d;. Let § be the
minimum of §y,ds, ..., d,. If x € X satisfies |x — p| < ¢ then

[f(x) = f(P)I* = Z |fi(x) = filp)[* < €,

and hence |f(x) — f(p)| < e. Thus the function f is continuous at p, as
required. [

Proposition 2.11 Let f: X — R and g: X — R be real-valued functions
defined on some subset X of a Euclidean space, and let p be a point of X.
Suppose that the functions f and g are continuous at the point p. Then so
are the functions f+g, f—g and f-g. If in addition g(x) # 0 for allz € X
then the quotient function f/g is continuous at p.

14



Proof Note that f +¢g = soh and f-¢g = poh, where h: X — R2
s:R? — R and p: R? — R are given by h(z) = (f(z),9(x)), s(u,v) = u+v
and p(u,v) = wv for all x € X and u,v € R. If the functions f and g are
continuous at p then so is the function h (Proposition 2.10). The functions
s and p are continuous on R2. It therefore follows from Lemma 2.7 that the
composition functions soh and poh are continuous at p. Thus the functions
f+gand f-g are continuous at p. Now f —g = f+ (—g), and both f and
—g are continuous. Therefore f — ¢ is continuous.

Now suppose that g(x) # 0 for all z € X. Note that 1/g = r o g, where
r:R\ {0} — R is the reciprocal function, defined by r(t) = 1/t. Now the
reciprocal function r is continuous. It now follows on applying Lemma 2.7
that the function 1/g is continuous at p. The function f/g, being the product
of the functions f and 1/g is therefore continuous at p. |

2.7 Limits of Functions

Let X be a subset of some Euclidean space R”, and let p be a point of R".
We say that the point p is a limit point of X if, given any real number
satisfying & > 0, there exists a point x of X satisfying 0 < |[x — p| < J. It
follows easily from this that a point p of R” is a limit point of X if and only
if there exists a sequence of points of X \ {p} which converges to the point p.

Definition Let X be a subset of a Euclidean space R™, let f: X — R”
mapping X into a Euclidean space R", let p be a limit point of X, and let
q be a point of R". We say that q is the limit of f(x) as x tends to p in X
if, given any real number ¢ satisfying € > 0, there exists some real number o
satisfying & > 0 such that |f(x) — q| < e for all points x of X satisfying
0 < |x —p| < 4. If the point q is the limit of f(x) as x tends to p in X, then
we denote this fact by writing: q = )1(1_1% f(x).

Lemma 2.12 Let X and Y be subsets of Euclidean spaces, let f: X —Y be

a function from X to'Y, and let p be a point of X that is also limit point of

X. Then the function f is continuous at p if and only if lim f(x) = f(p).
X—p

Proof The result follows immediately on comparing the definitions of con-
vergence and of limits of functions. |}

Let X be a subset of some Euclidean space. A point p of X is said to be
an isolated point of X if it is not a limit point of X. A point p of X is an
isolated point of X if and only if there exists some real number ¢ satisfying
0 > 0 such that the only point of X whose distance from p is less than ¢ is the
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point p itself. It follows directly from the definition of continuity that any
function between subsets of Euclidean space is continuous at all the isolated
points of its domain.

Lemma 2.13 Let X, Y and Z be subsets of Euclidean spaces, let p be a
limit point of X, and let f: X — Y and g:Y — Z be functions. Suppose that
lim f(x) = q. Suppose also that the function g is defined and is continuous
T—p

at q. Then lim g(f(x)) = g(q)-

Proof The function g is continuous at q. Therefore there exists some n > 0
such that |g(y) — g(q)| < € for all y € Y satisfying |y — q| < n. But then
there exists some d > 0 such that |f(x) — q| < 7 for all x € X satisfying
0 < |x—=p| < 0. Thus |g(f(x)) —g(q)] < e for all x € X satisfying
0 < |x — p| < 9, showing that ilirrl) g9(f(x)) = g(q), as required. |}

~_ T

Let X be a subset of some Euclidean space, let f: X — R" be a function
mapping X into n-dimensional Euclidean space R"™, let p be a limit point of
the set X, and let g be a point in R™. Let f: X U {p} — R™ be the function
on X U {p} defined such that

iy — Jf(x) ifxe X \{p};
f(x)_{q if x = p.
Then lim f(x) = q if and only if the function f is continuous at p. This
X—Pp

enables one to deduce basic results concerning limits of functions from the
corresponding results concerning continuity of functions.
The following result is thus a conseqgence of Proposition 2.10.

Proposition 2.14 Let X be a subset of some Fuclidean space, let f: X — R"
be a function mapping X into n-dimensional Euclidean space R™, let p be
a limit point of the set X, and let q be a point in R™. Let the real-valued
functions f1, fa, ..., fn be the components of f, so that

f(x) = (f1(x), f2(%), - - fu(x))

forallx € X, and let q = (q1,q2,---,qn). Then lim f(x) = q if and only if
X—Pp

lim f;(x) =¢q; fori=1,2,...,n.

X—Pp

The following result is a consequence of Proposition 2.11.
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Proposition 2.15 Let X be a subset of some FEuclidean space, let p be a
limit point of X, and let f: X — R™ and g: X — R" be functions on X
taking values in some Euclidean space R™. Suppose that the limits lim f(x)

and )l(l_r)ré g(x) exist. Then o
i (£6) +gx) = lim £x) + Jim g(o),
i (76) — g() = im fx) ~ lim (%),
i (7gx)) = (tim ) ) (1 o))

If moreover lim g(x) # 0 and the function g is non-zero throughout its do-
X—p

main X then

£(x) lim f(x)

X—p

li = .
xop g(x)  lim g(x)
X—Pp

2.8 Uniform Convergence

Definition Let X be a subset of some Euclidean spaces, and let fi, fs, f3, ...
be a sequence of functions mapping X into some Euclidean space R"™. The
sequence (f;) is said to converge uniformly to a function f: X — R" on X
as j — +oo if, given any real number ¢ satisfying € > 0, there exists some
positive integer N such that |f;(x) — f(x)| < ¢ for all x € X and for all
integers j satisfying j > N (where the value of N is independent of x).

Theorem 2.16 Let f1, fo, f3,... be a sequence of continuous functions map-
ping some subset X of a Fuclidean space into R™. Suppose that this sequence
converges uniformly on X to some function f: X — R™. Then this limit
function f is continuous.

Proof Let p be an element of X, and let ¢ > 0 be given. If j is chosen
sufficiently large then |f(x) — f;(x)| < ie for all x € X, since f; — f
uniformly on X as j — +o00. It then follows from the continuity of f; that
there exists some 6 > 0 such that | f;(x) — f;(p)| < 3¢ for all x € X satisfying
|x — p| < 6. But then

[f(x) =) < [f(x) = 69+ 1500 = f(p)| + | f5(p) = f ()]

1 1 1.
< 3€+36+3€—8

whenever |x—p| < §. Thus the function f is continuous at p, as required. |
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2.9 Open Sets in Euclidean Spaces

Given a point p of R” and a non-negative real number 7, the open ball B(p, )
of radius r about p is defined to be the subset of R™ given by

B(p,r)={xeR": |x—p|<r}.

(Thus B(p,r) is the set consisting of all points of R™ that lie within a sphere
of radius r centred on the point p.)

Definition A subset V' of R" is said to be open in R" if and only if, given
any point p of V, there exists some § > 0 such that B(p,d) C V.

By convention, we regard the empty set () as being an open subset of R™.
(The criterion given above is satisfied vacuously in the case when V is the
empty set.)

Example Let H = {(z,y,2) € R® : 2 > ¢}, where ¢ is some real number.
Then H is an open set in R?. Indeed let p be a point of H. Then p = (u, v, w),
where w > ¢. Let § = w — c. If the distance from a point (z,y,2) to the
point (u,v,w) is less than § then |z — w| < 4, and hence z > ¢, so that
(x,y,2) € H. Thus B(p,d) C H, and therefore H is an open set.

The previous example can be generalized. Given any integer ¢ between 1
and n, and given any real number ¢;, the sets

{(z1, 22, .., 20) €R™ 12 > i, {(z1, 22, 20) ER" 1y <}
are open sets in R".

Lemma 2.17 Let p be a point of n-dimensional Fuclidean space R™. Then,
for any positive real number r, the open ball B(p,r) of radius r about p is
an open set in R™.

Proof Let x be an element of B(p,r). We must show that there exists some
d > 0 such that B(x,0) C B(p,r). Let 6 =r — |x — p|. Then 6 > 0, since
|x — p| < r. Moreover if y € B(x,d) then

ly—p|<|y—x[+[x—p|<d+|x—p|=1,

by the Triangle Inequality, and hence y € B(p,r). Thus B(x,0) C B(p,r).
This shows that B(p,r) is an open set, as required. |}

Lemma 2.18 Let p be a point of n-dimensional Fuclidean space R™. Then,
for any non-negative real number r, the set {x € R" : |x —p| > r} is an open
set in R™.

18



Proof Let x be a point of R" satisfying |x — p| > r, and let y be any point
of R™ satisfying |y — x| < 6, where § = |x — p| —r. Then

x—p|l<[x—-yl[+]y—pl
by the Triangle Inequality, and therefore
y —plZ[x—pl-ly—x|>[x—p[-d=r
Thus B(x,6) is contained in the given set. The result follows. [}

Proposition 2.19 The collection of open sets in n-dimensional Euclidean
space R™ has the following properties:—

(i) the empty set ) and the whole space R™ are both open in R™;
(ii) the union of any collection of open sets in R™ is itself open in R™;

(iii) the intersection of any finite collection of open sets in R™ is itself open
wn R™.

Proof The empty set () is an open set by convention. Moreover the definition
of an open set is satisfied trivially by the whole space R™. This proves (i).
Let A be any collection of open sets in R”, and let U denote the union
of all the open sets belonging to A. We must show that U is itself open in
R™. Let x € U. Then x € V for some set V' belonging to the collection A.
It follows that there exists some 6 > 0 such that B(x,0) C V. But V C U,
and thus B(x,0) C U. This shows that U is open in R™. This proves (ii).
Finally let Vi, V5, V3, ..., Vi be a finite collection of subsets of R™ that
are open in R"™, and let V' denote the intersection V; NV N --- NV} of these
sets. Let x € V. Now x € V) for j = 1,2,...,k, and therefore there
exist strictly positive real numbers dy, do, . . ., d such that B(x,d;) C V; for
j=1,2,... k. Let 6 be the minimum of d;,ds,...,dx. Then ¢ > 0. (This is
where we need the fact that we are dealing with a finite collection of sets.)
Now B(x,d) C B(x,0;) C V; for j =1,2,...,k, and thus B(x,d) C V. Thus
the intersection V' of the sets Vi, V5, ...,V is itself open in R™. This proves
(iii). |
Example The set {(z,y,2) € R®: 22 + y* + 22 <4 and z > 1} is an open
set in R3, since it is the intersection of the open ball of radius 2 about the
origin with the open set {(z,y,z) € R®: 2 > 1}.

Example The set {(z,y,2) € R®: 2% + y* + 22 < 4 or z > 1} is an open set
in R3, since it is the union of the open ball of radius 2 about the origin with
the open set {(z,y,z) € R®: 2 > 1}.
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Example The set
{(z,y,2) eR?: (x—n)2+y2+22 < i for some n € Z}

is an open set in R3, since it is the union of the open balls of radius % about
the points (n,0,0) for all integers n.

Example For each natural number £, let
Vi ={(z,y,2) € R®: B*(2® +9* + 2°) < 1}.

Now each set V} is an open ball of radius 1/k about the origin, and is therefore
an open set in R®. However the intersection of the sets V}, for all natural
numbers k is the set {(0,0,0)}, and thus the intersection of the sets V}, for all
natural numbers & is not itself an open set in R3. This example demonstrates
that infinite intersections of open sets need not be open.

Lemma 2.20 A sequence Xi,Xg, X3, ... of points in R™ converges to a point p
if and only if, given any open set U which contains p, there exists some
natural number N such that x; € U for all j satisfying j > N.

Proof Suppose that the sequence x, X5, X3, ... has the property that, given
any open set U which contains p, there exists some natural number N such
that x; € U whenever j > N. Let € > 0 be given. The open ball B(p,¢) of
radius € about p is an open set by Lemma 2.17. Therefore there exists some
natural number N such that x; € B(p, ) whenever j > N. Thus |x;—p| < ¢
whenever 5 > N. This shows that the sequence converges to p.

Conversely, suppose that the sequence x1, X5, X3, ... converges to p. Let
U be an open set which contains p. Then there exists some € > 0 such that
the open ball B(p, ) of radius £ about p is a subset of U. Thus there exists
some ¢ > 0 such that U contains all points x of R" that satisfy |x — p| < e.
But there exists some natural number N with the property that |x;, —p| < ¢
whenever j > N, since the sequence converges to p. Therefore x; € U
whenever j > N, as required. |

2.10 Open Sets in Subsets of Euclidean Spaces

Let X be a subset of R". Given a point p of X and a non-negative real
number r, the open ball Bx(p,r) in X of radius r about p is defined to be
the subset of X given by

Bx(p,r)={xe X :|x—p|<r}.

(Thus Bx(p, ) is the set consisting of all points of X that lie within a sphere
of radius r centred on the point p.)
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Definition Let X be a subset of R™. A subset V of X is said to be open
in X if and only if, given any point p of V, there exists some § > 0 such that
BX(p, (S) cV.

By convention, we regard the empty set () as being an open subset of X.
(The criterion given above is satisfied vacuously in the case when V is the
empty set.)

Example Let U be an open set in R™. Then for any subset X of R", the
intersection U N X is open in X. (This follows directly from the definitions.)
Thus for example, let S? be the unit sphere in R3, given by

S?={(z,y,2) eER*: 2 + > + 22 =1}
and let N be the subset of S? given by
N ={(z,y,2) €ER": 2 +y* + 2> = 1 and z > 0}.

Then N is open in S?, since N = H N S?, where H is the open set in R3
given by
H = {(z,y,2) € R®: 2 > 0}.

Note that N is not itself an open set in R3. Indeed the point (0,0, 1) belongs
to N, but, for any § > 0, the open ball (in R3 of radius § about (0,0,1)
contains points (z,y, z) for which 2% 4+ y* + 22 # 1. Thus the open ball of
radius § about the point (0,0, 1) is not a subset of N.

2.11 Closed Sets in Euclidean Spaces

Definition A subset F' of n-dimensional Euclidean space R" is said to be
closed in R™ if and only if its complement R™\ I in R™ is open in R™. (Recall
that R*"\ F={x e R":x ¢ F}.)

Example The sets {(z,y,2) € R3: 2z > ¢}, {(x,y,2) € R®: z < ¢}, and
{(z,y,2) € R®: z = ¢} are closed sets in R? for each real number ¢, since the
complements of these sets are open in R3.

Example Let p be a point of n-dimensional Euclidean space R™. Then the
sets {x € X : |x—p| <r}and {x € X : |[x—p| > r} are closed for
each non-negative real number r. In particular, the set {p} consisting of the
single point p is a closed set in X. (These results follow immediately using
Lemma 2.17 and Lemma 2.18 and the definition of closed sets.)
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Let A be some collection of subsets of a set X. Then

xX\Js=&x\9, x\(s=Jx\9
SeA SeA SeA SeA
(i.e., the complement of the union of some collection of subsets of X is the
intersection of the complements of those sets, and the complement of the
intersection of some collection of subsets of X is the union of the comple-
ments of those sets). The following result therefore follows directly from
Proposition 2.19.

Proposition 2.21 The collection of closed sets in n-dimensional Euclidean
space R™ has the following properties:—

(i) the empty set ) and the whole space R™ are both closed in R™;

(i) the intersection of any collection of closed sets in R™ is itself closed in
Rn .

)

(iii) the union of any finite collection of closed sets in R™ is itself closed in
R"™.
Lemma 2.22 Let F' be a closed subset of n-dimensional FEuclidean space R™,

and let X1,X2,X3, ... be a sequence of points of F' which converges to a point p
of R*. Then p € F.

Proof The complement R" \ F' of F' in R" is open, since F' is closed. Sup-
pose that p were a point belonging to R™ \ F. It would then follow from
Lemma 2.20 that x; € R™ \ F' for all values of j greater than some positive
integer N, contradicting the fact that x; € F for all j. This contradiction
shows that p must belong to F', as required. |}

Lemma 2.23 Let F be a closed bounded set in R™, and let U be an open set
in R". Suppose that F' C U. Then there exists positive real number 0 such
that |x —y| > 6 >0 forallx € F andy € R"\ U.

Proof Suppose that such a positive real number § did not exist. Then
there would exist an infinite sequence (x; : j € N) of points of F' and a
correspondinding infinite sequence (y; : j € N) of points of R” \ U such
that |x; —y;| < 1/j for all positive integers j. The sequence (x; : j € N)
would be a bounded sequence of points of R™, and would therefore have a
convergent subsequence (X, : j € N) (Theorem 2.3). Let p = lim x,,,.

j—-+oo

Then p = lim Yy, , because lim (X, —ym;) = 0. But then p € F' and

j—+oo J—+oo
p € R"\ U, because the sets F' and R" \ U are closed (Lemma 2.22). But
this is impossible, as F' C U. It follows that there must exist some positive
real number ¢ with the required properties. |
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3 Metric Spaces

3.1 Metric Spaces

Definition A metric space (X, d) consists of a set X together with a distance
function d: X x X — [0,+00) on X satisfying the following axioms:

(i) d(z,y) >0 for all z,y € X,

(ii) d(z,y) = d(y,x) for all z,y € X,
(iii) d(z,z) < d(z,y) +d(y, z) for all x,y,z € X,
(iv) d(z,y) =0 if and only if z = y.

The quantity d(x,y) should be thought of as measuring the distance be-
tween the points x and y. The inequality d(x, z) < d(z,y)+d(y, z) is referred
to as the Triangle Inequality. The elements of a metric space are usually re-
ferred to as points of that metric space.

Note that if X is a metric space with distance function d and if A is a
subset of X then the restriction d|A x A of d to pairs of points of A defines
a distance function on A satisfying the axioms for a metric space.

The set R of real numbers becomes a metric space with distance function d
given by d(z,y) = |z — y| for all z,y € R. Similarly the set C of complex
numbers becomes a metric space with distance function d given by d(z,w) =
|z —w| for all z,w € C, and n-dimensional Euclidean space R™ is a metric
space with with respect to the Fuclidean distance function d, given by

for all x,y € R™. Any subset X of R, C or R" may be regarded as a metric
space whose distance function is the restriction to X of the distance function
on R, C or R™ defined above.

Example The n-sphere S™ is defined to be the subset of (n+1)-dimensional
Euclidean space R"™! consisting of all elements x of R™™! for which |x| = 1.
Thus

Sn:{<l’1,x2,...,xn+1) c Rl ;x%+x§+...+xi+1:1}'

(Note that S? is the standard (2-dimensional) unit sphere in 3-dimensional
Euclidean space.) The chordal distance between two points x and y of S
is defined to be the length |x — y| of the line segment joining x and y. The
n-sphere S™ is a metric space with respect to the chordal distance function.
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3.2 Convergence of Sequences in a Metric Space

Definition Let X be a metric space with distance function d. A sequence
X1, To, X3, ... of points in X is said to converge to a point p in X if, given
any strictly positive real number e, there exists some natural number N such
that d(z;,p) < € whenever j > N.

We refer to p as the limit jliIJZlOO x; of the sequence x1, z9, x3, .. ..

This definition of convergence for infinite sequence of points in a metric
space generalizes the standard definition of convergence for sequences of real
numbers, and that for sequences of points in a Euclidean space.

If a sequence of points in a metric space is convergent then the limit of
that sequence is unique. Indeed let z1, z9, z3, ... be a sequence of points in a
metric space (X, d) which converges to points p and p’ of X. We show that
p = p'. Now, given any € > 0, there exist natural numbers N; and N, such
that d(x;,p) < € whenever j > Ny and d(z;,p’) < € whenever j > N,. On
choosing j so that j > Ny and 7 > Ny we see that

0 <d(p,p') <d(p,x;)+d(z;,p') < 2

by a straightforward application of the metric space axioms (i)—(iii). Thus
0 < d(p,p') < 2¢ for every € > 0, and hence d(p,p’) = 0, so that p = p’ by
Axiom (iv).

Lemma 3.1 Let (X,d) be a metric space, and let x1,xs, 3, ... be a sequence
of points of X which converges to some point p of X. Then, for any point y
OfX7 d(xjvy) - d<p7 y) CLSj — +00.

Proof Let ¢ > 0 be given. We must show that there exists some natural
number N such that |d(z;,y) — d(p,y)| < € whenever 7 > N. However N
can be chosen such that d(x;,p) < € whenever j > N. But

d(zj,y) < d(xj,p) +d(p,y),  dp,y) <dp ;) +d(z;,y)

for all j, hence

—d(zj,p) < d(zj,y) — d(p,y) < d(z;,p)

for all j, and hence |d(z;,y) — d(p,y)| < € whenever j > N, as required. ||
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3.3 Continuity of Functions between Metric Spaces

Definition Let X and Y be metric spaces with distance functions dx and
dy respectively. A function f: X — Y from X to Y is said to be continuous
at a point p of X if and only if the following criterion is satisfied:—

e given any strictly positive real number ¢, there exists some strictly
positive real number § such that dy(f(x), f(p)) < e for all points x
of X satisfying dx(x,p) < 9.

The function f: X — Y is said to be continuous on X if and only if it is
continuous at p for every point p of X.

This definition of continuity for functions between metric spaces gener-
alizes the standard definition of continuity for functions between subsets of
Euclidean spaces.

Lemma 3.2 Let X, Y and Z be metric spaces, and let f: X — Y andg:Y —
Z be continuous functions. Then the composition function go f: X — Z is
continuous.

Proof We denote by dx, dy and dz the distance functions on X, Y and Z
respectively. Let p be any point of X. We show that go f is continuous at p.
Let ¢ > 0 be given. Now the function g is continuous at f(p). Hence there
exists some 1 > 0 such that dz(g(y),g(f(p))) < € for all y € Y satisfying
dy (y, f(p)) < n. But then there exists some § > 0 such that dy (f(z), f(p)) <
n for all x € X satistying dx(z,p) < 6. Thus dz(g(f(x)),g(f(p))) < € for
all x € X satisfying dx(x,p) < 0, showing that g o f is continuous at p, as
required. |

Lemma 3.3 Let f: X — Y be a continuous function between metric spaces
X and Y, and let x1, 25,13, ... be a sequence of points in X which converges
to some point p of X. Then the sequence f(x1), f(z2), f(x3),... converges to

f(p).

Proof We denote by dx and dy the distance functions on X and Y respec-
tively. Let € > 0 be given. We must show that there exists some natural
number N such that dy (f(z,), f(p)) < € whenever n > N. However there
exists some § > 0 such that dy(f(z), f(p)) < € for all x € X satisfying
dx(x,p) <, since the function f is continuous at p. Also there exists some
natural number N such that dx(z,,p) < 0 whenever n > N, since the se-
quence 1, g, T3, ... converges to p. Thusif n > N then dy (f(x,), f(p)) < &,
as required. |}
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3.4 Open Sets in Metric Spaces

Definition Let (X, d) be a metric space. Given a point p of X and r > 0,
the open ball Bx(p,r) of radius r about p in X is defined by

Bx(z,7) ={x € X :d(z,p) <r}.

Definition Let (X, d) be a metric space. A subset V' of X is said to be an
open set if and only if the following condition is satisfied:

e given any point v of V' there exists some § > 0 such that Bx(v,0) C V.

By convention, we regard the empty set () as being an open subset of X.
(The criterion given above is satisfied vacuously in this case.)

Lemma 3.4 Let X be a metric space with distance function d, and let p be
a point of X. Then, for any r > 0, the open ball Bx(p,r) of radius r about
p 1s an open set in X.

Proof Let ¢ € Bx(p,r). We must show that there exists some § > 0 such
that Bx(q,d) C Bx(p,r). Now d(q,p) < r, and hence § > 0, where § =
r —d(q,p). Moreover if x € Bx(q,0) then

d(z,p) < d(z,q) +d(q,p) <0 +d(q,p) =T,

by the Triangle Inequality, hence x € Bx(p,r). Thus Bx(q,d) C Bx(p,1),
showing that By (p,r) is an open set, as required. |}

Lemma 3.5 Let X be a metric space with distance function d, and let p be
a point of X. Then, for any r >0, the set {x € X : d(x,p) > r} is an open
set in X.

Proof Let ¢ be a point of X satisfying d(q,p) > r, and let x be any point
of X satisfying d(x,q) < d, where § = d(q,p) — r. Then

d(g,p) < d(g,x) + d(z,p),
by the Triangle Inequality, and therefore
d(z,p) = d(q,p) — d(x,q) > d(g,p) =0 =
Thus Bx(z,0) C {z € X : d(x,p) > r}, as required. |

Proposition 3.6 Let X be a metric space. The collection of open sets in X
has the following properties:—
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(i) the empty set ) and the whole set X are both open sets;
(i) the union of any collection of open sets is itself an open set;

(iii) the intersection of any finite collection of open sets is itself an open set.

Proof The empty set () is an open set by convention. Moreover the definition
of an open set is satisfied trivially by the whole set X. Thus (i) is satisfied.

Let A be any collection of open sets in X, and let U denote the union of
all the open sets belonging to A. We must show that U is itself an open set.
Let x € U. Then z € V for some open set V belonging to the collection A.
Therefore there exists some § > 0 such that Bx(z,d) C V. But V C U, and
thus By (x,0) C U. This shows that U is open. Thus (ii) is satisfied.

Finally let Vi, V5, V3, ..., Vi be a finite collection of open sets in X, and let
V=VinVon---NV, Let x € V. Now x € V; for all j, and therefore there
exist strictly positive real numbers d;,0s, ..., such that Bx(z,d;) C V;
for 7 = 1,2,...,k. Let 6 be the minimum of §;,d5,...,d,. Then § > 0.
(This is where we need the fact that we are dealing with a finite collection
of open sets.) Moreover Bx(z,d) C Bx(z,d;) C V; for j =1,2,...,k, and
thus Bx(z,0) € V. This shows that the intersection V' of the open sets
Vi, Va, ..., Vj is itself open. Thus (iii) is satisfied. |

Lemma 3.7 Let X be a metric space. A sequence x1,To,x3,... of points
in X converges to a point p if and only if, given any open set U which
contains p, there exists some natural number N such that x; € U for all
Jj=>N.

Proof Let x1, 29, 23,... be a sequence satisfying the given criterion, and let
e > 0 be given. The open ball Bx(p,e) of radius € about p is an open set
(see Lemma 3.4). Therefore there exists some natural number N such that,
if j > N, then x; € Bx(p,¢), and thus d(z;,p) < . Hence the sequence (z;)
converges to p.

Conversely, suppose that the sequence (x;) converges to p. Let U be
an open set which contains p. Then there exists some ¢ > 0 such that
Bx(p,e) C U. But z; — p as j — 400, and therefore there exists some
natural number N such that d(z;,p) < ¢ for all j > N. If j > N then
z; € Bx(p,¢) and thus z; € U, as required. |}

Definition Let (X, d) be a metric space, and let x be a point of X. A
subset N of X is said to be a neighbourhood of x (in X) if and only if there
exists some d > 0 such that Bx(z,d) C N, where Bx(x,§) is the open ball
of radius ¢ about z.

It follows directly from the relevant definitions that a subset V' of a metric
space X is an open set if and only if V' is a neighbourhood of v for all v € V.
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3.5 Closed Sets in a Metric Space

A subset F' of a metric space X is said to be a closed set in X if and only
if its complement X \ F' is open. (Recall that the complement X \ F' of F
in X is, by definition, the set of all points of the metric space X that do not
belong to F'.) The following result follows immediately from Lemma 3.4 and
Lemma 3.5.

Lemma 3.8 Let X be a metric space with distance function d, and let xq €
X. Gwen any r > 0, the sets

{r € X :d(xz,x9) <1}, {r e X d(x,zg) >r}

are closed. In particular, the set {xo} consisting of the single point xy is a
closed set in X.

Let A be some collection of subsets of a set X. Then

xX\Js=&x\9, x\(s=Jx\9)

SeA SeA SeA SeA

(i.e., the complement of the union of some collection of subsets of X is the
intersection of the complements of those sets, and the complement of the
intersection of some collection of subsets of X is the union of the comple-
ments of those sets, so that the operation of taking complements converts
unions into intersections and intersections into unions). The following result
therefore follows directly from Proposition 3.6.

Proposition 3.9 Let X be a metric space. The collection of closed sets in X
has the following properties:—

(1) the empty set ) and the whole set X are both closed sets;

(i) the intersection of any collection of closed sets in X is itself a closed
set;

(iii) the union of any finite collection of closed sets in X is itself a closed
set.

Lemma 3.10 Let F be a closed set in a metric space X and let (z; : j € N)
be a sequence of points of F'. Suppose that x; — p as j — +00. Then p also
belongs to F'.
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Proof Suppose that the limit p of the sequence were to belong to the com-
plement X \ F' of the closed set F. Now X \ F' is open, and thus it would
follow from Lemma 3.7 that there would exist some natural number N such
that z; € X \ F for all j > N, contradicting the fact that x; € F for all j.
This contradiction shows that p must belong to F'; as required. |}

Definition Let A be a subset of a metric space X. The closure A of A is
the intersection of all closed subsets of X containing A.

Let A be a subset of the metric space X. Note that the closure A of A
is itself a closed set in X, since the intersection of any collection of closed
subsets of X is itself a closed subset of X (see Proposition 3.9). Moreover if
F is any closed subset of X, and if A C F, then A C F. Thus the closure A
of A is the smallest closed subset of X containing A.

Lemma 3.11 Let X be a metric space with distance function d, let A be a
subset of X, and let x be a point of X. Then x belongs to the closure A of
A if and only if, given any € > 0, there exists some point a of A such that
d(z,a) < e.

Proof Let x be a point of X with the property that, given any € > 0, there
exists some a € A satisfying d(z,a) < €. Let F' be any closed subset of X
containing A. If x did not belong to F' then there would exist some ¢ > 0
with the property that Bx(z,e) N F = (), where Bx(z,e) denotes the open
ball of radius € about z. But this would contradict the fact that Bx(z,e)NA
is non-empty for all € > 0. Thus the point = belongs to every closed subset F'
of X that contains A, and therefore € A, by definition of the closure A of
A.

Conversely let 2 € A, and let € > 0 be given. Let F be the complement
X \ Bx(z,¢) of Bx(z,e). Then F'is a closed subset of X, and the point =
does not belong to F. If By(z,e) N A = () then A would be contained in F,
and hence z € F', which is impossible. Therefore there exists a € A satisfying
d(z,a) < g, as required. |

3.6 Continuous Functions and Open and Closed Sets

Let X and Y be metric spaces, and let f: X — Y be a function from X to Y.
We recall that the function f is continuous at a point p of X if and only
if, given any ¢ > 0, there exists some d > 0 such that dy(f(x), f(p)) < ¢
for all points = of X satisfying dx(z,p) < J, where dx and dy denote the
distance functions on X and Y respectively. Expressed in terms of open
balls, this means that the function f: X — Y is continuous at p if and only
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if, given any ¢ > 0, there exists some 6 > 0 such that f maps Bx(p,d) into
By (f(p),e) (where Bx(p,0) and By (f(p),e) denote the open balls of radius
9 and e about p and f(p) respectively).

Let f: X — Y be a function from a set X to a set Y. Given any subset V'
of Y, we denote by f~1(V) the preimage of V under the map f, defined by

ffV)={re X flx) eV}

Proposition 3.12 Let X and Y be metric spaces, and let f: X — Y be a
function from X toY. The function f is continuous if and only if f~1(V)
is an open set in X for every open set' V of Y.

Proof Suppose that f: X — Y is continuous. Let V' be an open set in Y. We
must show that f~(V) is open in X. Let p be a point belonging to f~(V).
We must show that there exists some § > 0 with the property that Bx (p,d) C
f~HV). Now f(p) belongs to V. But V is open, hence there exists some
e > 0 with the property that By (f(p),e) C V. But f is continuous at p.
Therefore there exists some ¢ > 0 such that f maps the open ball Bx(p,9)
into By (f(p), €) (see the remarks above). Thus f(z) € V for all x € Bx(p,¢),
showing that Bx(p,d) C f~1(V). We have thus shown that if f: X — Y is
continuous then f~!(V) is open in X for every open set V in Y.

Conversely suppose that f: X — Y has the property that f~1(V') is open
in X for every open set V in Y. Let p be any point of X. We must show
that f is continuous at p. Let € > 0 be given. The open ball By (f(p),¢) is
an open set in Y, by Lemma 3.4, hence f~* (By(f(p),¢)) is an open set in X
which contains p. It follows that there exists some 6 > 0 such that Bx(p,d) C
Y (By(f(p),e)). We have thus shown that, given any ¢ > 0, there exists
some d > 0 such that f maps the open ball Bx(p,d) into By (f(p),e). We
conclude that f is continuous at p, as required. |}

Let f: X — Y be a function between metric spaces X and Y. Then the
preimage f~}(Y \ G) of the complement Y \ G of any subset G of Y is equal
to the complement X \ f~!(G) of the preimage f~1(G) of G. Indeed

r€fTY\G) &= f(2) eY\G = [f(2)¢G <= x¢ f(G).

Also a subset of a metric space is closed if and only if its complement is open.
The following result therefore follows directly from Proposition 3.12.

Corollary 3.13 Let X and Y be metric spaces, and let f: X — Y be a
function from X to Y. The function f is continuous if and only if f~1(G)
s a closed set in X for every closed set G in'Y .
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Let f: X — Y be a continuous function from a metric space X to a metric
space Y. Then, for any point y of Y, the set {x € X : f(z) = y} is a closed
subset of X. This follows from Corollary 3.13, together with the fact that
the set {y} consisting of the single point y is a closed subset of the metric
space Y.

Let X be a metric space, and let f: X — R be a continuous function from
X to R. Then, given any real number ¢, the sets

{r e X: f(z) > c}, {reX: f(z)<c}
are open subsets of X, and the sets
{r e X: f(z)>c}, {r e X: f(x) <c}, {reX: f(zx)=c}

are closed subsets of X. Also, given real numbers a and b satisfying a < b,
the set
{reX:a< f(z)<b}

is an open subset of X, and the set
{reX :a< f(z) <b}

is a closed subset of X.
Similar results hold for continuous functions f: X — C from X to C.
Thus, for example,

{re X :|f(x)| <R}, {reX:|f(x) >R}
are open subsets of X and
{fzeX:|f@)|<R}t, {eeX:|f)=R} A{zeX:|f(z)]=R}

are closed subsets of X, for any non-negative real number R.

3.7 Homeomorphisms

Let X and Y be metric spaces. A function h: X — Y from X to Y is said to
be a homeomorphism if it is a bijection and both h: X — Y and its inverse
h=1:Y — X are continuous. If there exists a homeomorphism h: X — Y
from a metric space X to a metric space Y, then the metric spaces X and Y
are said to be homeomorphic.

The following result follows directly on applying Proposition 3.12 to
h:X —Y andto h ™Y — X.
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Lemma 3.14 Any homeomorphism h: X — Y between metric spaces X and
Y induces a one-to-one correspondence between the open sets of X and the
open sets of Y: a subset V of Y is open in'Y if and only if h=*(V) is open
mn X.

Let X and Y be metric spaces, and let A: X — Y be a homeomorphism.
A sequence xy,x9,x3,... of points in X is convergent in X if and only if
the corresponding sequence h(xy), h(xs), h(xs),. .. is convergent in Y. (This
follows directly on applying Lemma 3.3 to h: X — Y and its inverse ™1 Y —
X.) Let Z and W be metric spaces. A function f:Z — X is continuous if
and only if ho f: Z — Y is continuous, and a function g: Y — W is continuous
if and only if g o h: X — W is continuous.
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4 Complete Metric Spaces, Normed Vector
Spaces and Banach Spaces

4.1 Complete Metric Spaces

Definition Let X be a metric space with distance function d. A sequence
X1, T2, X3, ... of points of X issaid to be a Cauchy sequence in X if and only if|
given any ¢ > 0, there exists some positive integer N such that d(z;,z)) < ¢
for all j and k satisfying 7 > N and k > N.

Every convergent sequence in a metric space is a Cauchy sequence. Indeed
let X be a metric space with distance function d, and let xi, 9, x3,... be
a sequence of points in X which converges to some point p of X. Given
any positive real number ¢, there exists some positive integer N such that
d(z,,p) < €/2 whenever n > N. But then it follows from the Triangle
Inequality that

d(zj, zx) < d(z;,p) + d(p,2p) < je+3e =€
whenever 7 > N and k > N.

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

It follows immediately from Theorem 2.5 that n-dimensional Euclidean
space R™ is a complete metric space. In particular, the set R of real numbers
is a complete metric space.

Example The space Q of rational numbers (with distance function d(q,r) =
¢ — r]) is not complete. Indeed one can construct an infinite sequence
q1,q2, g3, - - - of rational numbers which converges (in R) to V2. Such a se-
quence of rational numbers is a Cauchy sequence in both R and Q. However
this Cauchy sequence does not converge to an point of the metric space Q
(since v/2 is an irrational number). Thus the metric space Q is not complete.

Lemma 4.1 Let X be a complete metric space, and let A be a subset of X.
Then A is complete if and only if A is closed in X.

Proof Suppose that A is closed in X. Let aq, as, as, ... be a Cauchy sequence
in A. This Cauchy sequence must converge to some point p of X, since X is
complete. But the limit of every sequence of points of A must belong to A,
since A is closed. In particular p € A. We deduce that A is complete.
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Conversely, suppose that A is complete. Suppose that A were not closed.
Then the complement X \ A of A would not be open, and therefore there
would exist a point p of X \ A with the property that Bx(p,d) N A is non-
empty for all § > 0, where Bx(p,d) denotes the open ball in X of radius o
centred at p. We could then find a sequence ay,as,as, ... of points of A
satisfying d(a;, p) < 1/j for all positive integers j. This sequence would be a
Cauchy sequence in A which did not converge to a point of A, contradicting
the completeness of A. Thus A must be closed, as required. |}

The following result follows directly from Theorem 2.5 and Lemma 4.1.
Corollary 4.2 A subset X of R™ is complete if and only if it is closed.

Example The n-sphere S™ (with the chordal distance function given by
d(x,y) = |x —y|) is a complete metric space, where

S" = {(21, T2 ngr) ERML i b a2 4 b2 = 1)

4.2 Normed Vector Spaces

A set X is a vector space over some field F if

e given any x,y € X and A € F, there are well-defined elements x + y
and Az of X,

e X is an Abelian group with respect to the operation + of addition,
e the identities
Mz +y) = Az + Ny, A+ p)z = Az + px,
(A)x = Mux), le =z
are satisfied for all x,y € X and A\, p € F.

Elements of the field F are referred to as scalars. We consider here only real
vector spaces and complex vector spaces: these are vector spaces over the
fields of real numbers and complex numbers respectively.

Definition A norm |.|| on a real or complex vector space X is a function,
associating to each element = of X a corresponding real number [|z||, such
that the following conditions are satisfied:—

(i) |||l >0 for all z € X,
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(i) flz+yll <zl + llyl for all z,y € X,
(iii) ||[Az|| = |A|||z|| for all x € X and for all scalars A,
(iv) ||z|| = 0 if and only if z = 0.

A normed vector space (X, ||.||) consists of a a real or complex vector space X,
together with a norm ||.|| on X.

Note that any normed complex vector space can also be regarded as a
normed real vector space.

Example The field R is a one-dimensional normed vector space over itself:
the norm |¢| of ¢ € R is the absolute value of t.

Example The field C is a one-dimensional normed vector space over itself:
the norm |z| of z € C is the modulus of z. The field C is also a two-
dimensional normed vector space over R.

Example Let ||.||1, ||-|l2 and ||.||« be the real-valued functions on C™ defined
by

n
Izl = > Iz,
j=1

1

n 2

lz]la = <Z|Zjl2> ,
j=1

||Z||OO - maX(|Zl|7 |22|’ SO |Zn|>’

for each z € C", where z = (21,22,...,2,). Then ||.||1, ||.||2 and ||.||o are
norms on C”. In particular, if we regard C™ as a 2n-dimensional real vector
space naturally isomorphic to R?" (via the isomorphism

(Zla 2y e 7zn) = ('xlaylax%y% s 7xn7yn)7

where z; and y; are the real and imaginary parts of z; for j = 1,2,...,n) then
||.|l2 represents the Euclidean norm on this space. The inequality ||z +w||2 <
||z]|2 + || w]|2 satisfied for all z, w € C" is therefore just the standard Triangle
Inequality for the Euclidean norm.

Example The space R" is also an n-dimensional real normed vector space
with respect to the norms ||.||1, ||.||2 and [|.||« defined above. Note that |||
is the standard Euclidean norm on R".
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Example Let

b = {(z1,22,23,...) € C™:|z1| + |22| + |23] + - -+ converges},
by = {(z1,22,23,...) € C™: |z1> +|22)* + |z3° + - -+ converges},
loo = {(z1,22,23,...) € C : the sequence |z1], |22, |23, .. is bounded}.

where C* denotes the set of all sequences (21, 22, 23, . . .) of complex numbers.
Then ¢4, ¢5 and /. are infinite-dimensional normed vector spaces, with norms
|-II1; II./l2 and [|.|[oc Tespectively, where

+o0o
Izl = 2l
Jj=1
1
+o00o 2
zll2 = (Z\Zj\2> 5

j=1

HZHOO == Sup{|zl‘7|22|7|23|7"'}-

(For example, to show that ||z + wlls < ||z||2 + ||w]|2 for all z,w € {5, we
note that

1 1 1
n 2 n 2 n 2
(E !Zj+wj!2) S(E \sz2> +<§ ij!2> < llzllz + [[wll2
Jj=1 Jj=1 Jj=1

for all positive integers n, by the Triangle Inequality in C". Taking limits as
n — +o0o, we deduce that ||z + wl|s < ||z]|2 + ||W]|2, as required.)

If x1,x9,..., 2, are elements of a normed vector space X then
m m
Dol <>l
k=1 k=1
where ||.|| denotes the norm on X. (This can be verified by induction on m,

using the inequality ||z + y|| < ||z[| + ||y||.)

A norm ||.|| on a vector space X induces a corresponding distance function
on X: the distance d(z,y) between elements x and y of X is defined by
d(z,y) = || — y||. This distance function satisfies the metric space axioms.
Thus any vector space with a given norm can be regarded as a metric space.

Lemma 4.3 Let X be a normed vector space over the field F, where F =
R or C. Let (z;) and (y;) be convergent sequences in X, and let (X\;) be

36



a convergent sequence in F. Then the sequences (x; + y;) and (\jx;) are
convergent in X, and

dim (z;4+y;) = lim x; + lim y;,

J—too J—too J—too

Proof First we prove that 'hlll (x; +y;) = v +y, where Let z = iiIJ}l zj,
Jj—+o0 Jj—+oo

Yy = lliin y;. Let € > 0 be given. Then there exist natural numbers N; and
J—T00

N, such that ||z; — z|| < 3¢ whenever j > N; and ||y; — y|| < 3¢ whenever
j > Ns. Let N be the maximum of Ny and Ny. If j > N then

Iz +y;) = (z+ )| < lz; =2l +[ly; —yll <e.

It follows from this that -hin (zj +y;) =2 +v.
j—+o0
Next we prove that 'hin (A\jz;) = Az, where A\ = -hin Aj. Let € > 0 be
j—Foo j—+o0
given. Then there exist natural numbers N3 and N, such that

[ =2l <

whenever j > N3, and

3
A=A < =————and [\, — A < 1
’ 2(||=l| + 1) !

whenever 7 > N4. Let N be the maximum of N3 and Ny. if j > N then

[Ajz; = Azl = (A5 = 2) + (A = Azl < Iyl Iz = 2] +[A; = Alll]
< (AT Dz =zl + A = Alllzll < e

It follows from this that lim (\;x;) = Az, as required. |}

j—Foo

Let X be a normed vector space, and let z1, x5, x3, ... be elements of X.
“+oo

The infinite series > x, is said to converge to some element s of X if, given
n=1

any positive real number e, there exists some positive integer N such that

m
s — anH <e
n=1

for all m > N (where ||.|| denotes the norm on X).
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We say that a normed vector space X is complete A normed vector space is
complete if and only if every Cauchy sequence in X is convergent. A complete
normed vector space is referred to as a Banach space. (The basic theory of
such spaces was extensively developed by the famous Polish mathematician
Stefan Banach and his colleagues.)

Lemma 4.4 Let X be a Banach space, and let xq,x9,x3,... be elements of

+o00 +o0
X. Suppose that > ||z,| is convergent. Then ) x, is convergent, and

n=1 n=1

+o0
<> lzall
n=1

Proof For each positive integer n, let

Sp, =T1+Tog+ -+ x4

Let € > 0 be given. We can find N such that Z |zn|| < e, since Z |zl is
convergent. Let s, =21+ 2o+ -+ x,. If j > N k> N and j < k: then

k

sk = sill =1 > = E lal] < E [zall <.
n=j+1 n=j+1
Thus s, $9,53,... is a Cauchy sequence in X, and therefore converges to
+o0o
some element s of X, since X is complete. But then s = > x;. Moreover,
J=1

on choosing m large enough to ensure that ||s — s,,|| < &, we deduce that

m m m m —+00
Isll <Dl + (s = D wal| < D Mzall +{[s = D aal[ < D llnl +=.
n=1 n=1 n=1 n=1 n=1

Since this inequality holds for all € > 0, we conclude that

+oo
Isll < > llall,
n=1

as required. |}
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4.3 Bounded Linear Transformations

Let X and Y be real or complex vector spaces. A function 7: X — Y is said
to be a linear transformation if T(x +y) = Tx + Ty and T'(A\x) = XT'z for
all elements x and y of X and scalars A\. A linear transformation mapping
X into itself is referred to as a linear operator on X.

Definition Let X and Y be normed vector spaces. A linear transformation
T: X — Y is said to be bounded if there exists some non-negative real num-
ber C' with the property that |Tx| < C||z|| for all z € X. If T' is bounded,
then the smallest non-negative real number C' with this property is referred
to as the operator norm of T, and is denoted by ||T|.

Lemma 4.5 Let X and Y be normed vector spaces, and let S: X — Y and
T:X — Y be bounded linear transformations. Then S + T and \S are
bounded linear transformations for all scalars A\, and

1S+ T < IS+ 171 [AST = [AlIS]-

Moreover ||S|| = 0 if and only if S = 0. Thus the vector space B(X,Y) of
bounded linear transformations from X to Y is a normed vector space (with
respect to the operator norm).

Proof [[(S+T)x| < ||Sz||+||Tx| < (|S||[4|T]])||z|| for all z € X. Therefore
S+T is bounded, and [|[S+T|| < [|S||+||T||- Using the fact that ||(AS)z| =
Al ||Sz]|| for all z € X, we see that AS is bounded, and ||AS|| = A ||S||. If
S =0 then ||S|| = 0. Conversely if ||S|| = 0 then ||Sz|| < ||S||||z|| = 0 for all
x € X, and hence S = 0. The result follows. |}

Lemma 4.6 Let X, Y and Z be normed vector spaces, and let S: X — Y
and T:Y — Z be bounded linear transformations. Then the composition T'S
of S and T is also bounded, and ||T'S|| < ||T|||S]-

Proof |[TSz| < ||T|||Sz|l < |IT|IIS]| ||z|| for all x € X. The result fol-
lows.

Proposition 4.7 Let X and Y be normed vector spaces, and let T: X — 'Y
be a linear transformation from X to Y. Then the following conditions are
equivalent:—

(i) T: X — Y is continuous,

(ii) T: X — Y is continuous at 0,
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(iii) T: X — Y is bounded.

Proof Obviously (i) implies (ii). We show that (ii) implies (iii) and (iii)
implies (i). The equivalence of the three conditions then follows immediately.

Suppose that T: X — Y is continuous at 0. Then there exists § > 0 such
that | Tz|| < 1 for all z € X satisfying ||z|| < . Let C' be any positive real
number satisfying C' > 1/4. If z is any non-zero element of X then ||Az| < 6,
where A = 1/(C||x||), and hence

[Tz]| = Cllz|[ |\ Tz]| = Cll|[ [T(A2)]| < Cll]].

Thus ||Tz|| < C||z|| for all x € X, and hence T: X — Y is bounded. Thus
(ii) implies (iii).

Finally suppose that T: X — Y is bounded. Let x be a point of X, and
let ¢ > 0 be given. Choose § > 0 satisfying | T||0 < e. If 2/ € X satisfies
||z" — z|| < ¢ then

172" = T| = T — )| < T |l2" — ]| < IT]6 <e.
Thus T: X — Y is continuous. Thus (iii) implies (i), as required. |}

Proposition 4.8 Let X be a normed vector space and let Y be a Banach
space. Then the space B(X,Y') of bounded linear transformations from X to
Y is also a Banach space.

Proof We have already shown that B(X,Y) is a normed vector space (see
Lemma 4.5). Thus it only remains to show that B(X,Y’) is complete.

Let Si,Ss,S53,... be a Cauchy sequence in B(X,Y). Let x € X. We
claim that Siz, Sox, Sz, ... is a Cauchy sequence in Y. This result is trivial
if x =0. If z # 0, and if ¢ > 0 is given then there exists some positive
integer N such that ||S; — Si|| < ¢/||x|| whenever j > N and k > N. But
then ||S;jz — Spz| < [|S; — Skl |z|| < € whenever 7 > N and & > N.
This shows that Sz, Sex, S3x, ... is indeed a Cauchy sequence. It therefore

converges to some element of Y, since Y is a Banach space.
Let the function S: X — Y be defined by Sz = lim S,z. Then

n—-4o0o

S(z+y)= lim (S,z+Sy)= lim S,z+ lim S,y =Sz + Sy,

n—-400 n—-4o00 n—-4-00

(see Lemma 4.3), and

S(Az) = lim S,(Az) =X lim S,z = \Sxz,

n—-+o0o n—-+oo

Thus S: X — Y is a linear transformation.
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Next we show that S,, — S in B(X,Y) as n — +o0. Let € > 0 be given.
Then there exists some positive integer N such that ||S;—S,|| < 3¢ whenever
J > N and n > N, since the sequence Si, 59, S3, ... is a Cauchy sequence in
B(X,Y). But then ||S;z — S,z|| < 3¢z for all j > N and n > N, and thus

|Sz — Spz|| = || lm (Sjz— S,x)

oo

< lim ||S; = Sull llz]| < el
J—+00

< lim ||Sjz — S,z
j=Foo

for all n > N (since the norm is a continuous function on Y'). But then
I1Sz]| < [ISnz]| + 1Sz = Suzll < (1Sa]l + 3¢) |12l

for any n > N, showing that S: X — Y is a bounded linear transformation,
and ||S — S,|| < ie < e for all n > N, showing that S, — S in B(X,Y) as
n — —+o00. Thus the Cauchy sequence Sy, So, Ss, . . . is convergent in B(X,Y),
as required. |}

Corollary 4.9 Let X and Y be Banach spaces, and let Ty, T5,Ts,... be

+o0o
bounded linear transformations from X to Y. Suppose that > || T, is con-
n=0

+o0
vergent. Then > T, is convergent, and
o

=0
+oo “+00
S 1| <3 Im.
n=0 n=0

Proof The space B(X,Y) of bounded linear maps from X to Y is a Ba-
nach space by Proposition 4.8. The result therefore follows immediately on
applying Lemma 4.4. |}

Example Let T be a bounded linear operator on a Banach space X (i.e., a
bounded linear transformation from X to itself). The infinite series

+

ZOO 1"
|

=0 n:

converges to exp(||7]]). It follows immediately from Lemma 4.6 (using induc-
tion on n) that ||| < ||T||" for all n > 0 (where T° is the identity operator
on X). It therefore follows from Corollary 4.9 that there is a well-defined
bounded linear operator expT on X, defined by

n=0

(where TV is the identity operator I on X).
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Proposition 4.10 Let T be a bounded linear operator on a Banach space X .
Suppose that ||T|| < 1. Then the operator I — T has a bounded inverse
(I —T)' (where I denotes the identity operator on X ). Moreover

(I-T) '=T1+T+T*+T%+---.
Proof ||[T™] < ||T||" for all n, and the geometric series
L+ TN+ 1T+ 1T+ -

is convergent (since ||7']| < 1). It follows from Corollary 4.9 that the infinite
series
I+T+T?°+T%+---

converges to some bounded linear operator S on X. Now

I-T)S = lim I-TYI+T+T?>+---+T") = lim (I —T""
+ +
= I— lim 7" =1,
n—-+o0o

since ||T||"** — 0 and therefore 7" — 0 as n — +oo. Similarly S(I—T) =
I. This shows that I — T is invertible, with inverse S, as required. |}

4.4 Spaces of Bounded Continuous Functions

Let X be a metric space. We say that a function f: X — R” from X to R" is
bounded if there exists some non-negative constant K such that |f(z)] < K
for all x € X. If f and ¢ are bounded continuous functions from X to R",
then so is f + g. Also A\f is bounded and continuous for any real number .
It follows from this that the space C'(X, R™) of bounded continuous functions
from X to R™ is a vector space over R. Given f € C(X,R"), we define the
supremum norm || f|| of f by the formula

If|I' = sup | f ()|
rzeX

One can readily verify that ||.|| is a norm on the vector space C'(X,R"). We
shall show that C'(X,R"), with the supremum norm, is a Banach space (i.e.,
the supremum norm on C'(X,R") is complete). The proof of this result will
make use of the following characterization of continuity for functions whose
range is R™.

Theorem 4.11 The normed vector space C(X,R") of all bounded continu-
ous functions from some metric space X to R™, with the supremum norm, is
a Banach space.
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Proof Let fi, fa, f3,... be a Cauchy sequence in C'(X,R"). Then, for each
z € X, the sequence fi(x), fo(z), f3(x), ... is a Cauchy sequence in R™ (since
|fi(x)— fi(x)] <||fj— fxll for all positive integers j and k), and R™ is a com-
plete metric space. Thus, for each x € X, the sequence fi(x), fo(z), f3(x), ...
converges to some point f(z) of R”. We must show that the limit function f
defined in this way is bounded and continuous.

Let € > 0 be given. Then there exists some positive integer N with the
property that ||f; — ful] < 3¢ for all j > N and k > N, since fi, fo, f3, - ..
is a Cauchy sequence in C'(X,R"™). But then, on taking the limit of the left
hand side of the inequality | f;(x) — fu(2)| < 3¢ as k — +oo, we deduce that
|fi(x)—f(z)| < seforallz € X and j > N. Inparticular |fy(z)— f(z)] < 3¢
for all # € X. Tt follows that |f(z)| < | fn| + 3¢ for all # € X, showing that
the limit function f is bounded.

Next we show that the limit function f is continuous. Let p € X ande > 0
be given. Let N be chosen large enough to ensure that | fy(z)— f(z)| < 3¢ for
all z € X. Now fy is continuous. It follows from the definition of continuity
for functions between metric spaces that there exists some real number ¢
satisfying & > 0 such that |fy(z) — fx(p)| < 3e for all elements z of X
satisfying dx(x,p) < §, where dx denotes the distance function on X. Thus
if z € X satisfies dx(x,p) < § then

[f(@) = f0)] < |f(@) = In(e)| + [fn(z) = In(0)] + [In () = F(2)]

1 1 1.
< 3€+3€+3€—€.

Therefore the limit function f is continuous. Thus f € C'(X,R").

Finally we observe that f; — f in C'(X,R") as j — +o00. Indeed we have
already seen that, given € > 0 there exists some positive integer /N such that
|fi(x) — f(z)] < e forallz € X and for all j > N. Thus || f; — f|| < 56 <e
for all j > N, showing that f; — f in C(X,R") as j — +oo. This shows
that C'(X,R") is a complete metric space, as required. [

Corollary 4.12 Let X be a metric space and let F' be a closed subset of R™.
Then the space C(X, F) of bounded continuous functions from X to F is a
complete metric space with respect to the distance function p, where

p(f,9)=1f—gll= sup |f(x) — g(z)]
forall f,g € C(X,F).

Proof Let fi, fo, f3,... be a Cauchy sequence in C'(X, F'). Then fi, fa, f3,. ..
is a Cauchy sequence in C'(X,R"™) and therefore converges in C'(X,R") to
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some function f: X — R™. Let 2 be some point of X. Then f;(z) — f(z) as
j — +o0. But then f(z) € F, since f;(z) € F for all j, and F is closed in R™.
This shows that f € C(X, F), and thus the Cauchy sequence f1, fa, f3, ...
converges in C'(X, F'). We conclude that C'(X, F) is a complete metric space,
as required. |

4.5 The Contraction Mapping Theorem and Picard’s
Theorem

Let X be a metric space with distance function d. A function T: X — X
mapping X to itself is said to be a contraction mapping if there exists some
constant A satisfying 0 < A\ < 1 with the property that d(7'(z),T(z')) <
M(z,2') for all z, 2" € X.

One can readily check that any contraction map 7: X — X on a metric
space (X, d) is continuous. Indeed let = be a point of X, and let € > 0 be
given. Then d(T'(x),T(z")) < ¢ for all points 2’ of X satisfying d(z,2") < .

Theorem 4.13 (Contraction Mapping Theorem) Let X be a complete met-
ric space, and let T: X — X be a contraction mapping defined on X. Then
T has a unique fized point in X (i.e., there exists a unique point x of X for
which T(x) = x).

Proof Let A be chosen such that 0 < A < 1 and d(T'(u),T(u)) < Ad(u,u’)
for all w,u’ € X, where d is the distance function on X. First we show
the existence of the fixed point x. Let zy be any point of X, and de-
fine a sequence xg, 1, T, x3,Ty4,... of points of X by the condition that
x, = T(x,_1) for all positive integers n. It follows by induction on n that
d(Tpi1,n) < A"d(x1, 70). Using the Triangle Inequality, we deduce that if j
and k are positive integers satisfying k£ > 7 then

k—1

d(zk, z) < Zd(l'nJrlaxn) <

n=j

N A N
<
Ty ) S 75

d(xq,xo).

(Here we have used the identity
N — Nk
1—A )
Using the fact that 0 < A < 1, we deduce that the sequence (z,) is a Cauchy

sequence in X. This Cauchy sequence must converge to some point x of X,
since X is complete. But then we see that

VAN VA n T X ot

T(x)= T( lim xn> = lim T(x,)= lim z,4, =z,

n—-—+oo n—-+o0o n—-+o00
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since T: X — X is a continuous function, and thus z is a fixed point of T'.
If 2/ were another fixed point of 7" then we would have

d(2',x) = d(T(2"), T(x)) < (2, x).

But this is impossible unless 2’ = x, since A < 1. Thus the fixed point z of
the contraction map 7' is unique. |

We use the Contraction Mapping Theorem in order to prove the following
existence theorem for solutions of ordinary differential equations.

Theorem 4.14 (Picard’s Theorem) Let F:U — R be a continuous function
defined over some open set U in the plane R?, and let (zg,ty) be an element
of U. Suppose that there exists some non-negative constant M such that

|F(u,t) — F(v,t)| < M|u—v| for all (u,t) € U and (v,t) € U.

Then there exists a continuous function ¢: [to — 0,tg + d] — R defined on the
interval [ty — 0, to + 0] for some § > 0 such that x = p(t) is a solution to the
differential equation
dx(t)
dt

with initial condition x(tg) = xo.

= F(x(t),1)

Proof Solving the differential equation with the initial condition x(ty) = o
is equivalent to finding a continuous function ¢: I — R satisfying the integral
equation

o(t) = zo + / F(p(s),s)ds.

to

where I denotes the closed interval [to — 6,y + d]. (Note that any continuous
function ¢ satisfying this integral equation is automatically differentiable,
since the indefinite integral of a continuous function is always differentiable.)

Let K = |F(xo,to)| + 1. Using the continuity of the function F, together
with the fact that U is open in R?, one can find some d§y > 0 such that the
open disk of radius dy about (x¢, ) is contained in U and |F(z,t)| < K for
all points (x,t) in this open disk. Now choose § > 0 such that

0V1+ K? < dgand M) < 1.

Note that if |t — ty] < § and |z — x¢| < K0 then (x,t) belongs to the open
disk of radius dg about (zg, %), and hence (z,t) € U and |F(z,t)| < K.
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Let J denote the closed interval [xg — K, zq + K§]. The space C(I,J)
of continuous functions from the interval I to the interval J is a complete
metric space, by Corollary 4.12. Define T:C(I, J) — C(1,J) by

T(0)(t) = 20 + / Flo(s), s) ds.

to

We claim that 7" does indeed map C(I,J) into itself and is a contraction
mapping.

Let ¢: I — J be an element of C(I,J). Note that if [t —to| < ¢ then
[(p(1),8) = (o, t0)[* = (0(t) = 20)® + (t — t0)* < 6° + K?6° < &,
hence |F(p(t),t)] < K. It follows from this that
T(p)(t) — x| < K0

for all ¢ satisfying |t — to| < 6. The function T'(y) is continuous, and is
therefore a well-defined element of C'(I,J) for all ¢ € C({,J).

We now show that T is a contraction mapping on C(I,J). Let ¢ and v
be elements of C(I,.J). The hypotheses of the theorem ensure that

[F((t),8) — F(ip(t), 1)| < Mlp(t) — ()] < Mp(e, )

for all t € I, where p(p, 1) = sup,; |¢(t) — 1(t)]. Therefore

T - Tl = | (Flp(s), 5) = F(s), 5)) ds

< MiJt —to|p(p, ¥)

for all ¢t satisfying |t — to| < 0. Therefore p(T'(¢),T(v)) < Mdp(yp, 1)) for
all ¢,1 € C(I,J). But 0 has been chosen such that M§ < 1. This shows
that 7:C(I,J) — C(I,J) is a contraction mapping on C(/,J). It follows
from the Contraction Mapping Theorem (Theorem 4.13) that there exists a
unique element ¢ of C(I,J) satisfying T'(¢) = . This function ¢ is the
required solution to the differential equation. |}

A straightforward, but somewhat technical, least upper bound argument
can be used to show that if z = 9 (t) is any other continuous solution to the

differential equation
dz Fla.t)
— x
dt ’
on the interval [ty — 0, to + d] satisfying the initial condition ¢ (ty) = zg, then

[ (t) — x| < K6 for all ¢ satisfying |t — to| < . Thus such a solution to the
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differential equation must belong to the space C(I, J) defined in the proof of
Theorem 4.14. The uniqueness of the fixed point of the contraction mapping
T:C(1,J) — C(I,J) then shows that ¢ = ¢, where ¢: [to — 0,ty + 0] — R
is the solution to the differential equation whose existence was proved in
Theorem 4.14. This shows that the solution to the differential equation is in
fact unique on the interval [to — d, tg + 9.

4.6 The Completion of a Metric Space

We describe below a construction whereby any metric space can be embedded
in a complete metric space.

Lemma 4.15 Let X be a metric space with distance function d, let (x;) and
(y;) be Cauchy sequences of points in X, and let d; = d(x;,y;) for all positive
integers j. Then (d;) is a Cauchy sequence of real numbers.

Proof It follows from the Triangle Inequality that
dj < d(zj, z1) + dp + d(yx, y5)

and thus d; — dj, < d(xj,zi) + d(y;,yx) for all integers j and k. Similarly
dp —dj < d(xj,zr) + d(y;, yr). It follows that

|dj — dk| < d(Ij,fEk) + d(yjayk)

for all integers j and k.

Let € > 0 be given. Then there exists some positive integer N such that
d(zj,zy) < 3¢ and d(y;,yx) < 3& whenever j > N and k > N, since the
sequences (x;) and (y;) are Cauchy sequences in X. But then |d; — di| < ¢
whenever ;7 > N and k > N. Thus the sequence (d;) is a Cauchy sequence
of real numbers, as required. |}

Let X be a metric space with distance function d. It follows from Cauchy’s
Criterion for Convergence and Lemma 4.15 that Aliin d(z;,y,) exists for all
j—+oo

Cauchy sequences (z;) and (y;) in X.

Lemma 4.16 Let X be a metric space with distance function d, and let (z;),
(yj) and (z;) be Cauchy sequences of points in X. Then

0< lim d(z,2) < lim d(z;,y;) + lim d(y;, z).
jtoo jtoo

j—-+oo

Proof This follows immediately on taking limits of both sides of the Triangle
Inequality. |}
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Lemma 4.17 Let X be a metric space with distance function d, and let (z;),
(y;) and (z;) be Cauchy sequences of points in X. Suppose that
lim d(zj,y;) =0 and 'liI_El d(y;,z;) = 0.
J— T

Jj—-+oo

Then lim d(z;,z;) =0.

j—+o0
Proof This is an immediate consequence of Lemma 4.16. |}

Lemma 4.18 Let X be a metric space with distance function d, and let (z;),
(}), (y;) and (y;) be Cauchy sequences of points in X. Suppose that
lim d(z;,2%) =0 and lim d(y;,y;) = 0.
J—+0o0

j—-+oo

Then jEIJPoo d(z;,y;) = jElerloo (@}, y).

Proof It follows from Lemma 4.16 that
Jim d(wj,y;) < lim d(z,25) + lim d(ej,y;) + lim d(y;, y5)
o . ro
- jEI—Elood(l’ﬁyj).
Similarly lim d(z},y;) < lim d(xzj,y;). It follows that lim d(z;,y;) =
j—+oo j—+oo j—+oo
jEIJZlOO d(z,y;), as required. ||
Let X be a metric space with distance function d. Then there is an
equivalence relation on the set of Cauchy sequences of points in X, where
two Cauchy sequences (r;) and (z}) in X are equivalent if and only if

'liin d(z;, x;) = 0. Let X denote the set of equivalence classes of Cauchy
J—T0o0

sequences in X with respect to this equivalence relation. Let & and y be
elements of X, and let (z;) and (y;) be Cauchy sequences belonging to the
equivalence classes represented by = and y. We define

d(ia g) = ]Einoo d(xja yj)-

It follows from Lemma 4.18 that the value of d(Z,y) does not depend on the
choice of Cauchy sequences (x;) and (y;) representing Z and y. We obtain
in this way a distance function on the set X. This distance function satisfies
the Triangle Inequality (Lemma 4.16) and the other metric space axioms.
Therefore X with this distance function is a metric space. We refer to the
space X as the completion of the metric space X.

We can regard the metric space X as being embedded in its completion
X, where a point z of X is represented in X by the equivalence class of the
constant sequence z,x,x, .. ..
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Example The completion of the space QQ of rational numbers is the space R
of real numbers.

Theorem 4.19 The completion X of a metric space X is a complete metric
space.

Proof Let &y, &s, &3, ... be a Cauchy sequence in the completion X of X.
For each positive integer m let ., 1, Ty 2, Tm 3, - . . be a Cauchy sequence in X
belonging to the equivalence class that represents the element z,, of X. Then,
for each positive integer m there exists a positive integer N(m) such that
d(Tm,j; Tmp) < 1/m whenever j > N(m) and k > N(m). Let y,, = Ty n(m)-
We claim that the sequence yq, y2, y3, . . . is a Cauchy sequence in X, and that
the element § of X corresponding to this Cauchy sequence is the limit in X
of the sequence 1, To, 73, .. ..

Let € > 0 be given. Then there exists some positive integer M such that
M > 3/e and d(Z,,%,) < 3¢ whenever p > M and ¢ > M. It follows from
the definition of the distance function on X that if p > M and ¢ > M then
d(xp, 2qx) < 3¢ for all sufficiently large positive integers k. If p > M and
k> N(p) then

A(Yp, Tpr) = d(@pN ), Tpa) < 1/p < 1/M < ge

It follows that if p > M and ¢ > M, and if k is sufficiently large, then
A(Yp, Tpi) < 56, d(Yq, Tqr) < 36, and d(zp s, 2qk) < 3¢, and hence d(y,, y,) <
e. We conclude that the sequence y1,vs,¥s, ... of points of X is indeed a
Cauchy sequence.

Let § be the element of X which is represented by the Cauchy sequence
Y1, Y2, Y3, - .. of points of X, and, for each positive integer m, let ¢,, be the
element of X represented by the constant sequence Y., Ym, Ym, - - - in X. Now

A(G, ym) = Hm_d(yp, ym),
p—-+oo
and therefore d(7, y,,) — 0 as m — +o00. Also
1
J—+o0 m

A, Tm) = UM d(Tm N(m)s Tmyj) <

and hence d(§m, Trm) — 0 as m — +oo. It follows from this that d(§, #,,) — 0
as m — +00, and therefore the Cauchy sequence &1, T3, ¥3, ... in X converges
to the point y of X. We conclude that X is a complete metric space, since

we have shown that every Cauchy sequence in X is convergent. |}
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Remark In a paper published in 1872, Cantor gave a construction of the real
number system in which real numbers are represented as Cauchy sequences
of rational numbers. The real numbers represented by two Cauchy sequences
of rational numbers are equal if and only if the difference of the Cauchy
sequences converges to zero. Thus the construction of the completion of
a metric space, described above, generalizes Cantor’s construction of the
system of real numbers from the system of rational numbers.
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5 Topological Spaces

The theory of topological spaces provides a setting for the notions of continu-
ity and convergence which is more general than that provided by the theory
of metric spaces. In the theory of metric spaces one can find necessary and
sufficient conditions for convergence and continuity that do not refer explic-
itly to the distance function on a metric space but instead are expressed in
terms of open sets. Thus a sequence of points in a metric space X converges
to a point p of X if and only if every open set which contains the point p
also contains all but finitely many members of the sequence. Also a function
f: X — Y between metric spaces X and Y is continuous if and only if the
preimage f~1(V) of every open set V in Y is an open set in X. It follows
from this that we can generalize the notions of convergence and continuity
by introducing the concept of a topological space: a topological space consists
of a set together with a collection of subsets termed open sets that satisfy
appropriate axioms. The axioms for open sets in a topological space are
satisfied by the open sets in any metric space.

5.1 Topological Spaces: Definitions and Examples

Definition A topological space X consists of a set X together with a collec-
tion of subsets, referred to as open sets, such that the following conditions
are satisfied:—

(i) the empty set () and the whole set X are open sets,
(ii) the union of any collection of open sets is itself an open set,
(iii) the intersection of any finite collection of open sets is itself an open set.

The collection consisting of all the open sets in a topological space X is
referred to as a topology on the set X.

Remark If it is necessary to specify explicitly the topology on a topological
space then one denotes by (X, 7) the topological space whose underlying set
is X and whose topology is 7. However if no confusion will arise then it is
customary to denote this topological space simply by X.

Any metric space may be regarded as a topological space. Indeed let X
be a metric space with distance function d. We recall that a subset V of
X is an open set if and only if, given any point v of V', there exists some
§ > 0 such that {z € X : d(z,v) < 6} C V. The empty set () and the
whole space X are open sets. Also any union of open sets in a metric space
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is an open set, and any finite intersection of open sets in a metric space is an
open set. Thus the topological space axioms are satisfied by the collection
of open sets in any metric space. We refer to this collection of open sets as
the topology generated by the distance function d on X.

Any subset X of n-dimensional Euclidean space R" is a topological space:
a subset V of X is open in X if and only if, given any point v of V', there
exists some ¢ > 0 such that

{xeX:|x—v|<d}CV.

In particular R"™ is itself a topological space whose topology is generated by
the Euclidean distance function on R™. This topology on R" is referred to
as the usual topology on R". One defines the usual topologies on R and C in
an analogous fashion.

Example Given any set X, one can define a topology on X where every
subset of X is an open set. This topology is referred to as the discrete
topology on X.

Example Given any set X, one can define a topology on X in which the
only open sets are the empty set () and the whole set X.

Definition Let X be a topological space. A subset F' of X is said to be a
closed set if and only if its complement X \ F' is an open set.

We recall that the complement of the union of some collection of subsets
of some set X is the intersection of the complements of those sets, and the
complement of the intersection of some collection of subsets of X is the
union of the complements of those sets. The following result therefore follows
directly from the definition of a topological space.

Proposition 5.1 Let X be a topological space. Then the collection of closed
sets of X has the following properties:—

(i) the empty set ) and the whole set X are closed sets,
(ii) the intersection of any collection of closed sets is itself a closed set,

(iii) the union of any finite collection of closed sets is itself a closed set.
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5.2 Hausdorff Spaces

Definition A topological space X is said to be a Hausdorff space if and only
if it satisfies the following Hausdorff Axiom:

e if x and y are distinct points of X then there exist open sets U and V/
such that r e U,y € Vand UNV = 0.

Lemma 5.2 All metric spaces are Hausdorff spaces.

Proof Let X be a metric space with distance function d, and let x and y be
points of X, where x # y. Let ¢ = 3d(z,y). Then the open balls Bx(z,¢)
and Bx(y,e) of radius € centred on the points x and y are open sets. If
Bx(z,e) N Bx(y,¢) were non-empty then there would exist z € X satisfying
d(z,z) < e and d(z,y) < €. But this is impossible, since it would then follow
from the Triangle Inequality that d(z,y) < 2¢, contrary to the choice of «.
Thus z € Bx(x,¢), y € Bx(y,¢), Bx(x,e) N Bx(y,e) = (0. This shows that
the metric space X is a Hausdorff space. |}

We now give an example of a topological space which is not a Hausdorff
space.

Example The Zariski topology on the set R of real numbers is defined as
follows: a subset U of R is open (with respect to the Zariski topology) if and
only if either U = ) or else R\ U is finite. It is a straightforward exercise to
verify that the topological space axioms are satisfied, so that the set R of real
numbers is a topological space with respect to this Zariski topology. Now
the intersection of any two non-empty open sets in this topology is always
non-empty. (Indeed if U and V are non-empty open sets then U = R\ F}
and V = R\ F, where F; and Fy are finite sets of real numbers. But then
UNV =R\ (F; UF,), which is non-empty, since F; U Fy is finite and R is
infinite.) It follows immediately from this that R, with the Zariski topology,
is not a Hausdorff space.

5.3 Subspace Topologies

Let X be a topological space with topology 7, and let A be a subset of X.
Let 74 be the collection of all subsets of A that are of the form V N A for
V € 7. Then 74 is a topology on the set A. (It is a straightforward exercise
to verify that the topological space axioms are satisfied.) The topology T4
on A is referred to as the subspace topology on A.

Any subset of a Hausdorff space is itself a Hausdorff space (with respect
to the subspace topology).
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Lemma 5.3 Let X be a metric space with distance function d, and let A be
a subset of X. A subset W of A is open with respect to the subspace topology
on A if and only if, given any point w of W, there exists some 6 > 0 such
that

{a € A:d(a,w) <d} CW.
Thus the subspace topology on A coincides with the topology on A obtained

on regarding A as a metric space (with respect to the distance function d).

Proof Suppose that W is open with respect to the subspace topology on A.
Then there exists some open set U in X such that W =U N A. Let w be a
point of W. Then there exists some § > 0 such that

{r e X :d(x,w) <} CU.

But then
{a€e A:d(a,w) <o} CUNA=W.

Conversely, suppose that W is a subset of A with the property that, for
any w € W there exists some d,, > 0 such that
{a € A:d(a,w) <,} CW.

Define U to be the union of the open balls Bx(w,d,) as w ranges over all
points of W, where

Bx(w,6,) ={x € X : d(z,w) < 0y}

The set U is an open set in X, since each open ball Bx(w, d,,) is an open set
in X, and any union of open sets is itself an open set. Moreover

Bx(w,0,)NA={a € A:d(a,w) <d,} CW

for any w € W. Therefore UN A C W. However W C U N A, since, W C A
and {w} C Bx(w,d,) C U for any w € W. Thus W = U N A, where U is
an open set in X. We deduce that W is open with respect to the subspace
topology on A. |}

Example Let X be any subset of n-dimensional Euclidean space R™. Then
the subspace topology on X coincides with the topology on X generated by
the Fuclidean distance function on X. We refer to this topology as the usual
topology on X.

Let X be a topological space, and let A be a subset of X. One can readily
verify the following:—
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e asubset B of A is closed in A (relative to the subspace topology on A)
if and only if B = AN F' for some closed subset F' of X;

o if A is itself open in X then a subset B of A is open in A if and only
if it is open in X;

e if A isitself closed in X then a subset B of A is closed in A if and only
if it is closed in X.

5.4 Continuous Functions between Topological Spaces

Definition A function f: X — Y from a topological space X to a topological
space Y is said to be continuous if f~1(V) is an open set in X for every open
set V in Y, where

ffV)={zeX: flz)eV}.

A continuous function from X to Y is often referred to as a map from X
to Y.

Lemma 5.4 Let X, Y and Z be topological spaces, and let f: X — Y and
g:Y — Z be continuous functions. Then the composition go f: X — Z of
the functions f and g is continuous.

Proof Let V be an open set in Z. Then g~ (V) is open in Y (since g is
continuous), and hence f~!(¢g~*(V)) is open in X (since f is continuous).
But f~'(g7'(V)) = (g o f)~"(V). Thus the composition function g o f is
continuous. |

Lemma 5.5 Let X and Y be topological spaces, and let f: X — Y be a
function from X to Y. The function f is continuous if and only if f~1(G)
15 closed in X for every closed subset G of Y.

Proof If G is any subset of Y then X \ f7Y(G) = f~Y(Y \ G) (i.e., the
complement of the preimage of G is the preimage of the complement of G).
The result therefore follows immediately from the definitions of continuity
and closed sets. |}

We now show that, if a topological space X is the union of a finite col-
lection of closed sets, and if a function from X to some topological space is

continuous on each of these closed sets, then that function is continuous on
X.
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Lemma 5.6 Let X and Y be topological spaces, let f: X — Y be a function
from X toY, and let X = A{UAU---UAyg, where Ay, As, ..., Ay are closed
sets in X . Suppose that the restriction of f to the closed set A; is continuous
fori=1,2,... k. Then f: X —Y is continuous.

Proof Let V be an open set in Y. We must show that f~'(V) is open in
X. Now the preimage of the open set V under the restriction f|A; of f to
A;is f7HY(V)N A;. Tt follows from the continuity of f|A; that f~1 (V)N A, is
relatively open in A; for each i, and hence there exist open sets Uy, Us, . .., Uy
in X such that f~1(V)NA; = U;NA; fori =1,2,..., k. Let W; = U;U(X\ A4;)
for i = 1,2,..., k. Then W; is an open set in X (as it is the union of the
open sets U; and X \ 4;), and W; N A; = U; N A; = f~1(V) N A; for each 1.
We claim that f~1(V) =W, NnWyN--- N W,.

Let W =W, NWyN---NW. Then f~1(V) C W, since f~1(V) C W for
each 7. Also

k k

k
w=Jwna)clJwina) = v)na) c ),
i=1 i=1 i=1
since X = AyUAyU---UAg and W;NA; = f~1(V)N A, for each i. Therefore
7Y V) = W. But W is open in X, since it is the intersection of a finite
collection of open sets. We have thus shown that f~'(V) is open in X for
any open set V in Y. Thus f: X — Y is continuous, as required. [

Alternative Proof A function f: X — Y is continuous if and only if f~1(G)
is closed in X for every closed set G in Y (Lemma 5.5). Let G be an closed
set in Y. Then f~1(G) N A; is relatively closed in A; for i = 1,2,..., k, since
the restriction of f to A; is continuous for each 7. But A; is closed in X, and
therefore a subset of A; is relatively closed in A; if and only if it is closed in
X. Therefore f~1(G) N A; is closed in X for i =1,2,..., k. Now f~1(G) is
the union of the sets f~}(G) N A; for i =1,2,... k. It follows that f~}(G),
being a finite union of closed sets, is itself closed in X. It now follows from
Lemma 5.5 that f: X — Y is continuous. |

Example Let Y be a topological space, and let a:[0,1] — Y and (3: [0, 1] —
Y be continuous functions defined on the interval [0, 1], where a(1) = 5(0).
Let 7:]0,1] — Y be defined by
a(2t) ifo<t<i
(t) = { <<
B2t—1) ifi<t<1.

Now 7|(0, 3] = a0 p where p: [0, 3] — [0, 1] is the continuous function defined
by p(t) = 2t for all ¢ € [0, 1]. Thus ~|[0, 3] is continuous, being a composition
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of two continuous functions. Similarly fy\[%, 1] is continuous. The subinter-
vals [0, 3] and [3,1] are closed in [0, 1], and [0, 1] is the union of these two
subintervals. It follows from Lemma 5.6 that ~: [0, 1] — Y is continuous.

5.5 Homeomorphisms

Definition Let X and Y be topological spaces. A function h: X — Y is said
to be a homeomorphism if and only if the following conditions are satisfied:

e the function h: X — Y is both injective and surjective (so that the
function h: X — Y has a well-defined inverse h™ 1Y — X),

e the function h: X — Y and its inverse h~1: Y — X are both continuous.

Two topological spaces X and Y are said to be homeomorphic if there exists
a homeomorphism h: X — Y from X to Y.

If h: X — Y is a homeomorphism between topological spaces X and Y
then h induces a one-to-one correspondence between the open sets of X and
the open sets of Y. Thus the topological spaces X and Y can be regarded
as being identical as topological spaces.

5.6 Sequences and Convergence

Definition A sequence 1, x5, x3, ... of points in a topological space X is said
to converge to a point p of X if, given any open set U containing the point p,
there exists some natural number N such that z; € U for all j > N. If the
sequence (CCJ) converges to p then we refer to p as a limit of the sequence.

This definition of convergence generalizes the definition of convergence
for a sequence of points in a metric space.

It can happen that a sequence of points in a topological space can have
more than one limit. For example, consider the set R of real numbers with the
Zariski topology. (The open sets of R in the Zariski topology are the empty
set and those subsets of R whose complements are finite.) Let x1,xs, 3, ...
be the sequence in R defined by x; = j for all natural numbers j. One
can readily check that this sequence converges to every real number p (with
respect to the Zariski topology on R).

Lemma 5.7 A sequence x1, 9,23, ... of points in a Hausdorff space X con-
verges to at most one limat.
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Proof Suppose that p and g were limits of the sequence (z;), where p # q.
Then there would exist open sets U and V such that p € U, ¢ € V and
UNV =0, since X is a Hausdorff space. But then there would exist natural
numbers Ny and N, such that x; € U for all j satisfying j > N; and z; € V
for all j satisfying 7 > N,. But then x; € U NV for all j satisfying 7 > NV}
and j > N,, which is impossible, since U NV = (). This contradiction shows
that the sequence (x;) has at most one limit. |

Lemma 5.8 Let X be a topological space, and let F' be a closed set in X.
Let (x; : j € N) be a sequence of points in F'. Suppose that the sequence (z;)
converges to some point p of X. Then p € F.

Proof Suppose that p were a point belonging to the complement X \ F' of F'.
Now X \ F' is open (since F' is closed). Therefore there would exist some
natural number N such that z; € X \ F for all values of j satisfying j > N,
contradicting the fact that z; € F' for all . This contradiction shows that p
must belong to F', as required. |}

Lemma 5.9 Let f: X — Y be a continuous function between topological
spaces X and Y, and let x1,x9,23,... be a sequence of points in X which
converges to some point p of X. Then the sequence f(x1), f(x2), f(x3),...
converges to f(p).

Proof Let V' be an open set in Y which contains the point f(p). Then
f7H(V) is an open set in X which contains the point p. It follows that
there exists some natural number N such that z; € f~1(V) whenever j >
N. But then f(z;) € V whenever j > N. We deduce that the sequence

f(z1), f(xs), f(x3),... converges to f(p), as required. |

5.7 Neighbourhoods, Closures and Interiors

Definition Let X be a topological space, and let x be a point of X. Let
N be a subset of X which contains the point . Then N is said to be a
netghbourhood of the point z if and only if there exists an open set U for

which x € U and U C N.

One can readily verify that this definition of neighbourhoods in topolog-
ical spaces is consistent with that for neighbourhoods in metric spaces.

Lemma 5.10 Let X be a topological space. A subset V' of X is open in X
if and only if V' 1s a neighbourhood of each point belonging to V.
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Proof It follows directly from the definition of neighbourhoods that an open
set V' is a neighbourhood of any point belonging to V. Conversely, suppose
that V is a subset of X which is a neighbourhood of each v € V. Then, given
any point v of V', there exists an open set U, such that v € U, and U, C V.
Thus V is an open set, since it is the union of the open sets U, as v ranges
over all points of V. |}

Definition Let X be a topological space and let A be a subset of X. The
closure A of A in X is defined to be the intersection of all of the closed
subsets of X that contain A. The interior A of A in X is defined to be the
union of all of the open subsets of X that are contained in A.

Let X be a topological space and let A be a subset of X. It follows directly
from the definition of A that the closure A of A is uniquely characterized by
the following two properties:

(i) the closure A of A is a closed set containing A,
(ii) if F is any closed set containing A then F contains A.

Similarly the interior A° of A is uniquely characterized by the following two
properties:

(i) the interior A° of A is an open set contained in A,
(ii) if U is any open set contained in A then U is contained in A°.

Moreover a point z of A belongs to the interior A° of A if and only if A is a
neighbourhood of z.

Lemma 5.11 Let X be a topological space, and let A be a subset of X.
Suppose that a sequence x1,x2,x3, ... of points of A converges to some point p
of X. Then p belongs to the closure A of A.

Proof If I is any closed set containing A then x; € I for all j, and therefore
p € F, by Lemma 5.8. Therefore p € A by definition of A. |}

Definition Let X be a topological space, and let A be a subset of X. We
say that A is dense in X if A = X.

Example The set of all rational numbers is dense in R.
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5.8 Product Topologies

The Cartesian product X, x Xy x -+ x X, of sets X1, Xo,..., X, is defined
to be the set of all ordered n-tuples (x1, s, ..., z,), where z; € X; for i =
1,2,...,n.

The sets R? and R? are the Cartesian products R x R and R x R x R
respectively.

Cartesian products of sets are employed as the domains of functions of
several variables. For example, if X, Y and Z are sets, and if an element
f(z,y) of Z is determined for each choice of an element z of X and an
element y of Y, then we have a function f: X x Y — Z whose domain is the
Cartesian product X x Y of X and Y: this function sends the ordered pair
(z,y) to f(z,y) forallz € X and y € Y.

Definition Let X, X5,..., X, be topological spaces. A subset U of the
Cartesian product X7 x X3 X - -+ x X, is said to be open (with respect to the
product topology) if, given any point p of U, there exist open sets V; in X;
fori=1,2,...,nsuch that {p} C Vi x Vo x--- xV, CU.

Lemma 5.12 Let Xy, Xs,..., X, be topological spaces. Then the collection
of open sets in X1 X Xg X -+ X X, 18 a topology on X1 x Xg X -+ x X,,.

Proof Let X = X; x Xy x---x X,,. The definition of open sets ensures that
the empty set and the whole set X are open in X. We must prove that any
union or finite intersection of open sets in X is an open set.

Let E be a union of a collection of open sets in X and let p be a point of
E. Then p € D for some open set D in the collection. It follows from this
that there exist open sets V; in X; for ¢ = 1,2,...,n such that

{ppcVixVox---xV,CDCE.

Thus F is open in X.

Let U = UiNU,N- - -NU,,, where Uy, Us, . .., U, are open sets in X, and let
p be a point of U. Then there exist open sets V; in X; for k =1,2,...,m and
i=1,2,...,nsuch that {p} C Viqg x Via X -+ x Vi, CUp for k =1,2,...,m.
LetVZ:Vhﬂngﬁﬂsz fori:1,2,...,n. Then

{py CVixVox - xV, CVig X Viag X+ X Vi, C Uy

for k =1,2,...,m, and hence {p} C V; x Vo x --- x V,, C U. Tt follows that
U is open in X, as required. |}
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Lemma 5.13 Let X1, Xs,..., X, and Z be topological spaces. Then a func-
tion f: X1 X Xo X -+ x X,, = Z 1s continuous if and only if, given any point
p of X1 x Xy X -+ x X,,, and given any open set U in Z containing f(p),
there exist open sets V; in X; forv=1,2,...,n such thatp € Vi x Vo --- XV,
and f(Vi x Vo x -+ x V) CU.

Proof Let V; be an open set in X; fori =1,2,... n, and let U be an open set
in Z. Then Vi xVox---xV, C f~YU)if and only if f(VixVox---xV,) C U.
It follows that f~'(U) is open in the product topology on X; x Xy x - - - x X, if
and only if, given any point p of X; x Xy x - -+ x X, satisfying f(p) € U, there
exist open sets V; in X; fori =1,2,...,n such that f(Vi xVox---xV,) C U.
The required result now follows from the definition of continuity. |

Let Xi, Xs,..., X, be topological spaces, and let V; be an open set in
X; for i = 1,2,...,n. It follows directly from the definition of the product
topology that Vi x Vo x --- x V,, is open in X; x X5 X --- X X,,.

Theorem 5.14 Let X = X; X Xy x -+ X X,,, where X1, Xo,..., X, are
topological spaces and X is given the product topology, and for each i, let
pi: X — X, denote the projection function which sends (x1,za,...,x,) € X

to x;. Then the functions pi,pa,...,pn are continuous. Moreover a function
f:Z — X mapping a topological space Z into X is continuous if and only if
pio [+ Z — X; is continuous fori=1,2,...,n.

Proof Let V be an open set in X;. Then
P V) =Xy X o x Xig X VX Xigg X - x X,

and therefore p; ' (V) is open in X. Thus p;: X — X; is continuous for all 4.

Let f:Z — X be continuous. Then, for each ¢, p; o f: Z — X, is a
composition of continuous functions, and is thus itself continuous.

Conversely suppose that f: Z — X is a function with the property that
p; o f is continuous for all ¢. Let U be an open set in X. We must show that
f~YU) is open in Z.

Let 2 be a point of f~1(U), and let f(2) = (u1, ug, ..., u,). Now U is open
in X, and therefore there exist open sets Vi, Vs,...,V, in Xy, Xo,..., X,
respectively such that u; € V; for all 2 and V; x Vo x -+ x V,, C U. Let

N. = fit(V)n fa ' (Ve) -0 f N (V)

where f; = p;o f fori =1,2,...,n. Now f; }(V;) is an open subset of Z for
1=1,2,...,n, since V; is open in X; and f;: 7 — X, is continuous. Thus V.,
being a finite intersection of open sets, is itself open in Z. Moreover

fIN)CVixVox---xV, CU,
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so that N, C f~'(U). Tt follows that f~*(U) is the union of the open sets N,
as z ranges over all points of f~(U). Therefore f~'(U) is open in Z. This
shows that f: Z — X is continuous, as required. |}

Proposition 5.15 The usual topology on R™ coincides with the product
topology on R™ obtained on regarding R™ as the Cartesian product R x R x
-+ X R of n copies of the real line R.

Proof We must show that a subset U of R" is open with respect to the usual
topology if and only if it is open with respect to the product topology.

Let U be a subset of R that is open with respect to the usual topology,
and let u € U. Then there exists some § > 0 such that B(u,d) C U, where

B(u,d) ={x e R": |x —u| < d}.

Let I, I, ..., I, be the open intervals in R defined by

) )
IZ:{tERUZ——<t<Uz+—}
n

Vi Vn

fort=1,2,...,n. Then I, I, ..., I, are open sets in R. Moreover
{fu}c i xIyx---x1I,C B(u,d) CU,

since . 52
2 2 2
x — ul ;(x w)? <n (ﬁ) b
for all x € I1 x Iy x --- x I,. This shows that any subset U of R" that is
open with respect to the usual topology on R is also open with respect to
the product topology on R™.

Conversely suppose that U is a subset of R™ that is open with respect
to the product topology on R", and let u € U. Then there exist open
sets V1, V5, ..., V, in R containing wuy, us, . . ., u, respectively such that V; x
Vo x -+ xV, C U Now we can find d1,09,...,0, such that §; > 0 and
(u; — 04, u; +9;) C V; for all i. Let § > 0 be the minimum of 01,9, ..., ..., d,.
Then

Buw,d) c Vi xVox---V, CU,

for if x € B(u,d) then |z; —w;| < 6; for i = 1,2,...,n. This shows that any
subset U of R" that is open with respect to the product topology on R™ is
also open with respect to the usual topology on R"™. |}

The following result is now an immediate corollary of Proposition 5.15
and Theorem 5.14.
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Corollary 5.16 Let X be a topological space and let f: X — R™ be a function
from X to R™. Let us write

f(@) = (f(@), fo(2), .., ful2))

for all x € X, where the components f1, fa,..., fn of f are functions from X
toR. The function f is continuous if and only if its components fi, fa, ..., fn
are all continuous.

Let f: X — R and g: X — R be continuous real-valued functions on some
topological space X. We claim that f+g¢, f —g and f.g are continuous. Now
it is a straightforward exercise to verify that the sum and product functions
s:R? — R and p:R*> — R defined by s(x,y) = = + y and p(z,y) = wzy
are continuous, and f + ¢ = soh and f.g = po h, where h: X — R? is
defined by h(z) = (f(z), g(z)). Moreover it follows from Corollary 5.16 that
the function h is continuous, and compositions of continuous functions are
continuous. Therefore f + ¢ and f.g are continuous, as claimed. Also —¢g
is continuous, and f — g = f + (—g), and therefore f — g is continuous. If
in addition the continuous function g is non-zero everywhere on X then 1/g
is continuous (since 1/g is the composition of g with the reciprocal function
t — 1/t), and therefore f/g is continuous.

Lemma 5.17 The Cartesian product X1 x Xo X ... X, of Hausdorff spaces
X1, Xo, ..., X, 1s Hausdorff.

Proof Let X = X; x X3 x ..., X, and let u and v be distinct points of X,
where v = (x1,29,...,2,) and v = (Y1,¥2,...,Yn). Then z; # y; for some
integer ¢ between 1 and n. But then there exist open sets U and V in X;
such that x; € U, y; € V. and UNV = ( (since X; is a Hausdorff space).
Let p;: X — X; denote the projection function. Then p; *(U) and p; *(V) are
open sets in X, since p; is continuous. Moreover u € p; ' (U), v € p; ' (V),
and p; '(U) Np; (V) = 0. Thus X is Hausdorff, as required. ||

5.9 Cut and Paste Constructions

Suppose we start out with a square of paper. If we join together two opposite
edges of this square we obtain a cylinder. The boundary of the cylinder
consists of two circles. If we join together the two boundary circles we obtain
a torus (which corresponds to the surface of a doughnut).

Let the square be represented by the set [0,1] x [0, 1] consisting of all
ordered pairs (s,t) where s and t are real numbers between 0 and 1. There
is an equivalence relation on the square [0, 1] x [0, 1], where points (s, ) and
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(u,v) of the square are related if and only if at least one of the following
conditions is satisfied:

e s=uandt=uv;

e s=0,u=1andt=uv;

e s=1,u=0andt=uv;

e t=0,v=1and s = u;

e t=1 v=0and s =u;

e (s,t) and (u,v) both belong to {(0,0), (0,1), (1,0), (1,1)}.

Note that if 0 < s < 1 and 0 < t < 1 then the equivalence class of the
point (s,t) is the set {(s,¢)} consisting of that point. If s = 0 or 1 and
if 0 < ¢t < 1 then the equivalence class of (s,t) is the set {(0,%), (1,%)}.
Similarly if ¢ =0 or 1 and if 0 < s < 1 then the equivalence class of (s,t) is
the set {(s,0), (s,1)}. The equivalence class of each corner of the square is
the set {(0,0), (1,0), (0,1), (1,1)} consisting of all four corners. Thus each
equivalence class contains either one point in the interior of the square, or
two points on opposite edges of the square, or four points at the four corners
of the square. Let T? denote the set of these equivalence classes. We have
a map ¢:[0,1] x [0,1] — T2 which sends each point (s,t) of the square to
its equivalence class. Each element of the set 72 is the image of one, two
or four points of the square. The elements of T? represent points on the
torus obtained from the square by first joining together two opposite sides of
the square to form a cylinder and then joining together the boundary circles
of this cylinder as described above. We say that the torus 72 is obtained
from the square [0, 1] x [0, 1] by identifying the points (0,¢) and (1,¢) for all
t € 10, 1] and identifying the points (s,0) and (s, 1) for all s € [0, 1].

The topology on the square [0, 1] x [0, 1] induces a corresponding topology
on the set T2, where a subset U of T? is open in T? if and only if ¢~(U)
is open in the square [0,1] x [0,1]. (The fact that these open sets in T2
constitute a topology on the set T2 is a consequence of Lemma 5.18.) The
function ¢:[0,1] x [0,1] — T2 is then a continuous surjection. We say that
the topological space T? is the identification space obtained from the square
[0,1] x [0,1] by identifying points on the sides to the square as described
above. The continuous map ¢ from the square to the torus is an example of
an identification map, and the topology on the torus 72 is referred to as the
quotient topology on T? induced by the identification map ¢: [0, 1] x [0,1] —
T2
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Another well-known identification space obtained from the square is the
Klein bottle (Kleinsche Flasche). The Klein bottle K? is obtained from the
square [0, 1] x [0, 1] by identifying (0,¢) with (1,1 —¢) for all ¢ € [0, 1] and
identifying (s,0) with (s, 1) for all s € [0, 1]. These identifications correspond
to an equivalence relation on the square, where points (s, t) and (u, v) of the
square are equivalent if and only if one of the following conditions is satisfied:

e s=wuandt=uy;

e s=0,u=1landt=1-—v;

e s=1lLu=0andt=1—uv;

e t=0,v=1and s = u;

et=1v=0and s=u;

e (s,t) and (u,v) both belong to {(0,0), (0,1), (1,0), (1,1)}.

The corresponding set of equivalence classes is the Klein bottle K2. Thus
each point of the Klein bottle K? represents an equivalence class consisting
of either one point in the interior of the square, or two points (0,¢) and
(1,1 —1¢) with 0 < ¢ < 1 on opposite edges of the square, or two points (s, 0)
and (s,1) with 0 < s < 1 on opposite edges of the square, or the four corners
of the square. There is a surjection r:[0,1] x [0,1] — K? from the square
to the Klein bottle that sends each point of the square to its equivalence
class. The identifications used to construct the Klein bottle ensure that
r(0,t) =r(1,1—1t) for all t € [0,1] and r(s,0) = r(s,1) for all s € [0,1]. One
can construct a quotient topology on the Klein bottle K2, where a subset U
of K? is open in K? if and only if its preimage r~!(U) is open in the square
[0,1] x [0, 1].

5.10 Identification Maps and Quotient Topologies

Definition Let X and Y be topological spaces and let ¢: X — Y be a
function from X to Y. The function ¢ is said to be an identification map if
and only if the following conditions are satisfied:

e the function ¢: X — Y is surjective,

e asubset U of Y is open in Y if and only if ¢~ *(U) is open in X.
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It follows directly from the definition that any identification map is con-
tinuous. Moreover, in order to show that a continuous surjection ¢: X — Y
is an identification map, it suffices to prove that if V' is a subset of ¥ with
the property that ¢~ (V) is open in X then V is open in Y.

Example Let S! denote the unit circle {(z,y) € R* : 22 +y* = 1} in R?, and
let ¢:[0,1] — S* be the continuous map defined by q(t) = (cos 27t sin 27t)
for all ¢ € [0,1]. We show that ¢:[0,1] — S! is an identification map. This
map is continuous and surjective. It remains to show that if V' is a subset of
St with the property that ¢~!(V') is open in [0, 1] then V is open in S?.

Note that |¢(s) — q(t)] = 2|sinn(s — t)| for all s, € [0,1] satisfying
|s —t| < 3. Let V be a subset of S with the property that ¢~*(V) is open
in [0,1], and let v be an element of V. We show that there exists ¢ > 0
such that all points u of S* satisfying [u — v| < & belong to V. We consider
separately the cases when v = (1,0) and when v # (1,0).

Suppose that v = (1,0). Then (1,0) € V, and hence 0 € ¢ (V) and
1€ ¢ (V). But ¢ (V) is open in [0,1]. Tt follows that there exists a real
number ¢ satisfying 0 < 6 < % such that [0,0) C ¢~ *(V) and (1 —4,1] €
¢ '(V). Let e = 2sinmd. Now if —7 < 6 < 7 then the Euclidean distance
between the points (1,0) and (cos 6, sin §) is 2 sin $|6|. Moreover, this distance
increases monotonically as |f| increases from 0 to 7. Thus any point on the
unit circle S* whose distance from (1,0) is less than ¢ must be of the form
(cosf,sinf), where |0] < 2md. Thus if u € S! satisfies [u — v| < ¢ then
u = ¢(s) for some s € [0, 1] satisfying either 0 < s <Jor1—60 < s < 1. But
then s € ¢7'(V), and hence u € V.

Next suppose that v # (1,0). Then v = ¢(t) for some real number ¢
satisfying 0 < ¢ < 1. But ¢~ *(V) is open in [0,1], and t € ¢ (V). Tt
follows that (¢ — §,¢t + &) C ¢~*(V) for some real number ¢ satisfying ¢ > 0.
Let ¢ = 2sinmd. If u € S! satisfies [u — v| < € then u = ¢(s) for some
s€ (t—6,t+ ). But then s € ¢7'(V), and hence u € V.

We have thus shown that if V' is a subset of S! with the property that
q (V) is open in [0,1] then there exists € > 0 such that u € V for all
elements u of S! satisfying [u — v| < e. It follows from this that V is open
in S'. Thus the continuous surjection ¢: [0,1] — S is an identification map.

Lemma 5.18 Let X be a topological space, let' Y be a set, and let ¢: X — Y
be a surjection. Then there is a unique topology on'Y for which the function
q: X — Y s an identification map.

Proof Let 7 be the collection consisting of all subsets U of Y for which
¢ ' (U) is open in X. Now ¢~ '(0) = 0, and ¢7*(Y) = X, so that § € 7 and
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Y er. If {V,:a e A} is any collection of subsets of ¥ indexed by a set A,
then it is a straightforward exercise to verify that

Ut 0= (U, %) Nt =0 (0,.%)

(i.e., given any collection of subsets of Y, the union of the preimages of the
sets is the preimage of the union of those sets, and the intersection of the
preimages of the sets is the preimage of the intersection of those sets). It
follows easily from this that unions and finite intersections of sets belonging
to 7 must themselves belong to 7. Thus 7 is a topology on Y, and the
function ¢: X — Y is an identification map with respect to the topology 7.
Clearly 7 is the unique topology on Y for which the function ¢: X — Y is an
identification map. |}

Let X be a topological space, let Y be a set, and let ¢: X — Y be a
surjection. The unique topology on Y for which the function ¢ is an identifi-
cation map is referred to as the quotient topology (or identification topology)
onY.

Let ~ be an equivalence relation on a topological space X. If Y is the
corresponding set of equivalence classes of elements of X then there is a
surjection ¢: X — Y that sends each element of X to its equivalence class.
Lemma 5.18 ensures that there is a well-defined quotient topology on Y,
where a subset U of Y is open in Y if and only if ¢7'(U) is open in X.
(Appropriate equivalence relations on the square yield the torus and the
Klein bottle, as discussed above.)

Lemma 5.19 Let X and Y be topological spaces and let g: X — Y be an
identification map. Let Z be a topological space, and let f:Y — Z be a
function from'Y to Z. Then the function f is continuous if and only if the
composition function foq: X — Z is continuous.

Proof Suppose that f is continuous. Then the composition function foq is
a composition of continuous functions and hence is itself continuous.

Conversely suppose that f o ¢ is continuous. Let U be an open set in Z.
Then ¢~ (f~1(U)) is open in X (since foq is continuous), and hence f~1(U)
is open in Y (since the function ¢ is an identification map). Therefore the
function f is continuous, as required. |

Example Let S' be the unit circle in R?, and let ¢:[0,1] — S* be the
map that sends ¢ € [0,1] to (cos2nt,sin27t). Then ¢:[0,1] — S! is an
identification map, and therefore a function f:S' — Z from S! to some
topological space Z is continuous if and only if fogq:[0,1] — Z is continuous.
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Example The Klein bottle K2 is the identification space obtained from the
square [0, 1] x [0, 1] by identifying (0,¢) with (1,1 —¢) for all ¢ € [0, 1] and
identifying (s,0) with (s,1) for all s € [0,1]. Let ¢:[0,1] x [0,1] — K?
be the identification map determined by these identifications. Let Z be a
topological space. A function g: [0, 1] x [0, 1] — Z mapping the square into Z
which satisfies ¢(0,t) = ¢g(1,1—1¢) for all ¢ € [0, 1] and g(s,0) = g(s,1) for all
s € [0, 1], determines a corresponding function f: K* — Z, where g = f o q.
It follows from Lemma 5.19 that the function f: K* — Z is continuous if and
only if ¢:[0,1] x [0,1] — Z is continuous.

Example Let S™ be the n-sphere, consisting of all points x in R"*! satisfy-
ing [x| = 1. Let RP" be the set of all lines in R™! passing through the origin
(i.e., RP™ is the set of all one-dimensional vector subspaces of R"™!). Let
q: S™ — RP™ denote the function which sends a point x of S™ to the element
of RP" represented by the line in R"*! that passes through both x and the
origin. Note that each element of RP™ is the image (under ¢) of exactly
two antipodal points x and —x of S™. The function ¢ induces a correspond-
ing quotient topology on RP™ such that ¢: 5" — RP" is an identification
map. The set RP™, with this topology, is referred to as real projective n-
space. In particular RP? is referred to as the real projective plane. It follows
from Lemma 5.19 that a function f: RP" — Z from RP" to any topological
space Z is continuous if and only if the composition function f o q:S™ — Z
is continuous.

5.11 Connected Topological Spaces

Definition A topological space X is said to be connected if the empty set ()
and the whole space X are the only subsets of X that are both open and
closed.

Lemma 5.20 A topological space X is connected if and only if it has the
following property: if U and V' are non-empty open sets in X such that
X =UUV, then UNV 1is non-empty.

Proof If U is a subset of X that is both open and closed, and if V' = X \ U,
then U and V are both open, UUV = X and U NV = (). Conversely if U
and V are open subsets of X satisfying UUV = X and U NV = (), then
U = X \V, and hence U is both open and closed. Thus a topological space X

is connected if and only if there do not exist non-empty open sets U and V'
such that UUV = X and UNV = (). The result follows. |}
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Let Z be the set of integers with the usual topology (i.e., the subspace
topology on Z induced by the usual topology on R). Then {n} is open for
all n € Z, since

{n}=Zn{teR:|t—n|<i}.

It follows that every subset of Z is open (since it is a union of sets consisting
of a single element, and any union of open sets is open). It follows that
a function f: X — 7Z on a topological space X is continuous if and only if
f7H(V) is open in X for any subset V of Z. We use this fact in the proof of
the next theorem.

Proposition 5.21 A topological space X is connected if and only if every
continuous function f: X — 7Z from X to the set Z of integers is constant.

Proof Suppose that X is connected. Let f: X — Z be a continuous function.
Choose n € f(X), and let

U={xe X: f(x) =n}, V={zeX: f(x)#n}

Then U and V are the preimages of the open subsets {n} and Z \ {n} of
Z, and therefore both U and V are open in X. Moreover U NV = (), and
X =UUV. It follows that V = X \ U, and thus U is both open and closed.
Moreover U is non-empty, since n € f(X). It follows from the connectedness
of X that U = X, so that f: X — 7Z is constant, with value n.

Conversely suppose that every continuous function f: X — 7Z is constant.
Let S be a subset of X which is both open and closed. Let f: X — Z be

defined by
1 ifzes;
f(x)_{o ifzgs.

Now the preimage of any subset of Z under f is one of the open sets (),
S, X\ S and X. Therefore the function f is continuous. But then the
function f is constant, so that either S = () or S = X. This shows that X is
connected. |}

Lemma 5.22 The closed interval |a,b] is connected, for all real numbers a
and b satisfying a < b.

Proof Let f:[a,b] — Z be a continuous integer-valued function on [a,b]. We
show that f is constant on [a,b]. Indeed suppose that f were not constant.
Then f(7) # f(a) for some 7 € [a,b]. But the Intermediate Value Theorem
would then ensure that, given any real number ¢ between f(a) and f(7), there
would exist some ¢ € [a, 7] for which f(t) = ¢, and this is clearly impossible,
since f is integer-valued. Thus f must be constant on [a, b]. We now deduce
from Proposition 5.21 that [a, b] is connected. |
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Example Let X = {(z,y) € R? : z # 0}. The topological space X is not
connected. Indeed if f: X — Z is defined by

1 if x >0,
f(x,y)—{_l if z <0,

then f is continuous on X but is not constant.

A concept closely related to that of connectedness is path-connectedness.
Let xg and z; be points in a topological space X. A path in X from x( to x;
is defined to be a continuous function v: [0, 1] — X such that v(0) = z, and
(1) = x;. A topological space X is said to be path-connected if and only if,
given any two points xg and z; of X, there exists a path in X from z( to z;.

Proposition 5.23 Fvery path-connected topological space is connected.

Proof Let X be a path-connected topological space, and let f: X — Z be a
continuous integer-valued function on X. If 2y and z; are any two points of X
then there exists a path v: [0, 1] — X such that v(0) = z¢ and (1) = z;. But
then f o~v:[0,1] — Z is a continuous integer-valued function on [0, 1]. But
[0, 1] is connected (Lemma 5.22), therefore fo~ is constant (Proposition 5.21).
It follows that f(zo) = f(x1). Thus every continuous integer-valued function
on X is constant. Therefore X is connected, by Proposition 5.21. |}

The topological spaces R, C and R" are all path-connected. Indeed, given
any two points of one of these spaces, the straight line segment joining these
two points is a continuous path from one point to the other. Also the n-sphere
S™ is path-connected for all n > 0. We conclude that these topological spaces
are connected.

Let A be a subset of a topological space X. Using Lemma 5.20 and the
definition of the subspace topology, we see that A is connected if and only if
the following condition is satisfied:

e if U and V are open sets in X such that ANU and ANV are non-empty
and A C U UV then ANU NV is also non-empty.

Lemma 5.24 Let X be a topological space and let A be a connected subset
of X. Then the closure A of A is connected.

Proof It follows from the definition of the closure of A that A C F for any

closed subset F' of X for which A C F. On taking I’ to be the complement
of some open set U, we deduce that AN U = () for any open set U for which
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ANU = (. Thus if U is an open set in X and if AN U is non-empty then
ANU must also be non-empty.

Now let U and V be open sets in X such that ANU and ANV are
non-empty and A C UUV. Then ANU and ANV are non-empty, and
A CcUUYV. But A is connected. Therefore AN U NV is non-empty, and
thus ANU NV is non-empty. This shows that A is connected. |

Lemma 5.25 Let f: X — Y be a continuous function between topological
spaces X and Y, and let A be a connected subset of X. Then f(A) is con-
nected.

Proof Let g: f(A) — Z be any continuous integer-valued function on f(A).
Then go f: A — 7Z is a continuous integer-valued function on A. It follows
from Proposition 5.21 that g o f is constant on A. Therefore g is constant
on f(A). We deduce from Proposition 5.21 that f(A) is connected. |

Lemma 5.26 The Cartesian product X XY of connected topological spaces
X and'Y is itself connected.

Proof Let f: X xY — Z be a continuous integer-valued function from X xY
to Z. Choose zg € X and yo € Y. The function x — f(z,y) is continuous
on X, and is thus constant. Therefore f(z,y0) = f(xo,yo) for all z € X. Now

fix . The function y — f(x,y) is continuous on Y, and is thus constant.
Therefore

f(xay) = f(xayo) = f(x07y0)

for all z € X and y € Y. We deduce from Proposition 5.21 that X x Y is
connected. |

We deduce immediately that a finite Cartesian product of connected topo-
logical spaces is connected.

Proposition 5.27 Let X be a topological space. For each x € X, let S, be
the union of all connected subsets of X that contain x. Then

(i) S, is connected,
(ii) S, is closed,

(iii) of z,y € X, then either S, = S, or else S, N S, = 0.
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Proof Let f:S, — Z be a continuous integer-valued function on S, for
some z € X. Let y be any point of S,. Then, by definition of S,, there exists
some connected set A containing both x and y. But then f is constant on A,
and thus f(x) = f(y). This shows that the function f is constant on S,.
We deduce that S, is connected. This proves (i). Moreover the closure S, is
connected, by Lemma 5.24. Therefore S, C S,. This shows that .S, is closed,
proving (ii).

Finally, suppose that « and y are points of X for which S, NS, # (). Let
f:5; US, — Z be any continuous integer-valued function on S, U S,. Then
f is constant on both S; and S,. Moreover the value of f on S, must agree
with that on Sy, since S, N S, is non-empty. We deduce that f is constant
on S; US,. Thus S, U S, is a connected set containing both x and y, and
thus S, US, C S, and S, US, C S,, by definition of S, and S,. We conclude
that S, = S,. This proves (iii). |}

Given any topological space X, the connected subsets S, of X defined as
in the statement of Proposition 5.27 are referred to as the connected com-
ponents of X. We see from Proposition 5.27, part (iii) that the topological
space X is the disjoint union of its connected components.

Example The connected components of {(z,y) € R? : x # 0} are
{(z,y) € R* : 2 > 0} and {(z,y) € R* : v < 0}.
Example The connected components of
{t e R: [t — n| < i for some integer n}.

are the sets J, for all n € Z, where J, = (n — 1, n+1).
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6 Compact Spaces

6.1 Compact Topological Spaces

Let X be a topological space, and let A be a subset of X. A collection of
subsets of X in X is said to cover A if and only if every point of A belongs to
at least one of these subsets. In particular, an open cover of X is collection
of open sets in X that covers X.

If 4 and V are open covers of some topological space X then V is said to
be a subcover of U if and only if every open set belonging to V also belongs

toU.

Definition A topological space X is said to be compact if and only if every
open cover of X possesses a finite subcover.

Lemma 6.1 Let X be a topological space. A subset A of X is compact (with
respect to the subspace topology on A) if and only if, given any collection U
of open sets in X covering A, there exists a finite collection Vi, Va, ..., V. of
open sets belonging to U such that A C ViU Vo U---UV,.

Proof A subset B of A is open in A (with respect to the subspace topology
on A) if and only if B = ANV for some open set V in X. The desired result
therefore follows directly from the definition of compactness. |}

We now show that any closed bounded interval in the real line is compact.
This result is known as the Heine-Borel Theorem. The proof of this theorem
uses the least upper bound principle which states that, given any non-empty
set S of real numbers which is bounded above, there exists a least upper
bound (or supremum) sup S for the set S.

Theorem 6.2 (Heine-Borel) Let a and b be real numbers satisfying a < b.
Then the closed bounded interval [a,b] is a compact subset of R.

Proof Let U be a collection of open sets in R with the property that each
point of the interval [a, b] belongs to at least one of these open sets. We must
show that [a, ] is covered by finitely many of these open sets.

Let S be the set of all 7 € [a,b] with the property that [a, 7] is covered
by some finite collection of open sets belonging to U/, and let s = sup S. Now
s € W for some open set W belonging to U. Moreover W is open in R, and
therefore there exists some § > 0 such that (s — d,s + ) C W. Moreover
s — ¢ is not an upper bound for the set S, hence there exists some 7 € §
satisfying 7 > s — 0. It follows from the definition of S that [a, 7] is covered
by some finite collection Vi, V5, ... V. of open sets belonging to U.
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Let t € [a,b] satisfy 7 <t < s+ 4. Then
la,t] C [a,7]U(s —0,s+d) CViUVLU---UV,UW,

and thus t € S. In particular s € S, and moreover s = b, since otherwise s
would not be an upper bound of the set S. Thus b € S, and therefore |a, b|
is covered by a finite collection of open sets belonging to U, as required. |}

Lemma 6.3 Let A be a closed subset of some compact topological space X .
Then A is compact.

Proof Let U be any collection of open sets in X covering A. On adjoining
the open set X \ A to U, we obtain an open cover of X. This open cover
of X possesses a finite subcover, since X is compact. Moreover A is covered
by the open sets in the collection U that belong to this finite subcover. It
follows from Lemma 6.1 that A is compact, as required. |}

Lemma 6.4 Let f: X — Y be a continuous function between topological
spaces X and Y, and let A be a compact subset of X. Then f(A) is a
compact subset of Y.

Proof Let V be a collection of open sets in Y which covers f(A). Then A is
covered by the collection of all open sets of the form f~1(V) for some V € V.
It follows from the compactness of A that there exists a finite collection
Vi, Va, ..., Vi of open sets belonging to V such that

AcC [ MU (Va)Uu---U fH (V).
But then f(A) C ViUV, U---UVj. This shows that f(A) is compact. |}

Lemma 6.5 Let f: X — R be a continuous real-valued function on a com-
pact topological space X. Then f is bounded above and below on X.

Proof The range f(X) of the function f is covered by some finite collection
I, I, ..., I} of open intervals of the form (—m,m), where m € N, since f(X)
is compact (Lemma 6.4) and R is covered by the collection of all intervals of
this form. It follows that f(X) C (=M, M), where (—M, M) is the largest of
the intervals I, Is, ..., I;. Thus the function f is bounded above and below
on X, as required. |}

Proposition 6.6 Let f: X — R be a continuous real-valued function on a
compact topological space X. Then there exist points u and v of X such that
flu) < f(x) < f(v) forallz € X.
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Proof Let m = inf{f(z) : x € X} and M = sup{f(z) : € X}. There
must exist v € X satisfying f(v) = M, for if f(x) < M for all x € X then
the function x +— 1/(M — f(z)) would be a continuous real-valued function
on X that was not bounded above, contradicting Lemma 6.5. Similarly
there must exist u € X satisfying f(u) = m, since otherwise the function
x +— 1/(f(x)—m) would be a continuous function on X that was not bounded
above, again contradicting Lemma 6.5. But then f(u) < f(z) < f(v) for all
x € X, as required. |}

Proposition 6.7 Let A be a compact subset of a metric space X. Then A
15 closed i X.

Proof Let p be a point of X that does not belong to A, and let f(z) =
d(x,p), where d is the distance function on X. It follows from Proposition 6.6
that there is a point ¢ of A such that f(a) > f(q) for all a € A, since A is
compact. Now f(q) > 0, since ¢ # p. Let § satisfy 0 < § < f(¢). Then the
open ball of radius § about the point p is contained in the complement of
A, since f(x) < f(q) for all points x of this open ball. It follows that the
complement of A is an open set in X, and thus A itself is closed in X. |}

Proposition 6.8 Let X be a Hausdorff topological space, and let K be a
compact subset of X. Let x be a point of X \ K. Then there exist open sets
V oand W in X such thatz € V, K CW and VNW = (.

Proof For each point y € K there exist open sets V,,, and W, , such that
r € Vyy,y€ W,y and V,, N W,, =0 (since X is a Hausdorff space). But
then there exists a finite set {y1,ys,...,y,} of points of K such that K is
contained in Wy, UW,,, U---UW,,  since K is compact. Define

V=Ve NVoy, NN Vo, W =Wgy UWopy, U UW, .
Then V and W are open sets, z € V, K C W and VNW = (), as required. |
Corollary 6.9 A compact subset of a Hausdorff topological space is closed.

Proof Let K be a compact subset of a Hausdorftf topological space X. It
follows immediately from Proposition 6.8 that, for each € X \ K, there
exists an open set V,, such that x € V, and V, N K = (). But then X \ K is
equal to the union of the open sets V. as x ranges over all points of X \ K,

and any set that is a union of open sets is itself an open set. We conclude
that X \ K is open, and thus K is closed. |}
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Proposition 6.10 Let X be a Hausdorff topological space, and let K; and
K, be compact subsets of X, where Ky N Ky = (). Then there exist open sets
Ui and Uy such that K; C Uy, Ky C Uy and Uy N Uy = 0.

Proof It follows from Proposition 6.8 that, for each point x of Kj, there
exist open sets V,, and W, such that z € V,,, K, C W, and V, NW, = (). But
then there exists a finite set {1, xs,...,2,} of points of K; such that

KiycV,, uV,u.---uV,,
since K7 is compact. Define
U=V, UV, U---uV,, U =W, NW,,N---NW,,.

Then U; and U, are open sets, Ky C Uy, Ky C Uy and Uy NU, = 0, as
required. [

Lemma 6.11 Let f: X — Y be a continuous function from a compact topo-
logical space X to a Hausdorff space Y. Then f(K) is closed in'Y for every
closed set K in X.

Proof If K is a closed set in X, then K is compact (Lemma 6.3), and there-
fore f(K) is compact (Lemma 6.4). But any compact subset of a Hausdorff
space is closed (Corollary 6.9). Thus f(K) is closed in Y, as required. |

Remark If the Hausdorff space Y in Lemma 6.11 is a metric space, then
Proposition 6.7 may be used in place of Corollary 6.9 in the proof of the
lemma.

Theorem 6.12 A continuous bijection f: X — Y from a compact topological
space X to a Hausdorff space Y is a homeomorphism.

Proof Let ¢:Y — X be the inverse of the bijection f: X — Y. If U is
open in X then X \ U is closed in X, and hence f(X \ U) is closed in Y,
by Lemma 6.11. But f(X \U) =g (X \U) =Y \ g ' (U). It follows that
g 1 (U) is open in Y for every open set U in X. Therefore g:Y — X is
continuous, and thus f: X — Y is a homeomorphism. [

We recall that a function f: X — Y from a topological space X to a
topological space Y is said to be an identification map if it is surjective and
satisfies the following condition: a subset U of Y is open in Y if and only if
f~YU) is open in X.
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Proposition 6.13 A continuous surjection f: X — 'Y from a compact topo-
logical space X to a Hausdorff space Y is an identification map.

Proof Let U be a subset of Y. We claim that Y\ U = f(K), where K =
X\ f74U). Clearly f(K) C Y\ U. Also, given any y € Y \ U, there exists
x € X satisfying y = f(z), since f: X — Y is surjective. Moreover z € K,
since f(z) € U. Thus Y \ U C f(K), and hence Y \ U = f(K), as claimed.
We must show that the set U is open in Y if and only if f~*(U) is open
in X. First suppose that f~'(U) is open in X. Then K is closed in X, and
hence f(K) is closed in Y, by Lemma 6.11. It follows that U is open in Y.
Conversely if U is open in Y then f~!(Y) is open in X, since f: X — Y is
continuous. Thus the surjection f: X — Y is an identification map. |}

Example Let S! be the unit circle in R?, defined by S = {(z,y) € R? :
2 +y* = 1}, and let ¢:[0,1] — S' be defined by q(t) = (cos 2nt, sin 27t)
for all t € [0, 1]. Tt has been shown that the map ¢ is an identification map.
This also follows directly from the fact that ¢:[0,1] — S’ is a continuous
surjection from the compact space [0,1] to the Hausdorff space S*.

We shall show that a finite Cartesian product of compact spaces is com-
pact. To prove this, we apply the following result, known as the Tube Lemma.

Lemma 6.14 Let X and Y be topological spaces, let K be a compact subset
of Y, and U be an open set in X x Y. Let V ={x € X : {z} x K C U}.
Then V' is an open set in X.

Proof Let x € V. For each y € K there exist open subsets D, and E,
of X and Y respectively such that (z,y) € D, x E, and D, x E, C U.
Now there exists a finite set {y1,vs, ...,y } of points of K such that K C
E,UE,U---UE,, since K is compact. Set N, = D, N Dy, N---ND,,.
Then N, is an open set in X. Moreover

k k
N, x K c | J(N. x E,) c | J(Dy, x E,) C U,

=1 =1

so that N, C V. It follows that V' is the union of the open sets N, for all
x € V. Thus V is itself an open set in X, as required. [

Theorem 6.15 A Cartesian product of a finite number of compact spaces is
itself compact.
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Proof It suffices to prove that the product of two compact topological spaces
X and Y is compact, since the general result then follows easily by induction
on the number of compact spaces in the product.

Let U be an open cover of X x Y. We must show that this open cover
possesses a finite subcover.

Let « be a point of X. The set {x} XY is a compact subset of X x Y, since
it is the image of the compact space Y under the continuous map from Y to
X xY which sends y € Y to (z,y), and the image of any compact set under a
continuous map is itself compact (Lemma 6.4). Therefore there exists a finite
collection Uy, Us, ..., U, of open sets belonging to the open cover U such that
{z} xY is contained in Uy UUyU---UU,. Let V, denote the set of all points
2’ of X for which {2’} x Y is contained in Uy UUs U ---UU,. Then z € V,
and Lemma 6.14 ensures that V, is an open set in X. Note that V, x Y is
covered by finitely many of the open sets belonging to the open cover U.

Now {V, : © € X} is an open cover of the space X. It follows from the

compactness of X that there exists a finite set {x, 2, ...,z } of points of X
such that X =V, UV, U--- UV, . Now X x Y is the union of the sets
Ve, x Y for j =1,2,...,7, and each of these sets can be covered by a finite

collection of open sets belonging to the open cover /. On combining these
finite collections, we obtain a finite collection of open sets belonging to U
which covers X x Y. This shows that X x Y is compact. |}

Theorem 6.16 Let K be a subset of R™. Then K is compact if and only if
K s both closed and bounded.

Proof Suppose that K is compact. Then K is closed, since R™ is Hausdorff,
and a compact subset of a Hausdorff space is closed (by Corollary 6.9). For
each natural number m, let B,, be the open ball of radius m about the origin,
given by B, = {x € R" : |x| < m}. Then {B,, : m € N} is an open cover of
R™. It follows from the compactness of K that there exist natural numbers
my, Ma, ..., my such that K C B,,, U B,,, U---U B, . But then K C By,
where M is the maximum of mq, mo, ..., ms, and thus K is bounded.
Conversely suppose that K is both closed and bounded. Then there exists
some real number L such that K is contained within the closed cube C' given
by
C={(z1,29,...,2,) e R": =L < x; < Lforj=12,...,n}.

Now the closed interval [—L, L] is compact by the Heine-Borel Theorem
(Theorem 6.2), and C' is the Cartesian product of n copies of the compact
set [—L, L]. It follows from Theorem 6.15 that C' is compact. But K is a
closed subset of C, and a closed subset of a compact topological space is itself
compact, by Lemma 6.3. Thus K is compact, as required. [
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6.2 Compact Metric Spaces

We recall that a metric or topological space is said to be compact if every
open cover of the space has a finite subcover. We shall obtain some equivalent
characterizations of compactness for metric spaces (Theorem 6.22); these
characterizations do not generalize to arbitrary topological spaces.

Proposition 6.17 Fuvery sequence of points in a compact metric space has
a convergent subsequence.

Proof Let X be a compact metric space, and let x1, x9, 3, ... be a sequence
of points of X. We must show that this sequence has a convergent subse-
quence. Let F), denote the closure of {x,, %1, Tpi2,...}. We claim that
the intersection of the sets Fi, Fy, F3,... is non-empty. For suppose that
this intersection were the empty set. Then X would be the union of the
sets V1, Vo, V3, ..., where V,, = X \ F,, for all n. But V; C V, C V3 C -+,
and each set V,, is open. It would therefore follow from the compactness of
X that X would be covered by finitely many of the sets Vi, V5, V3, ..., and
therefore X = V,, for some sufficiently large n. But this is impossible, since
F,, is non-empty for all natural numbers n. Thus the intersection of the sets

Iy, Fy, F3, ... is non-empty, as claimed, and therefore there exists a point p
of X which belongs to F,, for all natural numbers n.
We now obtain, by induction on n, a subsequence x,,, Zn,, Tp,, ... Which

satisfies d(zn;,p) < 1/j for all natural numbers j. Now p belongs to the
closure F; of the set {x1, 29, x3,...}. Therefore there exists some natural
number n; such that d(x,,,p) < 1. Suppose that x,, has been chosen so
that d(xn,,p) < 1/j. The point p belongs to the closure F, ; of the set
{xn : n > n;}. Therefore there exists some natural number n,,; such that
nj1 > ny and d(2n,,,,p) < 1/(j +1). The subsequence y,, Zn,, Tny, - - -
constructed in this manner converges to the point p, as required. |}

We shall also prove the converse of Proposition 6.17: if X is a metric
space, and if every sequence of points of X has a convergent subsequence,
then X is compact (see Theorem 6.22 below).

Let X be a metric space with distance function d. A Cauchy sequence in
X is a sequence x1,T9, 3, ... of points of X with the property that, given
any € > 0, there exists some natural number N such that d(z;,z;) < € for
all 7 and k satisfying j > N and k > N.

A metric space (X,d) is said to be complete if every Cauchy sequence
in X converges to some point of X.

Proposition 6.18 Let X be a metric space with the property that every
sequence of points of X has a convergent subsequence. Then X 1is complete.
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Proof Let x1, 29, z3,... be a Cauchy sequence in X. This sequence then has
a subsequence T, Tn,, Tns, ... which converges to some point p of X. We
claim that the given Cauchy sequence also converges to p.

Let € > 0 be given. Then there exists some natural number N such that
d(xpm, Tn) < %5 whenever m > N and n > N, since x1, 9, x3, ... is a Cauchy
sequence. Moreover n; can be chosen large enough to ensure that n; > N
and d(z,,,p) < 3¢. If n > N then

A(20,p) < AT, T;) + d(wn,,p) < e+ 1e=c.

This shows that the Cauchy sequence x1, zs, x3, ... converges to the point p.
Thus X is complete, as required. |

Definition Let X be a metric space with distance function d. A subset A
of X is said to be bounded if there exists a non-negative real number K
such that d(z,y) < K for all z,y € A. The smallest real number K with
this property is referred to as the diameter of A, and is denoted by diam A.
(Note that diam A is the supremum of the values of d(z,y) as x and y range
over all points of A.)

Let X be a metric space with distance function d, and let A be a subset of
X. The closure A of A is the intersection of all closed sets in X that contain
the set A: it can be regarded as the smallest closed set in X containing A.
Let = be a point of the closure A of A. Given any ¢ > 0, there exists some
point ' of A such that d(x,2’) < e. (Indeed the open ball in X of radius
about the point = must intersect the set A, since otherwise the complement
of this open ball would be a closed set in X containing the set A but not
including the point z, which is not possible if x belongs to the closure of A.)

Lemma 6.19 Let X be a metric space, and let A be a subset of X. Then
diam A = diam A, where A is the closure of A.

Proof Clearly diam A < diam A. Let = and y be points of A. Then, given
any € > 0, there exist points ' and y’ of A satisfying d(z,z’) < ¢ and
d(y,y") < e. It follows from the Triangle Inequality that

d(z,y) < d(z,2")+d',y) +dy,y) < diam A + 2e.

Thus d(z,y) < diam A + 2¢ for all € > 0, and hence d(x,y) < diam A. This
shows that diam A < diam A, as required. |

Definition A metric space X is said to be totally bounded if, given any
e > 0, the set X can be expressed as a finite union of subsets of X, each of
which has diameter less than e.
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A subset A of a totally bounded metric space X is itself totally bounded.
For if X is the union of the subsets By, Bs,..., By, where diam B,, < ¢
for n = 1,2,...,k, then A is the union of AN B, forn =1,2,...,k, and
diamANB, <e.

Proposition 6.20 Let X be a metric space. Suppose that every sequence of
points of X has a convergent subsequence. Then X 1is totally bounded.

Proof Suppose that X were not totally bounded. Then there would exist
some € > 0 with the property that no finite collection of subsets of X of
diameter less than 3¢ covers the set X. There would then exist an infinite
sequence Ty, Ta, T3, ... of points of X with the property that d(x,,,z,) > ¢
whenever m # n. Indeed suppose that points x1,xs,..., 251 of X have
already been chosen satisfying d(x,,,x,) > ¢ whenever m < k, n < k and
m # n. The diameter of each open ball By(x,,,¢) is less than or equal to
2¢. Therefore X could not be covered by the sets Bx(z,, <) for m < k, and
thus there would exist a point z; of X which does not belong to B(z,,¢)
for any m < k. Then d(z,,x;) > € for all m < k. In this way we can
successively choose points x1, 2o, 3, ... to form an infinite sequence with
the required property. However such an infinite sequence would have no
convergent subsequence, which is impossible. This shows that X must be
totally bounded, as required. |

Proposition 6.21 Fuvery complete totally bounded metric space is compact.

Proof Let X be some totally bounded metric space. Suppose that there
exists an open cover V of X which has no finite subcover. We shall prove the
existence of a Cauchy sequence x1, xs9, 3, ... in X which cannot converge to
any point of X. (Thus if X is not compact, then X cannot be complete.)

Let € > 0 be given. Then X can be covered by finitely many closed sets
whose diameter is less than ¢, since X is totally bounded and every subset of
X has the same diameter as its closure (Lemma 6.19). At least one of these
closed sets cannot be covered by a finite collection of open sets belonging to
V (since if every one of these closed sets could be covered by a such a finite
collection of open sets, then we could combine these collections to obtain
a finite subcover of V). We conclude that, given any € > 0, there exists a
closed subset of X of diameter less than € which cannot be covered by any
finite collection of open sets belonging to V.

We claim that there exists a sequence F}, Fy, F3, ... of closed sets in X
satisfying Fy D Iy, D F3 D --- such that each closed set F), has the following
properties: diam F,, < 1/2", and no finite collection of open sets belonging
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to V covers F,,. For if F}, is a closed set with these properties then F), is itself
totally bounded, and thus the above remarks (applied with F), in place of
X)) guarantee the existence of a closed subset F),.; of F, with the required
properties. Thus the existence of the required sequence of closed sets follows
by induction on n.

Choose z,, € F, for each natural number n. Then d(z,,z,) < 1/2" for
any m > n, since z,, and x, belong to F,, and diam F,, < 1/2". Therefore
the sequence 1, x2, x3,... is a Cauchy sequence. Suppose that this Cauchy
sequence were to converge to some point p of X. Then p € F, for each
natural number n, since F), is closed and z,, € F, for all m > n. (If a
sequence of points belonging to a closed subset of a metric or topological
space is convergent then the limit of that sequence belongs to the closed set.)
Moreover p € V for some open set V' belonging to V), since V is an open
cover of X. But then there would exist § > 0 such that Bx(p,d) C V, where
Bx(p,d) denotes the open ball of radius ¢ in X centred on p. Thus if n were
large enough to ensure that 1/2" < ¢, then p € F), and diam F,, < §, and
hence F,, C Bx(p,0) C V, contradicting the fact that no finite collection of
open sets belonging to V covers the set Fj,. This contradiction shows that
the Cauchy sequence z1, x5, x3, ... is not convergent.

We have thus shown that if X is a totally bounded metric space which is
not compact then X is not complete. Thus every complete totally bounded
metric space must be compact, as required. |

Theorem 6.22 Let X be a metric space with distance function d. The fol-
lowing are equivalent:—

(i) X is compact,
(ii) every sequence of points of X has a convergent subsequence,

(iii) X is complete and totally bounded,

Proof Propositions 6.17, 6.18 6.20 and 6.21 show that (i) implies (ii), (ii)
implies (iii), and (iii) implies (i). It follows that (i), (ii) and (iii) are all
equivalent to one another. |}

Remark A subset K of R" is complete if and only if it is closed in R™. Also
it is easy to see that K is totally bounded if and only if K is a bounded
subset of R™. Thus Theorem 6.22 is a generalization of the theorem which
states that a subset K of R™ is compact if and only if it is both closed and
bounded (Theorem 6.16).
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6.3 The Lebesgue Lemma and Uniform Continuity

Lemma 6.23 (Lebesgue Lemma) Let (X, d) be a compact metric space. Let
U be an open cover of X. Then there exists a positive real number & such that
every subset of X whose diameter is less than ¢ is contained wholly within
one of the open sets belonging to the open cover U.

Proof Every point of X is contained in at least one of the open sets belonging
to the open cover U. It follows from this that, for each point = of X, there
exists some 0, > 0 such that the open ball B(x,2d,) of radius 2§, about
the point x is contained wholly within one of the open sets belonging to the
open cover Y. But then the collection consisting of the open balls B(z,d,)
of radius d, about the points x of X forms an open cover of the compact
space X. Therefore there exists a finite set xq, xs, ..., z, of points of X such
that
B(z1,61) U B(xg,09) U ---U B(z,,4,) = X,

where 6; = 0,, fori =1,2,... 7. Let 6 > 0 be given by
0 = minimum(dy, da, . . ., 0,).

Suppose that A is a subset of X whose diameter is less than 6. Let u be a
point of A. Then u belongs to B(x;,d;) for some integer i between 1 and r.
But then it follows that A C B(x;,26;), since, for each point v of A,

d(v,z;) < d(v,u) + d(u, z;) < 6+ 6; < 20;.

But B(x;,26;) is contained wholly within one of the open sets belonging to
the open cover U. Thus A is contained wholly within one of the open sets
belonging to U, as required. |}

Let U be an open cover of a compact metric space X. A Lebesque number
for the open cover U is a positive real number § such that every subset of X
whose diameter is less than ¢ is contained wholly within one of the open sets
belonging to the open cover U. The Lebesgue Lemma thus states that there
exists a Lebesgue number for every open cover of a compact metric space.

Let X and Y be metric spaces with distance functions dx and dy respec-
tively, and let f: X — Y be a function from X to Y. The function f is said
to be uniformly continuous on X if and only if, given € > 0, there exists some
d > 0 such that dy(f(x), f(z')) < e for all points x and 2’ of X satisfying
dx(z,2") < §. (The value of 4 should be independent of both z and z’.)

Theorem 6.24 Let X and Y be metric spaces. Suppose that X is compact.
Then every continuous function from X to 'Y is uniformly continuous.
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Proof Let dx and dy denote the distance functions for the metric spaces X
and Y respectively. Let f: X — Y be a continuous function from X to Y.
We must show that f is uniformly continuous.

Let € > 0 be given. For each y € Y, define

V, = {r € X : dy(f(x),y) < Le}.

Note that V, = f! (By(y, %5)), where By (y, %5) denotes the open ball of
radius %8 about y in Y. Now the open ball By (y, %5) is an open set in Y,
and f is continuous. Therefore V}, is open in X for all y € Y. Note that
xr € Vi forall z € X.

Now {V, : y € Y} is an open cover of the compact metric space X. It
follows from the Lebesgue Lemma (Lemma 6.23) that there exists some § > 0
such that every subset of X whose diameter is less than ¢ is a subset of some
set V. Let x and 2’ be points of X satisfying dx(z,2’) < 6. The diameter
of the set {z,2'} is dx(z,2'), which is less than 0. Therefore there exists
some y € Y such that z € V, and 2/ € V.. But then dy(f(z),y) < 3¢ and
dy (f(z'),y) < e, and hence

dy (f(z), f(@')) < dy(f(x),y) +dy(y, f(z)) <e.

This shows that f: X — Y is uniformly continuous, as required. |}

Let K be a closed bounded subset of R™. It follows from Theorem 6.16
and Theorem 6.24 that any continuous function f: K — RF is uniformly
continuous.

6.4 The Equivalence of Norms on a Finite-Dimensional
Vector Space

Let ||.|| and ||.||« be norms on a real or complex vector space X. The norms
||l.]| and ||.||« are said to be equivalent if and only if there exist constants c
and C', where 0 < ¢ < C, such that

cllz| < [lz|. < Cllz||
for all z € X.

Lemma 6.25 Two norms ||.| and ||.||« on a real or complex vector space X
are equivalent if and only if they induce the same topology on X.
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Proof Suppose that the norms ||.|| and ||.||s induce the same topology on X.
Then there exists some 6 > 0 such that

{re X ||z <d} C{z e X |z <1},

since the set {x € X : ||z|l. < 1} is open with respect to the topology on X
induced by both |.||« and ||.||. Let C' be any positive real number satisfying
C0 > 1. Then

lem| -2 <
T == )
a’l = e
and hence )
x|, = Cl|lz x|l < Cllzll.
el = Clel | e < Clel

for all non-zero elements x of X, and thus ||z||. < C||z| for all z € X. On
interchanging the roles of the two norms, we deduce also that there exists a
positive real number ¢ such that ||z|| < (1/c¢)||z||+ for all x € X. But then
cllz]] < ||z|l« < Cl|z|| for all x € X. We conclude that the norms ||.|| and
|||« are equivalent.

Conversely suppose that the norms ||.|| and ||.||. are equivalent. Then
there exist constants ¢ and C, where 0 < ¢ < C, such that c|jz|| < ||z]. <
C||z|| for all x € X. Let U be a subset of X that is open with respect to the
topology on X induced by the norm |.||,, and let v € U. Then there exists
some ¢ > 0 such that

{reX:|z—ul.<Cdé} CU.
But then
{reX:||z—ul|<d}Cc{re X |z—-ul.<Cd}CU,

showing that U is open with respect to the topology induced by the norm ||.]|.
Similarly any subset of X that is open with respect to the topology induced
by the norm ||.|| must also be open with respect to the topology induced by
II-lls- Thus equivalent norms induce the same topology on X. |}

It follows immediately from Lemma 6.25 that if |.||, ||.||« and |[.||; are
norms on a real (or complex) vector space X, if the norms ||.|| and ||.||. are
equivalent, and if the norms ||.||. and ||.||; are equivalent, then the norms ||.||
and ||.||4 are also equivalent. This fact can easily be verified directly from the
definition of equivalence of norms.

We recall that the usual topology on R™ is that generated by the Euclidean
norm on R™.
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Lemma 6.26 Let ||.| be a norm on R™. Then the function x — |[|x]|| is
continuous with respect to the usual topology on on R™.

Proof Let e, ey, ..., e, denote the basis of R" given by
e; = (1,0,0,...,0), ey =1(0,1,0,...,0),---, e,=1(0,0,0,...,1).
Let x and y be points of R", given by

X:(Jfl,l'g,...7$n)7 y:(y17y27"‘7yn>‘

Using Schwarz’ Inequality, we see that

lx -yl = 'Z(xj—yj)ej

j=1

n
<Yz — il llell
j=1
n

Zm—w) (Znejn?) = Cllx =yl

j=1

IN

where
C? = le1|® + lleal” + - + llen|?

and ||x — y||2 denotes the Euclidean norm of x — y, defined by
1
n 2
[x —yll2 = (Z(Ij - Z/j)2> .
j=1
Also [[[x[| = [[ylll < llx =y, since
x| < lx=yl+lyll, [yl <llx=yll+ [
We conclude therefore that
Il =Nyl < Cllx = yll2,

for all x,y € R", and thus the function x — |[|x|| is continuous on R" (with
respect to the usual topology on R™). |}

Theorem 6.27 Any two norms on R™ are equivalent, and induce the usual
topology on R™.
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Proof Let ||.|| be any norm on R"™. We show that ||.|| is equivalent to the
Euclidean norm ||.||o. Let S"~! denote the unit sphere in R™, defined by

Sl ={x e R": ||x||s = 1},

and let f:S""! — R be the real-valued function on S"~! defined such that
f(x) = ||x]| for all x € S"~'. Now the function f is a continuous function on
S™=1 (Lemma 6.26). Also the function f is non-zero at each point of S™!
and therefore the function sending x € S"~! to 1/f(x) is continuous. Now
any closed bounded set in R™ is compact (Theorem 6.16), and any continuous
real-valued function on a compact topological space is bounded (Lemma 6.5).
It follows that there exist positive real numbers C' and D such that f(x) < C
and 1/f(x) < D for all x € S"7'. Let ¢ = D™'. Then ¢ < ||x|| < C for all
x € SmL
Now

o = (Il 'x)

1]l

for all x € R™\ {0}. (This is an immediate consequence of the fact that
IAx|| = |A]||x]| for all x € R™ and A € R.) It follows that c||x|> < ||x|| <
C||x]|2 for all x € R™\ {0}. These inequalities also hold when x = 0. The
result follows. |}
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