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Introduction to the module

This is a continuation of Analysis I module you had in year-one. In that module,
you have learned about the real numbers, completeness, convergence of sequences
and series, continuity and differentiability of functions on an interval or R, integral
of a function on an interval. Analysis II is a single module in year-two, delivered
during term I and term II.

The content of Analysis II in term I has two parts. In the first part we complete
the study of analysis on Euclidean spaces, by introducing the concepts of converges
of sequences in higher dimensional Euclidean spaces R"™, and the continuity and
differentiability of maps from R™ to R™. In the second part of the module, we
generalise these notions of analysis on Euclidean spaces into a broader setting, called
metric spaces and topological spaces. That is a setting where one can define the
notions of converge of sequences, completeness of spaces, continuity of maps, etc.
Many theorems you have learned in the previous analysis module extends into this
setting, and indeed, one can give unified proofs to all those statements at once.
Many theorems find a natural form in the setting of metric spaces, and you will see
that the proof you already know for a statement can be adapted to the more general
setting.

Any section/subsection marked with * is not examinable, but will be valuable
in future courses, especially if you take pure analysis courses in your third year and
beyond. You should certainly at least read through the notes on these sections, even
if you choose not to attempt the questions. I will try to indicate in lectures when
I'm covering those material.

Throughout this lecture notes, the definitions are numbered successively within
each chapter, that is, in Chapter 1, you will see Definition 1.1, Definition 1.2, Defini-
tion 1.3, and so on. The same numbering mechanism applies to Examples, Exercises,
and Remarks in each chapter. On the other hand, the results such as lemmas, propo-
sitions, corollaries, and theorems are collectively numbered in a successive fashion.

That is, in Chapter 1, you will see Proposition 1.1, Theorem 1.2, Theorem 1.3, etc.
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Chapter 1

Differentiation in higher

dimensions

1.1 Euclidean spaces

1.1.1 Preliminaries from analysis I

In this chapter we are going to extend some of the ideas that you saw last year (such
as limits and continuity) to higher dimensions. The definitions are almost identical,
so this should mostly feel like a review chapter to begin with, although some of the
ideas we are going to approach from a different point of view.

Throughout these notes we frequently use the standard notations for the set of

natural numbers

N=1{1,2,3,...},

the set of integers
Z={..,-2-1,012,...},

the set of rational numbers

Q={p/qlp€Z,qecZ\{0}},

and the set of real numbers R. The set of real numbers is obtained as the completion
of Q. We may add, multiply and subtract elements of R, and we can divide by
elements of R\ {0}. Note that some authors use the notation N to denote the set
{0,1,2,...}, but we will omit 0 from this set.

On R we have a notion of ordering <, so that we may say whether a real number is
greater than, less than or equal to another. Moreover, R satisfies the completeness
axiom, that is, if A C R is non-empty and bounded above, then A has a least upper

bound. The standard notation for the least upper bound of A is sup(A).

Lecture notes for the week 4-8 October
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An important function defined on all real numbers is the modulus function,
defined as
x x>0,
|z] =
-z z < 0.

This function has the following properties:
(i) for all x € R, we have |z| > 0, with || = 0 if and only if z =0,
(i) for all x and y in R, |zy| = |z||y|,

(iii) for all z and y in R,
|z +y| < |2 + Jy[.

The third property in the above list is called the triangle inequality for the mod-

ulus function.

1.1.2 Euclidean space of dimension n

For n > 1, the n-dimensional Euclidean space, denoted by R", is defined as the
set of ordered n-tuples (z!,22,...,2"), where each ' € R, for i = 1,2,...,n. Each
such n-tuple is denoted by a single letter = = (z!,22,...,2") and will be referred
to as a point in R™. The entries z* are called the coordinates of z.

One may see each element of R™ as a row vector with n real components, or as
a column vector with n real components. We do not make this distinction (unless
when a matrix is acting on the point . When a matrix M acts on a vector with the
same components as  we use Mx! to make it clear that z is viewed as a column
vector. Here ! denotes the transpose operation.)

We shall try to stick to the convention of using superscripts to label components
of vectors, and subscripts to label different vectors, so that x1,zo € R™ are two
different vectors, while 2!, 22 € R are the components of one vector.

If z and y are elements of R with

we can add these two elements according to
T+y= (x1—|—y1,...,x”—|—y").
Moreover, for every A € R, we define
Ar = ()\xl, e ,)\x") .

With these definitions, R” is a vector space over R.

The inner product,
(-, :R"xR" = R,

Lecture notes for the week 4-8 October
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is defined as "
((@'....2"), (... y™) = Zx’y’
=1
Using the inner product, we may define the length, or norm, function
Il : R™ — [0, 00)

|zl = /{2, 2) = (z,2)"/%.

Note that the inner product of two vectors is a real number, not a vector.

The norm function on R™ has the following properties:
(i) for all x € R™, we have ||z|| > 0, with ||z|| = 0 if and only if x = 0,
(ii) for all z € R™ and X € R, || Az|| = |A]||z]],

(iii) for all z and y in R™,
[+ yll < ll=[| + [ly[l - (1.1)

The third property in the above list is called the triangle inequality for the norm

on R™.

Remark 1.1. As we shall see later, these properties can be used in an abstract
fashion to define more general “normed vector spaces”. The norm gives us a use-
ful notion of “distance” between two points, that is, the distance from z to y is
given by ||z — y||. Notice that if n = 1 we have |-| = ||-||, and we will use either

interchangeably in this case.

Exercise 1.1. (a) Show that the inner product satisfies the following properties:

for all z, y, and z in R™ and all a € R,
(m,y) =(w.2), (z+y,2)=(,2)+({y,2), (az,y) =a(zy).
(b) For t € R and z,y € R", show that:

lz + tyl* = [ll|* + 2¢ (z, y) + £ [ly[|* > 0. (1.2)

(c) By thinking of (1.2) as a quadratic in ¢, and considering its possible roots,

deduce the Cauchy-Schwartz inequality:
[z, y)| <zl {lyll - (1.3)
When does equality hold?

(d) Deduce the triangle inequality (1.1).
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(e) Show the reverse triangle inequality:

Izl = Tyl | < llz =yl
Exercise 1.2. Suppose z = (z!,...,2") € R".

(a) Show that:
< ||z 1.4
Jmax [at] < ] (1.4)

(b) Show that:
Izl < v max |a*]. (1.5)

1.1.3 Convergence of sequences in Euclidean spaces

Now that we have a few definitions relating to R"™, we’re ready to revisit some con-
cepts from first year analysis and see how they can be extended to higher dimensions.

A sequence in R" is an ordered list
Ly L1y L2y v vy

with each x; € R”, for i = 0,1,2,.... This is often written (x;):2,, or (z;)ien. A

very important concept relating to sequences is convergence.

Definition 1.1. A sequence (z;)°, with z; € R" converges to (the vector) z € R"
if the following holds: For every € > 0, there exists N € N such that for all i > N
we have

|z — x| <e.

We then write:

T; =T, asi— 00,
or
lim z; = x.
1—00

One may compare the above definition to the one for convergence of a sequence
of real numbers. Indeed, this notion is intimately related to convergence of real

numbers, as stated in the next lemma.

Proposition 1.1. The sequence of vectors (x;):2, with x; € R™ converges to the
vector x € R™ if and only if each component of x; converges to the corresponding

component of x. That is, if we write:

r;=(x),...,2"), and x=(z',...2"),

k

then, T; — x as 1 — oo if and only if for allk =1,...n, xf—)x as it — 0o.

Lecture notes for the week 4-8 October
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Proof. Let us first assume that for all k =1,2,...,n,

k

xf—>x, as ¢ — 00.

Fix an arbitrary € > 0. Then, for each k& = 1,...,n, we apply the definition of
convergence of ¥ — ¥ to ¢/,/n to obtain Nj € N such that for all i > N}, we have

|of — k| < <=

N

Let N = max{Nj...,N,}. Then, for every i > N, we have

max |of — 2¥| < —=.

k=1,...n \/ﬁ

Now, recall from the inequality in (1.4) that for every y = (y*,¢%,...,y") € R",
ol < v max_ |4,
=1,...,n

so we deduce
l|z; — | < +v/n max ‘xf —xk| < e.
k=1,...n
This establishes the result in one direction.
Now assume that

lim z; = x.
1—00

Fix an arbitrary integer k£ with 1 < k < n, and an arbitrary e > 0. We aim to show

k

that xf — z% as i — 0o. The definition of convergence of x; — x, as i — oo, with

€, gives us N € N such that for all ¢ > N we have
|z — z|| <e.

Recall from Exercise 1.1, Equation (1.5) that for every y = (y',%2,...,y") € R",

e "] < llyll-

In particular, for all ¢ > N, we have

[f

; —xk| < max ‘xf —xk‘ <l — z|| <e.
k=1,...n

k

As € > 0 was arbitrary, this shows that xf converges to z%, as i — oo. O

Exercise 1.3. Suppose that (z;)7°, and (y;);2,, are two sequences in R" with

lim z; =2, limy, =vy.
1—00 1—00

(a) Show that
z,+y; >r+y asi— oo.
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(b) Show that
(i, y;) — (x,y)  asi— o0,

deduce that

lzi]] = ||lz|| asi— oc.
(c) Suppose that (a;):2, is a sequence in R with a; — a as i — co. Show that:

a;r; — ar, as i — 0.
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1.2 Continuity

Last year, you learned about the notion of continuity for functions from R (or subsets
of R) to R. In this section we revisit those definitions and upgrade them to higher
dimensions. In fact, the definitions we shall give are almost identical: the only thing

that changes is that we use the appropriate “norm” for the domain and range.

1.2.1 Open sets in Euclidean spaces

In dimension one, you are familiar with sets of the form (a,b) and [a,b], i.e. the
open interval and the closed interval respectively. These form natural domains for
functions in dimension one, and it is fairly general to present theorems about maps
in dimension one on such intervals. In higher dimensions, one may generalise these

sets to sets of the from

(al,b') x (a2,0?) x - x (a™,b")

:{(:Ul,xQ,...,x") eR™| for1<i<n,d <:Ui<bi},
or

[al,bY] x [a2,6%] x -+ x [a", b"]

:{(:Ul,xQ,...,x")E]R"| forlgign,aigxigbi}.

But this is very restrictive and does not capture the same level of generality of
intervals in dimension one. The domains of maps in higher dimensions may appear
in many forms. Due to this, we present a class of subsets of R™, called open sets.
For z € R™ and the real number r» > 0, the open ball of radius r about =z is
defined as the set
Bu(z) = {y € R": [z —y| <r}.

That is, B, (x) consists of all points in R™ which are at distance less than r from
x. We sometimes denote the open ball B,.(z) by B(x,r). Both notations are widely

used in mathematics.

Definition 1.2. A set U C R" is called open in R", if for every € U there exists
r > 0 such that B,(x) CU.

In other words, about any point in an open set we can find a small ball which is
entirely contained in the set. Note that in this definition, the radius of the ball is
allowed to depend on z. See Figure 1.2.1.

We may compare the above definition with the definition of open sets in R you
saw in Analysis I. Recall that a set I C R is open in R, if for every = € I, there is
d > 0 such that (z — 0,z +¢6) C I. This definition is consistent with the one we have
given in R”, since in R, Bs(z) = (z — 8,z + ).
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Figure 1.1: An open set in R? in cyan, and some balls inside it. The radius of the

ball depends on the location of the point.

Example 1.1. The ball B;(0) is open in R™. To see this, suppose = € B1(0), so
that ||z]| < 1. Let r = (1 — ||z||)/2. We need to show that B,(z) C B;(0). To that
end, let y € B,(x) be an arbitrary point. Using the triangle inequality for the norm

in R™”, we have

L+ ]
2

1 — [|=|

<1
2

Iyl =lly —z+ =zl <y — =l + [lzl| <r+ =]l = + =l <

This means that y € B1(0).

Observe that in the above example, one can replace 1 with any other positive
real number, and the result is still valid. That is, for every 6 > 0, the set Bs(0) is
open in R™. Similarly, one can also replace 0 with any y € R™. Thus, in general, for

any y € R™ and any § > 0, Bs(y) is open in R™.

Example 1.2. The set A = {x € R" : ||z|| < 1} is not open. Clearly y =
(1,0,...,0) belongs to A. On the other hand, if » > 0 then z = (14 17/2,0,...,0)
belongs to B, (y) but not to A, so there is no r > 0 such that B,(y) C A.

Exercise 1.4. Which of the following subsets of R" is open:

(a) R™?

(c) {z=(z,...,2") e R" | 2! > 0}7
(d) {z=(z',...,2") e R" | Vi, 2 € [0,1)}?

(e) {z=(z',...,2") e R" | Vi, 2’ € Q}?
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Exercise 1.5. Let (z;);2, be a sequence in R™ with lim; ,o 2; = z € R". Assume
that there is 7 > 0 such that for all ¢ > 0, we have ||z;|| < r. Show that

]| <

Exercise 1.6. (a) Show that if U; and U, are open sets in R"™, then U; U Uy and
Uy NUs are open in R™.

(b) Suppose that Uy, for a in an index set I, are open sets in R™.

(i) Show that the set |J,c; Ua is open in R”.

(ii) Give an example showing that () c; Us need not be open.

Remark 1.2. It is worth noting that the notion of open sets in R™ relies on the
length function ||-|| we have on R™. As we shall see in the next chapter, one can
consider functions (called metric) with similar properties on a wide range of other
sets (such as the set of all continuous functions from [0,1] to R or the set of all
sequences in [0, 1], etc). These lead to notions of open sets on such sets. We will

look into this in the next chapter.

1.2.2 Continuity at a point, and continuity on an open set

We start with the simple definition

Definition 1.3. Let A C R™ be an open set, and suppose f : A — R™. We say
that f is continuous at p € A if the following holds: for every € > 0, there exists
d > 0 such that for all x € A with ||z — p|| < § we have

1f(z) = f(p)Il <e.

If f is continuous at every p in A, we say f is continuous on A.

We can think of this as saying “f maps points in A close to p to points in R™
close to f(p)”. Notice that in the definition above, the symbol ||-|| is playing two

slightly different roles: as the norm on R™ and the norm on R™.

Remark 1.3. The words “function” and “map” are not identical. For f: X — Y,
we use the word “function” when the target space Y is the real numbers or the
complex numbers (or in general a field). Otherwise, we use the word “map”. Of
course it is correct to refer to f : X — R as a map, but it is uncommon to refer to
f: X — Y as a function, when Y is not a set of numbers where one can not add
and multiply elements. On the other hand, it is common in analysis and geometry
to see expressions like, “let f be a function on X”, which means that f: X — R or

f: X — C. In those cases, the target space is understood from the context.
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Example 1.3. The map f : R™ — R defined as f(x) = ||z is continuous on R™.
To show this, fix an arbitrary p € R™. Suppose ||z — p|| < §, then by the reverse

triangle inequality (see Exercise 1.1) we have:

[f(z) = f®) = [z = llpll | < llz = pll < 6.
Thus we can take = € and we have satisfied the criteria for continuity of f at p.

Example 1.4. Every linear map A : R” — R™ is continuous.
Let {e; }?:1 be the canonical basis for R", that is, all entries of e; are 0 except
the j-th entry which is 1. We may define the real number
M = max [[A(e;)] .
7j=1,...,n

We note that,

[A(z) = Alp)|l = [[A(z =)l

I
—-
/N
@
.
—~
8
|
3
<
N——

n
<MY | —p)|
j=1
Thus, using the inequality in Equation (1.4),
n
IA(z) = Ap)|| < MY |lz = pll = Mnl|z — p|| -

J=1

Thus, if we take § = €/(2Mn), then for any = with 0 < ||z — p|| < §, we have

€
Alx) — A —M
AG) = AP < 57 -Mn <

so A is continuous.

Example 1.5. The map f : R® — R defined as f(z!,...,2") = ! is continuous
on R™.
To see this, fix an arbitrary p € R™. Suppose ||z — p|| < d, then by the inequality

in (1.5) we have:

@)= f@)| = o’ = p'[ < max o —pF| < |lo—p] <,
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so we may take § = ¢ and we have satisfied the condition for continuity. Obviously
the same argument shows that all of the coordinate maps (i.e. the map taking x to

x¥) are continuous.

Theorem 1.2. Let A be an open subset of R™ and B be an open subset of R™.
Suppose f : A — B is continuous at p and g : B — R! is continuous at f(p). Then
go f:A— R is continuous at p.

Proof. Fix an arbitrary € > 0. Since g is continuous at f(p), we know that
there exists d; > 0 such that for any y € B with |ly — f(p)|| < 01, we have
lg(y) — g(f(p))|] < e. Similarly, since f is continuous at p, we know that there
exists § > 0 such that for any x € A with ||z — p|| < §, we have || f(z) — f(p)| < 1.
Combining these two statements and taking y = f(x), we deduce that if x € A with

[ = pll <&, we have |lg(f(x)) —g(f(P)Il <e -

It is sometimes useful to express the continuity of a map in a slightly different

way, for which we need the following definition:

Definition 1.4. Let A be an open subset of R™ and suppose f : A — R™. For
p € A, we say that the limit of f as x tends to p is equal to ¢ € R™, if the following
holds: for every e > 0 there exists § > 0 such that for all z € A with 0 < ||z — p|| <

we have

[f(z) —qll <e.
In this case, we write

lim f(z) = q.

Note that in the above definition, we do not allow x = p. With this notion of a

limit in hand, we can give the definition of continuity more compactly as:

2

“f is continuous at p, if lim,_,, f(z) = f(p).
Theorem 1.3. Suppose A is an open subset of R™, p € A, and f,g: A — R with

lim f(z) = F, lim g(z) = G.

Then
(i) lim (/(2) + g(a)) = F +G,
(i) lim (/(@)g(x)) = FC,

(iii) If, furthermore G # 0, then:
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Proof. (i) Fix an arbitrary e > 0. Since lim,,, f(z) = F, we know that there

(i)

(iii)

exists d; > 0 such that for every z € A with 0 < ||z — p|| < 41,
€
|[f(@) = F < 3.
Similarly, there exists do > 0 such that for every x € A with 0 < ||z — p|| < de,
€
@) - Gl < &

Define § = min{d1,d2}. Evidently 6 > 0. For every x € A with 0 < ||z — p|| <
d, by the triangle inequality, we have

|f(x) +g(z) — (F+ Q)| < |f(x) — F| +|g(z) — G| < e.

Fix an arbitrary € > 0, and assume without loss of generality that ¢ < 3 (Why
can see assume this?). Since lim, ,, f(z) = F, we know that there exists
91 > 0 such that for every x € A with 0 < ||z — p|| < d1,

|f(l“)—F|<m-

Similarly, there exists do > 0 such that for every x € A with 0 < ||z — p|| < d2,

lg(z) — G| < S0+ |F)

To control f(z)g(x) — FG, we add and subtract the same terms, so that we
obtain terms of the form f(z) — F and g(z) — G. That is,

g() = () G+ [() G~ F -G
(9() = G) + () = F) -G

7) = F+ F)(g(a) = G) + (f(@) ~ F)- G

)= F)lg(@) = G) + F - (g(2) = G) + () = F) - G

Now, take § = min{d;,d2}. For every x € A with 0 < ||z —p|| < 9, by the

triangle inequality, we have

[f(2)g(x) — FG| < [f(x) = Fllg(z) - G| + [F||g(x) — G| + |G| |f(x) - F]|

€2 n €|F| €|G|
A+IFNA+IG) 3 +[F) 31 +1G])
<€/3+€/3+¢€/3=c¢.

<
9

Given the previous part, it suffices to show that if lim,_,, g(z) = G with G # 0,

then
1 1

lim —— = —.
xllg) gz) G
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Fix an arbitrary € > 0. Since lim,,, g(z) = G, we know that there exist
91 > 0 such that for every x € A with 0 < ||z — p|| < d1,

elGf?

l9(z) = G| < —5—

Also, since G # 0, G/2 > 0, and hence, there is d2 > 0 such that for every
z € Awith 0 < |lz —p|| <,

G
(@) a1 < 151

By the triangle inequality, this implies that
Gl _ el

l9(@)l =lg(z) = G+ G| 2 |G| = lg(z) = G| > |G| = = = =~

Let § = min{dy,d2}. For every x € A with 0 < ||z — p|| < J, we have

LM ey AL eGP 2
‘gw) G"'G T R oS T R Te R TeT R

This completes the proof.
O

Corollary 1.4. Suppose A is an open set in R™ and f,g : A — R are continuous
atp € A. Then,

(i) f+ g is continuous at p.

(ii) fg is continuous at p.
(iii) If, furthermore g(p) # 0, then f is continuous at p.
g

Exercise 1.7. Assume that A is an open set in R™ and f : A — R™. Show
that lim,,, f(x) = F, if and only if, for any sequence (z;)5°, in A\ {p} with
lim; o0 2; = p,

lim f(z;) = F.

1—00

Exercise 1.8. (a) Show that the map f : R — R” defined as f(x) = (z,0,...,0)

is continuous on R.

(b) Let A be an open set in R™ and f!, f2,..., f™ are functions from A to R.
Consider the map f: A — R™ defined as

flzh,. .., 2" — (fl(xl,...,x"),...,fm(xl,...,x")).

Show that f is continuous at p € A, if and only if, for every k = 1,...,m the
map fk : A — R is continuous at p.
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(c) Show that the map f : R® — R defined as f(x!,2%,...,2") = 32'(2?)® +
42%(2™)7 is continuous on R™. Here, (27)™ denotes the coordinate 7 raised to

power m.

With the above results, one can build many continuous maps from R™ to R™.
For example,

(zt, 2?) — (sin(xle), cos(xQ)) ,

1 2
1 2 3 r — X 3
(x*, 2%, 2°) — (714-(362)2’636)'

Exercise 1.9 (*). (a) Suppose f : R — R™ is continuous on R", and suppose
U C R™ is open. Show that:

fYU) :={z eR": f(z) e U}
is open.

(b) Suppose that f : R® — R™ has the property that f~1(U) C R" is open for

every open set U C R™. Show that f is continuous on R™.
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1.3 Derivative of a map of Euclidean spaces

So far, when differentiating functions, we’ve restricted ourselves to the situation
where the function depends only on one variable. This covers lots of situations that
we're interested in, but of course we often wish to consider maps of more than one
variable. In this chapter we will see how the idea of differentiation can be extended
to maps which send (subsets of ) R to R™. The basic idea will be that the derivative

of a map at a point p should be the “best linear approximation” to the map at p.

1.3.1 Derivative as a linear map

Before we think about how to define a derivative of a map in higher dimensions,
let’s first note some of the potential challenges. In one dimension, we say that f is
differentiable at p if the limit

o £~ 1)

T—p T —Dp
exists. If x,p € R™ and f(x), f(p) € R™ then we obviously have a problem: we

don’t even know how to make sense of ‘dividing by x — p’, and it’s not clear what

sort, of object we should end up with.

f(x)

Figure 1.2: The tangent to f at p.

To try and find a way through this impasse, let’s just remind ourselves how the
derivative is introduced in one dimension. By approximating with successive chords,
we consider the tangent to the graph of f at p (see Figure 1.2). Let us think a little
about how the tangent is characterised. Any (non-vertical) straight line passing

through (p, f(p)) is the graph of the affine map
Ax:z = Mz —p)+ f(p)
for some A € R. Let’s consider the difference between f and such an affine map

f(z) = Ax(z) = f(z) = f(p) = Az —p).
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In general, from the continuity of f we know that for any A € R,

lim [f(xz) — Ax(z)] = 0. (1.6)

T—p

However, if f is differentiable, there is a unique choice of A\ that allows us to make
a stronger statement. If f is differentiable, there exists a unique A € R such that
@) - @l
wp | —p
This is a stronger statement than (1.6) because it tells us that f(x)— Ax(z) is going
to zero faster than |z — p|, as © — p. We make this informal discussion more precise

in the following lemma.

Lemma 1.5. The map f : (a,b) — R is differentiable at p € (a,b) if and only if
there exists a map of the from Ax(x) = ANz — p) + f(p), for some X\ € R, such that
lim M = 0.

A el

Proof. We can re-write

[f(@) = fp) =Mz —p)| _ | f(z) = fp)

— “,
|z — pl T —p
so that A
@@ T i)
T—p |z — p z=p T —p

The expression on the right-hand side of the above equation is the definition of
differentiability of f at p. O

We may rewrite

Ax(z) =AMz —p) + f(p) = Az + (f(p) — Ap)-

Thus, Ay : R — R is the composition of the linear map x — Az and the translation
x— x~+ (f(p) — Ap). Such maps are called affine maps of R. By the above lemma,
the map f is differentiable at p, if it is “well approximated” by an affine map at p.
We may generalise this to higher dimensions.

Since we are going to frequently apply linear an nonlinear maps to variables,
to distinguish between these two cases, we shall use the notation h[v] when h is a
linear map and v is seen as a vector, and use h(v) when h is a map and v is seen as
a point in the domain of h.

Let L(R™;R™) denote the set of all linear maps from R™ to R™. Recall that
A:R™ — R™ is a linear map if

Alz +y] = Alz] + Alyl, Yo,y € RY,
Alax] = aAzx], Va € R and z € R".

In analogy to the statement in Lemma 1.5 we propose the following definition.
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Definition 1.5. Suppose 2 C R™ is open. The map f : 2 — R™ is differentiable
at p € Q, if there exists a linear map A € L(R™;R™) such that

o 1@ = (Al = 5] + £ @)

7P [l = pll

=0.

In this case, we write
Df(p) == A,

and call Df(p) the derivative of the map f at the point p.

Note that some authors refer to the derivative of a map as total derivative, or
differential. We shall refer to that as derivative.

It is often useful to have the following equivalent characterisation of differentia-
bility in higher dimensions: f : {2 — R is differentiable at p € Q if and only if there
exists A € L(R™;R™) such that

S+ B — F(p) = AR

=0.
h—0 Il

Note that in the above equation, h — 0 in R™.

Recall that using a canonical basis for R” and R™ any linear map A € L(R";R™)
can be expressed as an m X n matrix which is called the Jacobian of f at p. The
convention is that an m X n matrix has m rows and n columns. For the purposes
of this course, we won’t make a big deal of the difference between a linear map and
its matrix representation with respect to the canonical basis, so will use the words

derivative and Jacobian essentially indistinguishably.

Lemma 1.6. Let Q2 C R” be an open set. If f: Q — R™ is differentiable at p € €,

then it is continuous at p.

Proof. Since
o 152+ ) = 1) = A

h—0 IAl

:07

we must have
lim [0+ B) ~ £(p) ~ Al =0.
—0
On the other hand, since linear maps are continuous, see Example 1.4, we obtain
0= lim (f(p+h) = f(p) — Alh]) = Lim(f(p+h) — f(p))-
—0 h—0

O

Example 1.6. By Lemma 1.5 any function f : (a,b) — R which is differentiable at
p satisfies the conditions of 1.5 with Df(p) = f’(p). Notice that a 1 x 1 matrix is

simply a real number.
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Example 1.7. Let B € L(R™;R™) and V € R™. Then, the map f : R — R™
defined as
f(z)=B(x)+V

is differentiable at each p € R™, and D f(p) = B. To see this, note that

fp+h)—fp)—B(h)=(B(p+h)+V)—(B(p)+V)—B(h)
=B(p)+ B(h)+V —B(p) —V — B(h) =0.
Thus,

e = f@ =B
h—0 IAl h—0

Example 1.8. The map f : R" — R defined as
f(z) = ||z
is differentiable at each p € R", and D f(p) is the linear map
Df(p)[h] =2(p,h), YheR"

From the properties of the inner product in Exercise 1.1-(a), we can see that the
map h — 2(p,h) is a linear map.
We note that

Fo+h)=Ip+h|*=p+hp+h)=]pl>+2{p h)+]|h]?,

so that
i L0+ = 1)~ 20, )]
h—0 |7l

= lim ||4] = 0.
h—0

As a matrix, we have that D f(p) = 2p, where p is viewed as a row vector with
n components (this is in line with our convention that a 1 x n matrix maps R" to

R!). So the Jacobian is a row vector for this map.

Example 1.9. Let m > 1 be an integer, and assume that for ¢ = 1,2,...,m, the
map f*: (a,b) — R is differentiable at p € (a,b). Then the map f : (a,b) — R™
defined as

F@) = (F1 @), (@), (@),

is differentiable at p, and the derivative Df(p) : R — R™ has the matrix represen-
tation

(/' (»)

Df(p) = :
(f™) (p)
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To see this, we note that
(S (») flo+h) = fip) = (f1) (p)h
flp+h)—f(p) - E h = :
(f™) (p) [+ h) = ") = (f") (p)h
so that, using the inequality in (1.5),

If(p+h)— f(p) — Df(p) [l
2]l

|20+ 1) = £ ) = () )R]

<
<V max 1|

Since each f7 is differentiable at p, the left hand side of the above equation tends to
0, as h — 0. And since the left hand side of the equation is non-negative, it must
tend to 0, as h — 0. Notice here that the expression D f(p) [h] means applying the

linear map D f(p) to the one dimensional vector h, which gives us an element of R".

Implicitly in the discussion above, we’ve assumed that D f(p), if it exists, must

be unique. Of course, this is something that we need to prove.
Theorem 1.7. The derivative, if it exists, is unique.

Proof. Suppose  C R" is open, f: Q — R™, p e Q and that A and A’ satisfy:

_ _ _ _ A/
i W@+ h) = Fo) = ARJIL _ e+ h) — fo) = AR
h—0 |7l h—0 1Al
Let e be an arbitrary vector in R™ with ||e]] = 1. Then for any real number a # 0
we have
Ale] _ Ale]
- .

Now, let (ozj);?‘;o be a sequence of non-zero real numbers tending to 0 as j — oo.

By adding and subtracting identical terms, we see that

[ Ale] — A'[e]]|
_ HA[aje] ~ Naye]
Qj Qj

o IAlage] — Moyl
j—o0 HOéjGH

_ iy N=f 0+ aje) + £(p) + Alage] + f(p + aje) — f(p) — Naye]l
00 [[ajell

o 1003 = 50 = Aol W7o+ ze) = ) = Nfgel
jroo |ajell j—roo [ajell

=0.

For the last equality in the above equation we have used that aje — 0 as j — oo.
By the above equation, for any unit vector e we have Ale] = A’[e], which implies
that (as linear maps) A = A’ O
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Exercise 1.10. Suppose f : R™ — R" is given by f(z) = z. Show that f is
differentiable at each p € R™ and

Df(p) = id,
where id : R® — R"™ is the identity map.
Exercise 1.11. Show that the map f :R? — R given by
fi(zy) = a2+,
is differentiable at all points p = (£,7n) € R? with Jacobian

Df(p) = (2¢ 2n).
Exercise 1.12. One might hope that the derivative can be calculated by finding
o S0 = 1)

vp [l —pl|

By considering the example of Exercise 1.10 or otherwise, show that this limit may

not always exist, even if f is differentiable at p.

Exercise 1.13. Suppose that 0 C R" is open, and f, g : 2 — R™ are differentiable
at p € Q. Show that h = f + g is differentiable at p and

Dh(p) = Df(p) + Dg(p)

1.3.2 Chain rule

In dimension one there is a simple “algorithm” which allows us to calculate the
derivative of more complicated maps using the derivative of simpler ones. That
algorithm is the chain rule. If f,g : R — R, with g differentiable at p and f
differentiable at g(p), then f o g is differentiable at p with

(fog) () = f'(gp)d (p).

Now, suppose that g : R* — R™ and f : R™ — R, with g differentiable at
p and f differentiable at g(p). Let h = fog. We know that Dg(p) : R® — R™
and Df(g(p)) : R™ — R! are linear maps, so it certainly makes sense to consider
Df(g(p)) o Dg(p), where “o” denotes the composition of linear maps (corresponding
to matrix multiplication). This will be a linear map from R" to R!, which is the
right kind of object to be Dh(p). In fact, it is the case that h = fog is differentiable
at p with

Dh(p) = D f(g(p)) o Dy(p)
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foyg

| Dg y o Df

Df(g(p)) o Dg(p)

Figure 1.3: Ilustration of Theorem 1.8.

Theorem 1.8. Assume Q C R" and ' C R™ are open sets, with g : Q —
differentiable at p € Q and f: Q' — R! differentiable at g(p) € . Then h= fog:
Q — R is differentiable at p with derivative

Dh(p) = Df(g(p)) o Dg(p)-

(*) Proof. Let g(p) = q, A= Dg(p), B= Df(q). We define the map

() = g(z) — g(p) — A(x —p), VYre
Y(y) = fly) - fl@) = Bly—q), Yye
7(x) = f(g9(x)) — f(g(p)) — B(A(x —p)), Yz

By the assumptions in the theorem we know that

0= tim 22 (1.7)
z=p ||z — p||
0= tim YW (1.8)
v—a [ly — ¢l
and we need to show that
. T(2)
lim =

We may rewrite the map 7 as

7(z) = f(9(z)) — f(9(p)) — B (A(z — p))
= f(g(2)) — f(9(p)) — B (9(z) — g(p) — é(x))
= f(g(z)) — f(g(p)) — B (9(z) — g(p)) + B(é(x))
=1(g(x)) + B(o(z)).

On the other hand, we recall from Example 1.4 that there is a real number M
such that
[A()] < M [|z]|, VzeR™
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Since B is linear, and hence continuous by Example 1.4, we have that

121% = lim B (Hf(_x;H) =B (131 uj(—x;H) B

Fix an arbitrary e > 0. It follows from (1.8) that there exists § > 0 such that
for y € Q' with ||y — ¢|| < ¢ we have

()l
ly — 4l

which implies
[Pl < elly —qll-

On the other hand, since g is continuous, there exists d; such that if z € Q with

|z — p|| < ;1 then

lg(z) — gl = llg(x) —qll <.

Thus, for every x € Q with ||z — p|| < 41, we have

[(g(@))Il < ellg(z) - qll
= ¢ello(z) + Az = p)||
<ell¢@@)l| +eM |lz —pl|.-

Dividing through by ||z — p|| and taking the limit, we deduce that
@)l

eop [lz—pl|
Since € > 0 was arbitrary, we conclude

eI

=0,
e o —pl

and we are done. O

Example 1.10. Let m > 1 be an integer, and assume that for i = 1,2,...,m,
the functions ¢° : (a,b) — R are differentiable at some p € (a,b). Then, the map
k: (a,b) — R, defined as

is differentiable at p, and its Jacobian matrix has one real entry

29" (0)(g") (p) + 28°(P)(g°) (D) - - - + 29 (D) (g™)' (P)-

We note that by Example 1.9, the map ¢ : (a,b) — R™ defined as
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is differentiable at p with derivative
(9" (p)
Dyg(p) = :
(™)' (p)
On the other hand, in Example 1.8, we saw that the map f(x) = ||z|? is differen-

tiable at every point in R with derivative D f(q)[h] = 2{(q,h). We have k = fog
n (a,b). Thus, by the chain rule, the map h is differentiable at p, with derivative

Dk(p)[h] = Df(g(p)) o Dg(p)[h]
= D(f(g ( ))[(( D' s (g™ (p)h)]

=2{g(p), ((¢") (p)h (gm)'(p)h)>
=2(g( ) 9)' ) (g™ ()
=2(g(p), Dg(p)) h-

Thus, the Jacobian of k at p is the one by one matrix with real entry

2(g(p), Dg(p)) = 29" (p)(g") (p) + 2¢°()(¢*)' () - - + 29™ () (¢™)' (p)-

Exercise 1.14. Assume  and ' are open sets in R?, g : Q — Q' differentiable at
p € Qand f:Q — Q differentiable at g(p) € . Moreover,

fog(x) ==, Ve
go f(x) =z, VzeQ.
Show that
Df(g(p)) = (Dg(p)) ™"
Exercise 1.15 (*). (a) Show that the map P : R? — R given by
Plz,y) = xy

is differentiable at each point p = (¢,1) € R?, with Jacobian

DP(p)=(n &).

(b) Suppose that f,g : R” — R are differentiable at ¢ € R™. Show that the map
Q : R — R? defined as

Q(z) = (f(2),9(2))

is differentiable at ¢, with derivative

DQ(q) = < DIt )

Dg(q)

(c) Show that the map F : R™ — R defined as F(z) = f(2)g(z), for all z € R", is

differentiable at ¢, with derivative

DF(q) = 9(¢)Df(q) + f(a)Dg(q)
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1.4 Directional derivatives

1.4.1 Rates of change and partial derivatives

Although the definitions of differentiability in dimension one and in higher dimen-
sions appear similar, there is a major difference which makes the latter a more
difficult concept. In dimension one, to see if a map : f(a,b) — R is differentiable at
some x € (a,b), we only need to verify that the limit of (f(z) — f(p)/(z — p)) exists
as x — p. To verify this, we do not need to know the value of the limit beforehand,
that is, the value of the limit does not appear in this ratio. However, in higher
dimensions, to verify if a map f: Q — R"” is differentiable at some p € €2, we need
to know the derivative at that point. In other words, the derivative of the map at
p appears in the criteria for differentiability. For basic maps, it is possible to guess
the derivative, but in general, it may not be obvious what the derivative is. See for
instance the map in Example 1.8. The purpose of this section is to present a simple
approach to identify a candidate for the derivative in higher dimensions.

For a function f : (a,b) — R, we are familiar with the idea of f’(p) telling
us something about the rate of change of f(z) as we vary = near p € (a,b). We
can connect the derivative to this sort of concept with the directional derivative.
Let us suppose that we are given a function f : R3® — R, which is supposed to
represent the temperature of some three dimensional body which is not changing
in time. Suppose we start at the origin 0 € R? and travel along the curve t — vt,
for some fixed v € R3, that is we move along a straight line with velocity v passing
through the origin at time 0. We can record the temperature of our surroundings as
a function of time, 0(¢) and we will find 6(t) = f(vt). Suppose we ask what the rate
of change of temperature is at t = 0. This will of course be 6’(0). Now, we notice

that we can write:

0=foV

where V is the linear map V : R — R3 given by V(¢) = vt. Now, we can use the
chain rule to calculate 6'(0) = D6(0) and we find:

¢'(0) = DO(0) = Df(0) o DV(0).
Now, since V' is a linear map, we have DV (0) = v and we conclude:
0'(0) = DI(O)e].
This gives us a nice interpretation of the derivative D f(0). When we apply D f(0) to

a vector v, we find the rate of change of f at 0 as we travel along a line with velocity
v. More generally, we can consider travelling along the line given by V' (t) = p + tv
for some p € R3. Then at ¢ = 0, we are passing through the point p € R3. Setting
0(t) = f(p+ tv), We call the quantity:

0'(0) = DO(p) = D f(p)|v]
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the directional derivative of f at p in the direction v. Sometimes the notation
of o1
5, () =Tm — [f(p+vt) — f(p)] = Df (p)[v]
is used for the directional derivative.
Now, if we take {e1, ez, e3} to be the canonical basis vectors for R?, then we can
write v = vle; + v%ey + v3e3 for v¥ € R. Doing this, and recalling that D f(p) is a
linear map, we have:

of

5, (P) = Df(p) [v'er + v2es + vPes) (1.9)
= v'Df(p)[er] +v*Df(p) [e2] + v* D (p) [es)
= v'D1f(p) + v*D2f (p) + v* D3 f (p). (1.10)
In other words, we can find any directional derivative at p, provided we know the
three numbers:
af .
le(p)__(p)7 2:17273'

- 8€i
called the partial derivatives of f at p. Equivalently, these can be defined as
t ) —
D;f(p) :=lim fp+tes) f(p)
t—0 t

If f:R3 = R, then for z, y and z in R,

le(x7y7 Z) = %L% f(x + t’ y’ zi — f(x7 y’ z) = %(x7 y? Z),

where we’ve introduced yet more notation. The expression g—i you should think

of as meaning ‘differentiate f with respect to x, while treating y, z as constants.
Returning to (1.10), we see that for any v = (v!,v2,v?), we have

Ul

Df@)l) = ( Difw) Dafw) Dsfw) )| o |

v3

so that the Jacobian of f at p is given by
Df(p) = ( Dif(p) Daf(p) Dsf(p) )

To introduce even more notation, we sometimes write

D f(p)
Vi) =1 D2f(p) |-
D3 f(p)

which is called the gradient of f at p, and with this notation
Df(p) = (Vf(p))"

We can extend all of these notions to more general range and domains, which

leads us to the following definition.

Lecture notes for the week 18-22 October



Chapter 1. Differentiation in higher dimensions Analysis II, Term I, Page 26

Definition 1.6. Suppose 2 C R" is open and f : 2 — R™ is differentiable at p € (2.
For any vector v € R™ with ||v|| = 1, the directional derivative of f at p in the

direction v is given by

7 () — tim flp+tv) = fp)

ov t—0 t

= Df(p)[v]
The partial derivatives of f at p are given by

Dif(p) = g—i(p) = lim f(p”@;) - f(p)’

1=1,...,n.

Notice that f(z) is now a vector in R, so expressions like limy_,q w

have to be understood as limits in R"™, so that %(p) will be an m—dimensional

column vector. That is, if

then
Dif'(p)
D; f™(p)
Theorem 1.9. Suppose 2 C R" is open and f : Q — R™ is of the form
fa) = (f1 @), 2 (@), [ ().
If f is differentiable at some p € ), then the Jacobian of f at p is

Dif'(p) ... Dnf'(p)
Df(p) = : - :
lem(p) anm(p)

Proof. Let {e;} be the canonical basis for R”. For any v € R", we write v =
> v'e;. Then by the linearity of D f(p) we have:

Df(p)[v] = Df(p) [Z v"ei] = v'Df(p) e = Y v'Dif(p).

i=1 i=1 i=1

2?21 UiDifl ()

S vt D f™(p)
Dif'(p) ... Dnf'p) vl

Dyf™(p) ... Dnpf™(p) ™
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This allows us to restate the chain rule in terms of the partial derivatives of the

functions.

Corollary 1.10. Suppose Q C R"™ and Q' C R™ are open sets, g : Q — Q 1is
differentiable at p € Q, and f: Q' — Rl is differentiable at g(p). Then h = fog is
differentiable at p with Jacobian

Dif'(g(p)) ... Dmf'(9(p)) Dig'(p) ... Dng'(p)
Dh(p) = ' o

Difl(g(p)) ... Dwmf'(g(p)) Dig™(p) ... Dng™(p)

In the one dimensional case, we often use the derivative to search for turning
points, i.e. maxima and minima, since a differentiable function will have vanishing
derivative at a local maximum or minimum. A similar result holds in the higher

dimensional case.

Lemma 1.11. Let  C R™ be open and f : Q2 — R be differentiable at each point in
Q. Suppose that f has a local maximum at p € Q. Then:

Df(p) = 0.
Similarly if p is a local minimum.

Proof. Pick v € R™. Since () is open, there exists € > 0 such that p + tv € Q for
t € (—e¢,€). Consider the function g, : (—e,e) — R defined as

gu(t) = f(p+tv).

Since f has a local maximum at p, g, has a local maximum at 0 and moreover, g,

is differentiable by the chain rule, so we deduce

0= g,(0) = Df(p)[v].

Since v was arbitrary, we have that Df(p) = 0. A similar argument deals with the

case where p is a minimum. O
Exercise 1.16. (i) Let the function f:R? — R3 be given by
f(z,y) = (% + e,z —logy, 22y + 1).
Assuming f is differentiable at a point (x,y), what is its derivative?
(ii) Let g : R® — R! be given by
g(x,y,2) =z +y+ 2.

Compute the derivative of go f assuming it exists. Compute it in 2 ways, with

and without the chain rule.
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1.4.2 Relation between partial derivatives and differentiability

We have seen above that for a function f : R™ — R which is differentiable at some

point p, the limits

(1.11)

exist for i = 1,...n, and moreover these limits completely determine the derivative
of f at p. One might hope, based on this, that in order for f to be differentiable at
p it is enough to know that the partial derivatives (i.e. the limits in (1.11)) of f at

p all exist. Unfortunately, this is not the case, as we show in the following example.

Example 1.11. Consider the function f :R? — R defined as

0 z=y=0

/2 +y2

See Figure 1.4 for the graph of the function f.

otherwise

Figure 1.4: The graph of the function in Example 1.11.

First note that this function is continuous at the origin. Since |zy| < % (x2 + y2),
we have that for p = (z,y) # (0,0):

1
‘f(p)’S§ .’E2+ 27
so that
li =
plg(l)f(p) 0
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Now consider the partial derivatives. We have

1 . 0-0
Dy f(0) = lim = [f(te1) — £(0)] = lim —— =0
since f(te;) = 0 for all ¢. Similarly, we also have
Dof(0) = lim + [f(tes) — £(0)] = lim °— =
2 50t “ =0t

Thus, if f is differentiable, then it must be that D f = 0, so all directional derivatives

at 0 exist and are equal to zero. However, let h = %(17 1). For t > 0, we have

fh) — f(0) _¢2/2 1
t o2
which contradicts the differentiability of f at the origin. Thus, even though the

partial derivatives exist for this function, the function is not differentiable.

Away from the origin, the function is a composition of smooth functions so is
differentiable. We can calculate the partial derivatives at a point p = (x,y) # (0,0)

and we find 5

2
Y Y Y
le(p) - - - )
Va4 y? (x2+y2)% (x2+y2)%

and by symmetry:

25
D2 f(p) = ———-
(@2 +y?)2
We claim that the function g : R? \ {0} — R given by
3
x
9@, y) = ——
(22 +y?)2

has no limit as p = (z,y) converges to (0,0). To see this, let p = (rcos,rsin @) for
some r € (0,00), # € [0,27). Then
9(p) = cos’ 0,

so there can be no limit as r — 0, since g approaches a different value depending on

which angle we approach from.

As it happens, the fact that the partial derivatives are not continuous in a

neighbourhood of the origin is the only barrier to differentiability there.
Theorem 1.12. Let  C R"™ be open and f :  — R. Suppose the partial derivatives

Duf(e) o= iy L2100 1)

exist for all x € Q, and moreover suppose that the maps
x— D;f(x)

are continuous at p € Q for alli =1,...,n. Then f is differentiable at p.
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(*) Proof. Since ) is open, there exists r > 0 such that B,(p) C €. Suppose
h € B,(0) has components h’, so that h = > | h'e;. We consider

fp+h)—flp)=f <p+ Zhiez) - f(p)
=1
n n—1
=f <p+zhiei> ~f <p+zhiei>

=1 =1

n—1 n—2
+f <p+zhiei> ~f <p+zhiei>

=1 =1

to
+ f(p+ h'er) — f(p).

Let’s consider a typical line in the right hand side of the above equation, that is,

k
f <p+ Zhiez) - <p+ Z’*%) = flqg+ h*exr) — f(q),
=1

where k € {1,...,n} and ¢ = p+2k ! hie;. Now, applying the mean value theorem
to the function g(t) = f(q+tek), which is differentiable by assumption, there exists
€ [— | ) such that:

flq+h¥ex) — f(q) = W"Dyf(q + sex) = h* Dy f(p + cx),

where ¢, = Zf:_ll hie;+sey. One has to consider separately the cases hF>0,h* <0
and h* = 0. Now, note that since |s| < {hk{, we have

llexll < [IAll-

Putting this together, we conclude that there exists ¢1, ..., ¢, € R™ with ||cg|| < |||
such that .
Fo+h) = f(p) =Y BFDif(p+ ck)-
k=1

From here we can estimate using the Cauchy-Schwartz identity

flp+h) - thDkf < th’Dkf(p+ck) Dy.f(p)|
k=1
< |l (Z 1Dif(p+ c) —Dkf(p)IQ) ,
k=1
so that
_ _ n k n %

o+ h) f(p)HhHZk1h D) < <Z|Dkf(p+6k) —Dkf(P)|2>

k=1
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Now, fix € > 0. Since x — Dy f(z) is continuous at p, for each k = 1,...,n, there
exists Jj such that if ||c|| < 5 we have:

|Dif(p+c¢) — Dpf(p)| < -

NG

Suppose ||h|| < min{d1,...,0,} =: 0. Then as ||ck|| < ||h|, we deduce

7] n

n
k=1

[f(p+ 1) = [ ) = S5 DS ()] (Z 62> : .

As e was arbitrary, we conclude that f is differentiable at p, with derivative
Df(p)[h] = Dypf(p)h". O
k=1

Exercise 1.17. Show that each of the following maps f : R? — R is everywhere
differentiable

(a) f(x,y):x2+y2—x—xy,

0) fy) = b,
(©) Fw,) = o2

For maps f : (a,b) — R we have learned that when f is differentiable at some
p € (a,b), then there is a tangent line to the graph of f that passes through (p, f(p))
and approximates the graph of f near p. This is an intuitive picture that is only
valid when we consider the graph of a function from one dimension to one dimension.
By an example below, we show that this intuition should not be employed for maps

of higher dimensions.

Example 1.12. Let f: (—1,+1) — R? be define as

(2,0) ifx>0

A (0,2%) ifx <O.

See Figure 1.12 for the image of the map f.
Clearly, f is continuous at 0 with

lim f(x) = (0,0) = £(0).

z—0

The map f is differentiable at 0 with derivative equal to the constant linear map
A = 0. To see this, note that
fO+R) = fO) AR R R

] —1 = lim — = lim || = 0.
B0 Il Mo S~ Ay =
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Figure 1.5: The image of the map f in Example 1.12

In fact, it is not possible to understand just by looking at the image of a map
whether it is differentiable or not. As the example below shows, maps with the same

image may or may not be differentiable.

Example 1.13. Define the maps k and g from (—1,+1) to R? as
k() = (,2%), g(x) = (' ).

See Figure 1.6 for the images of the maps f and g.
The maps k and g are continuous at 0 with

lim k(z) = (0,0) = k(0),

z—0

and
lim g(z) = (0,0) = g(0).

z—0
The maps k and g have the same image, that is, they map the interval (—1,+1)
to the same curve, which is the graph of the function ¢ ~ 3 on the interval (—1,+1).
However, k is differentiable at 0, but g is not differentiable at 0, as we show below.
We claim that the derivative of the map k at 0 is equal to the linear map
A(h) = (h,0). To see this, note that

i WO+ 1) — k(0) — A[A]ll _ | (hy B3) — (h, 0)]|
h=0 17| 70 7]
0. A

h—0  ||hl

To prove that g is not differentiable at 0, we need to show that there is no linear
map A : R — R? which is the derivative of the map g at 0. In contrary assume that
there is a linear map A : R — R? such that

_|lg(0+h) —g(0) — Aln]]|

1
B0 ]

=0.

Lecture notes for the week 25-29 October



Chapter 1. Differentiation in higher dimensions Analysis II, Term I, Page 33

Figure 1.6: The image of the maps f and ¢ in Example 1.13. The differentiability
at (0,0) depends on “how fast” we pass through the point (0,0).

Let A(1) = (a,b) € R?, for some real constants a and b in R. It follows that for
every h € R we have

A(h) = A(h-1) = hA(1) = h(a,b) = (ha, hb).

Therefore,
i 19O+ 1) = g(0) = AR _ [~ ah. - b
0= lim = lim
h—0 1Al h—0 ||
_||r(RTE — a1 —b)||
= lim
h—0 |h
— lim H(h—2/3 a,1— b)H
h—0
= |[lim(h™2/3 —a,1 — b)H
h—0
In the last line of the above equation we have used that ||-|| is a continuous function,
so we may interchange the limit and the norm. Now recall that ||y|| = 0, if and only

if y = 0. Thus we must have

lim (h=2/% —a,1 —b) = (0,0)
h—0

which implies that

limh72/3—a:0, and lim1—0b=0.
h—0 h—0
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This is a contradiction, since for any real number a we have

lim h~2/3 — 4 = oo.
h—0

This contradiction shows that there is no linear map A : R — R? satisfying the
definition of differentiability for g at 0.
Note that the value of the other limit does not lead to any contradiction, it only

says that b must be equal to 1.

1.5 Higher derivatives

1.5.1 Higher derivatives as linear maps

Suppose that 2 C R™ is open, and f : 2 — R™ is differentiable at every point p € 2.
We may think of the differential of f as a map

Df : Q — L(R%R™)
p — Df(p).

Recall that every member of L(R™;R™) may be expressed as an m by n matrix,
using the standard basis for R™ and R™. We can think of each m by n matrix as a

point in R™"_ for example, by
(ai,j)lgigm,lgjgn = (a1,1, <oA1, G215 -+ -3 G205 - - -3 A1y - - - ,am,n)-

Thus, we may think of Df as a map from 2 to R™. We can consider whether
this map Df is continuous, or differentiable at a point p € Q. If the map Df :
Q — R™ is continuous, we say f : {2 — R" is continuously differentiable. If
Df : Q — R™ ig differentiable at p, the derivative at p, denoted by DD f(p), is a

linear map from R™ to R™”. That is,
DDf(p) € LR";R™™) = L(R"™; L(R"; R™)).

Thus, DD f(p) takes an n-vector to an (m x m) matrix. The above notation may
appear complicated, but you have already seen some examples of maps in the right
hand of the above equation. For example, the map h — (h,-) is an element of
L(R™; L(R™;RY)), that is, for every h € R", the map u + (h,u) is a linear map
from R" to R

In terms of our definition of derivative, DD f(p) is a linear map £ € L(R™; L(R™; R™))
such that the following holds

1o 1D5@) = D) — £z — ]|

=0.
v=p [l = pl
Note that in the above equation, the norm on the numerator is the norm ||-|| on
R™" and the norm on the denominator is ||-|| on R".
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Obviously, we can generalise this to consider a map which is k—times differ-
entiable. In practice, the condition of k—times differentiable at a point can be
difficult to establish. However, if f : Q0 — R™ is k times differentiable with all those
derivatives continuous, we say f is k-times continuously differentiable.

Assume that f = (f1, f2,..., f™). We know from the previous results that if f
is differentiable at p € €, the partial derivative maps

Difj 0 - R
r = Difi(z).

exist for all x € Q. If moreover, Df is differentiable at p € €2, then the second

partial derivatives

DD (p) = limg 2 0 100) = D)

will exist.

It is easier to ask if all of the k—th partial derivatives exist and are continuous in
a neighbourhood of p. This is a slightly stronger condition, which implies k—times
differentiability at p by Theorem 1.12.

Example 1.14. Consider the map f : R? — R given by
fi(xy) =2 +y° +52%y.
This is differentiable at each point p = (z,y) € R?, and the partial derivatives are
Dif(p) = 32>+ 10zy,  Dyf(p) = 3y° + 5a”.
To find the second partial derivatives, we consider the maps
Dy f(z,y) = 32" + 10y,

and
D2f(x’y) = 3y2 + 5$2’

and differentiate them. The second partial derivatives are thus

Notice that

This is a coincidence!
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1.5.2 Symmetry of mixed partial derivatives

We will state a result here, but do not give a proof. This is not the optimal result

in this direction, but it is perfectly adequate for most purposes in the next section.

Theorem 1.13 (Schwartz’ Theorem). Suppose Q@ C R™ is open and f: Q — R is
differentiable at every p € Q. Suppose further that for some i,j € {1,...,n} the
second partial derivatives D;D;f and D;D;f exist and are continuous at all p € €.

Then, at every p € §2,
DiD;f(p) = D;Dif(p)-

If f:Q — R, the matrix of second partial derivatives at the point p,
Hess f(p) = [Dz'Djf(p)]@'7j:1,___,n

is called the Hessian of f at p. Assuming the hypotheses on the second partial

derivatives hold, Schwartz’ Theorem states that the Hessian is a symmetric matrix.

Exercise 1.18. Suppose A is a symmetric (n x n) matrix. Consider the map
f:R™ — R defined as
f(z) =z Az’

(a) Show that f is differentiable at all points p € R™, with
Df(p) = 2pA

(b) Find
Hess f(p).

Exercise 1.19. Consider the function f :R3 — R given by:
fi(zy,2) =xy® + 2% + z2ev.

(i) Compute the first and second partial derivatives. Observe the properties of

the second partial derivative.

(ii) Write the terms of the Taylor expansion of f at zero up to and including the

second-order terms.

(iii) Without computation, write the same Taylor expansion up to and including

the fourth-order terms.

Exercise 1.20 (*). Consider the function f : R? — R defined as

T (g, 0,0
oy [T @ #£00
0 if (z,y) = (0,0).
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(a) Show that

sy 2V i () £ (0,0)

le(x, y) = z2+y? ($2+y2)2
0 if (z,y) = (0,0).
and s
Dof(ag) =1 i~ @y L@y #0.0)

Show that both of these functions are continuous at (0,0).

(b) Show that
lim ! (D1f(te2) — D1f(0)) =1

t—0 ¢
and

o1
lim — (Dgf(tel) - Dgf(())) =-1
t—0 ¢

(c¢) Conclude that both DyD; f(0) and D3 Do f(0) exist, but

Dy D1 f(0) # D1D2 f(0)
1.5.3 Taylor’s theorem

The differentiability of a map of higher dimensions allows us to approximate the
map near a point with a linear map which is a simpler object. This has significant
consequences which we discus in Section 1.6. However, when thinking of differentia-
bilities of higher orders, one may wonder if those lead to better approximations than
the ones by a linear map, perhaps, by more complicated objects than linear maps.
In terms of complexity, the next class of maps after linear ones are polynomial maps
in several variables. We look into such approximations in this section.

A powerful result concerning differentiable functions of one variable is Taylor’s
theorem, which permits us to approximate a function in a neighbourhood of a point
p by a polynomial, with an error term that goes to zero at a controlled rate as we
approach p. In order to state Taylor’s theorem for higher dimensions, it’s useful to
introduce some new notation.

When dealing with partial derivatives of high orders, the notation can get rather
messy. To mitigate this, it’s convenient to introduce “multi-indices”. We define a
multi-index « to be an element of (N)", i.e. an n-vector of non-negative integers

a=(ai,...,a,). We define |of =y + ...+ a;, and
D f := (D)™ (D)™ -+ (Dn)™ f,
It’s convenient to also introduce, for a vector h = (h!,... h"),
= () (1) ()

as well as the multi-index factorial o! = aqlag! - - !,
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Theorem 1.14. Suppose that p € R™ and f : B,.(p) — R is k—times continuously
differentiable at all points q € B, (p), for some integer k > 1. Then, for every h € R"™
with ||h|| < r, we have

h*
flo+h) = >, —Df(p)+ Rip.h).
la]<k—1
where the sum is taken over all multi-indices o = (aq,...,an) with |a] <k —1 and

the remainder term is given by:
ha’
R = — D~
Kph) =Y D (@)
la|=k
for some x with 0 < ||z — p|| < ||h]|.

(*) Proof. The result follows from the one-dimensional Taylor’s theorem. First, we
note that there exists ¢ > 0 such that ||h|| < . Let us define the function
g:(—1—¢,1+¢€) = R defined as

g(t) = f(p+ th).

By the chain rule, this function is k-times differentiable on the interval (—1—e, 1+€),

and [0,1] C (=1 —€,1 + ¢€), so by one dimensional Taylor’s theorem we have

g"(0) 9" 1(0)
1) = ! e
o(1) = 90) + g0+ TP+ T
where ®
_ 9"
Rk - k! )
for some & € (0,1). We will be done if we can show that for j =0,1,... % we have
t) = j! Z Daf (p + th). (1.12)
la|=5 '

This is certainly true for j = 0. Suppose it’s true for some j > 0. Then we have

. n he
(+1) _ l . @
gV (t)—lE_ WDy 40 R (p + th)

|lal=j

=J! i > ) D*f(p + th)
=l
Clearly, the right-hand side of the above equation is a sum of terms proportional to
hP DB f(p + th) where || = j + 1. Suppose 3 = (B1,...,B,), then the coefficient of
the term proportional to h? D8 f(p + th) is

i ! i
Br DBl Bl BB Bl T T BB (B — 1!
G+t G+
B1!Ba! - B! g’
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by a result from combinatorics (you do not need to verify this). Thus we have

: e hont
g =51y Y DD f(p+ th)
I=1]al=j

. h?
=G+ > EDﬁf(erth)
18l=j+1
By induction we conclude that (1.12) holds for all j = 0,...,%k and the result
follows. -

Exercise 1.21. Consider the function f : R? — R defined as f(x,y) = % sin(y).

a) Compute the degree 1 and degree 2 Taylor polynomial of f near the point
(xo,y0) = (0,7/2) and use those to approximate the value of f at (z1,y1) =
(0,7/2 + 1/4). Compare your results with the values you obtain from a cal-

culator.

b) How precise is the degree 1 approximation in the closed ball of radius 1/4

around (xo,%0). Find a rigorous upper bound for the approximation error.
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1.6 Inverse and Implicit function theorems

1.6.1 Inverse function theorem

Suppose f : R — R is continuously differentiable in an interval around p € R, with
f'(p) # 0, say f'(p) > 0. Then there is an open interval I with p € I such that
f'(z) > 0 for all z € I. This (by the mean value theorem) implies that f is strictly
monotone increasing on I and hence f : I — f(I) is bijective. In particular, there
exists an inverse function f~!: f(I) — I. With a little work, one can establish that
f~1 is differentiable, and moreover, by an application of the chain rule, obtain the

following formula for the derivative of the inverse map,

o
(f=(fp)

This result can be generalised to higher dimensions.

f'(p) =

Theorem 1.15 (Inverse Function Theorem). Let Q2 be an open set in R™, f: Q —
R™ continuously differentiable on 2, and there is ¢ € Q such that D f(q) invertible.

Then, there are open sets U C Q and V. C R™ with ¢ € U and f(q) € V such
that

(i) f:U —V is a bijection,
(ii) f~1:V — U is continuously differentiable,

(iii) for ally €V,
~1

Df Yy) = [Df(f ' (v))]

Recall that since the Jacobian Df(q) is an n X n matrix, the statement that it
is invertible is equivalent to the statement that det D f(q) # 0.

Example 1.15. Consider the map f : R? — R? defined as
fla.y) = (x +y + 5wy, y — %)
The partial derivatives of f are
Dy f(z,y) = (1+5y,—2x),  Daf(z,y) = (1+5z,1).

Evidently, both of these maps are continuous from R? to R?. Thus, by Theorem 1.12,
f is differentiable at every point in R%2. Moreover, by Theorem 1.9, the Jacobian of
f at (z,y) € R? is given by the matrix

Df(ay) = ( 1+ 5y 1—|—5x>.

—2z 1
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This is a continuous function from R2 to R%2%2 = R4,

We note that
proo=( !
N0

with det D f(0,0) = 1 # 0, and hence D f(0,0) is invertible. By the Inverse Function

Theorem, f is invertible on some neighbourhood of the origin, with

1 -1
Df~1(0,0) = [Df(0,0)]7" = :
0 1
It is worth noting that obtaining an explicit formula for the inverse map is not easy,

and hence the derivative of the inverse map is out of reach using the direct approach.

Exercise 1.22. Consider the function f : R? — R? given by:

x r+y—xyY
Y x
Determine the set of points in R? such that f is invertible near those points, and

compute the derivative of the inverse map.

The Inverse Function Theorem has applications to solving systems of equations.

Assume that we have n equations in n unknowns z!,z2,...z", given in the form
101 .2 ny _ o1
f (1’ 71. PR 7'%' ) - y 9
20,1 .2 ny _ .2
f (CE Yy L5y X ) =Yy,
n(,.l .2 ny _ ,n
ffrat ze, ..o 2™) = y™
where y', 32, ... y" are given real numbers, and f!, f2,..., f* are some functions of
b x?, . . "

For arbitrary values of x}, 23, ... 2%, we obtain real numbers yg, 93, ... y§ satis-
fying the above equation. That is, we define the values of y(l],yg, ... Yy using the
above functions. The Inverse Function Theorem can be used here and guarantees
that if the map F': R™ — R" is defined as

F(at,2?%,... 2" = (fl(xl,xQ,...,m"),fQ(xl,x2,...,x”),...,f"(ml,x2,...,x”))

is continuously differentiable, and DF at (:U(l],xg, ..., xy) is invertible, then for all
values of y!,y?,...y" sufficiently close enough to yi,43,. ..y} the above system of
equations has unique solutions. Indeed the solution is given by the inverse of the

map F.
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For example, by the previous example, we conclude that for ¢ and b close to 0,

the equations

r+y+ory=0
y—x2:0

has unique solutions for x and y.

This is a fairly powerful statement, but the issue here is that the theorem does
not immediately say how close one must have a and b to 0 in order for the solutions
exist. It only says that for close enough a and b, there are solutions. However,
since there is a constructive proof of the theorem, one can follow the steps in the
proof, and obtain an explicit neighbourhood of (0,0) such that for all (a,b) in that
neighbourhood, the solutions exit.

Let  and ' be open subsets of R”. We say that a map f : Q@ — Q' is a
Cl-diffeomorphism, if f : Q — Q' is a bijection (i.e. injective and surjective),

f:Q — Q' is continuously differentiable, and for every x € Q, D f(x) is invertible.

Example 1.16. Let Q be an open sets in R”, and define D as the set of all C''-
diffeomorphisms from €2 to 2. Then D is a group, with the operation

fxg=fog.

To see this, first we show that for every f and g in D, f * g belongs to D. So
we need to show that f o g is a C''-diffeomorphism from € to Q. We need to verify
three properties for f og.

e Since f and g belong to D, f: Q2 — Q and g : 2 — Q are bijections. Hence,
fog:Q — Qis a bijection.

e Since f and g belong to D, they are continuously differentiable at every point
in 2. Thus, by the chain rule, the map fog: Q — Q is differentiable at every point
in , with

D(f o g)(x) = D(f(g(x)) o Dg(x).

Thus f o g is differentiable on €. Also, since the maps y — D f(y) and x — Dg(x)
are continuous on 2, and the composition of continuous maps is a continuous map,
the above formula shows that D(fog) is continuous on €. Thus, fog is continuously
differentiable on ).

e Since f and g belong to D, both D f(y) and Dg(x) are invertible at all  and y
in 2. The composition of invertible matrixes is invertible. Thus, the above formula
shows that D(f * g) must be invertible at every point.

The associativity of the operation % is obtained from the associativity of the

composition operation for functions. That is, for all f, g and h in D, we have

(fxg)xh=(fog)oh=fo(goh)=fx(g*h).
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The identity map id : Q — Q is a C'-diffeomorphism and hence belongs to D.

It is the identity element in D, since for every f € D, we have

frid=foid=f, id«f=idof = f.

Finally, for every f € D we need to show that f~! belongs to D. First we note
that f~!' : Q — Q is a bijection. Since, f is continuously differentiable on € and
Df(z) is invertible, by the Inverse Function Theorem, f~! is invertible on some
neighbourhood of f(x), and D(f~1)(f(z)) = [Df(z)]~! is invertible. This is true
on a neighbourhood of f(x) for every € Q. So, since f is surjective, this is true
on a neighbourhood of every point in f(2) = Q.

When Q = B;(0) is the open ball of radius 1 about the origin, every rotation
about 0 is an element of D. However, there are many other maps in D. It forms a

very large group, as seen, for example when 2 = (—1,1) is the open interval in R.

Exercise 1.23. (a) Suppose f : R — R is continuously differentiable in a neigh-
bourhood of the origin, and f/(0) = 0. Give an example to show that f may

nevertheless be bijective.

(b) Suppose f : R™ — R™ is bijective, differentiable at the origin, and det D f(0) = 0.
Show that f~! is not differentiable at f(0).

Exercise 1.24. The non-linear system of equations
esin(z? —y? +2) =0
&=ty cos(z? + %) =1

admits the solution (z,y) = (0,0). Prove that there exists ¢ > 0 such that for all
(€,m) with €2 4+ n? < £2, the perturbed system of equations

esin(z? —y? +x) =€

ety cos(z® + %) =147

has a solution (x(&,n),y(&,n)) which depends continuously on (&, 7).

1.6.2 Implicit Function Theorem

In the previous section, we saw that the Inverse Function Theorem has applications
to systems of n equations with n unknowns. What if there are more unknowns than

equations. That is for some n > m, we have

fHat,a?,. . am) =y,
fPat,a?,. . a) = P
fm(x17x27 ?xn) :ym
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We look into this through a simple example. Consider the equation
z? + y2 —1=0.
We can consider the map F : R? — R? defined as
F(z,y) =2 +y* -1
and think of the above equation as
F(z,y) =0.

Suppose (a, b) satisfies F'(a,b) = 0, and a # 1, —1. Then there is an open interval
A containing a and an open interval B containing b with the property that for each
x € A there is a unique y € B such that F(z,y) = 0. This permits us to define
amap g : A — B by g(z) =y, so that F(z,g(x)) = 0. We can think of this as
‘locally solving for y in terms of ’. If b > 0 then g(x) = v/1 — 2. For the problem
at hand, there is in fact another number b; such that F'(a,b;) = 0. Associated to
this point there is an open interval By containing b; and a map g1 : A — By such
that F(x,g1(x)) =0. (If b > 0, then by < 0 and g (x) = —v/1 — 22). Both g, g; are
differentiable. See Figure 1.7.

o e e

Bi

Figure 1.7: The set 22 + y> — 1 =0, and the intervals A, B, Bj.

In contrast when a = +1 we must have b = 0 in order to have a® + b* = 1.
Assume that ¢ = +1. There are no open sets A C R containing @ and B C R
containing b satisfying the following property
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for every = € A there is a unique y € B satisfying 22 + y? = 1.

This is because, since B is open, there is § > 0 such that (—¢,0) C B. Now, for
every = € A close enough to a = 1, there are two points +v/1 — 22 that belong to B.
Of course one might wish to rectify this problem with choosing A as an interval of
the (1—c¢, 1], and B an interval of the from [0,v/1 — ¢2) so that for every 2 € A there
is a unique y € B satisfying 22 + y? = 1. But, when we go to higher dimensions, it
is not clear what is the correct analogue of the intervals of the form [z, w) or (z,w].

The main question here is to identify the conditions on F' which allows us to
write the solutions of the equation F'(x,y) = 0 as graphs of maps. The Implicit
Function Theorem gives us a sufficient condition for this property to be true in a

more general setting. We first state a relatively easier version of the theorem.

Theorem 1.16 (Implicit Function Theorem-simple version). Assume that Q C R?

is open, F : Q0 — R is continuously differentiable, and there is (z',y’) € Q such that
(i) F(«',y') =0, and

(1)) DaF(2',y') # 0.
Then, there are open sets A C R and B C R with ' € A and y' € B, and a map
f:A— B such that
(x,y) € A x B satisfies F(z,y) =0 iff y= f(x) for some x € A.

Moreover, the map f : A — B is continuously differentiable.

Roughly speaking, the above theorem states that for each solution xg, yg of the
equation
F(z,y) =0,

the nearby solutions z,y of the above equation, look like the graph of a map from

 unknown to the y unknown.

Exercise 1.25. For each of the following equations determine at which points one
cannot find a function y = f(z) which describes the graph in this neighbourhood.
Sketch the graphs.

(a)

1 3
gy —2y4+z=1

1 1 . 9 sin? 10} cos? ¢
Y (? - b_2> sin(2¢) +v ( 2 T )7t
where a > 0, b > 0, 0 < ¢ < 7/2 are fixed parameters. Note the cases a = b,

¢=0,¢=m/2.

(b)

9 <0082 ¢  sin? (b)
x _

a? b2
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Exercise 1.26. Consider the equation
20% + dry + y* =3z + 4y

(a) Show that this system of equations (implicitly) defines a function y = f(z)
with f(1) = 1.

(b) Compute f’(1) without knowing f explicitly.

(c¢) Find an explicit formula for f and check your result from b).

1.6.3 * Sketch of the proof of the Implicit Function Theorem

There is an intuitive argument which explains why the conditions in Theorem 1.16
are sufficient. With careful attention to details, one may turn this into a proof. The
argument is fairly elementary, but since it is long, you may treat it as optional.
Consider a map F': 0 — R which satisfies the hypothesis in Theorem 1.16. We
break the argument into several steps. Note that Do F(2',y") # 0. Without loss of

generality we may assume that DoF'(2/,y’) > 0 (the other case is similar).

Step 1. There is 6 > 0 such that for every x € [/ — §,2' 4+ §] and every
y €y — 9,y + 6], we have DoF(x,y) > 0.

To see this, note that since F' is continuously differentiable, the map
(x’y) = DQF(x’y)

is continuous from Q to R. As this function is positive at (z/,y’), it must be positive
on a neighbourhood of that point. Thus, there is § > 0 satisfying the property in
Step 1.

Step 2. There are ¢’ with 0 < ¢’ < § such that on the set (2’ —d', 2’ +0") x {y/ — 4}
we have F' < 0, and on the set (2/ — §,2" 4+ ") x {y/ + 6} we have F > 0.

To see this, consider the map h : [y) — d,y" + 6] — R defined as
h(y) = F(,y).

By the property in Step 1 we note that h'(y) = DaF(2',y) > 0, for all y € (v —
5,y' + ¢). This implies that h is strictly increasing on the interval (y' — 4,9y’ + ).
As h(y') =0, we must have h(y' —d) < 0 and h(y’ + J) > 0.

By the above paragraph, F(z/,y' — ) < 0 and F(2/,y' + ) > 0. Since F is
continuous, there is ¢’ > 0 such that F is negative on (z/ — ¢',2’ + ') x {y/ — 4},
and is positive on (2’ — &', 2’ + ") x {y/ + §}.

Step 3. For every x € (' — ', 2’ +4'), there is a unique y € (v — §,y’ + 0) such
that F(z,y) = 0.
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Fix an arbitrary z € (2/ —¢',2'4+4"), and consider the map g : [y — 4,4’ +d] = R

defined as

9(y) = F(z,y).
The map ¢ is continuous on [y — §,y’ + 4], with g(y') = F(z,y' — ) < 0 and
g(y +96) = F(xz,y + ) > 0. By the intermediate value theorem, there must be
y € [y — 0,3 + 6] such that g(y) = 0. So F(x,y) =0.

On the other hand, since ¢'(y) = DaF(x,y) > 0 for all y € [y — 6,y' + 4], g is
strictly increasing on [y — 0,4’ + d]. This implies that there is a unique point in
(y' — 0,y + &) where g becomes 0. This proves the uniqueness.

With the above argument, we can introduce A = (2 — ¢',2' + ') and B =
(v =6,y +9).

1.6.4 The general from of the Implicit Function Theorem

There is a more general version of the Implicit Function Theorem for arbitrary

dimensions.

Theorem 1.17 (Implicit Function Theorem). Let Q C R™, Q' C R™ be open sets,
and f : Q x Q' — R™ be continuously differentiable on Q x €. Suppose there is
p = (a,b) € Q x Q such that

(i) f(p) =0, and

(ii) the m x m matric
(Dniif')),  1<ij<m.

15 tnwvertible.

Then, there are open sets A C Q and B C Q' with a € Q and b € ', as well as a
map g : A — B such that

f(x,y) =0 for some (z,y) € A X B iff y = g(x) for some x € A.

The map g is continuously differentiable.

1.6.5 * Equivalence of the two theorems

In this section we prove that the Inverse Function Theorem and the Implicit Function

Theorem are equivalent.

Inverse Function Theorem implies the Implicit Function Theorem: Assume that f

satisfies the assumptions in Theorem 1.17. We define a new map

F:OxQ 5 R*xR™
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as
Fa,y) = (2, f(z,y))-
The Jacobian of F' at p = (a,b) is

DF@):(; &)

Here I is the n x n identity matrix, M is the matrix in Theorem 1.17, and N is the

m X n matrix with components:
(Difip)), 1<i<m, 1<j<n.

Since det M # 0, we must have det DF(p) # 0. Note that F(a,b) = (a,0). There-
fore, we can apply the Inverse Function Theorem to deduce the existence of open
sets U C Qx Q' and V C R" x R™ with (a,b) € U, (a,0) € V such that F: U =V
has a continuously differentiable inverse h : V' — U. By shrinking U, if necessary,
we can assume that U = A x B for some open sets A C Q and B C (V.

Note that the map h must be of the form h(z,y) = (z,k(x,y)) for some con-
tinuously differentiable map k (since F' has this form). Let 7 : R" x R™ — R™
be the projection map 7(z,y) = y. Then f = wo F. Now, by the associativity of

composition of maps,
F (@ K@, ) = £ 0 hz,y) = (w0 F) o hz,y)
=mo(Foh)(z,y) =m(zy)=y.
Thus f(z,k(x,0)) =0, so we can take g(x) = k(z,0). O

Implicit Function Theorem implies the Inverse Function Theorem. Let f: Q — R"

be the map in Theorem 1.15. Let us consider the map
F:R"xQ—R"

defined as
Fly,z) =y — f(x).
Let us also define p = (f(q),q) € R™ x Q. We have

F(p)=0.
We note that the matrix
Dy jFi(p), 1<i,j<n

is —Df(q). So, by the assumption in inverse function theorem, the above matrix
is invertible. Therefore, by the Implicit Function Theorem, there is an open set
UCR"and B C Q with f(q) € A and ¢ € B, and a map g : A — B such that
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F(y,x) = 0 for some (z,y) € Ax B iff x = g(y) for some y € A.

In particular, for all y € A, F(y,g(y)) = 0. By the definition of F', this means
that y = f(g(y)), for all y € A. The if and only in the above statement, implies
that f is invertible on B, and g is the inverse of f on B. O
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Chapter 2

Metric and topological spaces

2.1 Metric spaces

2.1.1 Motivation and definition

The notions of modulus function on R and the norm function on R™ allow us to
develop the analysis on Euclidean spaces. We would like to extend the funda-
mental notions of analysis, such as convergence of sequences, continuity of maps,
etc, to more general settings. We have already seen that most concepts in higher
dimensional Euclidean spaces are analogous to the corresponding concepts in one di-
mensional Euclidean space; replacing the modulus function with the norm function.
Over all, all those concepts rely on a notion of “distance” on the ambient space.
We have all been using the concept of “distance” in our everyday life, for example,

by asking

e how much time does it take to walk from my apartment to the maths depart-

ment,

e how long does it take to travel from South Kensington tube station to Cam-

bridge by public transport,

e how much does the cheapest public transport from South Kensington tube

station to Heathrow airport cost,
e what is the distance, in kilometres, from London to Edinburgh.

What should be the correct way of defining “distance” in more general settings.
From the above examples we can see that the notion of distance should be a function
of two variables, that is, we give it two elements. There has been a long historical
development on this question, with various properties proposed and refined. Here

we present the outcome of those developments, and define what is now standard.
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Definition 2.1. Let X be an arbitrary set. A metric on X is a function
d: X xX —>R

satisfying the following three properties:

(M1) for all z and y in X we have d(z,y) > 0, and d(z,y) = 0 if and only if x = y;
(M2) for all z and y in X, d(x,y) = d(y, x);

(M3) for all z, y and 2z in X, we have d(z,y) < d(z, 2) + d(z,y).

Property M1 is called positivity, property M2 is called symmetry, and prop-
erty M3 is called triangle inequality.

Remark 2.1. The triangle inequality in Euclidean spaces has a rather simple in-
terpretation. That is, in any triangle, the length of each side is bounded from above
by the sum of the lengths of the other two sides. In an arbitrary set, triangles may
not make sense. But the interpretation still makes sense, and is the reason behind
requiring condition M3. We think of d(z,y) as “the length of the shortest way from
x to y”. So the length of the shortest way from x to y should be bounded from above
by the length of the shortest way from x to y passing through 2. See Figure 2.1.
On the other hand, property M1 tells us that the metric “separates” points. That

is, the distance between distinct points is strictly positive.

Figure 2.1: The triangle inequality.

Definition 2.2. By a metric space we mean a pair of a set and a metric on that
set. That is often denoted as M = (X, d), where X is a set, and d: X x X — R is
a metric. We refer to M as the metric space. The elements of X are called points.
Given two points z and y in X, the real number d(z,y) is called the distance

between x and y with respect to the metric d.
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In the above definition, when it is clear what metric is involved, we simply refer
to d(x,y) as the distance between x and y.

It is customary to use the same notation for M and X, that is, the metric space
X =(X,d).

Remark 2.2. The reason that we refer to the elements of X as points, is because
we would like a unified approach to all metric spaces. That is, to present statements
and proofs so that it applies to a variety of settings. We understand that when
X = R, then elements of X are numbers, when X = R", the elements of X are
vectors, and when X is the set of all 5 x 5 matrices, then each element of X is a

matrix. We refer to all those elements as points in X.

2.1.2 Examples of metric spaces

There are many examples of metrics. You are already familiar with some of them,

although you did not use the terminology of metric spaces.

Example 2.1. Let X =R and d; : R x R — R be the function defined as

From the properties of the modulus function, see Section 1.1.1, we immediately see
that d; satisfies the properties M1, M2, and M3. For example, for M2, we see that

Example 2.2. Let X = R" and for z = (z',2%,...,2") and y = (y',%%,...,9")
in R", let
1/2
da(w,y) = [lz =yl = | D _(z/ —¢/)?
j=1

By the properties of the norm function on R"™, see Section 1.1.2, dy satisfies the
properties M1, M2, and M3 in Definition 2.1. For example, to see property M3,
we note that for every x, y, and z in R”, by the triangle inequality for the norm

function, we have
dao(z,y) = |z —yll < [z — 2] + ||z — yll = da(, 2) + da(z,9).
The metric dg on R"™ is called the Euclidean metric on R".

Example 2.3. Let X = R" and for z = (2',2%,...,2") and y = (y',%%,...,9")
in R"”, let

n

di(z,y) = Z |27 — y7].

j=1

Lecture notes for Week 8-12 November



Chapter 2. Metric and topological spaces Analysis II, Term I, Page 53

T e

Figure 2.2: Illustration of the metric d; on R2.

We need to verify that the properties M1, M2 and M3 in Definition 2.1 hold.

M1: Fix arbitrary z = (z',2%,...,2") and y = (y',%2,...,y") in R™. Since the

modulus function only produces non-negative values, for every j = 1,2,...,n, we
have |27 — 7| > 0. Thus,

n
di(z,y) = Z |7 — 7| > 0.
=1

On the other hand, if
di(z,y) = Z |l —y7| =0,
j=1

then, for all j = 1,2,...,n, we must have |2/ —y/| = 0 (because each of the numbers
in the above sum is non-negative). By the first property of the modulus function,

this implies that for all j = 1,2,...,n, we have 2/ = 7. Hence, z = y.

M2: For every z = (z',22,...,2") and y = (y',%2,...,y") in R", we have

di(w,y) =Y &7 —y/[ = |y —2!| = di(y, ).
=1 =1

M3: For every x = (z,2%,...,2"), y = (y', 9%, ...,y") and z = (2,22,...,2")

in R™, we have

n n
di(w,y) = Ja? =y <D (|27 — 2]+ |27 —y))
j=1 j=1

S DERETS SR
s =1
= dl(xa Z) + dl('z’y)'

In the first line of the above equation we have used the triangle inequality for the

modulus function n times (i.e. |27 — y7| < |27 — 27| 4+ |2F —9J|, for j = 1,2,...,n).
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Intuitively, the metric d; on R? means that we are only allowed to travel along

horizontal and vertical directions to go from x € R? to y € R%. See Figure 2.2.

Exercise 2.1. Let X = R"™ and define the function d : R® x R® — R as
doo(,y) = max{lz' —y'l,..., 2" — 3"},

Show that ds, is a metric on R"™.

The above examples show that there can be more than one metric on R™. The

following exercise shows that indeed, there can be many metrics on R"™.
Exercise 2.2. Show that each of the following functions is a metric on R:
(i) d(x,y) = |23 — 33|, (here x> means z raised to power 3)
(i) d(z,y) = [e* —ev],
(iii) d(z,y) = [tan~!(x) — tan~1(y)|.
3

Which property of the maps = — 23, z +— €®, and x ~ tan~!(x) makes these

functions a metric.
We will need the following property of the integral later on.

Lemma 2.1. Assume that a < b are real numbers, and f : [a,b] — R is a continuous
function such that f >0 on [a,b], and f is not identically equal to 0. Then,

/bf(t)dt > 0.

Proof. Since f is not identically equal to 0, there must be ¢ € [a,b] such that
f(e) > 0. Let h = f(c). Since f is continuous at ¢, for € = h/2 > 0 there is 6 > 0
such that for all ¢ € [a,b] with |t — ¢| < 0, we have |f(t) — h| < h/2. This implies
that for all ¢t € (¢ — d,c+ 0) N [a,b], we have

FO) = h+ (f(t) =) > h—h/2 = h/2.

Without loss of generality we may assume that 6 < (b —a)/2.
Consider the function g : [a,b] — R defined as
®) 0 ifté¢ (c—0d,c+9)Nia,b,
g =
h/2 ifte (c—d,c+9d)N]a,b].
We note that f > g on [a, b]. Also, since g is only discontinuous at two points (finite

number of points is ok), it is integrable on [a, b]. Moreover,

/f dt>/ g(t)dt > 6 h/2 > 0.

Note that since ¢ € [a, b], the length of the interval [c — 6, ¢+ 6] N [a,b] is at least d,
with the minimum length happening when ¢ = a or ¢ = b.
U
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Exercise 2.3. Assume that a < b are real numbers, and h : (a,b) — (0,00) be a

continuous function. For z and y in (a,b), we define

max{z,y}
de)= [ That
min{z,y}

Show that dj, is a metric on (a,b).

Intuitively, in the above exercise, the function h determines the cost of travelling

from x to y.

Exercise 2.4. Consider the function g : R x R — R defined as

9(z,y) = |z —yf*.
Show that ¢ is not a metric on R.
Below is an example of a metric on an slightly different set.

Example 2.4. Let S! be the circle of radius 1 about 0 in R?, that is,

St ={(z,y) e R?* | ||(z,y)] = 1}.

Any pair of points a and b in S' divides the circle S! into two arcs. We assume
the convention that the end points of the arcs are included in the arcs (this does
not make any difference when calculating the arc length). We define d(a,b) as the
length of the shortest arc between a and b. When the points a and b are antipodal
(diametrically opposite of one another), the shortest arc is not unique, but those
arcs have the same length. Thus, the function d : S1 x s — R is well-defined.

M1: The length of any arc is non-negative, and when the end points are distinct,
the length is strictly positive.

M2: Since the shortest arc between two points does not depend on the order
at which we choose the end points, M2 holds as well. When the end points lie on
opposite sides, the shortest arc is not unique, but the length is unique. So in that
case we have symmetry as well.

M3: Let 61, 65 and 63 be arbitrary points on S'. If the points 61, § and 63 are

not pairwise disjoint, then we obviously have
d(61,03) < d(61,02) + d(62,03).

That is because, if §; = 03, the left hand side of the above inequality is 0, and the
right hand side is non-negative by the definition of metric. Also, if 6, € {61,603}, the
value on the left hand side also appears on the right hand side of the inequality, with
the other term on the right hand side non-negative. So we may assume that the
points 601, 62, and 63 are pairwise disjoint. Let /; ; denote the shortest arc between

6; and 6;, for i and j in {1,2,3}. We consider few cases:
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(i) 62 belongs to ¢ 3: Then ¢; 9 U ly3 = {1 3, and hence
d(01,03) = d(01,02) + d(b2,03) < d(01,02) + d(b2,603).

(ii) 6, belongs to f3 3. Then, ¢; 3 C ¢33, and hence

d(61,03) < d(02,05) < d(61,62) + d(62,03).
(iii) @3 belongs to ¢1 2. Then, ¢1 3 C {12, and hence

d(61,03) < d(01,02) < d(61,67) + d(62,03).
(iv) neither of the cases (i)-(iii) holds. Then, ¢15U ¢ 3Ufs3 = S, and hence

d(61,03) = “length of” ¢ 3 < “length of” (S'\ ¢13) = d(61,02) + d(6a,63).

See Figure 2.3.

l12

02

U3

Figure 2.3: The circle of radius 1 about 0 in R?, and the distance of arc length.

All the examples of metrics we have seen so far are on the of real numbers and
Euclidean spaces. But the purpose of giving an axiomatic definition of metric is
to generalises analysis. Here are few examples of metric spaces which shows the

generality of this notion.

Example 2.5. Let E be a finite set, and let Z2(E) denote the set of all subsets of
E. Given A € #(E), we define Card(A) as the number of elements in A. Also, for
A and B in Z(F), we define the symmetric difference of A and B as

AAB = (A\ B)U(B\ A).
The function dearg : Z(E) x Z(E) — R defined as

deard (4, B) = Card(AAB)
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is a metric on Z(E).
This metric is called the Hamming metric, and plays important role in informa-

tion theory and cryptography.

Although we all have an intuitive way of thinking about distances, we need to
be cautious when dealing with metrics in general. The axiomatic description of the
metric in Definition 2.1 captures a wide range of settings, as we discuss in the next

two examples.

Example 2.6. Let X be an arbitrary non-empty set. Define, dgjsc : X X X — R as

0 ifx=y,
1 ifxF#y.

You can see that this is a metric on X. In this metric all distinct points lie at

ddisc (x, y) =

distance 1 from each other (you may wish to imagine this for some sets). The

metric dgje is called the discrete metric.
Another counter intuitive example of a metric is presented in the next Exercise.

Exercise 2.5. Let X = R?, and define d;aj : R2 x R? 5 R as

|z —yll if x = ky for some k € R
drail(x7y) =
llz|l + |ly]| otherwise

Show that dy,j is a metric on R2.
This is called the British rail metric. The intuition behind this metric is that if
two towns are on the same rail line, then we travel between them, but if the towns

are on distinct lines, we travel via London (represented as as the origin in R?).

Example 2.7. We say that a sequence (z!, 2%, 23,...) is bounded, if there is M € R
such that for all i > 1, |2!| < M. Let X be the set of all bounded sequences, and
consider the function ds, : X x X — R defined as

doo (2, y) = sup [2% — ¢*|.
E>1

M1: Since the supremum of a collection of non-negative numbers is a non-
negative number, doo(x,y) > 0 for all z and y in X. On the other hand, if doo (z,y) =
SUPg>1 |z% — y¥| = 0, we must have |z¥ — 3| = 0 for all k > 1. Therefore, z = y.

M2: Evidently, since |t| = | — ¢| for all ¢ € R, we have
g

deo(7,y) = sup |2* — | = sup [y* — 2| = dws (y, 2).
k>1 k>1

M3: Fix arbitrary elements of X:

= (422 ...)), y=WwhHvyh.o.,), z=(122 0.
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For every j > 1, we have

2) — | < Jad = 2|+ ] — 9| < (sup\x —z >+<sup!zk—y’“!>
E>1

= deo doo(2,9).

The right hand side of the above equation is a constant independent of j. Thus,
for all j > 1, |2/ — 37| is bounded from above by that constant. Therefore, their

supremum must be bounded by that constant. That is,

doo(z,y) = sup 2! — i | < deo(®,2) + doo(2,y).
i>1

The metric space (X, dy) is called the I, space.

Assume that a and b are real numbers with a < b. Define the set
C(la,b]) = {f : [a,b] = R | f: [a,b] = R is continuous. }
Example 2.8. For f and g in C([a,b]), define

doo(f; 9) = max [f(t) — g(t)].

a<t<b

Since f and g are continuous on [a, b], they are bounded so there exists k1 and k2 in R
such that for all ¢ € [a,b], |f(t)| < k1 and |g(t)| < ko. Therefore, doo (f, g) < k1 + k2,
80 doo is well defined on C([a, b]).

As in the previous example, one can see that do is a metric on C([a,b]). This

is called the supremum metric, or the uniform metric.

Example 2.9. For f and g in C([a,b]), define

di(f,9) = /!f ()] dt.

The function d; is a metric on C([a, b]). To see this, first note that since the modulus

of a continuous function is a continuous function, the integral in the above definition
is defined.
M1: For every f and g in X, and every ¢ € [a,b], |f(t) — g(¢t)| > 0. Thus,

di(f,9) = /!f (t)|dt > 0.

On the other hand, if d;(f, g) = 0, by Lemma 2.1, we must have |f — g| is identically
equal to 0. Thus, f = g as functions on [a, b].

M2: Since for all t € R, [¢t| = | — t|, we have

b
g) = / () — glt)] dt = / l9(t) — £(0)] dt = du(g, f).
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M3: Let f, g and h be continuous functions on [a,b]. For all t € [a,b], by the

triangle inequality for the modulus function, we have

[F() = 9] = [(£(t) = h(®)) + (A(t) — g(1))| < |F(t) = ()| + |h(t) — g(t)].

Integrating the above functions, we note that

b b b
/ F(8) — g(0)] dt < / () = h(t)] dt + / Ih(t) — g(t)] dr,

which gives us
dl(f’g) < dl(f, h) + dl(h’g)

We have already seen many examples of metric spaces. There are some ways
to define new metric spaces using other metric spaces. We present two approaches

below.

Definition 2.3. Let (X,d) be a metric space, and Y C X be an arbitrary subset.
Definedly : Y xY — R as d|y(z,y) = d(z,y), for all z and y in Y. Clearly d |y is
a metric on Y (it inherits all the properties from d). The pair (Y,d|y) is called a

metric subspace of (X,d), and d |y is called the induced metric on Y from d.

Example 2.10. Consider the Euclidean metric space (R,d;). We may restrict this
metric to the set of rational numbers QQ C R. Also, d; induces a metric on the set
of integers Z C R.

Similarly, since Z" C R™ and Q" C R"™, we may restrict any of the metrics d,

do, and d, onto those sets.

Given arbitrary sets X; and X9, we define the (set-theoretical) product of these
two sets as
X1 X X2 = {(.%'1,.%'2) ’ T € Xl,.%'g c XQ}.

That is, the set of all ordered pairs (x1,x2) such that x; € X7 and x5 € Xo.

Definition 2.4. Let (X1,d;) and (X2,d2) be two metric spaces. We may use the

metrics d; and ds to define a metric on X7 X Xs. For example,

d (w1, 22), (y1,y2)) = max{di(z1,y1), d2(z2,92)},
d ((z1,22), (y1,92)) = di(z1,91) + da(22,92).
Each of the above functions from (X; x X5) x (X7 x X3) to R is a metric. For each

of the above metrics d, the metric space (X7 x Xs,d) is called a product metric

spaces.
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2.1.3 Normed vector spaces

Definition 2.5. Let V be a vector space on R. We say that a function ||-|| : V — R

is a norm on V|, if the following properties are satisfied:

(N1) for every v € V, |jv|]| > 0, and ||v|| = 0 if and only if v = 0,
(N2) for every v € V and every A € R, we have |[AV|| = || ||v]],
(N3) for all w and v in V, ||u+ v|| < ||ul] + ||v].

A normed vector space, is a pair of a vector space V together with a norm
function on V. This is often denoted as (V, ||-||).

On any vector space (V, ||-||) we have a natural notion of metric coming from the

norm function. We present this in the next lemma.

Lemma 2.2. Let V be a vector space, and ||-|| : V' — R be a norm function on V.
The function dj : V x V = R, defined as

dy (w,v) = Jlu— o
1s a metric on 'V .
Proof. Property M1 comes from the property N1 of the norm function, that is,
dy (v,w) = ||lv —w| > 0.

Also,
djj,w) =0 <= v—w| =0 <= v-—w=0 < v=w.

Property M2 comes from the property N2 of the norm function, since
dyjj(w,v) = flw = vl} = [[(=1)(v = w)|| = | = 1| [lv = w]| = [[v = w]| = dy (v, w).
Property M3 comes from the property N3 for the norm. That is because
dyjj (v, 2) = flv = z2[| < v —wl + [lw = 2|l = dj (v,w) + dy (w, 2). O

Some of the examples we already seen are normed vector spaces. For example,

the distance dz on R™ comes from the norm ||-|| on R™.

Example 2.11. Let V = R", and consider the functions

(@', 2%, 2, = |2t + 2?4 - + |27,

Ia'2,....a™)|, = max{le!], 22, ]a"}.

e}

One can easily see that these functions satisfy the three properties for the norm

function. These norms induce the metrics d; and ds, on R™, respectively.
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Assume that a < b are real numbers, and let C([a,b]) denote the set of all
continuous functions f : [a,b] — R. For f and g in C([a,b]), we define f + g as
the function (f + g)(z) = f(x) + g(z), for all z € [a,b]. Also, for A € R, and
f € C(la,b]), we define (Af)(z) = Af(x). These operations make C([a, b]) a vector
space on R. This vector space has infinite dimensions, since the functions = — =,

x— x2, x> 23, ..., are linearly independent.

Exercise 2.6. Assume that a < b are real numbers. Show that each of the following

functions is a norm on C([a, b]):

b
91 = [ 1rwlar

[flloe = max [ f(2)]

t€la,b]

i1 = (| b \f(t)Ith>1/2

Remark 2.3. The norm ||-||; on C([a,b]) is called the {1-norm, |-||, on C(]a,b])
is called the lp-norm, and the norm |-|| ., on C([a,b]) is called the l-norm, or
supremum norm. The metric induced from ||-||; on C([a,b]) is the d; metric we
presented in Example 2.9 and the metric induced from ||-|| ., on C([a,b]) is the ds
metric we presented in Example 2.8.

You can learn more about these spaces in the modules Lebesgue Measure and

Integration, and Functional Analysis.

It is not true that every metric on a vector space comes from a norm. You can

show this by the following exercise.

Exercise 2.7. Show that if V' is a vector space, and ||| : V' — R is a norm function,
then for any v € V', we must have dj (0,2v) = 2dy(0,v). Conclude that there is

no norm function on R? which induced the discrete metric dgis on R2.

As we shall see in later sections, the notion of metric allows us to develop analysis
on general metric spaces. It is remarkable that such a simple notion can lead to a
huge volume of mathematical theory. Of all the properties of a function which
makes it a metric, the triangle inequality is the non-trivial one. It is worth taking a
moment to build intuition about that property. The following exercise helps you to

achieve that.

Exercise 2.8. Let (X,d) be a metric space.
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(i) Show that for every x, y, and z in X, we have

| d(z,2) —d(y, 2)| < d(z,y).
(ii) Show that for all z, y, z and ¢ in X, we have
[d(z,y) —d(z,1)] < d(z,2) +d(y,?).
(iii) Show that for all 1, z9, ..., x, in X, we have

d(z1,2n) < d(x1,22) + d(z2,23) + -+ - + d(Tp—1,Zn).

2.1.4 Open sets in metric spaces

The notion of a metric on a set allows us to describe some geometric properties of
subsets of that set. We shall discuss some of these properties in Sections 2.1.4 and
2.1.6.

Definition 2.6. Consider a metric space (X, d), a point = € X, and a real number
€ > 0. The ball of radius € centred at x is the set of all points 2’ € X satisfying

d(z,2’) < e. In other words,
Be(x) = {2’ € X | d(z,2) < €}

This set is also referred to as e-ball about z, or e-neighbourhood of z. To em-
phasise the dependence of the ball on the metric d and the underlying space X, we
may use the notation B.(z, X,d).

Example 2.12. We look at e-balls in some of the metric spaces we introduced in

the previous section.

(i) In (R,d;), for every a € R and € > 0, we have

Be(a) ={z R |di(z,a) <e}={r eR ||z —a|] <e}=(a—e€a+e).

(ii) In (R™,d2), for every a € R™ and € > 0, B¢(a) consists of all the points inside
a hypersphere.
(iii) In (R?,dy), for every a = (a',a?) € R? and € > 0,

(
(

Be(a) 2?) € R? | doo((at, a?), (21, 2?)) < €}

2?) € R? | max{|a! — 2|, |a® — 2%|} < €}.

zt,
zt,

{
{

This is a square with horizontal and vertical sides of lengths 2¢ centre at a.
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(iv) Let I =[0,1] C R, and d; denote the induced metric on I from d; on R. Then,
in (R,dy), we have

Bl(l) = Bl(l,R, dl) = {.%' € RH%‘ — 1‘ < 1} = (0, 2)
In (I,dy), we have

Bi(1)=By(1,I,d;) ={x eI |ds(z,1) <1}
={zel0,1]||x—-1] <1}
= (0,1].
In (,dg),

B1/2(1/2) = B1/2(1/2,I, dy)={xel|ds(z,1/2) <1/2} =(0,1).

(v) In (X, dgisc), where X is a non-empty set, and dgisc is the discrete metric, for

every x € X and € > 0 we have the following.
If e <1, then
B(z) = {2’ € X | dgise(w,2") < €} = {z}.
Ife>1,
Be(z) = {2’ € X | dgise(z,2) < €} = X.
(vi) In (C([a,b]),dx), for f € C([a,b]) and € > 0, we have

Be(f) = {9 € C([a,b]) [ doo(f, 9) < €}
{9 € C([a,b]) | max[f(t) — g(t)] <}

This consists of all continuous functions g : [a,b] — R such that the graph of

g lies between the graphs of f — e and f + e.

Figure 2.4: Figure on the left hand side shows B.(0,R?,d;), the figure in the middle
shows B.(0,R?,dy), and the figure on the right hand side shows B.(0, R?,d).
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Figure 2.5: In (C([a,b]),dx), Be(f) consists of all continuous functions on [a, b]

whose graphs lie in the red region. We have drawn the graphs of three functions in

Be(f).

Exercise 2.9. Let (X,d) be a metric space.

(i) Show that if € < 4, then B(z) C Bs(z). By example, show that the equality
may hold even if € < 6.

(ii) Show that for every x € X, we have

neN

Definition 2.7. Let (X, d) be a metric space, and U C X. We say that U is open
in (X,d), if for every u € U, there is § > 0 such that Bs(u) C U.

Lemma 2.3. Let (X,d) be a metric space. For every x € X and ¢ > 0, the ball
B(x) is open in X.

Proof. Fix an arbitrary y € Be(z). Let 6 = € — d(x,y). Since y € Bc(z), we have
d(z,y) < €, and hence 6 > 0.
Let z € Bs(y) be an arbitrary point. By the triangle inequality of the metric,

d(z,z) <d(z,y) +d(y,z) <0+ (e —0) =e.

Hence, z € Be(x). As z € Bs(y) was arbitrary, we conclude that Bs(y) C Be(x). As

y € Bc(z) was arbitrary, we conclude that B¢(z) is an open set. O
Due to the above lemma, B.(z) is also called an open ball of radius € about x.

Lemma 2.4. In any metric space (X,d), the empty set and the set X are open.
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Proof. To see that the empty set is open, we need to show that for every x in the
empty set, there is 6 > such that Bs(x) is contained in the empty set. Since there is
no such x in the empty set to begin with, for logical reasons this statement is true.
So the empty set is open.

On the other hand, for every x € X, we have B(z) C X. That is because of

the definition of the ball. Thus we can take ¢ = 1, in the criterion for open sets. [

Note that the definition of open set in a metric space (X,d) depends on both

the metric d and the underlying set X. We make this clear in the next example.

Example 2.13. Consider the discrete metric dgise on R, that is (R, dgisc). In this
space, any subset of R is open. To see that let U be an arbitrary subset of R, and
let u € U be an arbitrary point. We let 6 = 1/2, and note that By s(u) = {u} C U.
This shows that U is open. But in the metric space (R,d;) it is not true that
every subset of R is open. For example, the set with single element {1} is open in
(R, dgisc), but it is not open in (R,d;).

On the other hand, let I =[0,1] C R, and let d; be the induced metric on [0, 1]
from d; on R. The set [0,1/2) is not open in (R, d;) (the definition does not hold
for the point 0 € [0,1/2)). But [0,1/2) is open in ([0, 1],ds). To show the latter
property, let z € [0,1/2). If z € (0,1/2), we define 6 = min{z,1/2 — z}, and see
that 0 > 0 and

Bs(z,I,d;) = {2’ €10,1/2) | d;(z,2') <6} = (z — &,z + &) C [0,1/2).
If z =0, we let § = 1/4, and see that
Bs(0,1,dy) = {2’ €[0,1/2) | d;(0,2") < 8} =[0,1/4) C [0,1/2).
According to the definition of open sets, this shows that [0,1/2) is open in ([0, 1],d).

Lemma 2.5. Let X = (X,d) be a metric space. The union of any number of (finite,

countable, uncountable) open sets in X is an open set in X.

Proof. Assume that G, C X is open, for all « in a set I. Let x € Uae;Go. Then
there exists some g € I such that x € G,,. Since G,, is an open set, there exists
d > 0 such that Bs(z) C Gq,. This implies that Bs(x) C UnerGa. O

Lemma 2.6. Let X = (X,d) be a metric space. The intersection of any finite

number of open sets in X is an open set in X.

Proof. Assume that m > 1 and Gy, Go, ..., Gy, are open sets in X. Fix an arbitrary
x € NP,Gy. For every k € {1,2,...,m}, x € Gj. For every such k, since G}, is
open, there exists €; > 0 such that B, (x) C Gj. Let e = min{ey, ..., €,} > 0.

By our choice of €, for every k € {1,2,...,m}, Be(z) C B, (z) C Gj. Therefore,
B.(z) C Ny, G U
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The statement in the above lemma is not necessarily true if we drop the hy-
pothesis of finiteness. For example, as we saw in Exercise 2.9, in the metric space
(R™,dy), we have N7 By, (z) = {x}. And the set {x} is not open in (R?,dy).

We have already seen that there may be many metrics on a given set. For
example, we have metrics dq, do, and dy, on R™. The definition of open set in a
metric space depends on the metric. So a priori, for each of these metrics on R", we
may have different open sets. This seems to be cumbersome, but can be alleviated

by the following definition.

Definition 2.8. Let d; and dy be metrics on a set X. The metrics d; and dy are
called topologically equivalent, if the following property holds. For every U C X,
U is open in (X,d;) if and only if U is open in (X, ds2).

Exercise 2.10. (i) Show that for all # and y in R", we have
doo(2,y) < da(2,y) < V- doo(z, ).
(ii) Show that for all z and y in R™, we have
doo(z,y) < di(z,y) <n-deo(z,y).
(iii) Show/conclude that for all  and y in R™, we have

% da(7,y) < di(z,y) < nda(z,y).

(iv) Conclude that the metrics dy, do and do, on R™ are topologically equivalent.
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2.1.5 Convergence in metric spaces

Definition 2.9. Let (X, d) be a metric space, and (x,),>1 be a sequence of points
in X. We say that the sequence (z,),>1 converges in (X,d), if there is v € X
satisfying the following:

for every € > 0 there is N € N such that for all n > N we have d(x,,z) < €.
In this case, we say that x is the limit of the sequence (x,),>1, or say that the
sequence (Zn)p>1 converges to z in (X,d), and write z, — x as n — o0, or

lim,,—yo0 Tp, = .

Notice the similarly between the above definition and the definition of conver-

gence of sequences in Euclidean spaces.

Example 2.14. In the metric space (R, d;) the sequence (1/n),>1 converges. That
is because 0 € R, and for every € > 0 we can choose an integer N > 1/¢, so that for
all n > N we have dy(1/n,0) = 1/n <e.

Now let I = (0,1), and d; be the induced metric on I from d;. In the metric
space (I,ds), the sequence (1/n),>1 does not converge. That is because there is no
x € (0,1) satisfying the criterion for the convergence. Assume in the contrary that
there is such an = € (0,1). We choose € = 2/2 > 0, and for every N € N, we choose
n > max{N,2/z}. Then,

dy(1/n,x)=|1/n—z|=2—-1/n>x—2/2=2/2=¢.

We say that a sequence (zy,)n>1 is eventually constant, if there is n; € N such

that for all n > n; we have z, = z,,.

Exercise 2.11. Let (X, dgisc) be a discrete metric space, and (z,,)n,>1 be a sequence
in X. Then, (xy)n>1 converges in (X, dgisc) if and only if the sequence (zy)p>1 is

eventually constant.

Lemma 2.7. Let (X,d) be a metric space, and (xn)n>1 be a sequence in X. If the

sequence (Tn)n>1 converges in (X,d), then its limit is unique.

Proof. Let us assume that there are two points x and y in X such that the sequence
(n)n>1 converges to. Fix an arbitrary € > 0. Since the sequence converges to z,
there is N1 € N such that for all n > Ny, we have d(z,,z) < e. Similarly, since
the sequence converges to y, there is No € N such that for all n > N5, we have
d(zn,y) < €. Now, let n = max{Ny, No}. We have

d(x’y) < d(x,xn) + d(ﬂ:n,y) <e+e=2e.

By property M1 of metrics, d(z,y) > 0, and since € > 0 was arbitrary, the above
inequality shows that d(z,y) = 0. Then, by property M1 of the metrics, we conclude
that z = y. O
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Exercise 2.12. Let (X,d) be a metric space, and (z,,),>1 be a sequence in X.
Prove that the sequence (z,,),>1 converges to = € X if and only if, for every open
set U in (X,d) with « € U, there is N € N such that for all n > N, we have z,, € U.

As a corollary of the above exercise, we obtain the following result.

Corollary 2.8. Let di and dgo be topologically equivalent metrics on X. Then, a

sequence (Tn)n>1 in X converges in (X,dy) if and only if it converges in (X, ds2).

Proof. Recall that by the definition of equivalent metrics, U is open in (X, d;) if
and only if U is open in (X,dz). The result immediately follows from the previous

exercise. O

2.1.6 Closed sets in metric spaces

Definition 2.10. Let (X,d) be a metric space, and V' C X be a set. We say that
V is closed in (X, d), if for every sequence (z,),>1 in V which converges in (X,d),

then the limit of (x,,),>1 belongs to V.

When it is clear what metric is involved, we may simple say that V' is closed in
X. For example, when a metric is not specified on R™ it is assumed that it is the
Euclidean metric ds. Thus, when we say that F is closed in R, we mean that F is
closed in (R™,ds).

Example 2.15. Consider real numbers a < b. The set [a,b] is closed in (R, d;).
That is because if (z,)n> is a sequence in [a, b] which converges to z in R, then we
have a < x,, < b, and hence a < lim,, ;o z,, < b. This implies that x € [a, b].

The intervals (a,b) and (a,b] are not closed in (R',d;). That is because
b—a

a—+ , n>2
n

is a sequence in (a, b] which converges to a in (R,d;), but a does not belong (a, b].

On the other hand, let I = (0,1) and d; be the induced metric on I from
(R,d;). Then the set V = (0,1/2] is closed in ((0,1),ds). To see this, assume that
(n)n>1 1s a sequence in (0, 1/2] which converges in ((0,1),dr). By the definition of
convergence in ((0,1),dy), the limit of the sequence must be in (0, 1). However, since

the sequence belongs to (0,1/2], its limit is at most 1/2. Thus, the limit belongs to
(0,1/2].

Exercise 2.13. Let (X, dgisc) be a discrete metric space. Then every set in X is

closed.

Note that open is not the opposite of closed. If a set is not open, it does not
mean that it is closed. For example, the set (1, 2] is neither open or closed in (R, dy).

There are sets that are both open and closed, as we shall see in a moment.
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Theorem 2.9. Let (X,d) be a metric space and V. C X. Then, V is closed in
(X,d) if and only if X \'V is open in (X,d).

Proof. First assume that V' is closed. Assume in the contrary that X\ V' is not open.
Then, there is x € X\ V, such that for all 6 > 0, Bs(z) € X \V. Equivalently, for all
d >0, Bs(z) NV # (. In particular, for each n € N, we let 6 = 1/n , and conclude
that there is a point x,, € Bs(x) N V. This process generates a sequence (Z)neN
in V. The sequence (z,)nen converges to x in (X,d), because x,, € Bs(z) implies
that d(zp,x) < 1/n. But the limit x does not belong to V', which contradicts V is
closed.

Now assume that X \ V is open. Let (x,)nen be an arbitrary sequence in V
which converges to some z € X. We need to show that z € V. If z ¢ V, then
x € X \ V. Then, since X \ V is open, there is § > 0 such that Bs(z) C X \ V. On
the other hand, since (zy,)nen converges to x, there is N € N such that for all n > N,
we have x,, € Bs(z). Thus, for all n > N, z,, € X \ V. This is a contradiction since

(zn)nen is a sequence in V. O

Some authors define the notion of closed sets using the equivalence form in the
above theorem. That is, a set is closed, if its complement is open. Then, they prove
(as in the proof of the above theorem) that if a set is closed, it contains the limit of

any convergent sequence in that set.
Lemma 2.10. Let (X,d) be a metric space.

(i) the intersection of any number (finite, countable or uncountable) of closed sets
in (X,d) is a closed set in (X,d),

(ii) the union of any finite number of closed sets in (X,d) is a closed set in (X, d).

Proof. Let F, for a € I, be a collection of closed sets in X. By Theorem 2.9, for
every € I, X \ F,, is an open set. Then, by Lemma 2.5, Uyer(X \ Fy) is open in
X. Since

X \ (maelFa) = UaGI(X \ Fa)a

we conclude that X \ (NaerFy) is open. Using Theorem 2.9 again, we conclude that
NacrFy is closed in X. This proves part (i) of the lemma.

The proof for part (ii) is similar, except that one uses Lemma 2.6 instead of
Lemma 2.5. U

It is also possible to give a proof of the above lemma, directly using the definition
of closed sets in Definition 2.10.
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Figure 2.6: The solid black arc is part of V', but the dotted arc is not part of V.

2.1.7 Interior, isolated, limit, and boundary points in metric spaces

In a metric space (X, d), given a set V' C X and a point z € X, the location of z in
X relative the set V' can be of several types. The simple case is if x belongs to V' or
not. But, one can also ask if all the balls around « meet V', or there is a ball about

x which is contained in V', etc. We formalise these types in the next definition.
Definition 2.11. Let (X,d) be a metric space, V C X, and z € X.

(i) The point x is called an interior point of V', or an inner point of V, if there
is 0 > 0 such that Bs(x) C V.

(ii) The point x is called an isolated point of V, if there exists § > 0 such that
V' N Bs(z) = {z}. In other words, there is a é-neighbourhood of x which does

not contain any point of V' except x.

(iii) The point z is called a limit point of V', or an accumulation point of V', if
for every > 0, Bs(z) NV contains a point other than x. In other words, for
every 0 > 0, (Bs(x) N V) \ {z} # 0.

(iv) The point z is called a boundary point of V, if for every 6 > 0 we have
Bs(x) NV # 0 and Bs(xz) \'V # (. In other words, z is a boundary point of
V, if every d-neighbourhood of x meets both V' and the complement of V.

Note that in items (i) and (ii), any interior point and any isolated point of V'
is an element of V. But the limit point and the boundary point of a set V' are not

necessarily elements of V.

Example 2.16. Consider the Euclidean metric space (R?,dz), and the set

V= {(z,y) e R | [|(z,y)]| <Lz >0} J{(x,y) e R*| ||(w,9)] < 1,z <O}

You can see that (x,y) is an interior point of V' if and only if ||(x,y)|| < 1. The
set V' has no isolated points. The point (z,y) is a limit point of V' if and only if
||(z,y)|]| <1. The point (z,y) is a boundary point of V' if and only if ||(z,y)| = 1.

Verify these statement.
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Example 2.17. In the metric space (R,d;), consider the set
V={1/n|neN}

Then, V has no interior point. Every point in V' is an isolated point of V. The point
0 is the only limit point of V. Every point in V is a boundary point of V. But also
the point 0, which is not in V| is a boundary point of V.

If V= (0,1]U{2} in R}, then a is an interior point of V if and only if a € (0, 1).
The point 2 is the only isolated point of V. The point a is a limit point of V' if and
only if a € [0,1]. A point a is a boundary point of V if and only if a € {0, 1, 2}.

Definition 2.12. Let (X,d) be a metric space, and V C X.

(i) The interior of V is defined as the set of all v € V such that v is an interior
point of V. The interior of V is often denoted as V°.

(ii) The closure of V is the union of V' and all the limit points of V. The closure
of V is often denoted as V.

(iii) The boundary of V is the set of all v € X such that v is a boundary point of
V. The boundary of the set V is often denoted as 9V

Note that V' consists of
(i) all elements of V,
(i) all limit points of V' which belong to V/,
(iii) all limit points of V' which do not belong to V.

Indeed, there is a simple equivalent definition of the closure of a set V' in terms
of balls. A point z belongs to the closure of V', if for every § > 0, Bs(2) NV # ().

Example 2.18. In the metric space (R!,d;), we have Q° = (), Q = R, and 0Q = R.
Also, Z° =0, Z =7, and 0Z = 7.

Example 2.19. Let V = (0,1]U{2} in (R?,d;). Then, V° = (0,1), V = [0,1]U{2},
oV = {0,1,2}.

By the above definition, we note that a set V' is open if and only if V° = V.

Exercise 2.14. Let (X,d) be a metric space, and V' be a subset of X. Show that
the set V is closed if and only if V = V.

Exercise 2.15. Let V and W be subsets of a metric space (X,d). The following
properties hold:

(i) if V.C W, then V° C W°,
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(ii) if V. C W, then V. C W,
Exercise 2.16. Let V and W be subsets of a metric space (X, d). Prove that
VUW=VUuUWw.
Give an example of (X,d), V and W such that
(VUWw)e#Veuwe.

Lemma 2.11. Let (X,d) be a metric space, and V C X. Then, x € X is a limit
point of V' if and only if there exists a sequence of points in V' \ {x} which converges

to x.

Proof. Assume that there is a sequence of points, say (2,)n>1, in V' \ {2} which
converges to . We need to show that for every § > 0, Bs(xz) NV contains an
element of V' other than x. Fix an arbitrary § > 0. Because the sequence (z,),>1
converges to x, there is N € N such that for all n > N, z, € Bs(z). As the
sequence lies in V' \ {z}, we conclude that zy is distinct from z, and zy € Bs(x).

This completes the proof.

Now assume that z is a limit point of V. For each n € N, the number 6, = 1/n
is strictly positive. So, by the definition of limit points, By/,(x) NV contains an
element different from x. Let z, be such an element. This process generates a
sequence (T )n>1 in V'\ X. We do not know that the points in the sequence z1, x2,
x3, ...are distinct points. But this does not matter for us. The sequence (z)n>1

converges to x since d(x,,x) < 1/n. O
Definition 2.13. Let (X,d) be a metric space.
e We say that a set V C X is dense in X, if V = X.

e We say that the metric space (X, d) is separable, if there is a countable set

which is dense in X.

Example 2.20. In the metric space (R!,d;), the set Q is countable and dense. So
(R',dy) is separable.
In the metric space (R™,ds) the set of all vectors with rational coordinates is

countable and dense in R"™.

Remark 2.4. By a classical theorem in analysis (Stone-Weierstrass theorem), any
continuous function f : [a,b] — R can be approximated by polynomials with real
coefficients. In other words, the set of polynomials is dense in the metric space
(C([a,b]),deo). Since the set of polynomials with rational coefficients is count-

able and dense in the space of all polynomials with real coefficients, it follows that
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(C([a,b]),deo) is separable. You can see an elementary, but rather long, proof of
this classic theorem in the Principles of Analysis by Rudin.
On the other hand, one can approximate any continuous function on [0,1] by a

(series) function of the form

o

Z ap, cos(2mnz) + by, sin(2mnx),

n=1
where a,, and by, are real numbers. So they also form a dense subset of (C(]0, 1]), doo)-
Functions of the above form are called Fourier series. There is an entire module
called “Fourier Analysis and the Theory of Distributions” devoted to the properties

of such functions.

Example 2.21.* Recall the space of all bounded sequences in R with the supremum
metric do. This metric space is not separable. To see that, Let E denote the set
of all sequences of Os and 1s (i.e. 00111010101010...). You have already seen in
Analysis I that F is uncountable.

Note that the do, distance between any two distinct elements of E is equal to
1. Then, for distinct elements e; and ey in E, Byj(er) N Byjs(e2) = 0. So any
dense subset needs to have at least one element from each such ball, but there are

an uncountable number of such balls. Hence, the dense subset can not be countable.

2.1.8 Continuous maps of metric spaces

Let us recall a terminology from basic set theory and maps.

Let f: M — N. For any m € M, n = f(m) € N is called the image of m
under the map f. If A is a subset of M, the image of A under f is defined (and
denoted) at

f(A) ={f(m)|m e A}.
For a given n € N, the set of elements m € M such that f(m) = n is called the
pre-image of n. This should be denoted as f~!({n}), but abusing the notation,
it is often denoted as f~!(n). For any set B C N, the pre-image of B, is defined
(and denoted) as
f7H(B)={me M| f(m) € B}.

Of course it is possible that f~1(B) = ), for some B C N.

Definition 2.14. Let (X,dx) and (Y,dy) be metric spaces, and f : X — Y be a

map.

(i) We say that f is continuous at x € X, if for every € > 0 there is § > 0 such
that for every 2’ € X satistying dx (2, 2) < § we have

dy (f(2), f(2")) <e.
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(ii) We say that f : X — Y is continuous, if f is continuous at every = in X.

(iii) We say that f: X — Y is uniformly continuous, if f is continuous at every
x € X, and § = d(e) does not depend on z.

To emphasise the dependence of the notion of continuity on dx and dy, we may
say that f is continuous at x with respect to the metrics dx and dy-.
There is a remarkable equivalent criterion for continuity of maps between metric

spaces. We state that as the next theorem.

Theorem 2.12. Let (A1,dy) and (As2,ds) be metric spaces. A map f: Ay — Ag is

continuous if and only if the pre-image of any open set in As is an open set in Aj.

Proof. Let us first assume that f is continuous, and fix an arbitrary open set U in
As. Take any z € f~1(U), then f(z) € U. As U is open in Ay, there is € > 0 such
that Be(f(z)) C U. As f is continuous 36 > 0 such that f(Bs(z)) C Be(f(z)) C U.
Therefore Bs(x) C f~1(U). Since z € f~1(U) was arbitrary, we deduce that f~(U)
is open.

Now assume that the pre-image of any open set is an open set. Let x € Ay and
€ > 0 be arbitrary elements. Consider the open set Be(f(z)). By the assumption,
FHB(fY(x))) is open. But x € f~Y(B(f(z))), so there is § > 0 such that
Bs(z) C f~YB(f(x))). That is, f(Bs(z)) C Be(f(x)). Thus f is continuous at x.

As x was arbitrary, we conclude that f is continuous on aj. O

Exercise 2.17. Let (Ay,d;) and (Ag,ds) be metric spaces. A map f: A — Ay is

continuous if and only if the pre-image of any closed set in As is a closed set in Aj.

Example 2.22. The function f:R3 — R defined as
f(z,y,2) = 22 + 10xy> + sin(xy)
is continuous. Therefore, the set

{(x’y’ Z) € Rg | f(JT,y,Z) S _1}5

is a closed set. The above set is the pre-image of the closed set (—oo, —1]. Since f
is continuous, by the above exercise, the pre-image of (—oo, —1] must be a closed

set. For the same reason, the set

{(z,y,2) e R*| f(x,y,2) € (0,1)}

is an open set.
By exercise 2.17, we can easily verify the closed or openness of many sets in

Euclidean spaces. For example,

{z e R™ [ =] € [1,2]}
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is a closed set, and
{z eR" | |[z] € (5,00)}

is an open set.

Theorem 2.13. Let (X,dx) and (Y,dy) be metric spaces, and f : X — Y be a

map. The following statements are equivalent:
(i) f is continuous at x € X,

(i1) for any sequence (xy)n>1 in X which converges to some x € X, the sequence
(F(n))us1 converges to f(z) in (Y,dy).

Proof. The proof is identical to the proof of this statement for higher dimensional
Euclidean spaces. One only needs to replace the metric do with the metrics dx and

dy is suitable places. O

Exercise 2.18. Recall that the set of all continuous functions from [0,1] to R is
denoted by C([0,1]). We also defined the metrics d; and do,. Consider the map

o :C([0,1]) = R,
defined as
o(f) = f(1/2).
(i) Is the map @ from the metric space (C([0,1]),ds) to (R,d;) continuous?
(ii) Is the map ® from the metric space (C([0,1]),d;) to (R,d;) continuous?
(iii) Is the map ® from the metric space (C([0,1]),d2) to (R,d;) continuous?

Exercise 2.19. Consider the metric spaces X = (R,d;) and Y = (R, dgisc). Show
that the map f(x) = x from X to Y is not continuous. Show that the map g(z) =

from Y to X is continuous.

Exercise 2.20. Consider the sequence of functions f, : [0,1] — R, for n > 1,
defined as
1—nz ifze|0,1/n]
falz) =

0 otherwise.

Let f:[0,1] — R be the constant map f = 0.

(i) show that the sequence (fy)n>1 in C([0,1]) converges to f in the metric space
(C([0,1], dy).

(ii) show that the sequence (fy)n>1 in C([0, 1]) does not converge to f in the metric
space (C([0,1],doo)-

Lecture notes for the week 15-19 November



Chapter 2. Metric and topological spaces Analysis II, Term I, Page 76

(iii) conclude that the identity map
id : (C([()? 1])7 dl) — (C([07 1])7d00)
i1s not continuous.

Definition 2.15. Let (X1,d;) and (X3,ds2) be metric spaces.

(i) Amap f: X7 — Xy iscalled a homeomorphism, if f : X; — X5 is a bijection
and both of the maps f : X; — x2 and f~!: Xy — X, are continuous.

(ii) Two metric spaces (X7,d;) and (X2,ds) are called homeomorphic, if there

is a homeomorphism from X; to Xo.

Example 2.23. The sets (—o0,00) and (—1, 1) with respect to the metric d; on R!
are homeomorphic. For example the map f(x) = arctan(z) is a homeomorphism

between these two sets.
Definition 2.16. Let (X,dx) and (Y,dy) be metric spaces, and f: X — Y.

(i) We say that f is Lipschitz, if there is a constant M > 0 such that for all x;
and x5 in X, we have

dy (f(z1), f(z2)) < M -dx(x1,22).

(ii) We say that f is bi-Lipschitz, if there are constant M; > 0 and My > 0 such

that for all 1 and x5 in X, we have
My -dx(z1,22) < dy(f(21), f(22)) < My - dx (21, 22).

(iii) We say that f is an isometry, or distance preserving, if for every x; and

9 in X, we have

dy (f(21), f(z2)) = dx (z1,22).

Obviously, any isometry between metric spaces, is a Bi-lipschitz map (choose

both constants 1). Also, any bi-Lipschitz map is injective.

Example 2.24. Let (S',d) be the metric space from Example 2.4, that is S* is
the circle of radius 1 and d is the arc length between two points on S'. Recall that
every point on S! is equal to (cos(f),sin(d)), for a unique 6 € [0,27). For every

a € [0,27] we can consider the rotation by a on S!, which may be defined as
R, (cos(0),sin(6)) = (cos(f + a),sin(0 + ) .
For every a € [0,2x], the map R, : S' — S! is an islometry.

Exercise 2.21. Let (X,dx) and (Y,dy) be metric spaces, and f : X — Y be a

surjective map. Show that if f is bi-Liptschitz, then it is a homeomorphisms.
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2.2 Topological spaces

2.2.1 Motivation

In this section we are going to generalise the fundamental concepts of analysis, such
as convergence of sequences and continuity of maps, to even wider settings. To
understand what we are about to do, let us briefly look back at how the notion of
a metric allowed us to define those fundamental concepts. We started with a set
X, and a non-negative function on X x X, called metric. We employed the metric
to define balls around points in X, and then using those balls we defined open sets
in X. So each metric on X gives rise to a collection of subsets of X which are
called open sets. From there, we saw that the convergence of sequences, continuity
of maps, etc, can be defined using open sets. See for instance, Exercise 2.12 and
Theorem 2.12.

Isn’t it easier to separate some subsets of X, call them open sets, and then use
them to define the convergence and continuity in the same fashion. Through this
approach, we avoid dealing with the notion of metric, which can be fairly complicated
in general. This approach seems to be more natural, because it is based on the more
basic objects; the subsets of X. Also, it is more direct, that is, we deal with things
happening in X (such as convergence of sequences in X) using objects living in X.

There is also a practical side in making this generalisation. Although most of the
spaces one comes across in mathematics are metric spaces, occasionally, one needs
to work on some sets where there cannot be a natural notion of metric (for example,

some function spaces). So this generalisation cannot be avoided.

Remark 2.5. As we will be using the word “set” and "subset" very often in this
section, we will use the words “collection” and “class” to mean “set”; and “subcol-
lection” and “subclass” to mean “subset”. So instead of saying “consider the set of
all subsets of R such that .... 7, we may prefer to say “consider the collection of all
subsets of R such that ... ”.

2.2.2 Topology on a set

Definition 2.17. Let A be an arbitrary set, and 7 be a collection of subsets of A.
We say that 7 is a topology on A, if the following properties hold:

(T1) the empty set @), and the whole set A belong to T,
(T2) if G4 € 7, for « in a (finite or infinite) set I, then UyerGq € T,
(T3) if G, Ga, ..., Gp, belong to 7, then N, G; € 7.

A topological space, denoted as (A, 7), is a pair of a set A and a topology 7

on A. Every element of A is called a point, and every element of 7 is called an
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open set in (A, 7). For a point a € A, we say that U is a neighbourhood of a, if
U is open (belongs to 7) and a € U.

It is possible to define a topology on any set, as we see in the next examples.

Example 2.25. Let A be an arbitrary set, and 7 = {), A}. It is easy to see that
T satisfies the three properties T1, T2, and T3 in the definition of topology. The

collection T is called the coarse topology on A.

Example 2.26. Let A be an arbitrary set, and let 7 be the collection of all subsets
of A. Evidently, 7 satisfies the three properties T1, T2, and T3. In this topology,
every subset of A is open. This topology on A is called the discrete topology.

Below we give some non-trivial examples of topologies.

Example 2.27. Let A = {a, b}, where a and b are the letters “a” and “b” (so they

are distinct), and let
7 ={0,{a,b},{b}} .

It is easy to see that 7 satisfies T1, T2, and T3, so it is a topology on A. The
only open sets in this topology are the empty set, A and the set {b}. So A is the
only open set containing a, and hence any open set containing a also contains b.
The collection 7 is called the Sierpinski topology, and the pair (A, 7) is called
the Sierpinski topological space. Note that this topology is not equal to the coarse
topology, and also it is not equal to the discrete topology.

Example 2.28. Let A = R and let 7 be the collection of all subsets of R of the
form (a, +00) for some a € RU{+00, —00}. Here we assume that (400, +00) is the
empty set. You can verify that this collection satisfies the properties T1, T2, and
T3, so 7 is a topology on R. This is called the order topology on R.

Example 2.29. Let X be an arbitrary set, and let
T={VCX|Card(X\V) < +oo, or V =0}

That is each set in 7 is either empty, or its complement has a finite number of
elements. You can see that this set satisfies the properties T1, T2, and T3. This
topology on X is called the co-finite topology.

The following example shows that the topological spaces are, in a sense, gener-

alisation of metric spaces.

Example 2.30. Let (X,d) be a metric space, and let 7 be the collection of all
open sets in (X,d). By Lemma 2.4, the empty set and the whole set X are open,
so they belong to 7. This shows that T1 holds. By Lemma 2.5, the union of any
arbitrary number of open sets in (X, d) is open, so property T2 holds. Similarly, by
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Lemma 2.6, the intersection of any finite number of open sets in (X, d) is open in
(X,d). Hence property T3 holds. Therefore, 7 is a topology on X.
The topology 7 on X is called the induced topology from the metric d.

The topology induced on R™ from the metric ds is called the Euclidean topol-
ogy on R™. We note that since the metrics d;, do and d, are equivalent, they all
induce the same metric on R".

As we explained in the above example, every metric on X naturally induces a
topology on X (the induced topology). But, this is not a reversible process. First of
all, distinct metrics on a set X may induce the same topology on X. For example,
if d; and dy are topologically equivalent metrics on X, then they induce the same
topology. Therefore, we cannot associate a unique metric to each topology. One
might ask whether for every topology 7 on X, there is a metric d on X which induces
7on X. For example, you can verify that the discrete topology on X is induced from
the discrete metric on X. We say that a topological space (X, 7) is metrisable, if

there is a metric on X which induces the topology 7.

Remark 2.6. In general, it is a difficult problem to find out if a given topology on
a set is metrisable. There are important theorems in topology called metrisation
theorems (such as Urysohn’s metrisation theorem), which provide sufficient condi-
tions for a topology to be metrisable. You can learn more about this topic if you

take the module on Differential Topology, or Algebraic Topology.

Exercise 2.22. Consider a discrete metric space (X, dgisc), that is dgisc is a discrete

metric on X. Show that dgisc induces the discrete topology on X.

There are standard approaches to define new topologies using old ones. We

explain two of these approaches below.

Example 2.31. Let (X,7) be a topological space, and let Y be a subset of X.

Consider the collection of sets
v ={UNY |U e}

This is a collection of subsets of Y, and one can verify that 7y is a topology on Y.
In other words, 7y satisfies properties T1, T2, and T3. The topology 7y is called
the induced topology on Y from (X,7). We may also say that (Y,7y) has the
subspace topology induced from (X, 7).

Exercise 2.23. Let (X,7), Y, and 7y be as in Example 2.31. Show that 7y is a
topology on Y.

Example 2.32. Assume that (X, 7) and (Y, ) are two topological spaces. Consider
the product set
XxY={(z,y) |lze X,y Y}
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Let 7+ p be the collection of all sets Q@ C X x Y such that for every (x,y) € Q, there
are U, € 7 and V}, € p such that x € U,, y € V,, and U, x V;, C (L.

One can see that the collection 7 * i is a topology on X x Y. This is called the
product topology on X x Y.

To define a topology on X x Y, one might wish to simply take the sets of the
form U x V, such that U € 7 and V € u. By the next exercise, you can see that

this does not work in general.

Exercise 2.24. Let 7gy be the Euclidean topology on R, that is 7gyq is the
collection of all open sets in (R, d;). Show that the collection

{U xV ’ Ue TEuchV < TEuCl}-
is not a topology on R x R. Is condition T2 satisfied? How about condition T37

Definition 2.18. Let A be a set, and 7 and 75 be two topologies on A. We say
that the topology 7 is stronger (or finer) than 7o, if 75 C 7.

Example 2.33. For every set A, the coarse topology on A is the weakest (the least

strong) topology on A, and the discrete topology on A is the strongest topology on
A.

Note that it is not always possible to compare two topologies on a given set A
in the sense of Definition 2.18. That is, there may be topologies 71 and 75 on a set
A such that neither 7 is stronger than 75, nor 75 is stronger than 7;. For example,
let

A= {617 b}7 T = {®7 {a7 b}7 {a}}7 T2 = {®7 {a7 b}7 {b}}

Recall that in a topological space (X, 7), members of 7 are called open sets. This
is in analogy with the way we defined open sets in metric spaces using balls (see
Definition 2.7).

Lemma 2.14. Let (A, 7) be a topological space. A set G C A is open in A if and

only if for all x € G there is a neighbourhood of x contained in G.

Proof. Let us first assume that G is open. Since G is an open set in A, we have
G € 1. Thus, for every z € GG, G is a neighbourhood of x, and G is a subset of G.
On the other hand, assume that there is a set G C X such that for every z € G
there exists a neighbourhood G, contained in G. By property T2, U,ccG, belongs
to 7, and hence it is an open set. Since G = U,cqGs, we conclude that G is an

open set. ]

Definition 2.19. Let (A,7) be a topological space, and € be a subset of 4. A
point z € Q) is called an interior point of €2, if there is U € 7 such that z € U and
U C . The interior of the set () is defined as the set of all z € € such that z is
an interior point of €2. The interior of €2 is denoted by §2°.
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It follows from the above definition that the interior of any set is a subset of that
set. That is, if S C A, then S° C S.

Exercise 2.25. Let (A, T) be a topological space, and let S and T' be subsets of A.
The following properties hold:

(i) if S C T then S° C T°,
(ii) S is open in A if and only if S = S°,

(iii)* S° is the largest open set contained in S.

2.2.3 Convergence, and Hausdorff property

Definition 2.20. Let (A, 7) be a topological space, and (x,,)5° ; be a sequence in A.
We say that (x,)0° ; converges in (A, 7), if there is x € A satisfying the following
property: for any G € 7 with & € G, there exists N € N such that for all n > N,
we have z,, € G.

When this occurs, we say that x, converges to x as n tends to oo, or write

lim, oo T, = .

Example 2.34. Let (A, 7) be a topological space, with 7 the coarse topology on
A. Then any sequence in A is convergent, and converges to any element in A.
On the other hand, if 7 is the discrete topology on A, then a sequence (x,)nen

is convergent if and only if, the sequence is eventually constant.

The above example shows that behaviour of sequences in a topological space
may be strange, and counter intuitive. For example, it shows that the limit of a

convergent sequence may not be unique.

Definition 2.21. A topological space (A, 7) is called Hausdorff, if the following
property holds: For every x and y in A with x # y, there are open sets U and V
such that z € U, y € V, and UNV = (). In this case we say that U and V separate

x and y.

Example 2.35. Consider the set A = {a,b,c}, and

7= {0,{a},{a,b}, {a,b,c}}.

You can shows that 7 is a topology on A. The space (A, 7) is not Hausdorff, since
b and ¢ cannot be separated. The only open set in A which contains ¢ is {a,b, c},

and that set also contains b.

Exercise 2.26. Let (X,d) be a metric space, and let 7 be the topology on X
induced from the metric d. Show that (X, 7) is a Hausdorff topological space.
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The important property of Hausdorff spaces is stated in the next theorem.

Theorem 2.15. Let (A, 7) be a Hausdorff topological space, and let (zy)nen be a

sequence in A. If the sequence (zyp)nen converges in (A, T), then its limit is unique.

Proof. Assume in the contrary that there are distinct points  and y in A such that

lim z, =z, and lim z, =y.
n—oo n—o0

Because (A, 7) is a Hausdorff space, there are open sets G, and Gy, such that z € G,
y € Gy, and G, NGy = 0. Since the sequence x,, converges to x, there is N, € N
such that for all n > N, we have x € G,. Similarly, there is IV, € N such that for
all n > N, we have z, € G,. Now, for n = max{N,, N,}, we have z,, € G, and
Ty € gy. This contradicts G, NG, = 0. O

2.2.4 Closed sets in topological spaces

It is possible to give a definition of closed sets in a topological space in the same
fashion as we defined closed sets in a metric space (refer to Definition 2.10). However,
for technical reasons, in a topological space, one has to consider the limit points of
the set itself rather than the limit points of sequences in the set. It is convenient
to use the criterion in Theorem 2.9 for the definition of closed sets for topological
spaces, while we show in a moment that a set in a topological space is closed if and

only if it contains its limit points (see Lemma 2.19-(ii) and Remark 2.7).

Definition 2.22. Let (A, 7) be a topological space, and let V' C A. We say that V'
is closed in (A, 7), if A\ V is open in (A, 7). That is, V is closed in (4, 7) if and
only if A\V €.

Theorem 2.16. This is not a theorem, this is only inserted to make the numberings
of theorem, lemmas, etc, in the typed notes consistent with the ones in the hand

written notes.

Lemma 2.17. Let (A, 7) be a topological space. Then, the empty set and the set A

are closed in (A, T). Moreover, we have

(i) the intersection of any number of (finite, countable, uncountable) closed sets

in (A,7) is a closed set in (A,T),
(ii) the union of any finite number of closed sets in (A, T) is a closed set in (A, T).

Proof. This follows from Definition 2.22, and the properties T1, T2, and T3 of
topology, by taking complements. See the proof of Lemma 2.10 for a similar argu-

ment. O
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Lemma 2.18. Let (A,7) be a Hausdorff topological space, and a € A. Prove that

the set {a} is a closed set.

Proof. For any b € A with b # a, there are open sets G and G, such that b € Gy,
a € Gq, and G, NGy = 0. Then, by Definition 2.22, A\ G, is a closed set. By

Lemmas 2.17, the intersection

) (A\Gy)

beA\{a}

is a closed set. Since for every b € A\ {a}, A\ G} contains a and does nor contain

b, the above intersection is equal to {a}. This completes the proof. O

Definition 2.23. Let (A, 7) be a topological space, and S be a subset of A. A point
x € A is called a limit point of S, or an accumulation point of S, if the following
property holds: for any neighbourhood U of z, U contains a point in S different
from x. In other words, for any neighbourhood U of x, we have (SNU) \ {z} # 0.
Note that the point £ may not be in S.

The closure of S is defined as the set of all points in S and all limit points of
S. The closure of S is denoted by S. Obviously, for any set S C A, S C S.

Example 2.36. Let 7 be the Sierpinski topology on A = {a,b}. The constant
sequence b, b, b, b, ... converges to the point a (and also to b) in this topology. That
is because, the only open set in (A, 7) which contains a is A. Obviously, all points
in the sequence belongs to {b} C A. This implies that the closure of the set {b} is
A.

Lemma 2.19. Let (A, T) be a topological space, and assume that S and T are subsets

of A. The following properties hold:
(i) if SCT, then SCT,
(ii) S is closed in (A, T) if and only if S =S,

Remark 2.7. One can take the statement in part (ii) of the above lemma as the
definition of closed sets in a topological space. In other words, V is closed, if it
contains all the limit points of V. This is in the spirit of how we defined closed sets
in metric spaces, but it is not identical to that. If a set V is closed in a topological
space (A,7), in particular, for any sequence in V' which converges to some point in
A, the limit of the sequence must belong to V. That is because the limit of the
sequence in V' belongs to the limit set of V. However, one has to note that limits of
sequences are not necessarily unique in topological spaces. By considering the limit
points of the set we avoid discussing the notion of Hausdorff property when defining

closed sets.
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Proof of Lemma 2.19. Part (i): Let x € S be an arbitrary point. Any neighbour-

hood of z contains a point in S and hence a point in 7. This implies that 2 € T.

Part (ii): First assume that S is closed. Let us suppose in the contrary that
S # S. Then there is x € S such that = ¢ S. This implies that z € A\ S. Since
S is closed, then A\ S is open. This open set contains z, but does not contain any
element of S. So x cannot be a limit point of S, which is a contradiction.

Now assume that S = S. Assume in the contrary that S is not closed. Then A\S
is not open. This implies that there exists x € A\ S such that any neighbourhood
G, of x is not contained in A\ S. Thus, G, contains an element of S. This implies
that € S, and hence z € S. This is a contradiction. ]

2.2.5 Continuous maps on topological spaces

Definition 2.24. Let (X, 7x) and (Y, 7y) be two topological spaces, and f : X — Y
be a map. We say that f is continuous on X, if for any open set U in Y, f~1(U)

is open in X.

Note that the continuity of f in the above definition does not just depend on f

but also on the topologies on X and Y. This is illustrated in the next example.
Example 2.37. Let (X,7x) and (Y, 7y) be topological spaces.
(i) If 7x is the discrete topology on X, then any f: X — Y is continuous.
(ii) If 7y is the coarse topology on Y, then any f: X — Y is continuous.
We have the following equivalent criterion for the continuity.

Theorem 2.20. Let (X, 7x) and (Y, 7y) be two topological spaces. Then, f: X —Y

is continuous if and only if the pre-image of any closed set in'Y is closed in X.

Proof. First note that for any set V in Y, we have f~1(Y\ V) = X \ f~1(V). Now,

the theorem follows from theorem 2.9. O

Theorem 2.21. Let (X,7x), (Y,7y) and (Z,7z) be topological spaces, and assume
that f : X =Y and g: Y — Z are continuous. Then, go f : X — Z is continuous.

Proof. This easily follows from the definition of continuity. O

Lemma 2.22. Let (X,7x) and (Y,7y) be topological spaces, and y € Y. The
constant map f: X — 'Y defined as f(x) =y, for all x € X, is continuous.

Proof. Let U CY be an arbitrary open set. Then

0 ifyeU
X ifyel.

) =

Lecture notes for the week 22-26 November



Chapter 2. Metric and topological spaces Analysis II, Term I, Page 85

Since the empty set and the whole set are open in any topology, we conclude that

f~1(U) is open in X. Because U was arbitrary, we conclude that f is continuous. [
Definition 2.25. Let (X, 7x) and (Y, 7y) be topological spaces, and f: X — Y.

(i) We say that f: X — Y is a homeomorphism, if f : X — Y is a bijection,
and both maps f: X — Y and f~!:Y — X are continuous.

(i) the topological spaces (X,7x) and (Y, 7y) are called topologically equiva-

lent, or homeomorphic), if there is a homeomorphism from X to Y.

Note that topological equivalence gives an equivalence relation on the set of

topological spaces.
Example 2.38. In the Euclidean space R, for every a < b,

(i) the sets [a,b] and [0,1] are homeomorphic, by the map z — (z —a)/(b — a)
from [a, b] to [0, 1],

(i) the sets (a,b) and (0,1) are homeomorphic, by the map =z — (x — a)/(b — a),

(iii) the sets (—oo0,+00) = R and (—1,1) are homeomorphic, by the map z —
tan(mx/2),

(iv) the sets (0,4+00) and (0, 1) are homeomorphic by the map x +— z/(x + 1).
(v) the sets (—o0, +00) and (0, +00) are homeomorphic, by the map x — e*.
(vi) the sets [0,1) and (0, 1] are homeomorphic by the map = +— —x + 1.

Exercise 2.27. Assume that the topological spaces (X, 7x) and (Y, 7y) are topo-
logically equivalent. Then, (X, 7x) is Hausdorff if and only if (Y, 7y) is Hausdorff.

From here onward, we will only study metric spaces, as they are fairly general
and capture almost all settings you will come across in mathematics. However,
we will present most of the definitions, statements and proofs using open sets in
the metric space. Thus, most definitions, statements, and proofs can be readily
presented for topological spaces, replacing open sets in the metric with elements of

the topology.
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2.3 Connectedness

The intermediate value theorem is one of the main features in real analysis with
many applications. If f : [a,b] — R is a continuous function, and there are o and
B in [a,b] such that f(a) < 0 and f(8) > 0, then there must be v between a and
B such that f(y) = 0. What is it about the domain [a, b], or the range R, or the
continuity of the map f which makes this theorem work? Is there any way to extend
this useful statement to more general settings. This is the purpose of this section,
and we will see that there is indeed a natural way to extend this property to more

general settings.

2.3.1 Connected sets

Definition 2.26. Let (X,d) be a metric space, and consider a subset T C X. We
say that T is disconnected, if there are open sets U and V in X satisfying the

following properties:
(i) UNV =0,
(i) TCUUV,
(iii) TNU # 0 and TNV # 0.

In particular, X is disconnected, if there are two open sets in X which are

non-empty, disjoint, and their union is equal to X.

Intuitively, the above definition suggests that 7' is disconnected, if it can be

separated into more than one piece using open sets. The separate pieces are T NU
and TNV.

Example 2.39. Consider the set R? with the Euclidean metric dy. Let
T= {(.%',y) € RQ ’ (S [_171]7y = _1} U {(.%',y) € R2 ’ T € [_171]7y = 1}

That is, T" consists of two horizontal line segments in the plane. Intuitively, we see

T as having more than one piece. Indeed, T is disconnected. For example, let
U={(x,y) e R? |z € (-2,2),y € (=5/4,-3/4)},

V={(z,y) eR* |z € (-2,2),y € (3/4,5/4)}.
The sets U and V are open in R, U NV = 0,

UNT =[-1,1] x {~1} £0,VNT =[~1,1] x {1} £ 0.

We also have T C U U V.
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Note that being disconnected does not only depend on the set T', but it crucially
depends on the metric d on X. We illustrate this by the following example.

Example 2.40. Let (X, dgisc) be a discrete metric space, and assume that X has
at least two elements. Then, X is disconnected. To see this, recall that in the
discrete topology, any subset of X is open. Let z € X be an arbitrary elements.
Define U = {z} and V = X \ {z}. Then, since X has at least two points, V
must be non-empty. Then, U and V satisfy the three properties in the definition of

disconnectedness.

Definition 2.27. Let (X,d) be a metric space, and let 7 C X be an arbitrary
subset. We say that T' is connected, if T' is not disconnected. Equivalently, T is
connected, if for every pair of open sets U and V in X satisfying U NV = () and
T CUUV, we must have either UNT =0 or TNV = (.

In particular, the whole set X is connected, if for every pair of open sets U and
V satisfying U UV = X and U NV = (), we must have either U = () or V = ().

Exercise 2.28. Let (X, d) be a metric space. Show that X is connected if and only
if the only subsets of X which are both open and closed are X and §).

Example 2.41. Consider the set of real numbers with the Euclidean metric, and
let @ € R. Then the set R\ {a} is not connected (disconnected).
Let U = (—o0,a) and V = (a,+00). Clearly, U and V are open, non-empty,

disjoint, and their union covers R\ {a}.

Exercise 2.29. Show that in the Euclidean metric space (R!,d;), the set of rational

numbers Q is disconnected.

Lemma 2.23. Let (X,d) be a metric space, and T'C X. Then, T is disconnected
if and only if there exists a continuous map f : T — R satisfying f(T) = {0,1}.

Proof. First assume that such a map f exists. Let U = f~1(0) and V = f~1(1).
Since f(T) = {0,1}, U # () and V # (). Also, since f is continuous, U = f~1(0) =
f1(=1/2,1/2) and V = f~1(1) = f=1(1/2,3/2) are open sets. Moreover, as
f(T) = {0,1}, T CUUV. Obviously, U NV = . These imply that T is dis-
connect.

Now assume that T is disconnected. By definition, there are non-empty, disjoint,
open sets U and V in X such that T CU UV, UNT # ) and VNT # (. Let us
define the map f: 7T — R as

0 ifzeUNT,
1 fxeVnT.

fz) =

Since (UNT)N(VNT) = 0, the above conditions make sense, and since T’ C UUV,
the map f is defined on T. We need to show that f is continuous on T
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Let z be an arbitrary point in 7" and let (z,),>1 be a sequence in T which
converges to . Since T C UUV and UNV = (), z belongs to one of U and V.
Without loss of generality, assume that x € U. Since U us open, by the definition
of converges of sequences, there is N € N such that for all n > N, we have x,, € U.
Thus, for alln > N, f(z,) = 0. This implies that the sequence (f(zy,))nen converges
to 0 = f(x). Therefore, f is continuous at z. Since x was arbitrary in T', we conclude

that f is continuous on T'. O

It is easier to show that a set is disconnected than to show that it is connected. In
the former case, it is enough to find examples of two open sets with those properties.
But in the latter case, one needs to show that such pairs do not exist. Of course
that becomes a difficult task if there are two many open sets in the metric. You can
see this below, as we try to prove that the interval [a, b] is connected.

By an interval in R we mean any of the sets (a, b), (a,b], [a,b), [a,b], (—o0, +00),

(—o00,b), (—o0,b], (a,+00), or [a,+00), for some a and b in R.

Lemma 2.24. Let S C R be a non-empty set. Then, S is an interval if and only if
for all x and y in S and all z € R satisfying x < z < y we have z € S.

Proof. If S is an interval, then by the definition of an interval, the latter side of the
lemma holds.

Now assume that the latter side of the theorem holds. If S is not bounded from
above, we define b = +oo, and if S is bounded from above, we define b = sup S.
Similarly, if S is not bounded from below, we define a = —oo, and if S is bounded
from below, we let a = inf S.

Let us first show that the open interval (a,b) C S. To see this, fix an arbitrary
z € (a,b). Since z < b, z cannot be an upper bound for S (otherwise, sup S < z).
Therefore, there is o' € S such that ¥ > z. Similarly, since z > a, z cannot be
a lower bound for S (otherwise inf S > z). Therefore, there is a’ € S such that
a’ < z. Combining these together, we have o’ < z < ¥, a’ € S, and b’ € S. By the
assumption in the latter side of the theorem, we must have z € S. Because z € (a, b)
was arbitrary, we conclude that (a,b) C S.

Note that the supremum and infimum of a set do not have to be in the set itself.

There are several possibilities for the set S depending on whether each of a and b

belongs to S or not. (of course if a = —oo or b = +o00, they cannot be in S). Then,
[a,b] ifaecSandbes,
[a,b) ifaecSandb¢ s,

] ifa¢SandbeS,
) ifag¢g Sandb¢ S,

(a,b
(a,b

a,
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Theorem 2.25. Consider the Fuclidean metric space (R,dy) and let S CR. If S

1s connected, then S is an interval.

Proof. Suppose S is connected, but it is not an interval. By Lemma 2.24, there exist
z and y in S and z € R such that x <z <y and z ¢ S.

Consider the sets U = (—o00,2) and V = (z,+00). Then, the sets U and V
are open in RL, UNV =0, S CUUV, and UNS # () (since it contains z) and
VNS # 0 (since it contains y). These show that U and V disconnect S, which is a

contradiction. O

Theorem 2.26. For every a and b in R with a < b, the interval [a,b] is connected

in the metric space (R,dy).

Proof. Let us assume that [a,b] is disconnected. Then, there must be open sets U
and V in R such that

Unla,b #0, VNla,b #0, [a,blCcUUV, UNV =0

Since a € U UV, we must have either a € U or a € V. By relabelling U and V if

necessary, we may assume that a € U. Consider the set
I={s¢€lab]|[a,s] CU}.

As a € I, the set I is not empty, and since I C [a,b], I is bounded from above.
Therefore, I has a supremum, which we denote by ¢. Note that t € [a, ], and ¢t may

or may not be in I. We consider three cases below.

(I) Assume that ¢ € I and ¢ = b. These imply that [a,b] C U, which is a
contradiction, since [a,b] NV # 0 and UNV = (.

(IT) Assume that ¢ ¢ I. This implies that ¢ ¢ U, t # a and [a,t) C U. As
t € [a,b] and [a,b] C U UV, we must have t € V. Now, since V is an open set
in R, there is 6 > 0 such that (t —0,t +0) C V. As UNV = {), we must have
(t —9,t+0)NU = (). This contradicts [a,t) C U.

(IIT) Assume that ¢ # b. We either havet € U ort € V. If t € U, by the openness
of U, there is ' > 0 such that (¢t — ¢’,¢t 4+ ¢’) C U. This contradicts ¢ = sup . If
t € V, by the openness of V, there is 6” > 0 such that (t —§”,¢t +¢"”) C V. Thus
(t—0",t+¢")NU = (. This contradicts ¢t = sup I. O

Exercise 2.30.* Consider the Euclidean metric space (R,d;), and assume that a

and b are real numbers with a < b.

(i) Show that the interval [a,b) is connected.
(ii) Show that the interval (a,b] is connected.

(iii) Show that the interval (a,b) is connected.
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2.3.2 Continuous maps and connected sets

Theorem 2.27. Let (A1,d;) and (Az,ds) be metric spaces, and f: Ay — Az be a

continuous map. If S C Ay is connected, then f(S) is connected.

Proof. Let us assume in the contrary that f(S) is not connected. Then, there are

open sets U and V in Ay such that
unv=_0, fS)cuuVv, fS)nNnU#0, f(S)NV #0.

Since f is continuous, the sets U’ = f~1(U) and V' = f~1(V) are open in A;.

Moreover, we have
Unv =0, ScuU'uVv', SnU #0, SNV #£0.
These show that S is not connected in (Aj,d;), which is a contradiction. O

Corollary 2.28. Assume that f : (X,dx) — (Y,dy) is a homeomorphism. Then

X is connected if and only if Y is connected.

Theorem 2.29. Let (X,d) be a connected metric space, and let f : X — R be
a continuous map. Assume that there are a and b in X satisfying f(a) < 0 and
f(b) > 0. Then, there is c € X such that f(c) =0.

Proof. Assume in the contrary that there is no ¢ € X satisfying f(c¢) = 0. Consider
the sets
U=["((=00,0)),V = f7((0,+00)).

These are subsets of X. As f is continuous, and the sets (—o0,0) and (0, +o00) are
open in R, the sets U and V are open in (X,d). Obviously, U NV = (). Moreover,
U # () since a € U, and V # () since b € V. Also, since there is no ¢ € X satisfying
f(e) =0, UUV = X. These show that X is disconnected, contradicting the
hypothesis in the theorem. U

The connectedness of the domain X is a necessary condition for the interme-
diate value theorem for arbitrary metric spaces. To see that, assume that X is a
disconnected topological space. By Lemma 2.23 there is a continuous and surjective
map f: X — {0,1}. Consider the map f — 1/2, which takes both values +1/2 and
—1/2, but does not take the value 0 at any point in X.

Corollary 2.30. Let f : [a,b] — R be a continuous map, and assume that there are
x and y in |a,b] satisfying f(x) < 0 and f(y) > 0. Then, there is z € [a,b] such
that f(z) = 0.

Proof. This immediately follows from Theorem 2.29 and Theorem 2.26. U
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Example 2.42. The intervals (0, 1) and (0, 1] are not homeomorphic. Assume in the
contrary that there is a homeomorphism f : (0,1) — (0,1]. Let z = f~1(1) € (0, 1).
Then, f: (0,1) \ {x} — (0,1) is a homeomorphism. This contradicts 2.28, since
(0,1) is connected but (0,1) \ {z} is nor connected.

By a similar argument, one can show that the pair of intervals (0,1) and [0, 1],

as well as the pair of interval (0,1] and [0, 1] are not homeomorphic.

2.3.3 Path connected sets

We already mentioned that in general it is easier to show that a set is disconnected
than to show that it is connected. In this section we aim to provide a constructive

criterion to show that a set is connected.

Definition 2.28. Consider a metric space (X, d). Given a pair of points a and b in
X, a path from a to b in X is a continuous map f : [0,1] — X such that f(0) =a
and f(1) = b. This is also called a path joining a and b.

Remark 2.8. In the above definition, the closed interval [0, 1] can be replaced by

any closed interval [« (3].

Definition 2.29. A metric space (X, d) is called path-connected, if for any pair
of points a and b in X there is a path from a to b in X.

Exercise 2.31. Show that the following metric spaces are path connected.
(i) the Euclidean space R", for any n > 1,
(ii) the open ball B;(0) in (R",dsg), for any n > 2,
(iii) the annulus {(z,y) € R? | 1 < ||(z,y)| < 2}.
Theorem 2.31. If a metric space (X,d) is path connected, then it is connected.

Proof. Let us assume that there is a metric space (X,d) which is path connected,
but not connected. By Lemma 2.23, there is a continuous map f : X — R satisfying
f(X) =1{0,1}. Then, there exist  and y in X such that f(z) =0 and f(y) = 1.

Because X is path connected, there is a continuous map ¢ : [0, 1] — X satisfying
9(0) =z and g(1) = y. Then, fog:[0,1] — R is continuous, and its image is equal
to {0,1}.

Let us consider the map (f o g) — 1/2 on the interval [0,1]. It take both values
—1/2 and +1/2, but it does not take the value 0. However, by Corollary 2.30, this

map must take the value 0 at some point in [0, 1]. O

By the above theorem, the sets in Exercise 2.31 are connected. In the same fash-
ion, one can show that the cube [0, 1]" is connected in R™. Compare this argument
with how difficult it is to show that the interval [0, 1] is connected.
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Exercise 2.32. Consider the set of all continuous functions f : [0,1] — R, that is
C([0,1]), with the metric d;.

(i) Show that the space (C([0,1]),d1) is path connected.
(ii) Conclude that the space (C([0,1]),d1) is connected.

Exercise 2.33.* In this exercise, we aim to show that the converse of Theorem 2.31
is not true.

Consider the following subset of R?:
A= {(z,sin(1/z)) € R?* |z > 0} U {(z,y) €R? |2 =0,y € [-1,+1]}.

That is, A is the union of the oscillating curve which is the graph of sin(1/x), and
the vertical line segment {0} x [—1,+1].

(i) show that the set A is connected.

(i) show that the set A is not path connected.
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2.4 Compactness
2.4.1 Compactness by covers
Definition 2.30. Let (X,d) be a metric space, and Y C X.

(i) A collection R of open subsets of X is called an open cover for Y, if

YgUU.

UeR
(ii) Given an open cover R for Y, we say that C is a sub-cover of R for Y, if

CCR and Y C UU.
veC

(iii) An open cover R for Y is called a finite cover, if the number of elements in
R is finite.

Example 2.43. In the metric space (R,d;), the collection
Ri1={(—n,n) | n e N}
is an open cover for R. This cover is not finite. The collection
{(—=2n,2n) | n € N}
is a sub-cover of R; for R. The collection of open sets
{(n—-1/4,n+1/4) | neZ}
is an open cover for Z.

The key concept we aim to study in this section is the following definition.

Definition 2.31. Let (X,d) be a metric space, and Y C X. We say that Y is

compact in (X, d), if every open cover for Y has a finite sub-cover.

This definition may appear strange at this point, but by the end of this section,

it will be clear how important it is.

Example 2.44. In the metric space (R,d;), the set R, and the open interval (0, 1)
are not compact.

In order to show this, we need to present an open cover which does not have a
finite sub-cover. The collection R; for R introduced in the above example does not

have a finite sub-cover for R. That is because, for any finite sub-cover, say

{(_nl’ nl)’ (_nQ’ 712), ) (—’I’Lk, ’I’Lk)},
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the point max{ni,ng,...,ni} does not belong to the above cover, but it belongs
to R. In fact, if n = max{ny,neo,...,nt}, then the union of the sets in the above
collection is equal to (—n,n), which clearly does not cover R.

Here is another open cover for R, which has no finite sub-cover
{n=1,n+1)|neZ}

For the interval (0, 1), we can consider the open cover
{(1/n,1) | n € N,n > 2}.

This cover does not have a finite sub-cover. Suppose in the contrary that there is a

finite sub-cover of the above collection, say

{(1/n1,1), (1/n2,1),..., (1/ng, 1)}

Define m = max{ni,ns,...,ng}. We note that 1/m € (0,1) but 1/m does not
belong to any of the sets in the above collection. Thus, the above finite collection
does not cover (0, 1).

Another example is given by

1 1
> .
{<n+1’n—1>‘n€N’n_2}

To see that the above collection is an open cover, we note that for every r € (0,1),
1/r > 1. Thus, we can choose an integer n > 2 such that 1/r € (n —1,n 4 1). This
implies that r € (1/(n+1),1/(n —1)). By a similar argument, you can show that

this cover does not have a finite sub-cover.

Exercise 2.34. Consider the metric space (R,d;), and assume that a and b are
real numbers with a < b. Show that all of the intervals (a, ], [a,b), [a,+00), and

(—00,b] are not compact.

Example 2.45. Let (X,d) be a metric space, and assume that Y is a subset of X
with a finite number of elements. Then Y is compact.

To see this, let R be an arbitrary open cover of Y. Since Y only has finite
number of elements, and each of those elements belongs to one set in R, those finite

number of elements in R cover Y. Thus, R has a finite sub-cover.

Example 2.46. In the metric space (R, d;) the set Q N [0,1] is not compact.
To see this, let a be an irrational number in [0, 1] (for example, a = v/2/2). We

can consider the open cover
{(=o0,a —1/n)U (a+1/n,+00) | n € N}.

Obviously, each set (—oo,a — 1/n) U (av 4+ 1/n,+00) is open in R, and the above
collection covers Q N [0,1]. But there is no finite sub-cover of the above cover for

Qno,1].
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Exercise 2.35. Show that if A and B are compact subsets of a metric space (X, d),
then AU B is a compact set.

Exercise 2.36. Show that the ball
{(z.y) eR? |2 +47 <1}
in the metric space (R?,ds) is not compact.

As you may have noted from the definition of compactness, and the above ex-
amples, it is easier to show that a non-compact set is not compact than to show
that a compact set is compact. To show that a set is not compact, it suffices to give
one open cover which has no finite sub-cover. But to show that a set is compact,
we need to show that any open cover has a finite sub-cover. To deal with any open

cover brings a level of sophistication.

Proposition 2.32. Let a and b be real numbers with a < b. In the metric space

(R,dy), the closed interval [a,b] is compact.

Proof. Let R be an arbitrary open cover for [a,b]. Let us consider the set
I = {s € [a,b] | there is a finite sub-cover of R for [a, s]}.

The set I is not empty, as it contains a. That is because, there is one element in R
which covers the interval [a,a] = {a}. Also, the set I is bounded from above, since
I C [a,b]. Thus, by the completeness of the set of real numbers, I has a supremum.
Let t = sup(/). Note that since I C [a,b], we have ¢ € [a,b]. First we show that
t=h.

Assume that ¢ = a. Since R is an open cover for [a,b], there is an open set
U € R such that a € U. As U is an open set in R, there is § > 0 such that
(=6,40) = Bs(a) C U. By choosing ¢ smaller, if necessary, we may assume that
d < b—a. Now, the collection {U} is a finite sub-cover of R for [a,d/2]. Thus,
d/2 € I, contradicting sup([) = a.

Assume that t € (a,b). Since R is an open cover for [a,b] there is U € R such
that t € U. As U N (a,b) is an open set, and ¢ € U N (a,b), there is § > 0 such that
(t—0,t+9) CUN(a,b). By the definition of supremum, there must be s € I such
that s € (t — d,t]. As s € I, [a,s| can be covered by a finite sub-cover of R, say
C C R. Now the collection C U {U} is a finite sub-cover of R, and it covers the set

[a,t+6/2] C[a,s] U (t—0,t+0).

This shows that t 4+ ¢/2 € I, contradicting sup(/) = t.
By the above two paragraphs, we must have ¢ = b. This does not immediately

mean that [a, b] can be covered by a finite sub-cover of R (supremum may not belong
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to the set). Again, since R is an open cover for [a,b] there is an open set U € R
such that b € U. As U is an open set, there is § > 0 such that (b —§,b0+9) C U.
By the definition of supremum, there must be s € I such that s € (b — §,b]. As
s € 1, |a, s| can be covered by a finite sub-cover of R, say C C R. Now the collection
CU{U} is a finite sub-cover of R, and it covers the set [a,b] C [a,s] U (b—4,b+ ).
This shows that there is a sub-cover of R for [a, b]. O

Let us look at some basic properties of compact sets.

Proposition 2.33. Let (X,d) be a metric space, and let Y C X. If X is compact

and Y 1s closed, then'Y is compact.

Proof. Let R be a cover for Y. Because Y is closed, X \ Y is open. Therefore,
RU{X \ Y} is an open cover for X. Since X is compact, there is a finite sub-cover
of RU{X \ Y}, which covers X. This sub-cover also covers Y. However, we do not
need X \'Y to cover Y. Hence we may remove X \ Y from that sub-cover, and still

cover Y. Thus, there is a finite sub-cover of R which covers Y. ]

Theorem 2.34. Let (X,d) be a metric space, and Y C X. If Y is compact, then
Y is closed.

Proof. Let Y C X be a compact set. We aim to show that X \ Y is open (by
Theorem 2.9 this implies that Y is closed). Fix an arbitrary point z € X \ Y.
For each y € Y, we define r, = d(z,y)/2 > 0. Consider the ball B, (y). The

collection
{Br,(y) [y €Y}

is an open cover for Y. Since Y is compact, there is a finite sub-cover of this cover

for Y. Thus, there are a finite number of points 1,42, ..., 4% in Y and positive real
numbers ry,, ry,,...,ry, such that
k
Y g U Bry (yz)
i=1

By our choice of r,, we have
B,(z)N B, (yi) € B, (=) N B, (i) = 0.

Therefore,
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Thus, By(z) € X \Y. As z € X \ Y was arbitrary, we conclude that X \ Y is
open. ]

Theorem 2.35. Let (X,dx) and (Y,dy) be metric spaces, and consider the product
space X XY with any of the metrics d from Definition 2.4. If X andY are compact,
then (X x Y,d) is compact.

Proof. Let R be an arbitrary open cover for X x Y.

Let us first assume that every set in R is of the from U x V', where U is an open
set in X and V' is an open set in Y. Thus, for every (z,y) € X x Y, there is W, in
R such that (z,y) € Wy, and W,y = U,y x Vyy, for some open sets Uy, in X and
VeyinY.

Fix an arbitrary « € X. For any y € Y, there is W,, € R such that (z,y) € Wy,.

Let us consider the collection
Ro=A{Vay | Way € R, (z,y) € Way, Way = Uygy X Vi }.

Since R is an open cover for X x Y, R, is an open cover for Y. As Y is compact,
there is a finite sub-collection of R, for Y, say {Vay,, Vayss - -, Vay, t- Consider the

set
n
Up = | Usy,-
=1

Since each Uy, is an open set in X, and the above intersection is finite, the set U,
is open in X. In particular, we have

n

n
Ue XY C U (Uzys X Viy,) = U Wy,
i=1 i=1

As © € X was arbitrary, by the above argument, for each x € X we obtain an
open set U, in X. Let us consider the collection of open sets {U, | x € X}. This is
an open cover for X. Because X is compact, there is a finite sub-cover of this cover
for X, say {Uy,,Uy,, ..., Uy, }. Combining with the above equation, we note that

i=m,j=n
XxYC U Wy, -
i=1,j=1
Thus, there is a finite sub-cover of R for X x Y. This completes the proof in this
case.

Now assume that R is an arbitrary open cover for X xY. For each (z,y) € X xY,
there is an open set Wy, in R such that (x,y) € W, ,. Let us choose an open set Uy,
in X and an open set V,, in Y such that x € Uy, y € Vyy, and Ugy X Vi C Wiy
The collection of all such open sets Uy X V,,, for all z € X and y € Y, is an open
cover of X x Y. By the above proof, there is a finite sub-cover of this cover, say
Usy; X Vi, for (i,7) € I, which covers X x Y.
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For each (i, j) € I, there is Wy, € R such that Uy, xVz,y; © Wy, Therefore,
{Way,; | (4,5) € I}, is a finite sub-cover of R for X x Y. This completes the
proof. O

By Proposition 2.32 and Theorem 2.35, we obtain the following corollary.

Corollary 2.36. The set [a1,b1] X [ag,ba] X -+ X [an, by] in the Euclidean space R™

18 compact.

The above results show us how difficult it is to prove that a given set compact
set is compact. One may imagine how difficult it can be to deal with an unusual set
in R™. Thus, it is important to have some criteria which can be verified easily, and
imply compactness. In the remaining of this section we aim to introduce few such

criteria.

Definition 2.32. Let (X,d) be a non-empty metric space, and Z C X. We say
that the set Z is bounded in (X,d), if there exists M € R such that for all = and
y in Z we have d(z,y) < M.

Let S be an arbitrary set, and f : S — X. We say that f is bounded, if the
set f(.5) is bounded in X.

Exercise 2.37. Let (X, d) be a metric space, and Ay, Ag, ..., A, be a finite number
of bounded sets in X. Then U}, A; is a bounded set in X.

Exercise 2.38. Let (X,d) be a non-empty metric space, and let Z C X. Show
that Z is bounded if and only if there is € X and r € R such that Z C B,(x).

Lemma 2.37. If (X,d) is a compact metric space, then X is bounded.

Proof. Fix an arbitrary € X and consider the open cover R = {B,(z) | n € N}.
As X is compact, there is a finite sub-cover of R which covers X. Let By, (x), for

t=1,2,..., k, be those finite sets. Define m = max;<;<;n;. We have
X C UF_ By, (%) = Bp(z). O

The main criterion for compactness of subsets of R™ is presented in the next

theorem.

Theorem 2.38 (Heine Borel). Consider the Fuclidean metric space (R™,ds), and
let X CR™. Then, X is compact if and only if X is closed and bounded.

Proof. Let us first assume that X is compact. By Lemma 2.37, X is bounded, and
by Theorem 2.34, X is closed.

Now assume that X is closed and bounded. Since X is bounded, there is N € N
such that C' C [N, N]"*. By Corollary 2.36, the set [-N, N|" is compact. Thus,
X is a closed set in a compact set. By Proposition 2.33, that implies that X is

compact. ]
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In the above theorem it is important that the set X is contained in R™. The
statement of the theorem is not true for general metric spaces, as you show in the

next exercise.

Exercise 2.39. Consider the set R with the discrete metric dgisc. The set (0,1) is
closed and bounded in (R, dgis), but it is not compact.

We say that a sequence of sets V,,, for n > 1, is a nest, if for all ¢ > 1 we have
Viy1 CV;. That is,
ViodVa 2o V3o Vio. ...

Exercise 2.40. Let (X,d) be a metric space, and assume that V,,, for n > 1, be a

nest of non-empty closed sets in X.
(i) Show that if X is compact, then Ny>1V,, is not empty.

(ii) Give an example of a nest of non-empty closed sets V,,, for n > 1, in a metric

space such that N,>1V;, is empty.

2.4.2 Sequential compactness

In this section we aim to find a simpler criterion which implies the compactness

property.

Definition 2.33. We say that a metric space (X,d) is sequentially compact,
if every sequence in X has a sub-sequence which converges in (X,d). That is, for
every sequence (Z)n,>1 in X, there is a sub-sequence (x,, )r>1 and a point x € X

such that z,, — x, as k — +o0.

Example 2.47. The metric space (R, d;) is not sequentially compact. For example,
the sequence (n),>1 does not have any sub-sequence which converges in (R,d;).
Consider (0,1) C R, and let d be the induced metric from d; on (0,1). The metric
space ((0,1),d) is not sequentially compact. To see this, consider the sequence
(1/n)p>1. This sequence belongs to (0,1), and converges to 0 in the metric space
(R,d;). So any subsequence of this sequence also converges to 0 in (R,d;). But,

since 0 ¢ (0, 1), this sequence has no sub-sequence which converges in ((0, 1), d).

Lemma 2.39. Let (X, d) be a metric space, and (xy,)n>1 be a sequence in X. Then,
(xn)n>1 has a sub-sequence which converges to an element in X if and only if there

is x € X such that for every e > 0, there are infinitely many i satisfying x; € Be(x).

Proof. First assume that (z,),>1 has a sub-sequence which converges to z € X.
Let (zp,)i>1 be a sub-sequence which converges to x. Fix an arbitrary € > 0. By
the definition of convergence, there is N € N such that for all ¢ > N, we have
T, € Be(z). This shows that there are infinitely many n such that z,, € B(x).
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For the other direction, we aim to find a subsequence of x,, which converges to
2. We shall do this inductively. Let n; = 1. Suppose we have defined x,,,, Zn,, ...,
Zn, ,- Then by the assumption, for infinitely many n we have z, € B /Z(x) So
take n; to be the smallest such n such that n; > n;— and z,, € Bl/i(az). With this
process, we define a sub-sequence of (z,),>1. We note that for every i > 1, we have

d(xy,,x) < 1/i. This shows that the sub-sequence z,, converges to = as i — co. O

Exercise 2.41. Show that if a metric space is sequentially compact, then it is
bounded.

Theorem 2.40. If a metric space (X, d) is compact, then it is sequentially compact.

Proof. Suppose in the contrary that X is not sequentially compact. Then, there is a
sequence (zp)p>1 in X which has no convergent sub-sequence. Therefore, for every
x € X, there is no subsequence of this sequence which converges x. Thus, using
Lemma 2.39, for every € X, there is €, > 0 such that only for finitely many n we
have z,, € B, ().

Let U, = B, (z). Then, the collection

{U, |z € X}

is an open cover for X. By the compactness of X, there is a finite sub-cover
{Us,,Usy, ..., Us,, } such that X = U ,U,,. But, for each i, x, € Uy, for only
finitely many n. Thus, x, € X, for only finitely many n, which is a contradiction,

since the whole sequence (z,,)n>1 belongs to X. O

Note that in the above proof we did not say that there are finitely many z,, in
each U,,, but we say that z, € U,, for finitely many n. This is important since,
the sequence x, may be constant, or there may be infinitely many entries in the

sequence which are the same.

Theorem 2.41 (Bolzano-Weierstrass). Any bounded sequence in R™ has a conver-

gent subsequence.

Proof. Let (xy)n>1 be a bounded sequence in R™. Then, there is M > 0 such that
for all n > 1, we have ||z,|| < M. Since [-M, M]™ is compact in the Euclidean met-
ric, by Theorem 2.40, ([-M, M]",ds) is sequentially compact. Therefore, (z,,)n,>1

has a convergent subsequence. O

The opposite direction of the statement in Theorem 2.40 is also true. But the

proof requires some technical steps, which we break into few optional exercises.

Exercise 2.42.* Let (X, d) be a sequentially compact metric space. Show that X

is separable, that is, there is a countable dense set in X.
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Exercise 2.43.% Let (X, d) be a sequentially compact metric space, and R be an

open cover for X. Show that there is a countable sub-cover of R for X.

Theorem 2.42. Assume that (X,d) is a metric space. If X is sequentially compact,

then X is compact.
The statement of the above theorem is not optional, but its proof is optional.

Proof.* Let R be an arbitrary open cover for X. By Exercise 2.43, we can extract
a countable sub-cover of R, say {V1, Vs, V5,...}

Suppose that there is no finite sub-cover of {Vi,Va,...} for X. Then for every
n > 1, {Vi,...,V,} does not cover X. Hence, for each n we can choose z, € X
such that z, ¢ U] ,V;. In particular, x, ¢ V; for every ¢ < n. This implies that
only finitely many entries of the sequence lie in each V;. This generates a sequence
(Xn)n>1 in X.

Since X is sequentially compact, we can find a convergent sub-sequence, say
(T, )j>1. Suppose this converges to x € X. Then, since {V1, V2, ... } is a cover for X,
there is m > 1 such that « € V,,,. Since V,,, is open, by the definition of convergence,
there is NV € N such that for all j > N, we have z,,; € Vi,. Hence, infinitely many

entries in the sequence (zy,)p>1 lie in V,,,, which is a contradiction. O

2.4.3 Continuous maps and compact sets

Theorem 2.43. Let (X,dx) and (Y,dy) be metric spaces, and f : X — Y be a

continuous map. If Z is a compact set in X, then f(Z) is a compact set in'Y .

Proof. Let R = {V, | a € I} be an open cover for f(Z). Define U, = f~1(Va).

Note that each U, is an open set in X, since f is continuous. Moreover, UqacrU,

covers Z. Since Z is compact, there exists a finite sub-cover Uy, Us, ... , U, for
Z. Then, Vi = f(Uy), Vo = f(Ua), ..., Vi, = f(U,) is a finite sub-cover of R for
f(2). O

Corollary 2.44. Let (X,dx) and (Y,dy) be metric spaces, and f : X =Y be a

homeomorphism. Then, X is compact if and only Y is compact.

The above corollary allows us to immediately conclude that some pairs of sets
are not homeomorphic. For example, the intervals (0,1) and [0, 1] are not homeo-
morphic, since one of them is compact and the other one is not.

Compactness is an extremely useful property in analysis. We shall study some
of the conveniences that come with it.

Recall that a map f : (X,dx) — (Y,dy) is uniformly continuous, if for every
€ > 0 there exists § > 0 such that for all z; and x5 in X satisfying dx (z1,z2) < § we
have dy (f(z1), f(z2)) < e. Note that ¢ in the above definition is independent of x;
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and x9. In general it is fairly difficult to verify that a map is uniformly continuous.

You have already seen this for maps from R to R.

Theorem 2.45. FEvery continuous map from a compact metric space to a metric

space is uniformly continuous.

Proof. To prove this, fix arbitrary metric spaces (Aj,d;) and (Ag,ds), and assume
that A; is compact and f: A1 — A is continuous.
Suppose in the contrary that f is not uniformly continuous. Then, for some

e > 0 and any n € N there exists x,, and 2], in A; such that

di(zp,2)) <1/n and  do(f(zn), f(2],)) > €.

Because A; is compact, by Theorem 2.42, A; is sequentially compact. Thus, there
exists a sub-sequence (x, )r>1 which converges to some z € A;. We note that
the sub-sequence (x;%)kzl also converges to x. That is because, by the triangle

inequality,

dy (a2, ) < dl(x;%,xnk) +di(zp,,z) <1/n+di(zp,, x).

ng?

On the other hand, since f is continuous, and the sequences (z,, )r>1 and (77, Jk>1
converge to z, the sequences (f(xy,))r>1 and (f(y, ))x>1 converge to f(z). But,

by our choice of these sub-sequences, we have

€ < do(f(zny)s f(23,)) < do(f(2ny), f(2)) + d2(f(2), f(27,,))

This is a contradiction. O

Corollary 2.46. Assume that a and b are real numbers with a <b. If f : [a,b] = R

18 continuous, then it is uniformly continuous.

Theorem 2.47. Let (X,d) be a compact metric space, and f : X — R be a con-
tinuous map. Then f is bounded from above and below on X, and attains its upper

and lower bounds.

Proof. By Theorem 2.43, f(X) C R is compact. Then, by Theorem 2.38, f(X) is
closed and bounded in R. In particular, f(X) is bounded from above and below.
Let M = sup f(X). Since M is the least upper bound for f(X), for every n > 1,
M —1/n is not an upper bound for f(X). Thus, for every n > 1, there is z,, € X
such that f(z,) > M —1/n.
Consider the sequence (z,,),>1. Since X is compact, it is sequentially compact.
Thus, there is a sub-sequence of (zy,)n>1, say (zp,)k>1, which converges to some x

in X. As f is continuous, f(z,,) — f(z) as k — oco. Taking limits in the inequality

f(xnk) > M — 1/’1’Lk,
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as k — oo, we obtain f(x) > M. On the other hand, since f(z) € f(X), and
sup f(X) = M, we must have f(x) < M. Therefore, f(z) = M.
Similarly, we may show that there is 2/ € X such that f(z') = inf f(X). O

Exercise 2.44. Let (X, d) be a compact metric space, and assume that f : X — X
is a continuous map such that for all x € X, we have f(z) # z. Show that there is
d > 0 such that for all x € X, we have d(z, f(z)) > .

Theorem 2.48. Assume that f : R — R is a continuous map with respect to the
FEuclidean metrics on the domain and the range. For any interval [a,b], f([a,b]) is

an interval of the form [m, M], for some real numbers m and M.

Proof. By Theorem 2.26, the interval [a,b] is connected in R. Since the image of
any connected set by a continuous map is connected (see Theorem 2.27), f([a,b]) is
connected. Then, by Theorem 2.25, f([a,b]) must be an interval. By the definition
of interval, f([a,b]) is equal to one of the sets (m, M), (m, M|, [m, M), or (m, M),
for some m € RU{—o0} and M € RU {+oo} with m < M.

By Theorem 2.47, f([a,b]) is compact. Thus, m and M are finite numbers and
7((a,b]) = fm, M, =
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2.5 Completeness

2.5.1 Complete metric spaces and Banach space

The completeness of the set of real numbers is a fundamental property widely used

2 = 2 in R, which have no

in analysis. It allows us to solve equations such as x
solutions in Q. Evidently, it is useful to have such a property in more general
settings. However, the completeness of R in terms of least upper bounds, uses the
order on the set of real numbers. This cannot be generalised to arbitrary sets in a
meaningful fashion. But, the completeness of R in terms of Cauchy sequences can
be generalised to arbitrary metric spaces. In this section, we aim to develop this
theory. You will see many applications of the completeness results of this section in

the second year module, Differential Equations.

Definition 2.34. Let (X,d) be a metric space, and (z,,)n,>1 be a sequence in X.
We say that (z,,)n>1 is a Cauchy sequence in (X, d), if for every € > 0 there exists
N, € N such that for all n and m bigger than N, we have

d(xn, zm) < €.

Exercise 2.45. Show that any convergent sequence in a metric space, is a Cauchy

sequence.

Exercise 2.46. Let (X, d) be a metric space, and assume that (z,),>1 is a Cauchy
sequence in X. If there is a subsequence of (z,,),>1 which converges to some z € X,

then the sequence (xy,),>1 converges to x.

Definition 2.35. (i) A metric space (X,d) is called complete, if every Cauchy

sequence in X converges to a limit in X.

(ii) A normed vector space (V/||-||) is called a Banach space, if V' with the induced

metric space dIIH is a complete metric space.

Example 2.48. You have already seen in Analysis I that any Cauchy sequence
in R is convergent. You can also prove this using Exercise 2.46 and the Bolzano-
Weierstrass Theorem 2.41. Thus, the metric space (R, d;) is complete.

The metric space (Q,d) is not complete (here d; is the induced metric on Q).
For example, any sequence in Q which converges to v/2, is Cauchy but does not
converge in (Q,d).

In the same fashion, the metric space ((0,1],d1) is not complete. For example,
the sequence (1/n),>1 in (0,1] is Cauchy, but not convergent (the limit does not
belong to (0, 1]).

However, the metric space ([0, 1],d;) is complete.

Lemma 2.49. For every m > 1, the metric space (R™,dy) is complete.
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Proof. Assume that (zp)p,>1 is a Cauchy sequence in R™. For each n > 1, let
us write x, = (zl,z2,...,2™). Recall that for every z = (z!,22 2"™) and

y=(y',y?% ...,y™) in R™, and every k € {1,2,...,m}, we have

2% —y* < |lz =yl

This implies that for every k € {1,2,...,m}, the sequence (z%),>1 is a Cauchy
sequence in (R,d;). To see this, fix an arbitrary € > 0. Since (zy)p>1 is Cauchy
n (R™ dg), there is N € N, such that for all ¢« and j bigger than N, we have
da(x;, ;) < e. Then, by the above inequality, for all 4 and j bigger than N, we
have

di (b, 2%) = [aF — 2¥] < |l7i — 25]] = da(as, 23) < e

Now, since every Cauchy sequence in R is convergent, the sequence (zF),>1 con-
verges to some point in R, say z*. This implies that the sequence (xn)n>1 converges

tox = (z',22,...,2™) in R™. O

Alternatively, by the the above lemma, we can say that the normed vector space

(R™,|-|l5) is a Banach space.

Example 2.49. In any discrete metric space, only eventually constant sequences
are Cauchy. Obviously, any eventually constant sequence is convergent. Therefore,

any set with the discrete metric is complete.

Recall that for real numbers a and b with a < b, C([a,b]) denotes the set of all
continuous functions f : [a,b] — R. We defined two norms on C([a,b]) denoted by

|-l and [|-|| - These induce the metrics da and do, respectively. In these metrics,
for f and g in C([a,b]), we have

o (fr9) = sup |f(t) —g(t)],

t€la,b]

= ([ 1)

Proposition 2.50. The metric space (C([a,b],d2) is not complete. Equivalently,

and

the normed vector space (C([a,b]), |||l5) is not a Banach space.

Proof. To simplify the argument, let us assume that a = —1 and b = 1 (one can

adapt the following example to the general case). For n > 1, consider the functions

—1 if —1<t<~1/n,
Pn(t) =<nt if —1/n<t<1/n,
1 iflm<t<l1.
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3|
+
-

Figure 2.7: The graphs of three functions in the sequence (¢, )n>1.

See Figure 2.7 for the graphs of these functions.
Each ¢, is a continuous and hence belongs to C([—1,+1]). We note that for

every m and n in N, we have

1
2
t) — dm(t)|? dt < .
[ 1ont) = om0t < 2
This implies that the sequence ¢,, is Cauchy.
We claim that the sequence (¢p,)n>1 does not converge in (C([—1,+1]),d2). To

see this let us consider the function

-1 ifte[-1,0),

Y(t) = ,
1 iftelo,1].

For every n > 1, we have

+1 1
/ o (t) —o(t)Pdt <2 =
1 n

Now, assume in the contrary that the sequence (¢p)n>1, converges to some f in

C([-1,+1]). By the triangle inequality for the metric dg, we have

1

1 1/2 1/2 ! 1/2
(] 1ro=vpa)” < ([ 1r0-ou0Fa) " +( [ w.0-u0P a)

By the above properties, the right hand side of the above equation tends to 0 as

n — 0o. As the left hand side is a non-negative number, we must have

1
IR
This implies that

0 1
[ o -vor=0 ma [ 170 -v0r=o
0

-1
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f+e

Figure 2.8: In the uniform convergence, for all n > N, the graph of the function f,
lies between f — e and f + €.

Then, since f and ¢ are continuous on the intervals (—1,0) and (0, 1), the above
equations imply that f = ¢ on (—1,0) and on (0,1). Such a map f cannot be

continuous. O

Remark 2.9. Just like building the completion of Q to get the set of real numbers,
one can build the completion of the metric space (C([a,b]),d2). This results in a
complete metric space of functions, where one can look for solutions to functional
equations. You can learn about this and similar results by taking the optional

module Lebesgue Measure and Integration.

Recall that a sequences of functions f, : [a,b] — R converges point-wise to
f i [a,b] = R, if for every x € [a,b], the sequence of real numbers f,(x) converges
to f(z). That is, for every = € [a, b] and every € > 0 there exists N, . € N such that
for all n > N, . we have |f,(z) — f(z) <e.

Recall that the sequence fy, : [a,b] — R converges uniformly to f : [a,b] — R, if
for all € > 0 there exists N, € N such that for all n > N, and for all x € [a,b] we
have |f,(x) — f(x)| < e. This is equivalent to

sup |fn(x) — f(x)] = 0, as n — co.
z€la,b]

Example 2.50. (i): Consider the functions f, : [0,1] — R defined as f,(z) = 2",

for n > 1. The sequence f,, converges point-wise to the function

0 ifxel0,1),
1 ifz=1.

f=

But, for every n > 1, we have

sup | fu(z) — f(2)| = 1.

z€[0,1]
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That is because, as x tends to 1 from the left, we have f,(x) — f(z) = 2™ — 1.

Therefore, f,, does not converge uniformly to f.

(ii) Consider the sequence of functions f, : [0,1] — R, defined as
fulz) =n’z(1 — )", VYn>1.

This sequence converges point-wise to f = 0.

To see whether f, converges uniformly to f, we examine the functions f,,. Each
fn takes non-negative values, with f,(0) = 0 and f,(1) = 0. Also, each f, is
differentiable on (0,1), so it takes its maximum where the derivative of f,, becomes
0. By calculation, we see that f/(1/(n+ 1)) =0, and

f 1 _ n? n \"
"\n+1) n+1\n+1) °

2

n n \"
() — F(t)] = , .
S 15,0~ 1) () e o

Therefore,

This implies that f, does not converge uniformly to f.

(iii): Consider the sequence of functions f, : [0,1] — R defined as f, = ze™ """
The sequence (fy)p>1 converges uniformly (and hence point-wise) to f = 0. That
is because,

—77/$2
sup xe — 0, as n — oo.

z€]0,1]

It is likely that you have seen the following theorem in Analysis I.

Theorem 2.51. Assume that (f, : [a,b] — R)p>1 is a sequence of continuous
functions which converges uniformly to f : [a,b] — R. Then, f : [a,b] — R is

continuous.

Proof. Fix an arbitrary c¢ € [a,b]. In order to prove that f is continuous at ¢, let us
also fix an arbitrary € > 0.

Because the sequence (fy,)n>1 converges uniformly to f, there is Ne € N, such
that for all n > N, and all z € [a, b] we have |f,(x) — f(z)| < €/3.

Now, fix an arbitrary n > N.. Since f, is continuous at ¢, there is § > 0 such
that for all x € Bs(c) N [a,b], we have |f,(z) — fn(c)| < €/3.

By the above inequalities, and the triangle inequality for the modulus function,
for all x € Bs(c) N [a,b], we have

[f(@) = F(O) < |f(z) = fa(@)| + [fu(2) = fulc)] + [ fnle) = F(0)]
<e€/3+¢/3+¢€/3=c¢.

As e > 0 was arbitrary, this shows that f is continuous at c¢. As ¢ € [a,b] was

arbitrary, we conclude that f is continuous on [a, b]. O
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Theorem 2.52. The metric space (C(la,b]),ds) is complete. Equivalently, the

normed vector space (C([a,b]),||-||s) s a Banach space.

Proof. Let (¢n)n>1 be a Cauchy sequence in (C([a,b]),ds). By definition, for every
€ > 0 there exists N € N such that for all € [a,b] and all m and n bigger than N,
we have |¢,(x) — o ()| < €.

Now, fix an arbitrary = € [a,b]. By the above paragraph, the sequence of real
numbers (¢n(x))n>1 is a Cauchy sequence in (R,d;). Then, by the completeness
of the set of real numbers, the sequence of real numbers (¢, (z)),>1 converges to a
(unique) real number, which we denote by I,. As z in [a,b] was arbitrary, for each
x € [a,b], we obtain a real number .

Let us define the function ¢ : [a,b] — R as ¢(z) = l,. We claim that ¢,
converges uniformly to ¢ on [a,b]. To see this, fix an arbitrary € > 0. Since (¢p)n>1
is a Cauchy sequence in (C([a,b]),ds), (for €/2 > 0) there exists M, € N such that
for all x € [a,b] and all m and n bigger than M, we have

|pn(x) — ()| < €/2.

Taking limit as m — oo, the above inequality implies that

|on(z) — P(x)] < €/2 <e.

Thus, for all = € [a,b] and all n > M., we have

|n(2) — @(2)] <e.

As € > 0 was arbitrary, we conclude that (¢, ),>1 converges uniformly to ¢. By
Theorem 2.51, ¢ : [a,b] — R is continuous. Therefore, any Cauchy sequence in
(C([a,b]),deo) converges to an element of C([a,b]). O

Theorem 2.53. If (X,d) is a compact metric space, then (X,d) is complete.

Proof. Let (x,)n>1 be a Cauchy sequence in (X,d). By theorem 2.40, (X,d) is
sequentially compact. Thus, there exists a subsequence (xy, )r>1 which converges

to some z € X. By Exercise 2.46, z,, converges to x in (X, d). O

2.5.2 Arzela-Ascoli

There is an important corollary of the completeness of (C([a,b]),ds ), which we

present in this section.
Definition 2.36. Let C be a collection of functions f : [a,b] — R.

(i) We say that the collection C is uniformly bounded, if there exists M such
that for all f € C and all x € [a,b] we have |f(x)| < M.
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(ii) We say that the collection C is uniformly equi-continuous, if for all € > 0
there exists § > 0 such that for all f € C, and all 1 and x2 in [a, b] satisfying
|z1 — x| < 8, we have |f(z1) — f(x2)] < e.

Note that in the second part of the above definition, the number § does not

depend on the function f, but only on the collection C.

Exercise 2.47. Let C be a collection of functions f : [a,b] — R. Assume that there
is K > 0 such that for all f € C and all x and y in [a, b], we have

[f(@) = f(y)| < K|z —yl.
Show that the family C is uniformly equi-continuous.

Theorem 2.54 (Arzela-Ascoli). Assume that C is a collection of continuous func-
tions f : [a,b] = R. If C is uniformly bounded and uniformly equi-continuous, then

every sequence in C has a sub-sequence which converges in (C([a,b]),ds)-

Proof. Let us fix an arbitrary sequence (fy)n>1 in C. We need to show that there
is a sub-sequence of this sequence which converges to some continuous function

: |a, b] — R with respect to the metric do. We break the proof into several steps:
) 1Y p p

Step 1. The sequence (f;)°, has a sub-sequence (g;)7°, which converges point-
wise on [a,b] N Q.

Proof of Step 1: Note that the set [a,b] N Q is countable. This means that we
may write [a,b] NQ = {x1,z2,...}.

Let us denote the function f; by the notation fq;, that is, for all < € N and for
all z € [a,b], we have fy;(z) = fi(x).

Now consider the sequence of numbers (fo;(x1));2,. This is a bounded sequence
of real numbers. By Bolzano-Weierstrass, this sequence has a convergent subse-
quence, say (f1,())2,. Now let us consider (f1,(x2))52, which again is a bounded
sequence of real numbers, with a convergent subsequence fs;(z2). This is a sub-
sequence of fi; such that fo;(x1) and fa;(x2) both converge. We can repeat this
process of extracting subsequences to obtain functions fj; for k,i € N with the
property that (fi414):2, is a subsequence of (f;;)52,, and moreover for all [ < &,
the sequence f, ;(z;) converges.

Let us define the sequence of functions g; = f; ;, for i € N. Each g; is defined on
[a,b]. To illustrate the above process, one may think of f;; as the diagonal of the

array

foo fo1 fo2 fos
fio fir fiz fis
Joo Jon1 fe2  fos
f30 f31 f32 f33
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Clearly, (g:)52, is a subsequence of F', and moreover for every I € N the sequence

gi(x;) converges. Let us define g(z;) = lim; o0 gi (7).
Step 2. The sequence of functions g; : [a,b] — R, for i > 0, is Cauchy with
respect to the metric duo.

Proof of Step 2: Let us fix an arbitrary € > 0. Since C is uniformly equi-

continuous, we may find § > 0 such that for all  and y in [a,b] and all i € N we

have
[z —y| <0 = |gi(z) — gi(y)| < €/3.
Since [a, b] is bounded, there are rational numbers z1, ..., xx in [a,b] such that
[a,b] C UF _ i (z — 6,2 + 0).
Since g; converges at each rational point, for each m = 1,... k there exists N,, such

that for all 4,5 > N, we have

|gl(xm) - gj(xm)| < 6/3'

Let N = max{Ny,... N;}, and suppose i,j > N. Fix = € [a,b]. By construction,
there is m € {1,...,k} such that |z — x,,| < 6. We have

gi(z) — g;(x)] = [gi(x) — gi(wm) + gi(Tm) — gj(Tm) + gj(xm) — g;(2)|
<|gi(x) = gi(@m)| + [9i(Tm) — gj(@m)| + |gj(xm) — g;(2)|
<€/3+€/3+€/3=c¢

Step 3. The sequence (g;)?2,, converges in (C([a,b]), doo).

Proof of Step 3: By Step 2, g; is a Cauchy sequence in (C([a,b]),ds). Then, by
Theorem 2.52, (g;)i>1 converges to some g in the metric space (C([a,b],ds). O

2.5.3 Fixed point Theorem

Definition 2.37. Let (X;,d;) and (X2,ds) be metric spaces, and f : X7 — X.
We say that f is contracting, if there exists K € (0, 1) such that for all @ and b in

X7 we have
d2(f(a)’f(b)) < K- dl(a’ b)

It is easy to see that every contracting map is continuous.
For amap f: X — X, we say that x € X is a fixed point of f, if f(z) = x.

Theorem 2.55 (Banach fixed point Theorem). Let (X, d) be a non-empty complete
metric space, and f : X — X be a contracting map. Then, f has a unique fixed

point in X.
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Proof. Let zg € X be an arbitrary point. Let us define the sequence of points
(xn)n>0 according to z,41 = f(xy,), for n > 0.

Since f is contracting, there is K € (0,1) such that for all @ and b in X we have
d(f(a), f(b)) < K -d(a,b). Then, for every j € N, we have

d(@js1,25) = d(f(2;), f(xj-1)) < K d(zj,2j-1) < -+ < Kd(z1, 20).
Therefore, for integers m > n, we have

d(xmaxn) < d(xmaxmfl) R d(anrlaxn)
< (K™ Y4 K™ 24 4 K™ d(z, 20)

1
S Knm d(fEl,fEO).

Because K € (0,1), the last expression in the above equation converges to 0 as
n — oo. This implies that the sequence (z,),>1 is Cauchy in (X, d).

Since (X, d) is complete, the sequence (xy,),>1 converges to some x in X. As f
is continuous, f(z,) — f(x), as n — co. But f(z,) = xn41 — x, as n — oo. By

the uniqueness of the limits of convergent sequences in metric spaces, we must have
x = f(x).

The above argument shows that f has a fixed point. To show the uniqueness of
the fixed point, assume that there is y € X such that f(y) = y. By the contraction
property of f, we have

d(z,y) = d(f(z), f(y)) < Kd(z,y).

Since K < 1, we must have d(z,y) = 0, and hence x = y. O

Exercise 2.48. Let 21 = /2, and define the sequence (n)n>1 according to

Tn4+1 = \/24- VL.

Show that the sequence (zy,)n>1 converges to a root of the equation
gt —4a? —x+4=0
which lies in the interval [v/3,2].
Exercise 2.49. Consider the map f : (0,1/3) — (0,1/3), defined as f(x) = z%.

Show that the map f is a contraction with respect to the Euclidean metric dy. But,
f has no fixed point in (0,1/3).

Exercise 2.50. Consider the map f : [1,00) — [1,00) defined as f(z) =z + 1/x.
Show that ([1,+00),d;) is a complete metric space, and for all z and y in [1,00) we

have

But, f has no fixed point.
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