Chapter 2

Metric Spaces
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A metric space is a mathematical object in which the distance between two points is
meaningful. Metric spaces constitute an important class of topological spaces. We intro-
duce metric spaces and give some examples in Section 1. In Section 2 open and closed sets
are introduced and we discuss how to use them to describe the convergence of sequences
and the continuity of functions. Relevant notions such as the boundary points, closure
and interior of a set are discussed. Compact sets are introduced in Section 3 where the
equivalence between the Bolzano-Weierstrass formulation and the finite cover property is
established. In Sections 4 and 5 we turn to complete metric spaces and the contraction
mapping principle. As an application of the latter, we study the initial value problem for
differential equations and establish the fundamental existence and uniqueness theorem in
Section 6.

2.1 Metric Spaces

Throughout this chapter X always denotes a non-empty set. We would like to define a
concept of distance which assigns a positive number to every two distinct points in X.
In analysis the name metric is used instead of distance. ( But “d” not “m” is used in
notation. I have no idea why it is so.) A metric on X is a function from X x X to [0, c0)
which satisfies the following three conditions: Vz,y, z € X,

M1. d(z,y) > 0 and equality holds if and only if x = v,
M2. d(z,y) =d(y,z), and
M3. d(z,y) < d(z,z)+d(z,y).

The last condition, the triangle inequality, is a key property of a metric. M2 and M3
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together imply another form of triangle inequality,

jd(z, y) — d(x, 2)| < d(y, 2).

The pair (X,d) is called a metric space. Let z € X and r > 0, the metric ball or
simply the ball B,(x) is the set {y € X : d(y,x) <r}.

Here are some examples of metric spaces.

Example 2.1. Let R be the set of all real numbers. For z,y € R, we define d(z,y) = |z—y|
where |z| denotes the absolute value of x. It is easily seen that d(-,-) satisfies M1-M3
above and so it defines a metric. In particular, M3 reduces to the usual triangle inequality.
Thus (R, d) is a metric space. From now on whenever we talk about R, it is understood
that it is a metric space endowed with this metric.

Example 2.2. More generally, let R™ be the n-dimensional real vector space consisting
of all n-tuples x = (x1,...,2,), z; € R, j = 1,...,n. For z,y € R", introduce the
Euclidean metric

do(z,y) = /(21 — )2+ + (X0 — Yn)?

n

— (3 (a5 — ).

j=1
It reduces to Example 1 when n = 1. Apparently, M3 and M2 are fulfilled. To verify the
triangle inequality, letting © = x — z and v = z — y, M3 becomes

n

(D +0)) < (o) 4+ (D)™

1 1 1
Taking square, we see that it follows from Cauchy-Schwarz inequality
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In case you do not recall its proof, look up a book. We need to use mathematics you
learned in all previous years. Take this as a chance to refresh them.

Example 2.3. It is possible to have more than one metrics on a set. Again consider R".
Instead of the Euclidean metric, we define

n

di(z,y) = |aj -yl

j=1

and
doo(m7y) - maX{|x1 - y1|)' ) |l’n - yn|} .
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It is not hard to verify that d; and d., are also metrics on R". We denote the metric balls
in the Euclidean, d; and d,, metrics by B,.(z), B!(z) and BX(x) respectively. B,(z) is
the standard ball of radius r centered at x and B2°(z) is the cube of length r centered at
z. I let you draw and tell me what B}(zx) looks like.

Example 2.4. Let C[a, b] be the real vector space of all continuous, real-valued functions
on [a,b]. For f,g € Cla,b], define

doo(f,9) = || f — 9lloc = max{|f(z) — g(x)| : x € [a,b]} .

It is easily checked that d is a metric on C|a,b]. The metric ball B,(f) in the uniform
metric consists of all continuous functions sitting inside the “tube”

{(C(],y) : |y_f<$>| <T,TE [avb]}

Another metric defined on Cfa, b] is given by

b
4 (f,9) —/ F—g.

It is straightforward to verify M1-M3 are satisfied. In Section 1.5 we encountered the

L?-distance. Indeed,
b
ar9) =y [ 1 =P

really defines a metric on Cfa,b]. The verification of M3 to similar to what we did in
Example 2.2, but Cauchy-Schwarz inequality is now in integral form

fusey e

In passing we point out same notations such as d; and ds have been used to denote
different metrics. They arise in quite different context though. It should not cause
confusion.

Example 2.5. Let R[a, b] be the vector space of all Riemann integrable functions on [a, b]
and consider d;(f, g) as defined in the previous example. One can show that M2 and M3
are satisfied, but not M1. In fact,
b
/ |f—gl=0

does not imply that f is equal to g. It tells us they differ on a set of measure zero. This
happens, for instance, they are equal except at finitely many points. To construct a metric
space out of dy, we introduce a relation on R[a,b] by setting f ~ ¢ if and only if f and g
differ on a set of measure zero. It is routine to verify that ~ is an equivalence relation.
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Let R[a,b] be the equivalence classes of Rla, b] under this relation. We define a metric on
Rla, ] by, 7,5 € Rla,b],

d\(f.9) =di(f.9), fef. g€

Then (R[a,b],d;) forms a metric space. 1 let you verify that d; is well-defined, that is,
it is independent of the choices of f and g, and is a metric on (R[a,b],d;). A similar
consideration applies to the L?-distance to get a metric ds.

A norm || - || is a function on a real vector space X to [0, 00) satisfying the following
three conditions, for all z,y € X and a € R,

N1. ||z|| > 0 and “=” 0 if and only if x =0
N2. [laz| = |af lz],  and

N3. |z +yl < =l + llyll

The pair (X, || - ||) is called a normed space. There is always a metric associated to
a norm. Indeed, letting

d(z,y) = ||z =yl

it is readily checked that d defines a metric on X. This metric is called the metric in-
duced by the norm. In all the five examples above the metrics are induced respectively
from norms. I leave it to you to write down the corresponding norms. Normed spaces will
be studied in MATH4010 Functional Analysis. In the following we give two examples of
metrics defined on a set without the structure of a vector space. Hence they cannot be
metrics induced by norms.

Example 2.6. Let X be a non-empty set. For x,y € X, define

1’ "'E Y
S

The metric d is called the discrete metric on X. The metric ball B,(z) consists of x
itself for all r € (0, 1).

Example 2.7. Let H be the collection of all strings of words in n digits. For two strings
of wordsin H, a =ay---ap, b=">0y---by, a;,b; € {0,1,2,...,9}. Define

dp(a,b) = the number of digits at which a; is not equal to b,.

By using a simple induction argument one can show that (H,dy) forms a metric space.
Indeed, the case n = 1 is straightforward. Let us assume it holds for n-strings and
show it for (n + 1)-strings. Let @ = ay -+ ap@pi1,b = by -+ bpbyi1,c = ¢+ - Cpepir, d =
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ay -+ p,b = by---b,, and ¢ = ¢;---¢,. Consider the case that a,,1 = byy1 = Cpi1-
We have dg(a,b) = dy(a', V) < dg(d, )+ du(d,b') = dy(a,c) + dy(c,b) by induction
hypothesis. When a,.; is not equal to one of b,1,¢n1, say, a,r1 # bny1, we have
dy(a,b) =dg(a,V)+1 <dy(d,d)+dy(d,b)+1. 1t by11 = cpya, dyla,c) =dy(a,d)+1.
Therefore, dy(a’,c') + du(,b') +1 < dy(a,c) + du(c,b). If byy1 # cugr, du(d,b) =
dy(e,b) — 1 and the same inequality holds. Finally, if a,y1 # ¢,p1 and apeq = by,
dy(a,b) = dy(a',b) < dy(d,d)+dg(d, V) < dgy(a,c) — 14+ dy(c,b) — 1 < dg(a,c) +
dp(c,b). The metric dy is called the Hamming distance. It measures the error in a
string during transmission.

Let Y be a non-empty subset of (X, d). Then (Y, d|yy) is again a metric space. It
is called a metric subspace of (X,d). The notation d|, ., is usually written as d for
simplicity. Every non-empty subset of a metric space forms a metric space under the
restriction of the metric. In the following we usually call a metric subspace a subspace for
simplicity. Note that a metric subspace of a normed space needs not be a normed space.
It is so only if the subset is also a vector subspace.

Recall that convergence of sequences of real numbers and uniform convergence of se-
quences of functions are main themes in MATH2050/60 and sequences of vectors were
considered in MATH2010/20. With a metric d on a set X, it makes sense to talk about
limits of sequences in a metric space. Indeed, a sequence in (X, d) is a map ¢ from N to
(X, d) and usually we write it in the form {x, } where p(n) = z,,. We call {z,,} converges
to x if lim,,_, o d(x,,z) = 0, that’s, for every ¢ > 0, there exists ng such that d(x,,z) < e,
for all n > ng. When this happens, we write or lim,,_,o, ,, = x or z,, — = in X.

Convergence of sequences in (R",dy) reduces to the old definition we encountered
before. From now on, we implicitly refer to the Euclidean metric when convergence of
sequences in R™ is considered. For sequences of functions in (Cla, b, dw), it is simply the
uniform convergence of sequences of functions in Cla, b].

As there could be more than one metrics defined on the same set, it is natural to make
a comparison among these metrics. Let d and p be two metrics defined on X. We call p
is stronger than d, or d is weaker than p, if there exists a positive constant C' such that
d(z,y) < Cp(z,y) for all z,y € X. They are equivalent if d is stronger and weaker than
p simultaneously, in other words,

d(l’,y) S Olp(l’»y) S CQd(xay)a vxay € Xa

for some positive C; and Cy. When p is stronger than d, a sequence converging in p is
also convergent in d. When d and p are equivalent, a sequence is convergent in d if and
only if it is so in p.

Take dy, ds and d., on R™ as an example. It is elementary to show that for all x,y € R,

dQ(xa y) S nl/Qdoo(xa y) S nl/QdQ(xa y)a
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and
d1($7?/) S ndoo(xay) S ndl(xvy)a

hence di,ds and d., are all equivalent. The convergence of a sequence in one metric
implies its convergence in other two metrics.

It is a basic result in functional analysis that every two induced metrics in a finite
dimensional normed space are equivalent. Consequently, examples of inequivalent metrics
can only be found when the underlying space is of infinite dimensional.

Let us display two inequivalent metrics on Cf[a,b]. For this purpose it suffices to
consider d; and d,. On one hand, clearly we have

di(f,9) < (b—a)d(f,9), Vf g€ Clab],

S0 dy is stronger than d;. But the converse is not true. Consider the sequence given by
(taking [a,b] = [0, 1] for simplicity)

—nr+n, z€0,1/n?,

fnlz) = { 0, z € (1/n2,1].

We have d;(f,,0) = 0 but doo(fn,0) — 00 as n — oo. Were doo(fp,0) < Cdy(f,,0) true
for some positive constant C', dy(f,,0) must tend to oo as well. Now it tends to 0, so d;
cannot be stronger than ds and these two metrics are not equivalent.

Now we define continuity in a metric space. Recalling that for a real-valued function
defined on some set E in R, there are two equivalent ways to define the continuity of the
function at a point. We could use either the behavior of sequences or the -6 formulation.
Specifically, the function f is continuous at z € F if for every sequence {z,} C F
satisfying lim,, o x, = z, lim, ,o f(x,) = f(x). Equivalently, for every ¢ > 0, there
exists some ¢ > 0 such that |f(y) — f(z)| < € whenever y € E, |y — 2| < ¢. Both definition
can be formulated on a metric space. Let (X, d) and (Y, p) be two metric spaces and
f:(X,d) = (Y,p). Let 2 € X. We call f is continuous at z if f(z,) — f(z) in (Y, p)
whenever z,, —  in (X, d). It is continuous on a set £ C X if it is continuous at every
point of E.

Proposition 2.1. Let f be a mapping from (X,d) to (Y,p) and xy € X. Then f is
continuous at xy if and only if for every € > 0, there exists some 6 > 0 such that
p(F(x), f(z0)) < & for all 3, d(z,0) < 6.

Proof. <) Let € be given and 0 is chosen accordingly. For any {z,} — x¢, given § > 0,
there exists some ng such that d(x,,x¢) < 6 ¥n > ng. It follows that p(f(x,), f(zo)) < €
for all n > ng, so f is continuous at xg.

=) Suppose that the implication is not valid. There exist some gy > 0 and {2} € X
satisfying d(f(xk), f(xo)) > o and d(xg, x9) < 1/k. However, the second condition tells
us that {zx} — =z, so by the continuity at zp one should have d(f(zy), f(x9)) — 0,
contradiction holds. ]
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We will shortly use open/closed sets to describe continuity in a metric space.

As usual, continuity of functions is closed under compositions of functions.

Proposition 2.2. Let f: (X,d) — (Y,p) and g : (Y,p) — (Z,m) be given.

(a) If [ is continuous at x and g is continuous at f(x), then go f: (X,d) — (Z,m) is
continuous at .

(b) If f is continuous in X and g is continuous in Y, then go f is continuous in X .

Proof. 1t suffices to prove (a). Let x,, — x. Then f(z,) — f(z) as f is continuous at x.
Then (go f)(x,) = g(f(xn)) — g(f(z)) = (go f)(z) as g is continuous at f(z). O

2.2 Open and Closed Sets

The existence of a metric on a set enables us to talk about convergence of a sequence
and continuity of a map. It turns that in order to define continuity it requires structure
less stringent then a metric structure. It suffices the set is endowed with a topological
structure. In a word, a metric induces a topological structure on the set but not every
topological structure comes from a metric. In a topological space, continuity can no
longer be defined via the convergence of sequences. Instead one uses the notion of open
and closed sets in the space. As a warm up for topology we discuss how to use the
language of open/closed sets to describe the convergence of sequences and the continuity
of functions in this section.

Let (X,d) be a metric space. A set G C X is called an open set if for each z € G,
there exists some p such that B,(x) C G. The number p may vary depending on z. We
also define the empty set ¢ to be an open set.

Proposition 2.3. Let (X,d) be a metric space. We have

(a) X and ¢ are open sets.

(b) If Upea Ga is an open set provided that all G, a € A, are open where A is an
arbitrary index set.

(c) If Gy,...,Gy are open sets, then ﬂ;vzl G, is an open set.

Note the union in (b) of this proposition is over an arbitrary collection of sets while
the intersection in (c) is a finite one.
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Proof. (a) Obvious.

(b) Let x € J,e4 Ga- There exists some «; such that x € G,,. As G, is open, there
is some B,(r) C Gq,. But then B,(x) C |J ey Gas 50 Upes Ga is open.

(c) Let z € ﬂjvzl G;. For each j, there exists B, (z) C G;. Let p =min{p1,...,pn}.
Then B,(z) C ﬂjvzl G, so ﬂjvzl G is open. O
The complement of an open set is called a closed set. Taking the complement of

Proposition 2.2, we have

Proposition 2.4. Let (X,d) be a metric space. We have

(a) X and ¢ are closed sets.

(b) If F,, o € A, are closed sets, then (4 Fa is a closed set.

(c) If Fy,..., Fn are closed sets, then Ujvzl F; is a closed set.

Note that X and ¢ are both open and closed.

Example 2.8. Every ball in a metric space is an open set. Let B.(z) be a ball and
y € B,(x). We claim that B,(y) C B,(x) where p =1 —d(y,x) > 0. For, if z € B,(y),

d(z,z) < d(z,y)+d(y,x)
< p+dy,x)

by the triangle inequality, so z € B,(z) and B,(y) C B,(z) holds. Next, the set E' = {y €
X @ d(y,z) > r} for fixed z and r > 0 is an open set. For, let y € E, d(y,z) > r. We
claim B,(y) C E, p=d(y,x) —r > 0,. For, letting z € B,(y),

d(Z,.Z‘) > d(y,x)—d(y,z)
> d(y,x) —p

shows that B,(y) C E, hence E is open. Finally, consider F = {x € X : d(x,z) =r > 0}
where z and r are fixed. Observing that F' is the complement of the two open sets B,.(z)
and {z € X : d(x,z) > r}, we conclude that F' is a closed set.

Example 2.9. In the real line every open interval (a,b), —oo < a < b < oo, is an open
set. Other intervals such as [a,b), [a,b], (a,b], a,b € R, are not open. It can be shown
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that every open set G in R can be written as a disjoint union of open intervals. Letting
(an,by) = (—=1/n,1/n),

is not open. It shows that Proposition 2.2(c) does not hold when the intersection is over
infinite many sets. On the other hand, [a, b] is a closed set since {a} = R\ (—o00, a)U(a, 00),
a single point is always a closed set. Finally, some sets we encounter often are neither
open nor closed. Take the set of all rational numbers as example, as every open interval
containing a rational number also contains an irrational number, we see that Q is not
open. The same reasoning shows that the set of all irrational numbers is not open, hence
Q is also not a closed set.

Example 2.10. When we studied multiple integrals in MATH2020, we encountered many
domains or regions as the domain of integration. These domains are open sets in R™. For
instance, consider the set G = {(z1,z2) € R* : x7/4+ x3/9 < 1} which is the set of all
points lying inside an ellipse. We claim that it is an open set. Each point (y;,y2) € G
satisfies the inequality
4 9 '

Since the function (xq,z3) — 22 /4 + 23/9 — 1 is continuous, there exists some € > 0 such
that

2 2
21 )
— + = <1,
4 9

for all (z1, 29), d((21,22), (y1,%2)) < €. In other words, the ball B.((y1,y2)) is contained in
G, so G is open. Similarly, one can show that the outside of the ellipse, denoted by H, is
open (using the fact 22/4 + 22/9 > 1 in H) and the set composed of all points lying on
the ellipse, denoted by S, is closed. Finally, the set GU S is closed as its complement H is
open. In general, most domains in R? in advanced calculus consist of points bounded by
one or several continuous curves. They are all open sets like G. All points lying outside
of the boundary curves form an open set and those lying on the curves form a closed set.
The points sitting inside and on the curves form an closed set. The situation extends to
higher dimensional domains whose boundary are given by finitely many pieces of contin-
uous hypersurfaces.

Example 2.11. Consider the set £ = {f € C[a,b] : f(x) >0, Vz € [a,b]} in C[a,b]. We
claim that it is open. For f € E, it is positive everywhere on the closed, bounded interval
[a, b], hence it attains its minimum at some zq. It follows that f(z) > m = f(xy) > 0.
Letting r = m/2, for g € B.(f), dx(g, f) < r =m/2 implies

gle) = [fz) = lg(x) = f(x)]

- m
m__
2

m
= — >0,

2
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for all = € [a,b], hence g € F which implies B,(f) C E, E is open. Likewise, sets like
{f: fx) >a, Ve},{f: f(x) < a, Vx} where « is a fixed number. On the other hand,
by taking complements of these open sets, we see that the sets {f : f(z) > «, Va}, {f :
f(z) < a, VYa} are closed.

Example 2.12. Consider the extreme case where the space X is endowed with the discrete
metric. We claim that every set is open and closed. Clearly, it suffices to show that every
singleton set {x} is open. But, this is obvious because the ball By s(x) = {x} belongs to
{z}. Tt is also true that B,(z) = X once r > 1.

We now use open sets to describe the convergence of sequences.

Proposition 2.5. Let (X, d) be a metric space. A sequence {x,} converges to x if and
only if for each open G containing x, there exists ng such that x,, € G for all n > ny.

Proof. Let G be an open set containing z. According to the definition of an open set,
we can find B.(z) C G. It follows that there exists ny such that d(x,,z) < e for all
n > ng, i.e., &, € B:(z) C G for all n > ny. Conversely, taking G = B.(z), we see that
Ty — X. ]

From this proposition we deduce the following result which explains better the termi-
nology of a closed set.

Proposition 2.6. The set A is a closed set in (X, d) if and only if whenever {x,} C A
and x, — x as n — oo implies that x belongs to A.

Proof. =). Assume on the contrary that x does not belong to A. As X \ A is an open
set, by Proposition 2.4 we can find a ball B.(z) C X \ A. However, as z,, — z, there
exists some ng such that x,, € B.(z) for all n > ng, contradicting the fact that x,, € A.

«<). If X'\ A is not open, say, we could find a point € X \ A such that By/,(z) (A # ¢
for all n. Pick x,, € By/n(x)() A to form a sequence {z,}. Clearly {x,} converges to z.

By assumption, = € A, contradiction holds. Hence X \ A must be open.
O

Now we use open sets to describe the continuity of functions.

Proposition 2.7. Let f: (X,d) — (Y, p).

(a) f is continuous at x if and only if for every open set G containing f(z), f~H(G)
contains B:(x) for some e > 0.

(b) f is continuous in X if and only if for every open G in'Y, f~1(G) is an open set in
X.
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These statements are still valid when “open” is replaced by “closed”.

Proof. We consider (a) and (b) comes from (a) easily.

=). Suppose there exists some open G such that f~'(G) does not contain By, (z) for all
n > 1. Pick z, € Byjn(), 2, ¢ f~*(G). Then z,, — = but f(z,) does not converge to z,
contradicting the continuity of f.

<). Let {z,} — x in X. Given any open set G containing f(x), we can find B,(z) C
f~Y@G). Thus, there exists ng such that x, € B.(x) for all n > ng. It follows that
f(z,) € G for all n > ny. By Proposition 2.4, f is continuous at z.

O

Let Y be a subspace of (X, d). We describe the open sets in Y. First of all, the metric
ball in (Y, d) is given by Bl.(z) = {y € Y : d(y,z) < r} which is equal to B,.(x) NY. For
an open set F in Y, for each z € E there exists some B, (z), such that B) (z) C E.
Therefore,

E=JB, ()= B,@@)nY) = (U sz(x)> ny.

We conclude

Proposition 2.8. Let Y be a subspace of (X,d). A set E in'Y is open in'Y if and only
if there exists an open set G in (X,d) satisfying E = GNY. It is closed if and only if
there ezists a closed set F in (X,d) satisfying E = FNY.

Example 2.13. Let [0,1] be the subspace of R under the Euclidean metric. The set
[0,1/2) is not open in R as every open interval of the form (a,b),a < 0 < b, is not
contained in [0,1/2), so 0 is not an interior point of [0,1). However, it is relatively
open in [0,1) because when regarded as a subset of [0,1), the set [0,a),1/2 > a > 0,
is an open set (relative in [0,1)) contained in [0,1/2). For, by the proposition above,
[0,a) = (—=1,a) N[0,1) is relatively open.

We describe some further useful notions associated to sets in a metric space.

Let E be aset in (X, d). A point z is called a boundary point of F if GNE and G\ F
are non-empty for every open set GG containing z. Of course, it suffices to take G of the
form B.(z) for all sufficiently small € or ¢ = 1/n, n > 1. We denote the boundary of £ by
OE. The closure of E, denoted by E, is defined to be E U JE. Clearly 0F = 0(X \ E).
The boundary of the ball B.(z) in R™ is the sphere S,(z) = {y € R" : ds(y,z) = r}.
Hence, the closed ball B,.(z) is given by B,.(x)|JS,(x), which is precisely the closure of
B,(x).
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Example 2.14. Let E'= [0,1) x [0, 1). It is easy to see that OE = [0, 1] x {0, 1} U{0, 1} x
[0,1]. Thus some points in F belong to F and some do not. The closure of F, F, is
equal to [0, 1] x [0, 1].

It can be seen from definition that the boundary of the empty set is the empty set and
the boundary of a set is always a closed set. For, let {z,,} be a sequence in F converging
to some x. For any ball B,(z), we can find some z, in it, so the ball B,(z,), p =
r —d(z,,z) > 0, is contained in B,(z). As x, € 0FE, B,(x,) has non-empty intersection
with E and X \ E, so does B,(x) and € F too. The following proposition characterizes
the closure of a set as the smallest closed set containing this set.

Proposition 2.9. Let E be a set in (X,d). We have

E= ﬂ{C’ : C is a closed set containing E'}.

Proof. We first claim that E is a closed set. We will do this by showing X \ E is open.
Indeed, for z lying outside E, z does not belong to E and there exists an open ball B,(z)
disjoint from E. Thus, E is disjoint from B,js(x) and so X\ E is open. We conclude
that E is closed. Next we claim that E is contained in any closed set C' containing F.
It suffices to show that OF C C. Indeed, if x € OF, every ball By ,(x) would have non-
empty intersection with £. By picking a point x,, from By ,(x) N E, we obtain a sequence
{z,} in E converging to x as n — oo. As C is closed, = belongs to C' by Proposition
2.5. O

A point z is called an interior point of E if there exists an open set GG containing
x such that G C E. It can be shown that all interior points of E form an open set call
the interior of F, denoted by E°. It is not hard to see that E° = F'\ OF. The interior
of a set is related to its closure by the following relation: E° = X \ (X \ E). Using this
relation, one can show that the interior of a set is the largest open set sitting inside F.
More precisely, G C E° whenever G is an open set in E.

Example 2.15. In Example 2.10 we consider domains in R? bounded by several pieces
of continuous curves. Let D be such a domain and the curves bounding it be S. It is
routine to verify that 0D = S, that is, the set of all boundary points of D is precisely the
S and the closure of D, D, is D U S. The interior of D is D.

2.3 Compactness

Recall that Bolzano-Weierstrass theorem asserts that every sequence in a closed bounded
interval has a convergent subsequence in this interval. The result still holds for all closed,
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bounded sets in R™. In general, a set £ C (X, d) is compact if every sequence has a con-
vergent subsequence with limit in £. This property is also called sequentially compact
to stress that the behavior of sequences is involved in the definition. The space (X, d)
is called a compact space is X is a compact set itself. According to this definition,
every interval of the form [a, b] is compact in R and sets like [a1, b1] X [ag, bo] X -+ [an, by]
and B,(x) are compact in R” under the Euclidean metric. In a general metric space, the
notion of a bounded set makes perfect sense. Indeed, a set A is called a bounded set if
there exists some ball B,(z) for some z € X and r > 0 such that A C B,(z). Now we in-
vestigate the relation between a compact set and a closed bounded set. First of all, we have

Proposition 2.10. Every compact set in a metric space is closed and bounded.

Proof. Let K be a compact set. To show that it is closed, let {x,} € K and z,, — x.
We need to show that » € K. As K is compact, there exists a subsequence {z,,} C K
converging to some z in K. By the uniqueness of limit, we have x = 2 € K, so z € K
and K is closed. On the other hand, if K is unbounded, that is, for any fixed point x,
K is not contained in the balls B, (xo) for all n. Picking x,, € K \ B,(x), we obtain a
sequence {x,} satisfying d(x,,xo) — 0o as n — oo. By the compactness of K, there is a
subsequence {,,} converging to some z in K. By the triangle inequality,

0o >d(z,m9) = lim d(zy,,2) + d(z, o)
Jj—00
> lim d(x,,,20) — o0,
j—oo
as j — 00, contradiction holds. Hence K must be bounded. O

As a consequence of Bolzano-Weierstrass theorem every sequence in a bounded and
closed set in R™ contains a convergent subsequence. Thus a set in R" is compact if and
only if it is closed and bounded. Proposition 2.10 tells that every compact set is in general
closed and bounded, but the converse is not always true. To describe an example we need
to go beyond R™ where we can be free of the binding of Bolzano-Weierstrass theorem.
Consider the set S = {f € C[0,1] : 0 < f(z) < 1}. Clearly it is closed and bounded in
C10,1]. We claim that it is not compact. For, consider the sequence {f,} in (C[0, 1], dx)

given by
| nz, xe€l0, %]
Ful@) = { 1, zelil]

{fn(x)} converges pointwisely to the function f(z) =1, x € (0,1] and f(0) = 0 which is
discontinuous at x = 0, that is, f does not belong to C[0,1]. If {f,} has a convergent
subsequences, then it must converge uniformly to f. But this is impossible because the
uniform limit of a sequence of continuous functions must be continuous. Hence & cannot
be compact. In fact, a remarkable theorem in functional analysis asserts that the closed
unit ball in a normed space is compact if and only if the normed space if and only if the
normed space is of finite dimension.
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Since convergence of sequences can be completely described in terms of open/closed
sets, it is natural to attempt to describe the compactness of a set in terms of these new
notions. The answer to this challenging question is a little strange at first sight. We
introduce some terminologies. First of all, an open cover of a subset E in a metric space
(X,d) is a collection of open sets {G},a € A, satisfying £ C (J,c4Ga- Aset £ C X
satisfies the finite cover property if whenever {G,},a € A, is an open cover of E, there
exist a subcollection consisting of finitely many G,,,...,G,, such that £ C Ujvzl Go,-
(“Every open cover has a finite subcover.”) A set E satisfies the finite intersection
property if whenever {F,},a € A, are relatively closed sets in F satisfying ﬂjvzl Fo, # ¢
for any finite subcollection Fy,, [, c4 Fa # ¢. Here aset ' C E is relatively closed means
F is closed in the subspace E. We know that it implies F' = AN E for some closed set A.
Therefore, when FE is closed, a relatively closed subset is also closed.

Proposition 2.11. A closed set has the finite cover property if and only if it has the
finite intersection property.

Proof. Let E be a non-empty closed set in (X, d).

=) Suppose {F,}, F, closed sets contained in F, satisfies ﬂjvzl Fy; # ¢ for any finite
subcollection but (), 4 Fa = ¢. As E is closed, each F,, is closed in X, and

acA

E=E\(\F.=JEnF)c|JF,

acA acA acA

By the finite covering property we can find aq, ..., ay such that £ C Ujvzl F(;j, but then
¢p=FE\E>E\UY E, = ﬂjvzl F,, contradiction holds.

«

<) If B C|JGpen but E C Ujvzl G, for any finite subcollection of A, then

N

¢7§E\UG%:H(E\G%)

J=1

which implies (1,4 (E \ Ga) % ¢ by the finite intersection property. Note that each
E\ G, is closed. Using E( (Uuca Ga), = Nuea (E\ Ga), we have E C U, 4 Ga,

contradicting our assumption.

O

Proposition 2.12. Let E be compact in a metric space. For each o > 0, there exist
finitely many balls Bo(x1), ..., Ba(xy) such that E C Ujvzl B, (x;) where x;,1 < j < N,
are i E.

Proof. Pick B,(x;) for some x; € E. Suppose E \ B,(z1) # ¢. We can find x5 ¢ B,(z1)
so that d(z, 1) > . Suppose E \ (Ba(z1) | Ba(z2)) is non-empty. We can find x5 ¢
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By (21) U Ba(22) so that d(z;,z3) > «, j = 1,2. Keeping this procedure, we obtain a
sequence {z,} in E such that

E\UBa(xj)7£¢ and d(zj,x,) >, j=1,2,...,n—1.

Jj=1

By the compactness of E, there exists {xnj} and ¥ € E such that z,, — z as j — oo.
But then d(zy,;, on,) < d(Ty;, x) +d(zn,, ) — 0, contradicting d(x;, x,) > a for all j < n.
Hence one must have E '\ Ujvzl B,(x;) = ¢ for some finite N.

O

Sometimes the following terminology is convenient. A set FE is called totally bounded
if for each € > 0, there exist xy,--- ,x, € X such that E C U}_, B-(xy). Proposition 2.12
simply states that every compact set is totally bounded. We will use this property of a
compact set again in the next chapter.

Theorem 2.13. Let E be a closed set in (X,d). The followings are equivalent:

(a) E is compact;
(b) E satisfies the finite cover property; and

(c) E satisfies the finite intersection property.

Proof. (a)= (b). Let {G,} be an open cover of E without finite subcover and we will
draw a contradiction. By Proposition 2.11, for each k > 1, there are finitely many balls
of radius 1/k covering E. We can find a set By, N E (suppress the irrelevant center)
which cannot be covered by finitely many members in {G,}. Pick € By, N E to form
a sequence. By the compactness of E, we can extract a subsequence {z,} such that
ry, — x for some x € . Since {G,} covers E, there must be some G5 that contains x.
As Gg is open and the radius of By, tends to 0, we deduce that, for all sufficiently large
kj, Bijx; N E is contained in Gg. In other words, G forms a single subcover of By, N E,
contradicting our choice of By, N E. Hence (b) must be valid.

(b)< (c). See Proposition 2.11.

(¢c)= (a). Let {z,,} be a sequence in E. Without loss of generality we may assume that
it contains infinitely many distinct points, otherwise the conclusion is obvious. The balls
By (x,) form an open cover of the set {x,}, hence it has a finite subcover. (Note that a
closed subset of a set satisfying the finite cover property again satisfies the finite cover
property.) Since there are infinitely many distinct points in this sequence, we can choose
one of the these balls, denoted by By, which contains infinitely many points in E. Next
we cover {z,} by balls By/s(z,). Among a finite subcover, choose one of the balls Bj,
which contains infinitely many distinct points from B;. Keeping doing this, we obtain a
sequence of balls {Bl/k}, k > 1, such that each By N--- N By contains infinitely many
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distinct points in E. We pick a subsequence {z,,} from By N---N By, N E. By the
finite intersection property, ), (El /KN E’) is nonempty and in fact consists of one point
z € E. Tt is clear that d(z,,, 2) < 2/k — 0 as k — co. We have succeeded in producing a
convergent subsequence in the closed set E. Hence E is compact. O]

We finally note

Proposition 2.14. Let E be a compact set in (X,d) and F : (X,d) — (Y, p) be continu-
ous. Then f(E) is a compact set in (Y, p).

Proof. Let {y,} be a sequence in f(FE) and let {z,} be in E satisfying f(x,) =y, for all
n. By the compactness of F, there exist some {z,,} and x in E such that z,, — z as
J — o0o. By the continuity of f, we have y,, = f(zn;,) = f(z) in f(E). Hence f(E) is
compact. N

Can you prove this property by using the finite cover property of compact sets?

There are several fundamental theorems which hold for continuous functions defined
on a closed, bounded set in the Euclidean space. They include a continuous function on
such a set is uniformly continuous and attains its minimum and maximum. Although
they may no longer hold on arbitrary closed, bounded sets in a general metric space, they
continue to hold when the sets are strengthened to compact ones. The proofs are very
much like in the finite dimensional case. I leave them as exercises.

2.4 Completeness

In R™ a basic property is that every Cauchy sequence converges. This property is called
the completeness of the Euclidean space. The notion of a Cauchy sequence is well-defined
in a metric space. Indeed, a sequence {z,} in (X,d) is a Cauchy sequence if for ev-
ery ¢ > 0, there exists some ng such that d(x,,z,,) < e, for all n,m > ng. A metric
space (X,d) is complete if every Cauchy sequence converges. A subset F is complete
if (E, d‘ExE) is complete.

Example 2.16. The interval [a, b] is a complete space. For, if {x,} is a Cauchy sequence
in [a,b], it is also a Cauchy sequence in R. By the completeness of the real line, {z,}
converges to some x. Since [a,b] is closed, x must belong to [a,b], so [a,b] is complete.
In contrast, the set [a,b), b € R, is not complete. For, simply observe that the sequence
{b—1/k}, k > ko for some large ky, is a Cauchy sequence in [a,b) and yet it does not have
a limit in [a, b) (the limit is b, which lies outside [a, b)).
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Example 2.17. In MATH2060 we learned that every Cauchy sequence in C[a, b] with re-
spect to the sup-norm implies that it converges uniformly, so the limit is again continuous
and C|a, b] is a complete space. The subset E = {f : f(x) > 0, Vz} is also complete. Let
{fn} be a Cauchy sequence in F, it is also a Cauchy sequence in Cfa, b] and hence there
exists some f € Cla,b] such that {f,} converges to f uniformly. As uniform convergence
implies pointwise convergence, f(x) = lim, ,o fu(z) > 0, so f belongs to E and E is
complete. Next, let Pla,b] be the collection of all restriction of polynomials on [a, b]. Tt
forms a subspace of Cla, b]. Taking the sequence h,(x) given by

n I‘k
ha(z) =) T
k=0

{h,} is a Cauchy sequence in P[a,b] which converges to e”. As e” is not a polynomial,
Pla,b] is not a complete subset of C|a, b].

Proposition 2.15. Let (X, d) be a metric space.

(a) Every closed set in X is complete provided X is complete.
(b) Every complete set in X is closed.

(c) Every compact set in X is complete.

Proof. (a) Let (X,d) be complete and E a closed subset of X. Every Cauchy sequence
{z,} in E is also a Cauchy sequence in X. By the completeness of X, there is some z
in X to which {z,} converges. However, as E is closed, x also belongs to E. So every
Cauchy sequence in F has a limit in F.

(b) Let E C X be complete and {x,} a sequence converging to some x in X. Since every
convergent sequence is a Cauchy sequence, {x,} must converge to some z in E. By the
uniqueness of limit, we must have x = z € (', so C' is closed.

(c) Let {z,} be a Cauchy sequence in the compact set K. By compactness, there is a
subsequence {z,;} converging to some z in X. As every compact set is also closed, x
belongs to K. For e > 0, there exists some ng such that |z, — z,,| < /2, for all n, m > nyg
and |z, — x| < /2, for n; > ny, it follows that

[Tn — x| <o — 2| + |70, — 2] <€/24¢/2 =¢,
for all n > ng, that is, {z,,} converges to x in K. O
To obtain a typical non-complete set, we consider the interval [0,1] in R which is

complete and, in fact, compact. Take away one point z from it to form E = [a,b]\ {z}. E
is not complete, since every sequence in E converging to z is a Cauchy sequence which does
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not converge in E. In general, you may think of sets with “holes” being non-complete ones.
Now, given a non-complete metric space, can we make it into a complete metric space
by filling out all the holes? The answer turns out to affirmative. We can always enlarge
a non-complete metric space into a complete one by putting in some ideal points. The
process of achieving this goal was long invented by Cantor (1845-1918) in his construction
of the real numbers from rational numbers. We start with some formalities.

A metric space (X, d) is called embedded in (Y, p) if there is a mapping & : X — Y
such that d(x,y) = p(®(x), ®(y)). The mapping P is sometimes called a metric pre-
serving map. Note that it must be 1-1 and continuous. We call the metric space (Y, p) a
completion of (X, d) if (X, d) is embedded in (Y, p) and ®(X) = Y. The latter condition
is a minimality condition; (X, d) is enlarged merely to accommodate those ideal points to
make the space complete.

Theorem 2.16. Fvery metric space has a completion.

Before the proof we briefly describe the idea. When (X, d) is not complete, we need
to invent ideal points and add them to X to make it complete. The idea goes back
to Cantor’s construction of the real numbers from rational numbers. Suppose now we
have only rational numbers and we want to add irrationals. First we identify Q with a
proper subset in a larger set as follows. Let C be the collection of all Cauchy sequences
of rational numbers. Every point in C is of the form (xy,zs,---) where {z,}, x, € Q,
forms a Cauchy sequence. A rational number z is identified with the constant sequence
(x,z,z,...) or any Cauchy sequence which converges to z. For instance, 1 is identi-
fied with (1,1,1,...), (0.9,0.99,0.999,...) or (1.01,1.001,1.0001,...). Clearly, there are
Cauchy sequences which cannot be identified with rational numbers. For instance, there
is no rational number corresponding to (3,3.1,3.14,3.141,3.1415,...), as we know, its
correspondent should be the irrational number 7. Similar situation holds for the sequence
(1,1.4,1.41,1.414,---) which should correspond to /2. Since the correspondence is not
injective, we make it into one by introducing an equivalence relation on C Indeed, {x,}
and {y,} are said to be equivalent if |x,, — y,| — 0 as n — oo. The equivalence relation

~ forms the quotient C/ ~ which is denoted by C. Then z — 7 sends Q injectively into
C. It can be shown that C carries the structure of the real numbers. In particular, those
points not in the image of Q are exactly all irrational numbers. Now, for a metric space
the situation is similar. We let C be the quotient space of all Cauchy sequence in X under
the relation {z,,} ~ {y,} if and only if d(x,,y,) — 0. Define d(z,y) = lim,, 0 d(xn, Yn),
for z € 7, y € . We have the embedding (X, d) — (X, d), and we can further show that
it is a completion of (X, d).

The following proof is for optional reading. In the exercise a simpler but less instruc-
tive proof of this theorem can be found.

Proof of Theorem 2.16. Let C be the collection of all Cauchy sequences in (M,d). We
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introduce a relation ~ on C by = ~ y if and only if d(z,,y,) — 0 as n — oo. It is
routine to verify that ~ is an equivalence relation on C. Let X = C/ ~ and define a map:
X x X — [0,00) by

d(7,7) = lim d(z,, yn)
n—oo
where © = (z1, 22,23, ) and y = (y1, Y2, ys, - - - ) are respective representatives of ¥ and
y. We note that the limit in the definition always exists: For

d(zn, Yn) < d(Tn, Tm) + A @y Ym) + A Y, Yn)

and, after switching m and n,

’d(l'm yn) - d(xma ym)‘ < d(l’n, xm) + d(yma yn)

As z and y are Cauchy sequences, d(x,,x,,) and d(Ym,y,) — 0 as n,m — oo, and so
{d(z,yn)} is a Cauchy sequence of real numbers.

Step 1. (well-definedness of d) To show that d(z, ) is independent of their representatives,
let x ~ 2" and y ~ . We have

(@, yn) < d(zn, z;,) + d(2),, y2) + Ayl Yn)-

After switching x and 2/, and y and ¢/,

‘d(xm yn) - d(x;w y;m)| S d(mm x;z) + d(ym y';z)

As x ~ 2’ and y ~ ¢/, the right hand side of this inequality tends to 0 as n — oo. Hence
limy, o0 d(Xh, yp) = limy, o0 d(2,, Yl).

Step 2. (d is a metric). Let {z,}, {yn} and {z,} represent 7,7 and Z respectively. We
have

d(z,2) = lim (d(zn,2,)

n—oo

lim (d(%n, yn) + d(ym Z”))

n—oo

i d(@n, o) + lim, dlyn, 20)

IN

d(z,y) + d(y, 2)

Step 3. We claim that there is a metric preserving map ® : X — X satisfying (X) = X.

Given any z in X, the “constant sequence” (x,z,x,---) is clearly a Cauchy sequence.
Let x be its equivalence class in C. Then ®x = x defines a map from X to X. Clearly

d(®(x), ®(y)) = lim d(z,,yn) = d(z,y)

n—oo

since x,, = x and y,, = y for all n, so ® is metric preserving and it is injective in particular.
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To show that the closure of ®(X) is X, we observe that any Z in X is represented by a
Cauchy sequence x = (x1, o, T3, - - - ). Consider the constant sequence x" = (z,,, Ty, Ty, - -+ )
in ¢(X). We have

d(Z,7,) = lim d(2m, ).
m—0o0

Given £ > 0, there exists an ng such that d(x,,,z,) < €/2 for all m,n > ng. Hence
d(z,x,) = limy, oo d(Tp, x,) < € for n > ny. That is " — T as n — 00, so the closure of
O (M) is precisely M.

Step 4. We claim that ()?, c?) is a complete metric space. Let {Eﬁ} be a Cauchy sequence
in X. As ®(X) is equal to M, for each n we can find a g in ®(X) such that

~ 1
dn n _
(amy") <~

So {y"} is also a Cauchy sequence in d. Let Y, be the point in X so that y" =
(Y Yns Yn, - - - ) Tepresents y™. Since ® is metric preserving, and {y"} is a Cauchy se-
quence in cAl; {yn} is a Cauchy sequence in X. Let (y1,y2,¥3, -+ ) € ¥ in X. We claim that
7 = lim, o 2" in X. For, we have

dz",y) < d@",g*) +d(y",7)

1
< —+ lim d(yn,Ym) = 0
n m—»00
as n — 0o. We have shown that d is a complete metric on X. O

Completion of a metric space is unique once we have clarified the meaning of unique-
ness. Indeed, call two metric spaces (X, d) and (X', d’) isometric if there exists a bijective
embedding from (X, d) onto (X', d’'). Since a metric preserving map is always one-to-one,
the inverse of of this mapping exists and is a metric preserving mapping from (X', d’) to
(X,d). So two spaces are isometric provided there is a metric preserving map from one
onto the other. Two metric spaces will be regarded as the same if they are isometric,
since then they cannot be distinguish after identifying a point in X with its image in
X’ under the metric preserving mapping. With this understanding, the completion of a
metric space is unique in the following sense: If (Y, p) and (Y”, p') are two completions of
(X,d), then (Y,p) and (Y, p') are isometric. We will not go into the proof of this fact,
but instead leave it to the interested reader. In any case, now it makes sense to use “the
completion” of X to replace “a completion” of X.

2.5 The Contraction Mapping Principle

Solving an equation f(x) = 0, where f is a function from R" to itself frequently comes
up in application. This problem can be turned into a problem for fixed points. Literally,
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a fixed point of a mapping is a point which becomes unchanged under this mapping. By
introducing the function g(x) = f(z) + x, solving the equation f(x) = 0 is equivalent to
finding a fixed point for g. This general observation underlines the importance of finding
fixed points. In this section we prove the contraction mapping principle, one of the oldest
fixed point theorems and perhaps the most well-known one. As we will see, it has a wide
range of applications.

A map T : (X,d) — (X,d) is called a contraction if there is a constant v € (0, 1)
such that d(Tz,Ty) < vd(z,y), Vx,y € X. A point z is called a fixed point of T if
Tx = x. Usually we write Tz instead of T'(z).

Theorem 2.17 (Contraction Mapping Principle). Every contraction in a complete
metric space admit a unique fixed point.

Proof. Let T be a contraction in the complete metric space (X,d). Pick an arbitrary
xo € X and define a sequence {z,} by setting x,, = Tz,,_1 = T"xy, Yn > 1. We claim
that {x,} forms a Cauchy sequence in X. First of all, by iteration we have

d(T" xo, T"_I:L‘O) < vd(T”_lxo, T”_on)
(2.1)

< " Y d(Twg, x0).
Next, for n > N where N is to be specified in a moment,

d(xn, zn) = d(T"xy, TNZL‘O)
< Vd(T”_lxo, TN_le)
< VNd(T”_NxO, xo).

By the triangle inequality and (2.1),

n—N

d(xp,xy) < AN Z d(T"_N_jH:BO, T”_N_jqzo)
j=1
n—N

< AN Z NI4T, ) (2.2)

j=1
d(Tl'(),ZE()) N
T
~
For € > 0, choose N so large that d(T'zg, xo)y" /(1 — ) < €/2. Then for n,m > N,

d(xp, Tm) < d(Tp, zn) + d(zN, Tp)
2d(T
< ( xo,f’?o)vz\r
1=~
<e,
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thus {x,} forms a Cauchy sequence. As X is complete, z = lim,,_,,, x, exists. By the
continuity of T, lim,, ,, T'x,, = T'x. But on the other hand, lim,, ., Tx, = lim,, o Tp11 =
x. We conclude that Tx = z.

Suppose there is another fixed point y € X. From

d(z,y) = d(Tx,Ty)
< vyd(z,y),

and v € (0,1), we conclude that d(x,y) =0, i.e., x = y. O

Incidentally, we point out that this proof is a constructive one. It tells you how to
find the fixed point starting from an arbitrary point. In fact, letting n — oo in (2.2)
and then replacing N by n, we obtain an error estimate between the fixed point and the
approximating sequence {x,}:

d(TLC(], 130)
L=~
Example 2.18. Let us take X to be R. Then T is nothing but a real-valued function
on R. Denoting the identity map = — x by I. A point on the graph of T is given by
(x,Tz) and a point on the graph of I is (z,z). So every intersection point of both graphs
(x,Tz) = (z,z) is a fixed point of T. From this point of view we can see functions may
or may not have fixed points. For instance, the function Tx = z + ¢* does not have any
fixed point. By drawing graphs one is convinced that there are functions with graphs
lying below the diagonal line and yet whose slope is always less than one but tends to 1
at infinity (see exercise for a concrete one). It shows the necessity of v € (0,1). On the
other hand, functions like Sz = xz(x — 1)(z 4 2) whose graph intersects the diagonal line
three times, so it has three fixed points. The insight of Banach’s fixed point theorem is to
single out a class of functions which admits one and only one fixed point. The contractive

condition can be expressed as

d(x,z,) < ~'on > 1.

Y -

Tx—-T

r—y

It means that the slope of T is always bounded by v € (0,1). Let (x,Tz) be a point of
the graph of T" and consider the cone emitting from this point bounded by two lines of
slopes +v. When T is a contraction, it is clear that its graph lies within this cone. A
moment’s reflection tells us that it must hit the diagonal line exactly once.

Example 2.19. Let f :[0,1] — [0, 1] be a continuously differentiable function satisfying
|f'(x)] < 1 on [0,1]. We claim that f admits a fixed point. For, by the mean value
theorem, for z,y € [0, 1] there exists some z € (0, 1) such that f(y) — f(x) = f'(2)(y — ).
Therefore,

[f(y) = f(@)] 1F(2)lly — =]

’}/|y—$|7

IN
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where v = supc(o 1) [f'(t)] < 1 (Why?). We see that f is a contraction. By the contraction
mapping principle, it has a fixed point. In fact, by using the mean-value theorem one can
show that every continuous function from [0, 1] to itself admits at least one fixed point.
This is a general fact. According to Brouwer’s fixed point theorem, every continuous maps
from a compact convex set in R™ to itself admits one fixed point. This theorem surely
includes the present case. However, when the set has “non-trivial topology”, fixed points
may not exist. For instance, take X to be A = {(z,y) : 1 < 2*+y*> <4} and T to be
a rotation. It is clear that T has no fixed point in A. This is due to the topology of A,
namely, it has a hole.

2.6 Picard-Lindelof Theorem for Differential Equa-
tions

In this section we discuss the fundamental existence and uniqueness theorem for differ-
ential equations. I assume that you learned the skills of solving ordinary differential
equations in MATH3270 so we will focus on the theoretical aspects.

Most differential equations cannot be solved explicitly, in other words, they cannot
be expressed as the composition of elementary functions. Nevertheless, there are two
exceptional classes which come up very often. Let us review them before going into the
theory. The first one is linear equation.

W — afa)y + ),

where a and b are continuous functions defined on some interval I. The general solution
of this linear equation is given by the formula

y(x) = eA@) (yo +/ eA(t)b(t)dt> ,

o

where 2o € I,yp € R, are fixed and A(z) = f;o a(t)dt. The second class is the so-called
separable equation
dy _ [f(@)

dv  g(y)’
where f and g # 0 are continuous functions on intervals I and J respectively. Then the
solution can be obtained by an integration

y x
/ g(t)dt = / f(s)ds, xo€l, yo€ J.
Yo xo

The resulting relation, written as G(y) = F(z), can be converted into y = G~'F(z), a
solution to the equation as immediately verified by the chain rule. These two classes of
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equations are sufficient for our purpose. More interesting explicitly solvable equations can
be found in texts on ODE’s.

Numerous problems in natural sciences and engineering led to the initial value problem
of differential equations. Let f be a function defined in the rectangle R = [xg — a,x¢ +
al X [yo — b,y + 0] for (xg,y0) € R? and a,b > 0. We consider the initial value problem
or Cauchy problem

d
{ % = f(x,y), (2_3)
y(0) = Yo-

To solve the Cauchy problem it means to find a function y(z) defined in a perhaps smaller
rectangle, that is, y : [xg—d’, 2o+ a’] = [yo — b, yo + b], which is differentiable and satisfies
y(xo) = yo and ¥/(x) = f(z,y(z)), Vo € [xog — d' ¢ + @], for some 0 < @’ < a. In
general, no matter how nice f is, we do not expect there is always a solution on the entire
[zo — a, xo + a]. Let us look at the following example.

Example 2.20. Consider the Cauchy problem

dy
-~ 1 2
y(0) = 0.

The function f(z,y) = 1+ y? is smooth on [—a,a] x [~b, ] for every a,b > 0. However,
a solution, as one can verify immediately, is given by y(x) = tanz which is only defined
on (—7m/2,7/2). It shows that even when f is very nice, a’ could be strictly less than a.

The Picard-Lindelof theorem, sometimes referred to as the fundamental theorem of
existence and uniqueness of differential equations, gives a clean condition on f ensuring
the unique solvability of the Cauchy problem (2.3). This condition imposes a further
regularity condition on f reminding what we did in the convergence of Fourier series.
Specifically, a function f defined in R satisfies the Lipschitz condition if there exists
L > 0 such that

\f(x,1) = f(z,y2)| S Ly — 2|, V(z,u:) € R =€ [v9—a,vo+a]x[yo—b, yo+b], i = 1,2.

Note that in particular means for each fixed x, f is Lipschitz continuous in y. The least
constant L* satisfies this relation, given by

L* =inf{L : The relation above holds for L},

is called the Lipschitz constant of f. Some authors call any L satisfies the inequality
above a Lipschitz constant. Clearly, we still have

|f(x,y1) - f(l‘,yQ)’ < L |y1 - y2|) V<x’yl) € R7 1= 172
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Not all continuous functions satisfy the Lipschitz condition. An example is given by the
function f(z,y) = xy*/?is continuous. I let you verify that it does not satisfy the Lipschitz
condition on any rectangle containing the origin.

A C'-function f(z,y) in a rectangle automatically satisfies the Lipschitz condition.
For, by the mean-value theorem, for some z lying on the segment between y; and s,

f(x,y2) — fv,) = g—?jj(%z)(yz — ).

Letting 5
L= max{ ‘a—i(aj,y)

t(z,y) € R},
(L is finite because 0f /0y is continuous on R and hence bounded), we have

|f(x,y2) - f(x7y1)| < L|y2 - y1|7 V(x7yl) € R? L= 1’2

In practise, many f one encounters are C'! in their domains of definition.

Theorem 2.18 (Picard-Lindel6f Theorem). Consider (2.3) where f € C(R) satisfies
the Lipschitz condition on R = [z —a,xo+a] X [yo — b, yo +b]. There ezist a’ € (0,a) and
y € Clag—d,zo+d], yo—b<ylx) <yo+0b forallx € [xg—a,zo + d], solving (2.5).

From the proof one will see that a’ can be taken to be any number satisfying

b 1
0 <d < mi —, =
a mln{a,M,L*},

where M = sup{|f(z,y)| : (z,y) € R}.
We first convert (2.3) into a single integral equation.

Proposition 2.19. Setting as in Theorem 2.17, every solution y of (2.3) from [zo —
a',xo +a'] to [yo — b, yo + b] satisfies the equation

y(x) = yo + / f (e, y()) da. (2.4)

Proof. When y satisfies ¢'(z) = f(z,y(z)) and y(xo) = 3o, (2.4) is a direct consequence of
the fundamental theorem of calculus (first form). Conversely, when y(z) is continuous on
[xg — a',x9 + '], f(x,y(x)) is also continuous on the same interval. By the fundamental
theorem of calculus (second form), the left hand side of (2.4) is continuously differentiable
on [zg — d’, z9 + a'] and solves (2.3). O

Note that in this proposition we do not need the Lipschitz condition; only the conti-
nuity of f is needed.
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Proof of Theorem 2.17. Instead of solving (2.3) directly, we look for a solution of (2.4).
We will work on the metric space X = {f € Clzg —d,z0+d'] : f(x) € [yo — b, yo +
b, f(zo) = yo} with the uniform metric. It is easily verified that it is a complete metric
space. The number a’ will be specified below.

We are going to define a contraction on X. Indeed, for y € X, define T" by

(Ty)(r) = yo + /zf(:c,y(:c)) da.

First of all, for every y € X, it is clear that f(z,y(z)) is well-defined and Ty € Clzxy —
a',xg + d']. To show that it is in X, we need to verify yo — b < (Ty)(z) < yo + b
for all x € [zg — d/,x9 + a’]. We claim this holds if we choose o’ satisfying o’ < b/M,

M = Sup{]f(x,y)| : (l’,y) S R} For,

[(Ty)(x) —wol = | [ [z, y(z))de
< M|z — x|
< Md
<b.

Next, we claim 7" is a contraction on X when ' is further restricted to ' < 1/(2L*),
where L* is the Lipschitz constant for f. For,

(Ty2 = Tyr) ()| =

/mﬂ%yﬂ@)—f@wm@ﬂm
s/ﬂﬂnm@»—ﬂamm»wx
gzﬁ/ﬂwuy—mwniv

< L* suII) [y2(z) — y1 ()| |2 — 0]
S

< L*d suIIJ [y2(z) — y1 ()]
fAS

1
< 55 lyn(a) — ()]
zel

where [ = [xg — ', zg + d']. It follows that

doo(TY2, Ty1) < =doo(y2,y1)

1
2
where d, is the uniform metric doo(f, 9) = ||f — 9|l for f,g € Clxg — a’,z9 + a']. Now
we can apply the contraction mapping principle to conclude that Ty = y for some y, and
y solves (2.3). We have shown that (2.3) admits a solution in [z — @/, x¢ + '] where o
can be chosen to be min{b/M,1/(2L*)}. Apparently the same conclusion holds when 2 is
replaced by any number greater than 1 in this expression. O]
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We formulate a uniqueness and extension result in the following proposition.

Proposition 2.20. Let y; and y, be solutions to (2.3) on closed and bounded intervals
I and Iy containing xqy in its interior respectively. Under the Lipschitz condition on f,
11 and yo coincide on Iy N Iy. Therefore, the function y which is equal to y1 on I and yo
on Iy is a solution to (2.8) on Iy U Is.

Proof. Let J =1, NIy = [a, 5] and set z = sup{z : y; = yo on [zg,z|}. We claim that
z = f. For, if z < 8, by continuity y;(2) = y2(2). For x € [a, 3], we have

[y1(2) — ya(2)| =

/ CF(t i (6)) — F(talt)) db
<L / () — (0)] d.

Let.s € J = [+=1/(217), #+1/2L )]s B and o) = sa(on)] = mases (o) ~ 3o}

m?x|y1(x) —y2(2)] = [y1(21) — y2(21)|
< L' max|y (@) ~ (@) a1 2

1
< 5 max ly1(z) — ya()],

which forces y; = yo on [z — 1/(2L%),z + 1/(2L*)] N [a, B]. It means that y; and yo
coincide on [zg, min{z 4+ 1/2L*, 5}], contradicting the definition of z. Hence y; and ys
must coincide on [z, 5]. A similar argument shows that they coincide on [« zo). O

A consequence of Theorem 2.17 and Proposition 2.19 is the existence of a maximal
solution.

Theorem 2.21. Consider (2.3) where f is a continuous function on the open set G such
that it satisfies the Lipschitz condition on every compact subset of G. Then there exists a
solution y* to (2.3) defined on some (a, ) satisfying

(a) Whenever y is a solution of (2.3) on some interval I, I C (o, ) andy =y* on I .

(b) If B is finite, the solution escapes from every compact subset of G eventually. Similar
results holds at o.

“The solution escapes from every compact subset of G eventually” means, for each
compact K C G, there exists a small § > 0 such that (z,y*(z)) € G\ K for z € [f—0, ).
When G is R?, it means that y* either tends to co or —oo as x approaches 3 when 3
is finite. When f( is infinite, the solution could tend to positive or negative infinity or
oscillate up and down infinitely as x goes to co. In contrast, when ( is finite, the solution
could either goes to oo or —oo approaching 8. The case of oscillation is excluded.
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The Lipschitz condition on f sounds a little complicated. We could replace it by a
simpler condition. Indeed, the subsets

K, ={z e G: dist(z,0G) > 1/n} N B,(0), n > 1,

are compact and G = |J,—, K,,. Clearly every compact subset is contained in some K, for
sufficiently large n. With this understanding, the Lipschitz condition on f may be recast
as, there exist L,,,n > 1, such that

|f(z,y2) = flz.y)| < Loy —wmil, Vo1, 2 € K.

In view of this theorem, it is legal to call this mazimal solution the solution of (2.3) and
the interval (a, $) the maximal interval of existence.

Proof. Let Z be the collection of all closed, bounded intervals I containing xq over which
a solution of (2.3) exists and let I* be the union of the intervals in Z. Clearly I* is again
an interval, denote its left and right endpoints by « and [ respectively. By Proposition
2.20 there is a solution y* of (2.3) defined on (a, ). When f is finite, let us show
that the solution escapes from every compact subset eventually. Let K be a compact
subset of G and suppose on the contrary that there exists {z,} C («, ), zx — 3, but
(xg, y*(z1)) € K for all k. By compactness, we may assume y*(z;) converges to some z
in K (after passing to a subsequence if necessary). Since dist((5, z), 0G) > 0, we can find
a rectangle [ —r, 8+ r| X [z — p,z + p] inside G. Then, as this is a compact subset,
f satisfies the Lipschitz condition on this rectangle. By Theorem 2.18, we could use
(xk,y*(xy)) as the initial data to solve (2.3). The range of this solution would be some
interval [xy — 77,z + '] where 7’ is independent of k. Since zj approaches f3, for large k
B € [xg—7", xx+7']. But then by Proposition 2.20, the solution y* can be extended beyond
B, contraction holds. We conclude that the solution must escape from any compact subset

eventually. A similar argument applies to the left endpoint «.
]

Example 2.21. Consider
[l y) =

x
1—y’

(x,y) € G =(—00,00) X (—00,1)

and zo = yo = 0 in (2.3). Since f € C'(G), the setting of Theorem 2.1 is satisfied. This
equation is separable and the solution is readily found to be

y(x) =1—-v1—22

So the maximal interval of existence is given by (—1,1). As  — +1, (x,y(x)) hits the
horizontal line y = 1 as asserted by Theorem 2.21.

We point out that the existence part of Picard-Lindelof theorem still holds without
the Lipschitz condition. We will prove this in the next chapter. However, the solution
may not be unique.
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Example 2.22. Consider the Cauchy problem y' = |y|*, a € (0,1), y(0) = 0. The
function f(z) = |z|* is Holder continuous but not Lipschitz continuous. While y; = 0 is
a solution,

AT T

g2 = (1— )% fo] 7=
is also a solution. In fact, there are infinitely many solutions! Can you write them down?
Theorem 2.18, Propositions 2.20 and 2.21 are valid for systems of differential equations.

Without making things too clumsy, we put all results in a single theorem. First of all,
the Cauchy problem for systems of differential equations is

dy;
{ d_:; = fj(‘r’ylay%'” 7yN)7
yj(ifo) = Yjo,

Wherej - 1727”' ,N. By Setting Yy = <y17y2>"' 7yN) and f - (f17f27"' 7fN>7 we can
express it as in (2.3) but now both y and f are vectors.

Essentially following the same arguments as the case of a single equation, we have
Theorem 2.22 (Picard-Lindel6f Theorem for Systems). Consider (2.3) where f
satisfies a Lipschitz condition on R = [xo — a,xo + a] X J.

(a) There ezist a' € (0,a) and a unique C'-function y on [zg — ', g + d'] solving (2.53).
(b) Let y; and y; be two solutions of (2.3) on closed, bounded intervals I; and Iy respec-
tively. The y, and yo coincide on Iy N I5.

Here J stands for []7_,[yo; — bj,90; + ;] and the Lipschitz condition on f should be
interpreted as

d2(f(x7y1)a f('rv ?J2)) < Ld?(y17y2)> Vo € [.73'0 —a,To+ a]‘
There is also a version on systems corresponding to Theorem 2.21. We will omit it.

We remind you that there is a standard way to convert the Cauchy problem for higher
order differential equation (m > 2)

{ y(m) = f(x7y7y,7 e 7y(m_1)>7
y(xO) = Yo, ?/(xo) =Y1, - 7y(m_1)($) = Ym-1,

into a system of first order differential equations. As a result, we also have a corresponding
Picard-Lindel6f theorem for higher order differential equations as well as the existence of
a maximal solution. I will let you formulate these results.

Comments on Chapter 2. A topology on a set X is a collection of sets 7 consisting the
empty and X itself which is closed under arbitrary union and finite intersection. Each set
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in 7 is called an open set. The pair (X, 7) is called a topological space. From Proposition
2.2 we see that the collection of all open sets in a metric space (X,d) forms a topology
on X. This is the topological space induced by the metric. Metric spaces constitute a
large class of topological spaces, but not every topological space comes from a metric.
However, from the discussions in Section 2 we know that continuity can be defined solely
in terms of open sets. It follows that continuity can be defined for topological spaces, and
this is crucial for many further developments. In the past, metric spaces were covered in
Introductory Topology. Feeling that the notion of a metric space should be learned by
every math major, we move it here. This restructure of curriculum also leaves room for
more algebraic topology in Introductory Topology.

Wiki gives a nice summary of metric spaces under “metric space”.

Many theorems in finite dimensional space are extended to infinite dimensional normed
spaces when the underlying closed, bounded set is replaced by a compact set. Thus it is
extremely important to study compact sets in a metric space. We will study compact sets
in Cla, b] in Chapter 3. A theorem of Arzela-Ascoli provides a complete characterization
of compact sets in this space.

There are two popular constructions of the real number system, Dedekind cuts and
Cantor’s Cauchy sequences. Although the number system is fundamental in mathematics,
we did not pay much attention to its rigorous construction. It is too dry and lengthy to be
included in MATH2050 . Indeed, there are two sophisticate steps in the construction of
real numbers from nothing, namely, the construction of the natural numbers by Peano’s
axioms and the construction of real numbers from rational numbers. Other steps are much
easier. Cantor’s construction of the irrationals from the rationals is very much like the
proof of Theorem 2.15. You may google under the key words “Peano’s axioms, Cantor’s
construction of the real numbers, Dedekind cuts” for more.

The contraction mapping principle, or Banach fixed point theorem, was found by the
Polish mathematician S Banach (1892-1945) in his 1922 doctoral thesis. He is the founder
of functional analysis and operator theory. According to P Lax, “During the Second World
War, Banach was one of a group of people whose bodies were used by the Nazi occupiers
of Poland to breed lice, in an attempt to extract an anti-typhoid serum. He died shortly
after the conclusion of the war.” The interested reader should look up his biography at

Wiki.

An equally famous fixed point theorem is Brouwer’s fixed point theorem. It states
that every continuous map from a closed ball in R™ to itself admits at least one fixed
point. Here it is not the map but the geometry, or more precisely, the topology of the
ball matters. You will learn it in Introductory Topology.
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Picard-Lindel6f theorem or the fundamental existence and uniqueness theorem of dif-
ferential equations was mentioned in Ordinary Differential Equations and now its proof
is discussed in details. Of course, the contributors also include Cauchy and Lipschitz.
Further results without the Lipschitz condition can be found in Chapter 3. A classic text
on ordinary differential equations is “Theory of Ordinary Differential Equations” by Cod-
dington and Levinson. V.I. Arnold’s ”Ordinary Differential Equations” is also a popular
text.

Although metric space is a common topic, I found it difficult to fix upon a single
reference book. Rudin’s Principles covers some metric spaces, but his attention is mainly
on the Euclidean space. Moreover, for a devoted student, this book should have been
studied in a previous summer. Finally, I decide to list Dieudonne’s old book “Foundation
of Modern Analysis” as the only reference. This is the book from which I learned the
subject, but it seems a bit out-dated and not easy to follow. Another good reference
which is more comprehensible but contains less content is G.F. Simmons “Introduction

to Topology and Modern Analysis”. The chapters on metric and topological spaces are
highly readable.



