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Chapter 1

Introduction

These lecture notes are designed for first-year Master’s students in Operational
Research (first semester). They provide an introduction to the fundamental
concepts and theorems of functional analysis, a branch of mathematics that
studies infinite-dimensional vector spaces with topological structures.

Functional analysis is an essential tool for modern applied mathematics, par-
ticularly in optimisation, control theory, approximation theory, and the anal-
ysis of partial differential equations. For students in Operational Research, a
solid grasp of functional analysis is indispensable when dealing with optimisa-
tion problems in infinite-dimensional spaces, variational inequalities, or the study
of operators arising in models of operations research.

The course begins with a brief review of general topology (topological spaces,
continuity, compactness, sequences) and then focuses on metric spaces, where
the notions of completeness and compactness are studied in detail. Normed
vector spaces and Banach spaces are introduced as the natural framework for
linear analysis. The concepts of connectedness and convexity are treated both
topologically and algebraically, with an emphasis on their role in optimisation.

The central part of the notes presents the three great theorems of functional
analysis: the Banach—Steinhaus theorem (uniform boundedness), the open map-
ping theorem, and the closed graph theorem. All three rely on Baire’s category
theorem and are cornerstones of the theory of linear operators between Banach
spaces. The final chapter is devoted to Hilbert spaces, including orthogonal pro-
jections, the Riesz—Fréchet representation theorem, the Lax—Milgram theorem,
Hilbert bases, and weak convergence. Applications to L? spaces are given as
examples.

Each chapter is accompanied by numerous exercises, ranging from routine
verifications to more challenging problems, aimed at helping the student master
the concepts and develop the necessary skills for further study in functional
analysis and its applications to operational research.

Prerequisites: Basic knowledge of linear algebra, calculus, and elementary
topology (open and closed sets, continuity, compactness in R™) is assumed. Fa-
miliarity with Lebesgue integration is useful for the last chapter, but the essential
facts are recalled when needed.

Structure of the notes:
1. A Little General Topology

2. Metric Spaces
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3. Normed Vector Spaces
4. Connectedness and Convexity

5. The Great Theorems of Functional Analysis (Baire, Banach—Steinhaus,
Open Mapping, Closed Graph)

6. Hilbert Spaces
The author wishes to thank the colleagues and students who have contributed

to the preparation of this document, as well as the Department of Mathematics
for its support.

H. Banouh
Academic year 2025/2026



Chapter 2

A Little General Topology

§2.1 Definitions

[l—11]Formalize the "intuitive” concepts of proximity between mathematical
objects of the "same nature”, and continuity of maps acting on these objects.

Definition 2.1.1
Let X be a set. A topology on X is a set O of subsets of X satisfying the
following properties:
1. O contains () and X,
2. arbitrary unions of elements of O are in O,
3. finite intersections of elements of O are in O.
The elements of O are called open sets and their complements are called
closed sets. The pair (X, Q) is called a topological space.
Example 2.1. 1. Let X be a set. Then {0, X} is a topology on X, sometimes
called the trivial topology or indiscrete topology.

2. Taking O to be the set of all subsets of X also gives a topology, called the
discrete topology.

3. On R, the set of arbitrary unions of open intervals [a,b] is a topology.
Unless explicitly stated otherwise, we always equip R with this topology.

Definition 2.1.2

Let X be a set and O1, Oy two topologies on X. We say that O; is finer
(or stronger) than Oy if O C O;.

Thus, the discrete topology is the finest and the trivial topology the coarsest
of all topologies. In the case of R, the "usual” topology lies between these two.

The data of a topology O on the set X allows us to define the notions of
neighborhood, closure, interior, boundary, etc.
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Definition 2.1.3

Let (X, O) be a topological space.
e Let x € X and V C X. We say that V is a neighborhood of z if V'

contains an open set containing x. The set of neighborhoods of x is

denoted Vx(z).

e A subset V of Vx(x) is called a neighborhood base of z if every
element of Vx(z) contains an element of V.

e We say that x is an interior point of V if V is a neighborhood of x.

e The closure A of a subset A of X is the smallest closed set containing
A. We say that A is dense in X if A = X.

« The interior A of a subset A of X is the largest open set contained
in A.

o The set f_l\fl is called the boundary of A.

Example 2.2. The set of open sets containing a given point T is a neighborhood
base of x.

Remark 2.1. The definition of a ball (seen in undergraduate studies in the
context of normed vector spaces) has no equivalent in a “general” topological
space.

Exercise 2.1. Let (X, 0) be a topological space and A a subset of X. Show the
following properties:

1. A= A if and only if A is closed.

2. A=A if and only if A is open.

3. A is open if and only if A is a neighborhood of all its points.
4. X\A = )?\71 and X\A = X\ A.

5. The boundary of A is equal to X\(A U )?\71)

Proposition 2.1.1

Let A be a subset of a topological space (X, O).

1. A point z of X is in A if and only if every neighborhood of z intersects

A.

2. The set A is dense in X if and only if A intersects every non-empty
open set of X.
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Proof. 1. If 2 ¢ A then 2 belongs to the open set X\ A which is a neighbor-
hood of x that does not intersect A.

Conversely, if there exists an open set {2 containing x and disjoint from A,
then X\(2 is a closed set containing A, hence containing A. Consequently,
x is not in A.

2. Let A be dense, 2 a non-empty open set of X, and x a point of 2. Then
Q) is a neighborhood of = € A, so it intersects A. Conversely, assume that
every non-empty open set of X intersects A. Let x € X be arbitrary and
V' a neighborhood of = (which we can always assume to be open). Then
V intersects A, so z € A, hence A = X.

|

Definition 2.1.4

A topological space (X, Q) is called Hausdorff if for every pair (x,y) of
distinct points of X there exists a neighborhood V' of z and a neighborhood
V' of y such that VNV’ = 0.

Example 2.3. 1. Let X be a set containing at least two elements and
equipped with the trivial topology O = {0,X}. Then (X,0) is not
Hausdorff.

2. A set equipped with the discrete topology is always Hausdorff. Indeed, for
this topology, every singleton is a neighborhood of the point it contains.

3. The set R equipped with its usual topology is Hausdorff.

Proposition 2.1.2

Let (X, O) be a topological space and A C X. The set O4 of subsets 2 of
A such that there exists Q' € O satisfying Q = Q' N A is a topology on A.
It is called the induced topology by O on A.

§2.2 Continuity

Remark 2.2. Unless stated otherwise, we always equip subsets of a topological
set with the induced topology.

Two simple cases to remember: if A is an open set of X then every open set
of A is an open set of X; if A is a closed set of X then every closed set of A is a
closed set of X.

It is now time to address the second part of the goal: generalizing the notion
of continuity to functions defined on topological spaces. Without a distance or
norm, we can no longer use a definition with € and 7. The use of neighborhoods
is the right substitute. Let’s start by defining the notion of limit.
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Definition 2.2.1

Let (X,0) and (X', g’)’) be two topological spaces. Let A be a subset of X,
feF(A;X'), xop € Aand £ € X'. We say that f has limit £ at x¢ if

v e Vx/(0),3V € Vx(xg),(x € ANV = f(z) € V’).

Remark 2.3. In the above definition, we can of course replace Vx/(£) by a
neighborhood base of (.

Exercise 2.2. Show the uniqueness of the limit in the case where (X', O) is
Hausdorff. What can be said in the general case?

We can now define continuity:

Definition 2.2.2

Under the previous hypotheses, if moreover zop € A and f(z¢) = ¢, we say
that f is continuous at xg. If f is continuous at every point of A, we say
that f is continuous on A.

To show continuity at every point, there is no need to resort to the definition
thanks to the following theorem.

Theorem 2.2.1

Let (X,0) and (X', 0') be two topological spaces and f € F(X; X’). The
following three properties are equivalent:

1. the function f is continuous on X,

2. the preimage by f of every open set of X’ for the topology O’ is an
open set of X for the topology O,

3. the preimage by f of every closed set of X’ for the topology O’ is a
closed set of X for the topology O.

Proof. Let’s just show the equivalence between the first two assertions.

Let f be continuous on X and €2’ an open set of X’. Consider z € f~1()
and set @' = f(z). The open set ' is a neighborhood of 2’. By continuity of f
at x, there exists a neighborhood V' of = such that f(V) C €. This means that
V C f~YQ). So f~1(€Y) is indeed open.

Conversely, assume (ii) is satisfied, and fix x € X and V’ a neighborhood of
f(z) (which we can always assume to be open by shrinking it if necessary). Then
f~Y(V") contains x and is open thanks to (ii). It is therefore a neighborhood of
x whose image is contained in V’. This ensures continuity at . |
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Theorem 2.2.2: Composition

Let (X,0), (X',0') and (X”,O") be three topological spaces. The com-
position of a continuous function f : X — X’ and a continuous function
f'+ X" — X" is a continuous function f'o f: X — X",

Proof. Thanks to the previous theorem, the proof is very easy. Indeed, if Q"
is an open set of X", then, by continuity of f’, the set f/~1(€2”) is an open set
of X', and then, by continuity of f, the set f~!(f'~(Q2")) is an open set of X.
It remains to note that ("o f)~1(Q") = f~L(f~HQ")). [ |

§2.3 Sequences in Topological Spaces

It is often convenient to be able to express notions of abstract topology using
sequences. For this, we must first give meaning to the notion of convergence.

Definition 2.3.1

Let (X, O) be a topological space, £ € X and (x,)nen @ sequence of ele-
ments of X. We say that the sequence (z,,),en converges to ¢ if for every
neighborhood V' of ¢ there exists N € N such that x,, € V for all n > N.

Exercise 2.3. In the case of a Hausdorff topological space, show the uniqueness
of the limit of a sequence. What can be said for a non-Hausdorff topological
space?

Proposition 2.3.1

Let F' be a closed set of (X,0) and (z,)neny & convergent sequence of
points of F. Then the limit of this sequence is also in F'. We say that F is
sequentially closed.

Proof. Assume by contradiction that the sequence (z,)nen admits a limit 2 in
the complement €2 of F'. Since (2 is a neighborhood (open) of z, the terms of the
sequence must all lie in €2 beyond some rank, which contradicts the hypotheses.

|

Remark 2.4. We will see later that the converse is true in a metric space (or
more generally in any topological space admitting countable neighborhood bases
at each point).
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Proposition 2.3.2

Let (X,0) and (X',O’) be two topological spaces, € X and f : X —
X' continuous at z. Then for every sequence (xy)nen of elements of X
converging to z, we have

n—-+o0o

The property exhibited above is called sequential continuity. According to
Proposition 2, sequential continuity is therefore a property weaker than continu-
ity. There exist topological spaces for which the notion of sequential continuity
is strictly weaker than that of continuity.

Exercise 2.4. Give an example of topological spaces (X,0) and (X', O') and a
function f: X — X' that is sequentially continuous but not continuous.

Let us conclude these generalities with the definition of cluster point (to be
compared with that of limit).

Definition 2.3.2

Let (X, Q) be a topological space and (zy,)nen @ sequence of elements of X.
We say that a € X is a cluster point of (z,,),en if for every neighborhood
V of a and for every N € N, there exists an n > N such that z, € V.

Remark 2.5. If there exists a subsequence o such that the sequence (ﬂU@(n))neN
(called a subsequence of (x,)nen) converges to a, then a is a cluster point of

(xn)nGN'

Exercise 2.5. Let (zy)nen be a sequence in the topological space (X, 0) and A
the set of cluster points of (zp)nen. Denote Sy, = {xp/p > n}. Show that

A=) S (1.1)

neN
§2.4 Compactness

Definition 2.4.1

A topological space X is compact if it is Hausdorff and if every open cover
of X admits a finite subcover.

A subset A of an arbitrary topological space X is compact if, equipped
with the induced topology, it is a compact topological space.

Remark 2.6. We leave it to the reader to verify that a Hausdorff topological set
is compact if and only if from every family of closed sets with empty intersection,
one can extract a finite subfamily with empty intersection.



CHAPTER 2. A LITTLE GENERAL TOPOLOGY 13

Let us give a characterization of compact subsets that is more manageable
than the definition.

Proposition 2.4.1

Let (X, O) be a Hausdorff topological space and A a subset of X. Then A
is compact if and only if from every family of open sets of X covering A,
one can extract a finite subcover.

Proof. Assume first that A is compact and consider a cover (£;);c; of A by
open sets of X. We then also have
AC U(Qz NA).
el
Since each €; N A is open for the induced topology, we can extract a finite
subcover (£, N A)1<k<n of A. We obviously have

n n
AC U(szﬂA) C U sz
k=1 k=1

Conversely, assume that from every cover of A by open sets of X one can
extract a finite subcover. Let (€});cr be a cover of A by open sets of A. By
definition of the induced topology, there exist open sets €; of X such that Q) =
Q; N A. The family (£2;);cs is a cover of A by open sets of X, so we can extract
a finite subcover (Q;,)1<kx<n- Then (€ )1<k<n is a finite subcover of A. [ |

Theorem 2.4.1

Let (X, Q) be a Hausdorff topological space and A a subset of X.
1. If A is compact then A is closed.

2. Conversely, if A is closed and if moreover X is compact then A is
compact.

Proof. To establish the first property, we will show that X \ A is open. So let
x € X\ A. Since z ¢ A and the topology is Hausdorff, for every a € A there
exist two disjoint open sets V, and W, such that

x€Vy,a€Wyand V,NW, = 0.

The family (W,)sca constitutes a cover of the compact A by open sets, from
which we can extract a finite subcover (W, )1<i<n. It is then clear that (i, Va,
is a neighborhood of x that does not intersect A. The point x being arbitrary in
X \ A, we can conclude that X \ A is open.

To establish property (ii), consider a family (F;);cs of closed sets of A with
empty intersection. Since A is closed, each F; is also a closed set of the compact
X. By Remark 1.5, we deduce that the family of closed sets considered admits a
finite subfamily with empty intersection. Consequently, the subset A is compact.

[ |
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Proposition 2.4.2

In a compact space, every sequence has at least one cluster point. Moreover,
if this cluster point is unique then the sequence converges.

Lemma 2.4.1

Let (X,0O) be a compact topological space and (Fy,)nen & decreasing se-
quence (with respect to inclusion) of non-empty closed sets of X. Then
Mpen £ is not empty.

Returning to the proof of the proposition. Let X be a compact space and
(zn)nen € XN, For n € N, denote S, = {z,/p > n} and A the set of cluster
points of the sequence. The family (.S,,)ncn is a decreasing sequence of non-empty
closed sets of the compact X, so, by virtue of the lemma above, its intersection
(which is precisely A by (1.1)) is non-empty.

Now assume that the set A is reduced to a single point ¢ but (by contradic-
tion) that the sequence does not converge. Then there exists a neighborhood V'
of ¢ which we can assume to be open, and a subsequence (%;(n))neN such that
Ty(ny is mever in V. The set X \ V' is a closed set of the compact X, hence is
compact. We deduce that the considered subsequence admits a cluster point in

X \ V, necessarily distinct from ¢. This contradicts the hypothesis.

Proposition 2.4.3

Let (X, 0) and (X', 0’) be two topological spaces, the first being compact
and the second, Hausdorff. Then the image of X by any continuous map
from X to X’ is compact.

Proof. Let f : X — X’ be continuous and (£2;);c; an open cover of f(X) by
open sets of X’. One easily verifies that (f71(£;))ses is a cover of X. Moreover,
by continuity of f, each set f~1(€;) is open. We can therefore find a finite number
of indices iy, - ,iy such that X C Up_; f~1(Qi,), whence we deduce f(X) C
U, Q.. Since X’ is Hausdorff, this ensures the compactness of f(X). |

Remark 2.7. In other words, in Hausdorff topological spaces, the image of a
compact set by a continuous map s compact.

§2.5 Exercices

Exercice 1. Let A > 0. For all integer n > 1, we note B, the disc

B, = {(:c,y) e R?%: (9:—111>2+ <y—;)2§ 22}
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1. For what condition on A we have Bpy+1 C B, ?

2. Let B =,>1 Bn. Give a necessary and sufficient condition on X for B to
be closed.

Exercice 2. To determine the interior and closure of the following subsets of

R2

A= {(az,y) cR%z > 0}

B = {(x,y) eR%zy = 1}

C = {(x,y) e R zy > 1}

D={(z,9) R |2? +y? <2\ {(z,9) € R* | (z —1)*+¢* < 1}.
Exercice 3. Let A, B be two subsets of a vector normed space (E,| - ||).

1. We assume that A C B. Prove that A C B and A C B.

2. Demonstrate that (AﬁB) = AN B and that AUB C (ACJB), but the
inclusion can be strict.

3. Compare AN B and AN B, then AUB and AU B.

Exercice 4. 1. Prove that the map d(u,v) = 1L:L|;3|v| define a distance over
R.
2. Let X =]0,4o00|. For z,y € X, we note
1 1
0 =|———.
@) =|; -

(a) Demonstrate that ¢ is a distance over X.

(b) Determine B(1,1) for this distance.

(¢c) Is A =]0,1] bonded for this distance? closed?
(d) Determine the open balls for this distance.

Exercice 5. Is the function f :R? — R, (z,y) + xy uniformly continuous?



Chapter 3

Metric Spaces

§3.1 Definitions

Definition 3.1.1
Let X be a set. We say that a map d: X x X — R is a distance on X if
the following three properties hold:

1. symmetry: for all (z,y) € X2, d(z,y) = d(y, x),

2. positivity: for all (z,y) € X2, d(z,y) > 0 and d(x,y) = 0 if and only
if x =y,

3. triangle inequality: for all (z,y, z) € X3, d(x,2) < d(z,y) + d(y, 2).
The pair (X, d) is then called a metric space.
From the definition of a distance, we can deduce the reverse triangle in-
equality valid for all (z,y,2) € X3
’d(CEa y) - d(yv Z)| < d({IZ, Z)‘

Example 3.1. 1. The function d defined by d(z,y) = |x — y| for all (x,y) €
R? is a distance on R. This is the usual distance on R.

2. The function d defined by d(x,y) = | arctan x —arctan y| for all (z,y) € R?
is a distance on the extended real line R (i.e. R U {—o0,+00}).

3. Any non-empty set X can be equipped with the trivial distance § defined
for all (z,y) € X% by

1 ifxFy,

Definition 3.1.2

A subset A of a metric space (X,d) is said to be bounded if there exists
x € X and a positive real M such that

Va € A, d(a,z) < M.

16
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Remark 3.1. One easily establishes that A is a bounded subset if and only if
the supremum §(A) of the set {d(z,y)/(x,y) € A%} is finite. We say that §(A)
is the diameter of A.

Example 3.2. 1. The bounded subsets of R equipped with the distance d de-
fined above are the "usual” bounded subsets (e.qg., [a,b],[—3, 1]U[1, 1000000],
etc.).

2. All subsets of R equipped with the distance d are bounded. In fact R itself
has diameter .

3. On X equipped with the trivial distance, all subsets with at least two el-
ements are bounded and have diameter 1. (As for singletons, they have
diameter zero as in any metric space.)

Definition 3.1.3

Suppose the set X is equipped with two distances d and d’. We say that d
and d’ are equivalent if there exists C € [1,+oo] such that

V(z,y) € X%, Cld(z,y) < d'(z,y) < Cd(z,y).

Exercise 3.1. Verify that if X is equipped with two equivalent distances d and
d', then the bounded subsets of (X,d) are the bounded subsets of (X,d’). Deduce
that on R, the distance d(z,y) = |arctanx — arctany| is not equivalent to the
usual distance.

Definition 3.1.4
Let A and B be two non-empty subsets of the metric space (X,d) and

e X.

e The positive real number

d(z, A) L inf d(z,a)

a€A

is called the distance from z to the set A.

e The positive real number
d(A, B) ¥ inf{d(a,b)/(a,b) € A x B}

is called the distance from A to B.
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Proposition 3.1.1

Let (X1,d;) and (X2, d3) be two metric spaces. Let d be the function defined
for all (z1,22) € X1 x X9 and (2], 25) € X1 x X3 by

5((1'17 .%'2), (xlla $l2)) = max(dl(xlv .212/1), dg(l’g, 1',2))
Then ¢ is a distance on X7 x X5 called the product distance.
Remark 3.2. The above definition generalizes easily to the product of a finite

number of metric spaces. Moreover, one can also define the product distance
between two metric spaces by

6((z1,22), (], 25)) = di(z1,27) + da(wa, 5),
5((wr,x2), (2, ) = \/ (w1, 7)) + (w2, 7h).

This choice hardly matters because the different distances obtained are equivalent.

Definition 3.1.5

Let (X, d) be a metric space and Y a subset of X. The restriction of the
function d to the set Y x Y is a distance on Y called the induced distance.

§3.2 Topology of Metric Spaces
In any metric space, the distance allows us to define balls.

Definition 3.2.1

Let (X,d) be a metric space, ¢ an element of X and r a positive real
number.

e The set Bx(xzg,r) & {z € X,d(xo,z) < r} (also denoted B(zg,r)) is
called the open ball with center xy and radius r.

e The set Bx(xo,r) o {x € X,d(zg,z) < r} (also denoted B(zo,r)) is
called the closed ball with center xy and radius 7.

e The set Sx(zg,r) o {z € X,d(xg,z) = r} (also denoted S(zg,r)) is

called the sphere with center o and radius r.

Balls are the elementary pieces that allow us to define a topology on metric
spaces:
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Definition 3.2.2

The topology associated with a metric space is the topology generated
by the open balls, i.e., the smallest topology containing all open balls.

Since the above definition is not very manageable, we will remember that
this topology is the set of arbitrary unions of finite intersections of open balls
or, better, the following characterization, left as an exercise:

Proposition 3.2.1

A subset Q of a metric space (X, d) is open if and only if for every x € Q
there exists 7 > 0 such that Bx(x,r) C .

A metric space is therefore a particular topological space.

Remark 3.3. Note that the set of open (or closed) balls with a given center x
constitutes a neighborhood base of x. In fact, each point has a countable neigh-
borhood base, for example the sequence of open balls with center x and radius
1/n.

Example 3.3. 1. For any metric space, the topology associated with the triv-
ial distance coincides with the discrete topology.

2. The topology on R associated with the usual distance is none other than
the usual topology introduced in the previous chapter.

Remark 3.4. Henceforth, if A is a non-empty subset of a metric space (X,d),
we therefore have two natural ways to equip A with a topology:

o we can first consider the topology O on X associated with the distance d,
then equip A with the topology O 4 induced by O,

e we can instead equip A with the distance da induced by d, then consider
the topology O on A associated with d 4.

Fortunately, the two topologies obtained are the same! (Verifying this is an
excellent exercise).

Let us also remember the following fact which is very useful:

Proposition 3.2.2
Two equivalent distances generate the same topology.

Proof. Suppose the set X is equipped with two metrics d and d’. Let C be a
constant such that

Y(z,y) € X?,C7Yd(z,y) < d(z,y) < Cd(z,y). (2.1)



CHAPTER 3. METRIC SPACES 20

Denote by O and O’ the associated topologies. Let €2 be an open set for the
topology O and z a point of 2. We will show that € is a neighborhood of x
for the topology @, which will ensure that O C @’. Since € is a neighborhood
of z for the topology O, there exists r > 0 such that every point y € X with
d(xz,y) < risin Q. By virtue of (2.1), we deduce that every point y € X with
d'(z,y) < C~'r is in Q. Consequently, Q is indeed a neighborhood of z for the
topology (@’. The point x being arbitrary in 2, we can then conclude that € is
an open set of O’, and hence that O C O'.

The inclusion @’ C O is proved in the same way. It suffices to exchange the
roles of d and d'. [ |

Exercise 3.2. Show that the converse of the proposition above is false. One
may show that the topologies associated with the distances d and d on R defined
respectively by

d(z,y) =|z —y| and d(z,y)=|arctanz — arctany|
are the same even though these two distances are not equivalent.

We will see that the presence of a distance gives (X, d) many properties that
general topological spaces do not have. The first property is that of separation:

Proposition 3.2.3
Every metric space is a Hausdorff topological space.

Proof. Let z and y be two distinct points of the metric space (X, d). It is clear
that the open balls with centers x and y respectively, and radius d(z,y)/2, are
disjoint. Moreover, they are neighborhoods of x and y respectively. |

In a metric space, the property of being closed can be characterized using
sequences (in a general topological space, only one implication is true, see Propo-
sition 1 page 9):

Proposition 3.2.4
In a metric space, a set is closed if and only if it is sequentially closed.

Proof. Only the converse needs to be justified. We reason by contraposition.
Let A be a non-closed subset of X, and a € A\ A. For every n € N, we choose
a point z, of the (non-empty) set AN B(a,27"). The obtained sequence is a
sequence of points of A that converges to a. But a is not in A, so A is not
sequentially closed. |

Remark 3.5. In a metric space, the closure A of a subset A is therefore the set
of limits of convergent sequences of elements of A.
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Exercise 3.3. Let A be a non-empty subset of a metric space (X,d). Show that
x € A if and only if d(x, A) = 0.

In metric spaces, we have a very convenient characterization of cluster points:

Proposition 3.2.5

Let (xn)nen be a sequence of points in the metric space (X, d). Then a is a
cluster point of (zy,)nen if and only if there exists a subsequence (Zy(n))nen
that converges to a.

Proof. Only the direct implication needs to be justified (the converse implica-
tion follows from the definition of a cluster point and remains true in any topo-
logical space). Assume therefore that a is a cluster point of the sequence. By
restricting to neighborhoods of a consisting of the family of open balls B(a, 27*)
in the definition of the cluster point, we see that

Vk € N,VN € N,3n > N,d(a,z,) < 27"

We then construct a subsequence that converges to a by recurrence: define
¢(0) as the smallest index such that d(a,z,)) < 1, then (1) as the smallest
index strictly greater than ¢(0) satisfying d(a,z,1)) < 1/2, etc. [ |

Example 3.4. Let (x,)nen be a sequence of elements of R equipped with the
usual distance. Recall that, by definition,

liminfz, = lim infx, and limsupz,= lim supz,.
n—+oo p>n n—+o00 p>n

If the sequence (xy)nen s bounded below, the set of its cluster points (when
it is not empty) is also bounded below, and the infimum of all the cluster points
is finite and coincides with liminf x,,. One then verifies that there exists a sub-
sequence of (Tn)nen that converges to liminf x,,.

Similarly, if the sequence is bounded above and the set of cluster points is not
empty, the supremum of the cluster points is finite and coincides with lim sup x, .

Of course, the sequence converges if and only if liminf z,, and limsup x,, are
finite and equal and, in this case, the limit of the sequence is equal to the common
value of liminf z,, and lim sup x,,.

Finally, let us remind the reader that liminf x,, and limsupx, keep their
meaning in R U {—o00,+00} for any real sequence. For example, if (xn)nen is
not bounded above, we have limsup z,, = +00.

§3.3 Continuity in Metric Spaces

In a metric space, the set of open (or closed) balls centered at a point constitute
a neighborhood base of that point.
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Consequently, a function f defined on a subset A of a metric space (X1,d;)
and with values in a metric space (Xa,dy) is continuous at x € A if and only if
we have:

Ve >0,30 >0,Vy € X1 NA,di(z,y) <d = do(f(z), f(y)) <e.

This will allow us to establish the following important property (which, also,
is not true in ”general” topological spaces).

Proposition 3.3.1

A map between two metric spaces is continuous at a point if and only if it
is sequentially continuous at that point.

Proof. Only the converse needs to be shown, the direct implication being true
in any topological space. Let us reason by contraposition. Let f be a function
defined on a subset A of a metric space (X1,d;) and with values in a metric
space (Xo,d2). Let a € A. Suppose that f is not continuous at a. Then
there exists an € > 0 such that for every neighborhood V' of a there exists an
x € V N A satisfying da(f(z), f(a)) > . Taking for V the open balls B(a,2™"),
we construct a sequence (zp)nen such that

Vn € N, do(f(zn), f(a)) > e and di(zp,a) <27

Consequently, (f(z,))nen does not converge to f(a) even though (zy,)nen tends
to a. |

We have seen that for a map f : (X1,d1) — (X2,d2) between two metric
spaces, continuity at every point could be characterized as follows:

Ve >0,V € X1,30 > 0,Vy € X1,di(x,y) <0 = da(f(x), f(y)) <e.
We can define a stronger notion of continuity called uniform continuity:

Definition 3.3.1

We say that a map f : X7 — Xo between two metric spaces (Xi,d;) and
(X2, d2) is uniformly continuous if we have:

Ve > 0,36 > 0,Vx € X1,Vy € X1,d1(z,y) <6 = dao(f(2), f(y)) <e.

Of course, uniform continuity implies continuity. The converse is false in
general but true in the case of a compact metric space (see later).

Definition 3.3.2

Let k& be a positive real number. A map f between two metric spaces
(X1,d1) and (X2,ds) is said to be Lipschitz with constant k if

V(z,y) € X1 x X3, do(f(2), f(y)) < kdi(z,y).
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Example 3.5. In RT equipped with the distance associated with the absolute
value, the function x — 2x+ 3 is Lipschitz with constant 2, the function x — /x
is uniformly continuous without being Lipschitz, and the function x — z° is

continuous without being either uniformly continuous or Lipschitz.

Exercise 3.4. Show that Lipschitz implies uniformly continuous, and uniformly
continuous implies continuous.

Here is a particular example of a Lipschitz map.

Definition 3.3.3

Let (X1,d1) and (X2, d2) be two metric spaces. We say that f: X1 — Xo
is an isometry if f is bijective and preserves the distance:

V(ﬂf,y) € X127 dg(f(ﬂf),f(y)) = dl(xay)'

Remark 3.6. The properties of continuity, uniform continuity, and being Lip-
schitz are invariant under changing the distance to an equivalent distance.

§3.4 Compactness in Metric Spaces

In general, uniform continuity is a notion strictly stronger than continuity. The
following theorem establishes that in a compact metric space, the two notions
coincide.

Theorem 3.4.1: Heine’s Theorem

Let (X, dx) and (Y, dy) be two metric spaces. Suppose (X, dx) is compact.
Then every continuous function from X to Y is uniformly continuous on

X.

Proof. Fix ¢ > 0. By definition of continuity, for each z € X, there exists
7, > 0 such that

3

dx(z,y) <ne = dy (f(2), f(y)) < 3

By compactness of X, we can find a finite number of points z1,--- ,zx such
that

N
n
Xc By (ack2>
k=1
Set 1 = minj<g<n 7)z,. For every pair (z,y) such that dx(z,y) < 3, we can

find an index k such that x and y are in Bx (z,nz,). We then have

dy (f(x), f(y)) < dy(f(x), f(zx)) + dy (f(zr), f(y)) <e,

hence the uniform continuity. |
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In metric spaces, compactness can be characterized using sequences. This
fundamental fact is the subject of the theorem below.

Theorem 3.4.2: Bolzano-Weierstrass Theorem

A metric space (X,d) is compact if and only if every sequence of elements
of X admits a convergent subsequence.

Proof. By Proposition 3 page 11, every sequence in a compact space admits a
cluster point. Moreover, in a metric space, there is equivalence between having
convergent subsequences and possessing cluster points, so the direct implication
is established.

Let us now focus on the proof of the converse implication. Let X be a metric
space in which every sequence has a cluster point. Let (£2;);cr be an open cover
of X. The goal is to extract from this family a finite subcover of X.

1. We reduce to a cover by open balls of the same radius. More precisely,
we show that there exists an € > 0 such that every open ball of radius ¢
is contained in one of the ;. We proceed by contradiction by assuming
that such an € does not exist. Then for every n € N, there exists x, € X
such that B(x,,2~") is contained in none of the €;. This sequence admits
a cluster point z which, inevitably, belongs to one of the £2;. Denote by i,
the corresponding index and r > 0 such that B(z,r) C §;,. Since z is a
cluster point of the sequence, there exists n € N such that d(z,x,) < r/2
and 27" < r/2. We then have B(z,,27") C €;,, which contradicts the
definition of z,,.

2. We show that X can be covered by a finite number of balls of the same
radius . For this, start with an arbitrary point xo. If X C B(xo,¢), there
is nothing to do, the construction is finished. Otherwise, choose an z;
such that x; &€ B(xg,¢). If B(xo,e) U B(x1,¢) covers X, the construction
is finished, otherwise choose a point x2 such that xo & B(zo,¢) U B(z1,¢).
By recurrence, we construct thus a family (zg,---,z,) such that x, ¢
B(zg,e)U---UB(zp—1,€). The construction process necessarily stops after
a finite number of steps, otherwise we would obtain a sequence (zy)neN
such that d(zp,zm,) > € for n # m. Such a sequence could not have a
cluster point.

3. Conclusion. By the first step, there exists € > 0 such that for each x € X
there exists an index i, € I such that B(z,e) C Q;,. By the second
step, there exists a finite family (zj,---,zn) of elements of X such that
X c UY., B(x,€). We then have X ¢ U, Qi,, -

Let us give several important consequences of the Bolzano-Weierstrass theo-
rem.
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Definition 3.4.1

We say that a subset A of a Hausdorff topological space X is relatively
compact if A is compact.

Corollary 3.4.1

Let (X, d) be a metric space. A subset A of X is relatively compact if and
only if from every sequence of elements of A, one can extract a subsequence
that converges in X.

Proof. Suppose A is relatively compact. Then every sequence of elements of
A is also a sequence of elements of the compact set A. Consequently, it ad-
mits at least one cluster point in A, and hence a convergent subsequence in X.
Conversely, suppose that from every sequence of A one can extract a convergent
subsequence and consider a sequence (z,, ),en of elements of A. Then there exists
a sequence (Yn)nen of elements of A such that d(x,,y,) < 27" for all n € N.
This sequence admits a convergent subsequence (Y, (n))nen and it is clear that
(J%(n))neN converges to the same limit. This limit is necessarily in the closed set

A. Consequently, A is indeed relatively compact. |

Corollary 3.4.2

In a metric space, every relatively compact subset is bounded and every
compact subset is closed and bounded.

Proof. To prove the first part of the corollary, let us reason by contraposition.
Let A be an unbounded subset of the metric space (X, d). Then we can construct
(by recurrence) a sequence (z,)nen such that d(z,,z,,) > 1 for all (n,m) € N?
with n # m. Such a sequence cannot have a convergent subsequence. The
second part of the corollary then becomes evident. Indeed, every compact set is
relatively compact (hence bounded), and closed. [ |

Corollary 3.4.3

The Cartesian product of a finite number of compact metric spaces is a
compact metric space.

Proof. To simplify, let us limit ourselves to the product of two compact metric
spaces (X1,dy) and (Xo,d2). Let (25, yn)nen be a sequence of elements of X; x
X2 (equipped with the product metric). By compactness of X, the sequence
(T )nen admits a convergent subsequence (T, (,))nen. By compactness of X,



CHAPTER 3. METRIC SPACES 26

the sequence (Y, (n))nen admits a convergent subsequence (Yo(y(n)))nen. It is
clear that the sequence (Zy(y(n)); Yp(u(n)))nen is convergent. The converse of the
Bolzano-Weierstrass theorem then allows us to conclude. |

Remark 3.7. Using Cantor’s diagonal argument, one can establish that the
product of a countable family of compact metric spaces is a compact metric space.
This remains true for an arbitrary family if one uses the axiom of choice.

§3.5 Completeness
Let us first recall the definition of a Cauchy sequence.

Definition 3.5.1

Let (X,d) be a metric space. We say that a sequence (x,),en of X is a

Cauchy sequence if it satisfies:

Ve >0,IN €N, (p > Nandn > N) = d(z,,z)p) < e.

As an exercise, we leave it to the reader to establish that every convergent

sequence is Cauchy. The converse is false in general. Indeed, consider the set

Q equipped with the distance given by the absolute value. Then the sequence
defined by

o =landz,1 = forn >1

14+ 2,

is a Cauchy sequence in Q (because it converges in R for the same distance).
However, its limit %(1 + /) is irrational and hence this sequence does not
converge in Q. This example motivates the following definition:

Definition 3.5.2

The metric space (X,d) is said to be complete if every Cauchy sequence
of elements of X converges in X. A subset A of a metric space is said to be
complete if, equipped with the induced distance, it is a complete metric
space.

Example 3.6. The set of real numbers equipped with the usual distance is, by
construction, complete. On the other hand, Q equipped with the same distance
is not complete.

Exercise 3.5. Verify that in any metric space, a Cauchy sequence having a
cluster point is convergent.



CHAPTER 3. METRIC SPACES 27

Proposition 3.5.1

Let (X, d) and (X', d") be two metric spaces. Suppose there exists a bijective
map f : X — X’ such that f and f~! are uniformly continuous. Then
(X, d) is complete if and only if (X', d') is complete.

Proof. Suppose (X,d) is complete. Let (z),)n,en be a Cauchy sequence in
(X',d"). Since f~! is uniformly continuous, one verifies (by going back to the
definition) that (f~1(2/,))nen is a Cauchy sequence in (X, d). But since the space
(X, d) is complete, this sequence converges to an element x of X. Finally, since
f is continuous, we conclude that (f(xy))nen converges to f(z).

The converse is treated by exchanging the roles of X (resp. f) and X' (resp.
). m

Remark 3.8. Contrary to the topological properties seen so far, completeness
is not preserved by homeomorphism.

Proposition 3.5.2

Every complete subset is closed.

Proof. Let A be a complete subset of the metric space (X,d). If (,)nen is a
convergent sequence of elements of A then it is a Cauchy sequence. Since A is
complete, the limit of this sequence is in A. Consequently A is closed. |

Proposition 3.5.3

Every closed subset of a complete metric space is complete.

Proof. Let A be a closed subset of a complete metric space (X, d) and (2 )nen
a Cauchy sequence in A. Then (z,)nen is also a Cauchy sequence in X and
hence converges in X. Since A is closed, the limit of this sequence isin A. W

We leave it to the reader to show the following result:

Proposition 3.5.4

The Cartesian product of a finite number of complete metric spaces is a
complete metric space.

The following proposition allows us to compare the notions of completeness
and compactness.
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Proposition 3.5.5

Let (X, d) be a metric space. The following two properties are equivalent:
1. (X,d) is compact,

2. (X,d) is complete and, for every € > 0, X can be covered by a finite
number of balls of radius e.

Proof. (i) = (ii): Let (z,)nen be a Cauchy sequence in X. Since (X,d) is a
compact metric space, the sequence (z,)nen has a cluster point. But since it is
Cauchy, it converges. Consequently (X, d) is complete. Moreover, compactness
also ensures that X can be covered by a finite number of open balls of any given
radius.

(ii) = (i): Suppose that (X, d) is complete and that, for every € > 0, X can
be covered by a finite number of open balls of radius €.

Let (zy)nen be a sequence in X N The goal is to show that this sequence
admits a convergent subsequence. In fact, we will rather establish that there
exists a subsequence (Zyn))neN Of (¥n)nen, and a sequence (yn)nen in XN such
that for every n € N and p € N we have 2y(,4,) € B(yn,27"). This will ensure
that (2y(n))nen is Cauchy and hence converges since (X, d) is complete.

In order to construct the (y,)nen and the successive extractions, we start by
remarking that since X is covered by a finite number of balls of radius 1, there
exists yp € X such that B(yo,1) contains infinitely many terms of (z)nen-
This allows us to define a subsequence (7,(n))nen € B(yo, )N, Similarly, X
can be covered by a finite number of balls of radius 1/2 so there exists y; € X
such that the ball B(y1,1/2) contains infinitely many terms of (x,(,))nen. This
ensures the existence of a second extraction ¢; such that B(y;,1/2) contains
all the terms of the sequence (4, (e, (n)))nen. By an elementary recurrence, we
thus obtain a sequence (y,)nen of points of X and extractions ¢g,- -« , @k, -
such that B(yg,27%) contains all the terms of (T 9o -0pk (n) Jnen-  We conclude
using the diagonal process which consists in setting 1)(n) = @go---o@,(n). The
subsequence thus constructed satisfies the desired property. |

Corollary 3.5.1
Let (X, d) be a complete metric space and A a subset of X. The following
two statements are equivalent:
1. the subset A is relatively compact,

2. for every € > 0, the subset A can be covered by a finite number of
balls centered at points of A.

Proof. (i) = (ii): It suffices to note that
Ac | B(=,e).

€A



CHAPTER 3. METRIC SPACES 29

Since A is compact, we can extract from the above cover a finite subcover of A
and hence (a fortiori) of A.

(ii) = (i): We note that the completeness of (X,d) ensures that (A,d) is
complete. It is clear that if for every € > 0, the subset A can be covered by a
finite number of balls centered at points of A, the same holds for A. Indeed

n n
e _
Acl B(mi, 5) = Ac |JB(wie).
=1 =1
The previous proposition allows us to conclude that (A, d) is compact. |

Corollary 3.5.2
The compact subsets of R are the closed bounded sets.

Proof. We already know that in a metric space, compact sets are closed and
bounded. Conversely, knowing that R is complete and that every bounded subset
of R can be covered by a finite number of balls of arbitrarily fixed radius ¢, the

previous corollary ensures that every bounded subset of R is relatively compact.
|

Remark 3.9. There exist complete metric spaces that are not compact: R for
example.

In a complete space, we have the following extension result:

Theorem 3.5.1

Let (X, dx) and (Y, dy) be two metric spaces. Suppose (Y, dy) is complete.
Let A be a dense subset of X and f: A — Y uniformly continuous.

Then there exists a unique map f : X — Y continuous on X that
extends f on X. Moreover, this extension is uniformly continuous on X.

Proof. Let us first prove uniqueness. Let f; and fo be two continuous exten-
sions of f, and = € X arbitrary. Fix (2,,)nen € AY converging to x. Since each
xn is in A, we have fi(z,) = fo(x,). Passing to the limit, we conclude that
fi(@) = fa().

Now let us pass to the existence of the extension. Let x € X be arbitrary
and (z,)neny € AY converging to z. The sequence (z,,)nen is thus Cauchy in
(X, dx). Using the uniform continuity of f, one easily verifies that (f(x,,))nen is
Cauchy in the complete metric space (Y, dy) and hence converges to some limit
£. We leave it to the reader to verify that the value of ¢ does not depend on the
choice of the sequence (z,,)nen converging to x. We then set f(z) = £.

By passing to the limit in the definition of the uniform continuity of f, we
conclude the uniform continuity of f (in fact, for a fixed €, any 7 that works for
f also works for f). [ |
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Definition 3.5.3

Let (X,d) be a metric space. We say that a map f from X to X is con-
tractive if there exists k € [0, 1[ such that

V(w,y) € X2, d(f(2), f(y)) < kd(z,y).

Theorem 3.5.2: Fixed point theorem

Let (X, d) be a complete metric space and f a contractive map from X to
X. Then f admits a unique fixed point.

Proof. The proof is at least as interesting as the statement of the theorem. Fix
a real number k € [0, 1] such that

d(f(z), f(y)) < kd(z,y) forall (z,y)€ X (2.2)

The uniqueness of the fixed point is evident. Indeed if f(z) = x and f(y) =y
then (2.2) ensures that d(x,y) < kd(x,y), whence (1 — k)d(x,y) < 0 and then
d(z,y) =0.

To show the existence of the fixed point, start with an arbitrary zo € X and
define the sequence (z,)nen by the recurrence relation z,4+1 = f(x,). Exploiting
(2.2), we see that

Vn €N, d(xpy1, 2n) < k"d(x1, z0)

and then that

1-k

Consequently, the sequence (xy,)nen is Cauchy. Since (X, d) is complete, it
converges to a point x of X which, clearly, satisfies f(x) = z. [ |

V(nap) € N2> d(xn+p7$n) <

d(z1,x0)-



Chapter 4

Normed Vector Spaces

§4.1 Definitions

Definition 4.1.1
Let E be a vector space over K = R or C. A function ||| : E — R is
called a norm on F if it satisfies the following conditions:

1. |z =0 <= z =0,

2. VA e K, Ve € E, || \z|| = M|z,

3. V(w,y) € B, |z +yll < [l + [lyl-

The pair (E, || -||) is then called a normed vector space.

Remark 4.1. On E x E, we define the function d by:
V(a,y) € E?, d(z,y) = [l -yl

One easily verifies that d is a distance on E. It is called the distance associated
to the norm. In addition to the three properties defining distances, the function
d is translation invariant:

V(z,y,2) € X3, d(x+ 2,y + 2) = d(z,y)
and homogeneous of degree one:
V(z,y,A) € X x X x K, d(A\z, \y) = |A|d(z,y).
The reverse triangle inequality for d can be written in terms of the norm:
V(x,y) € B2, |[lz] = llylll < llz —yll.

In all that follows, we equip the normed vector space E with the topology
associated to the distance d. Note that balls and spheres can be defined in terms
of the norm:

o the open ball Bg(xo,r) with center xy and radius r is equal to {x € F |
[l — 2ol <},

o the closed ball Bg(xg,r) with center xo and radius r is equal to {x € E'|
[ = ol <7},

31
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o the sphere Sg(xo,r) with center xo and radius r is equal to {x € E |
[l — 2ol =}

Exercise 4.1. Let E be a normed vector space, r > 0 and xo € E. Show that the
closure of Bg(wo,7) is equal to Bp(xo,r) and that the interior of Bg(wo,r) is
Bg(xo,r). Deduce that the boundary of Bg(xg,r) is the sphere Sg(xo,7). What
remains of these results in an “arbitrary” metric space?

Example 4.1. 1. Let E =R"™. It is easy to establish that the function x —

|z]|oo = supi |xi| is a norm on R™.
Now fiz a real number p > 1. For x € R", set

n »

], = (Z\MP) :

i=1

Then || - ||p is a norm on R™. The triangle inequality
2+ yllp < llzllp + [yl

which is not trivial if p > 1 is called Minkowski’s inequality.

Minkowski’s inequality is shown using Hdélder’s inequality valid on R™ or

(:n.
’ n
>z
i=1
where 1 < p < 400 and q is the conjugate exponent of p defined by the
relation 1/p+1/q =1 (with the convention 1/0co0 =0).

The case p = q = 2 is none other than the Cauchy-Schwarz inequality. The
general case relies on Young’s inequality:

< llzllpllyllq

P
V(a,b) € RT x RT, ab < %ju?

Indeed, if we exclude the trivial cases where x or y is zero, we can divide
by ||lzlpllylly and we have, by Young’s inequality:

il gl _ 1wl 1l
lellp Tvlly = 2 11B 4ol

Vie{l,---,n},

A simple summation over i gives Hoélder’s inequality.

Let us return to the proof of Minkowski’s inequality. Applying Holder’s
inequality twice, we obtain:

n
lz +yllp = > lwi + yillws + P~
=1

n n
< lwillas + P Dl + vl
=1 =1
p—1 p—1
n P n P
<zl (Z |z +yz‘!p> + lyllp (Z |z +yz'!p>
i1 i=1
= (lzllp + lyllp)llz + gz
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Example 4.2. For every p € [1,+0o0], we can equip the set (P(K) of sequences
in K with p-th power summable with a normed vector space structure by setting:

+o0 %
2l = (z \) |
n=0

The triangle inequality is demonstrated as in the previous erxample by letting n
tend to infinity.

The set £°°(K) of bounded sequences in K can be equipped with the norm
]| ¢ee = supyen |n|-

Example 4.3. The set C([0,1];R) can be equipped with a norm by setting

de
Iflle & sup |£(2)].
te[0,1]

The norm || - ||pee thus defined is called the uniform norm. Other choices are
possible. For example

def

1
71> <[ [ 5P,
def [
71 [ 1o,
def [ [* z
9 & ([ 1)

with p € [1,400].

Example 4.4. The set M,,(R) of square matrices of size n with real coefficients
can be equipped with the norms

n n %
|l = max fagl or Al = (X lagl|  with pe[1+ocl.

! i=1j=1
Definition 4.1.2

Let E be a vector space equipped with two norms || - ||; and || - ||2. We say
that || - |2 is stronger than || - ||; if there exists a constant ¢ > 0 such that

Vee B, || < clfl.

We say that || - |1 and || - ||2 are equivalent if there exists ¢ > 0 such
that
Ve B, alls < lall < clle]s

It is clear that the distances associated to two equivalent norms are equiva-
lent. Consequently, we have:
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Proposition 4.1.1
The topologies generated by two equivalent norms are the same.

As an exercise, the reader may verify the following proposition:
Proposition 4.1.2
Let || - |1 and || - ||2 be two norms on E. Then || - ||2 is stronger than || - ||; if

and only if every open set of E for the topology associated to | -||1 is open
for the topology of | - ||2.

We will remember that the stronger the norm, the finer the associated topol-
ogy (that is, the more open sets it has).
Example 4.5. 1. In M, (R), the norms || - ||1 and || - || are equivalent.

2. In C([0,1];R), the norm || - || is (strictly) stronger than || - ||11.

Remark 4.2. If (E,| - ||g) and (F, |- ||F) are two normed vector spaces, we can
equip E x F with a product norm by setting for every (u,v) € E X F,

I(w, 0) 1 = llullz + [[v]F,

1w, 0)ll2 = y/llullE + 0],

[1(; 0)loo = max(|[ull &, [|v]| 7).

The three norms above are equivalent. The associated topologies are therefore
the same. We leave it to the reader to define a norm for the product of a finite
number of normed vector spaces.

§4.2 Linear Maps
Definition 4.2.1

Let E and F' be two normed vector spaces over the same field K. We denote
by L(E; F) the set of linear maps from E to F.

The equivalence between the first two assertions of the following proposition
will be fundamental for the rest of the course.
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Proposition 4.2.1

Let u € L(E; F). The following five properties are equivalent.
1. 3M >0, Vx € E, |Ju(x)||r < M||z| &,
2. wu is continuous on F,
3. wu is continuous at 0,
4. wu is bounded on the closed unit ball,

5. w is bounded on the unit sphere.

Proof. It suffices to prove (i) = (ii) = (iii) = (iv) = (v) = (i).
(1) = (ii) By linearity of u, we have u(y) — u(z) = u(y — ). Therefore,

V(z,y) € B, |lu(y) — u(z)|r < My - 2| 5.

So w is Lipschitz and hence continuous.

(id) = (iii) Trivial.

(791) = (iv) From the continuity of u at 0, we deduce the existence of an
1 > 0 such that ||u(z)||p < 1 whenever x € Bg(0,n). Now = € Bg(0,n) if and
only if p~tz € Bg(0,1). By linearity of u, we conclude that ||u(z)|r < n~! for
all x € Bg(0,1). So w is bounded on the unit ball.

(iv) = (v) Trivial.

(v) = (i) Let M be a bound of u restricted to the unit sphere. If x # 0, the
point z/|z|| g belongs to the unit sphere. Using the linearity of u and the fact
that u is bounded by M on the unit sphere, we thus obtain

()

Exercise 4.2. Using the above proposition, show that the map

ExE —E
(r,y) x4y

lu(@)|[F = llz|l 2 < Mjz||g.

’ F

s continuous.

Definition 4.2.2

Let L(FE,F) be the set of continuous linear maps from E to F. For f €
L(E, F), we denote by | f|lz(z, ) the smallest constant M such that

Ve e B, |f(x)llr < M|z &

We thus have
Ve e B, | f(@)lr < flcer e
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The reader will easily verify that we also have

Lf ()]l

1flcer) = sup = sup |[|f(z)]p
z€E\{0} (k4P z€E
=l z=1
Proposition 4.2.2
The space (L(E, F); | - [|z(g,F)) is @ normed vector space.
Proof. Let us quickly verify that || - ||z r) is a norm. Proposition 5 ensures

that for every f € L(E, F'), the quantity | f| ;g r) is finite (and positive). It is
moreover immediate that [|Af| sz r) = M| fllze, F) for every A € K and that
1 fllz(,F) = 0 if and only if f = 0.

If f and g are two elements of L(E, F'), we have for every x € FE,

I(f +9)(@)llr = [1f(2) + g(2)l| 7
<If@)llr+ llg@)lr
< (Ifleer) + 9llcer)lzle-

So f+ g is linear continuous and satisfies || f +gllz(z,r) < | fllce,r) + |9l 2E,F)-
So || - |z(&,F) is indeed a norm. [ ]

Remark 4.3. The definition of L(E; F) depends on the choice of norms on E
and F.

To illustrate this fact, take E = C([0,1];R) and F = R. We equip F with the
norm given by the absolute value. Consider the linear form L defined on E by
L(f) = £(0).

It is immediate that L is continuous if we equip E with the norm || ||fe. On
the other hand, L is not continuous if we equip E with the norm || - ||p1. To be
convinced of this, one may consider the sequence of functions (fn)nen defined by
n—n?z ifzel0,],

1].

fn(x):{o Z'f:EE[%, }

However, changing the norm on E and the norm on F to equivalent norms
does not modify L(E; F'), and changes || - || z(g,r) to an equivalent norm.

Proposition 4.2.3

Let E, F and G be three normed vector spaces, f € L(E;F) and g €
L(F;G). Then go f € L(E;G) and we have the following inequality:

lgo flleee) < N flleemllgllzra)-



CHAPTER 4. NORMED VECTOR SPACES 37

Proof. First of all, the theorem of composition of continuous maps ensures that
go f is continuous. The linearity of go f is evident. Let © € E. By definition of

9l 2(F;c), we have
lgo f@)la < Ngllzrallf@)r,

and then by definition of || f||z(z;r),
lgo f(@)lle < 9l lfloemllzlle
Consequently, we indeed have ||g o fllzz6) < [1flemll9lleirc) u

Remark 4.4. The above proposition ensures that the set L(E) of continuous
linear maps from E to E is such that:

V(fi9) € LIE),lgo fllem) < 1fllelgllcm-

One easily verifies that ||[Ildg|lzg) = 1.
These two additional properties confer to the normed vector space (L(E);|| -
lz(py) a structure of a normed algebra. We say that || - ||z gy is an algebra norm.

For multilinear maps, we can establish a characterization of continuity similar
to the one we have for linear maps:

Proposition 4.2.4

Let Ey,---, E; and F be vector spaces over K, equipped with norms || -
e, -, |lg, and || - ||p. Let u be a k-linear map from Eq X --- X Ej to
F.

The following four properties are equivalent:
1. w is continuous,

2. w is continuous at (0,---,0),

3. u is bounded on Bp, (0,1) x - -+ x Bg,(0,1),
4. there exists M € R* such that

V(;Cl,---,.%'k)EElX---XEk, (32)
|u(@e, - o) |lp < M|z, - - |2k 2, - '

Proof. To simplify the presentation, we assume that k¥ = 2 and we equip E1 X E»
with the product norm

(21, 22) |y x B, = max(||z1]| 2y, [|22] )

It suffices to prove (i) = (ii) = (it9) = (iv) = (4). (i) = (i) Obvious.
(ii) = (i4i) From the continuity at (0,0), we deduce the existence of an n > 0
such that ||z1||g, < n and ||z2]|g, < n implies |u(z1,z2)||F < 1. We deduce that

(21, 22) |l Erxm, €1 = JJuler, z2)|lp <07
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(iii) = (iv) Let M be a bound of u on B, (0,1) x Bg,(0,1). Let (z1,z2) €
E1 x E5 such that x1 # 0 and x2 # 0. We then have —%—, —2— € Bp, (0,1) x

_ lz1llE, * N2l 5,
Bg,(0,1) so

u )
21|y " |22l £

(iv) = (1) Let (1, x2) and (y1,y2) be two elements of F; x F5. By bilinearity
of u, we have

|u(z1, 22) | = |71 By 22| 2, < M|z | gy |22 £,

F

u(y1,y2) — u(z1, 2) = u(yr — 21, y2) + u(z1, y2 — 22),
SO
lu(yr, y2) — w(wr, x2)[[p < M (lyr — 21l 2, 12l e + |20] 24 ly2 — 2] B,) -
This visibly ensures continuity at (1, z2). |

KxE —F

Exercise 4.3. Using the above proposition, show that the map
\zx) +— &

1S continuous.
Definition 4.2.3

We denote by £F(E; x - - - x Ey; F) the set of continuous k-linear maps from
Ey x---x E;, to F.

For w € LF(E| x --- x E};F), we denote by || - |2k (B, x--x By ) the
infimum of all constants M satisfying (3.2). One can verify that this is a
norm on LF(E; x -+ x Ey; F).

§4.3 Vector Subspaces

Proposition 4.3.1

Let (E,|| - ||g) be a normed vector space and F' a vector subspace of E.
Then the closure of F' in E is a vector subspace of E.

Proof. This is immediate using the characterization of closure by sequences.
|

Here is a very useful result on the extension of continuous linear maps:
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Theorem 4.3.1

Let (E,| - ||g) be a normed vector space, (G, | - ||¢) a complete normed
vector space and F' a dense vector subspace of E. Let L € L(F';G). There
exists a unique map L € L(FE;G) that extends L on E. Moreover, we have

1Ll zm:6) = I Ll 2(ricr)-

Proof. Knowing that every continuous linear map is in fact Lipschitz and hence
uniformly continuous, the theorem on the extension of uniformly continuous
maps ensures the existence and uniqueness of a continuous extension L defined on
E. Let us verify the linearity of L. So let (\, u) € K2, (x,y) € E?, (#y)nen € FN
a sequence tending to = and (y,)neny € FY a sequence tending to y. Passing
to the limit in the equality L(Ax,, + pyn) = AL(zy) + #L(yn), we deduce that
LAz 4 py) = AL(z) + pL(y). Finally, knowing that

T L(x G L(x G
T -

wep\fo} |17lE zer\{o} |lzllE

and that L(z) = L(x) for x € F, it is clear that ”E“E(E;G) > || Ll z(ric)- But if
r € E and (z,)nen € FY tends to z then we have

vn € N, [|L(zn)lla < L] e ll2nll e,

SO
L) e < Ll ome )2

ThlS ensures that ||‘ZH£(E,G) S ”LHE(F,G) -

Theorem 4.3.2

Let f be a linear form on (E,|| - ||g). Then f is continuous if and only if
ker f is closed.

Proof. If f is continuous then the set ker f is closed as the preimage of the closed
set {0} of K. This establishes the direct implication. To establish the converse,
suppose that f is not continuous. Then there exists a sequence (zy),en tending
to 0 and such that f(z,) =1 for all n € N. Indeed, by Proposition 5, the linear
form f is not continuous at 0. So there exists ¢ > 0 and a sequence (¥n)neN
tending to 0 such that |f(yy)| > € for all n € N. The sequence (z,)nen defined
by z, = yn/f(yn) satisfies the desired properties. Now let z € E not belonging to
ker f (this is possible because f is not zero since it is not continuous). We observe
that the sequence with general term z — f(2)x, is in (ker f)N and converges to
z. |

From the above proof actually follows a much more precise result, namely:
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Corollary 4.3.1

A nonzero linear form on a normed vector space E is not continuous if and
only if its kernel is dense in E.

Theorem 4.3.3: Riesz’s theorem

Let (E,| - ||g) be a normed vector space and M a closed vector subspace
of E distinct from F. Then for every € > 0, there exists z. € E such that

|lzelle =1 and nirelg/[ |lze —m|| > 1 —e.

Proof. Let y € E\ M. Set « & d(y,M). Since M is closed and y ¢ M, we

have a > 0. For € € [0, 1] fixed, we then choose m. € M such that ||y — m.||g <

a/(1 —¢). An easy calculation shows that the point . & % answers the

question. |

Remark 4.5. In a Fuclidean space, by using orthogonality, one can easily con-
struct an © € E corresponding to € = 0. But for a “general” normed vector
space, one cannot do better than Riesz’s theorem.

§4.4 Banach Spaces

Definition 4.4.1

A complete normed vector space is called a Banach space.

Example 4.6. 1. We will see in Chapter 5 that the normed vector space
C([0,1];R) equipped with the norm || - ||Le is complete.

2. On the other hand, the space C([0,1];R) equipped with the norm || - ||
is not complete. To see this, one can for example consider the sequence

(fn)n>2 defined by

1 ifte0,1/2],
@) =3nG+L-0) ifteld i+1]
0 ifte[t+11]
It is Cauchy with respect to the norm || - |1 but does not converge in

C([0,1]; R).

3. We will see in the next section that all finite-dimensional normed vector
spaces are complete.
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Recall that a series > u,, of elements of E is said to be absolutely conver-
gent if > ||lug|| converges.

Proposition 4.4.1
In a Banach space, every absolutely convergent series is convergent.

Proof. By virtue of the completeness property, it suffices to establish that the
sequence with general term Y ;_ uy is Cauchy. This follows from the fact that
for all m > n, we have

m n m
Douk =) upf < D0 [l
k=0 k=0 k=n+1
and that Y ||ug|| converges. [ |

Exercise 4.4. Show that, conversely, if E is a normed vector space in which
every absolutely convergent series is convergent, then E is complete.

Let us give a very useful completeness result:

Proposition 4.4.2

Let (E,|| - ||g) be a normed vector space and (F,|| - ||r) a Banach space.
Then (L(E; F); || - lz(z;F)) is a Banach space.

Proof. We only give the structure of the proof and leave the pleasure of writing
the details to the reader. So let (L, )n,en be a Cauchy sequence of elements of
L(E; F). The goal is to show convergence to an element L of L(E; F).

1. Pointwise convergence: We show that for every x € E the sequence
(Lp(x))nen is a Cauchy sequence of elements of F. Since F' is complete, it
converges to an element L(x) of F.

2. Study of the limit: We first verify that L € L(E; F) and then that L is
continuous.

3. Convergence in norm: We verify that (L,)nen converges to L in
L(E;F).

|
Corollary 4.4.1

Let E be a normed vector space (arbitrary). The set of continuous linear
forms on FE is a Banach space.
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Definition 4.4.2

The set of continuous linear forms on F is called the topological dual of
E, and denoted E’. The norm || f|/’z of an element of E’ is thus defined by

11 = sup )

e£0 llzllE

§4.5 The Case of Finite Dimension

The following result is fundamental:

Theorem 4.5.1

In a finite-dimensional vector space, the compact sets are the closed
bounded sets and all norms are equivalent.

Proof. We have already seen that a compact set is closed and bounded. It
therefore suffices to establish that in finite dimension every closed bounded set
is compact and that all norms are equivalent. So let E be a finite-dimensional
vector space of dimension p and (ej,--- ,€p) a basis of E. In all that follows, we
denote

p

First step: We show that in (£, ||-||¥) the closed bounded sets are compact.
So let A be a closed bounded subset of E in the sense of the norm || -||%. Assume
for simplicity that K = R (the adaptation to the case K = C is left to the reader).
Let
, {(Rp, I lloo) — (B, [ - 1)
’ (1, ,zp) —> Zle zTie;.
Then ¢ is an isometric isomorphism between (RP,| - ||o) and (£, | - [|F). In
particular, ¢! is continuous, so ¢~ 1(A) is a closed bounded subset of (R?, ||-||s0)-
Let M > 0 such that p=1(A4) C [-M, M]P. The set [-M, M]P is compact as a
Cartesian product of compacts. Since ¢~ !(A) is closed, we conclude that =1 (A)
is compact, and then that A = p(p~1(A)) is also compact.
Second step: Equivalence of norms. Let now || - ||z be an arbitrary norm
on F. Define:

.. {(E,||-|°E°>H<R,|-D

For (z,y) € E?, we have (with obvious notations) thanks to the reverse triangle
inequality,

U (y) —¥(2)| < [ly —2|p <

p
Z(yi — ;)€
i=1

p
< (Z ||ez'||E> ly — z||E-
E =1
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Consequently, the map W is continuous on E. Note in passing that the
previous calculation shows that the norm || - ||% is stronger than || - ||g (take
y = 0 to see this).

Knowing that by the first step the unit sphere of E for the norm | - ||¥ is
compact, we deduce that ¥ restricted to S is bounded and attains its bounds.
This means in particular that there exists an x( such that

lxollg =1 and ||z||g > ||zo||p for all xz € E such that |[z||% = 1.
By homogeneity, we conclude that
Ve € E, |z|e = [[zollellz||Z-

Finally, it is clear that xy cannot be zero. So ||zg||g > 0. Consequently, the
norm || - ||g is stronger than || - ||oo-

Finally, the two norms are therefore equivalent.

Third step: End of the proof of compactness. Knowing that every norm
of E is equivalent to | - ||%, the first step now allows us to conclude that every
closed bounded set of E is compact. |

Corollary 4.5.1
All finite-dimensional normed vector spaces are complete.

Proof. Let E be a finite-dimensional normed vector space. Since all norms on
E are equivalent we can, without loss of generality, assume that E is equipped
with the norm ||-||%. With this choice of norm, it clearly appears that a sequence
(n)nen is Cauchy in E if and only if the sequences of its components (z%)nen
for i € {1,...,p} are Cauchy in K. Since K is complete, we deduce that the
sequences of the components converge, and then that (z,,),cn also converges. B

In infinite dimension, vector subspaces are not necessarily closed. For exam-
ple, if we consider the vector space ¢y of real sequences tending to 0 at infinity,
equipped with the norm ||z||cc = sup,cy |zn|, and the vector subspace F' of ¢
consisting of real sequences that are zero from some rank on, then F is a dense
vector subspace of ¢y that is not closed.

We however have the following result:

Theorem 4.5.2

Let (E,|| - ||[g) be an arbitrary normed vector space and F a finite-
dimensional vector subspace of E. Then F is closed in E.

Proof. Fix a basis (el,...,e?) of F. Since all norms are equivalent in finite
dimension, the norm of F restricted to F is equivalent to the norm || - [|» on F
associated to (el, ..., eP).
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Let (2, )nen be a convergent sequence in F'. It is thus Cauchy in the sense of
the norm |||« introduced above and it is then immediate that all the components
of the sequence with respect to (el,...,eP) are Cauchy sequences in K, hence
convergent. |

Theorem 4.5.3

The closed unit ball of the normed vector space E is compact if and only if
E is finite-dimensional.

Proof. Only the direct implication remains to be proven. We reason by contra-
position: assume F is infinite-dimensional. We can then construct by recurrence
a sequence (eg)ren of linearly independent vectors. The sequence (Vi )gen of vec-

tor subspaces defined by Vj def Vect(ep, . .., ex) is a strictly increasing sequence
of closed vector subspaces distinct from E. By applying Riesz’s theorem, we
can then construct by recurrence a sequence (&, )nen of unit vectors such that
d(xn, Vp—1) > 1/2 and z,, € V,,. We visibly have ||z, — 2| > 1/2 for n # m.
Consequently the sequence (x,,)nen has no cluster point and the ball Bg(0,1) is
therefore not compact. |

Corollary 4.5.2

Let E be a finite-dimensional normed vector space. Then
1. every bounded sequence in E admits a cluster point,

2. every bounded sequence having a unique cluster point converges.

Example 4.7. Consider the space E = C([0,7|;R) equipped with the norm

190 )2 [ 1o ar

For n € N*, set f(x) = sinnz. It is clear that || fa||2. = 1/2 and that || fn —
fmllzz = 1 for n # m. So the sequence (fn)nen is a sequence in Bg(0,1) that
has no cluster point. We conclude that E is infinite-dimensional.

Remark 4.6. In a normed vector space (E,|| - ||g) of infinite dimension, all
compacts have empty interior. Indeed if the set K does not have empty interior
then it contains a closed ball Bg(xo,r) with r > 0. If K were compact then the
closed ball Bg(zo,7) would also be compact and hence E, of finite dimension.

Theorem 4.5.4

Let (E,||-||g) and (F,||-||F) be two normed vector spaces, and f € L(E; F)
a linear map. If F is finite-dimensional then f is necessarily continuous.
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Proof. Fix a basis (e!,---,eP) of E. Since on E all norms are equivalent, we

can assume that ||z||p = maxi<;<,|2’| where (2!, -+, 2P) are the coordinates of

x with respect to (e!,--- , eP).
We thus have, by the triangle inequality and the linearity of f,

1 (@)r = sz’f |!F<<Z|!f HF)HSCHE,

whence the continuity of f. |
The reader may verify that more generally we have the following result:

Theorem 4.5.5

Suppose that Fi,---, E, are finite-dimensional. Then every p-linear map
from Eq x --- x E, to F' is continuous.

§4.6 Exercices

Exercice 6. Let E =C([0,1],R). For f € E, we give

1
171 = [ 1@,

and let ¢ be the endomorphism of E defined by

_ /0 " ()t

1. Show that || - ||1 is a norm on E.
Justify the sentence: “¢ is an endomorphism of E”.

Demonstrate that ¢ is continuous.

e e

Forn >0, we consider f, the elements of E defined by f,(x) = ne " x €
[0,1]. Calculate || full; and [[¢ (fn)ll;-

5. We put ¢ = supy, ||¢\)\(ff||)1”1' Determine ¢.

Exercice 7. Let E = C>([0,1],R). We consider the operator of differentiation

D:E—E
fef

Show that, regardless of the norm N that we endow E with, D is never a con-
tinuous linear application from (E,N) to (E,N).

Exercice 8. Let E be a normed vector space and u € L(E). Prove that u is
continuous if and only if {x € E;|u(z)| = 1} is closed.
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Exercice 9. Let E be a normed vector space and u an endomorphism of E such
that for all x € E, ||u(x)|| < ||z||. For alln € N, we define

1. Simplify v, o (u — Id).
2. Show that ker(u — Id) N Im(u — Id) = {0}.
3. Now suppose that E is finite-dimensional. Prove that

ker(u — Id) ® Im(u — Id) = E.

4. Let p be the projection onto ker(u — Id) parallel to Im(u — Id). Prove that
for all x € E,v,(z) — p(z).



Chapter 5

Connectedness and Convexity

§5.1 Connectedness

The notion of connectedness is very important in topology. If one seeks to have
an intuitive representation of it, one will remember that a connected subset
consists of “only one piece”.

§5.1.1 General Framework

The mathematical definition of connectedness that we give below may seem at
first glance rather far from the intuitive representation we have tried to impose
on the reader:

Proposition 5.1.1

Let (X, Q) be a topological space and A a subset of X. The following three
properties are equivalent:

1. A and ) are the only open and closed subsets of A,

2. there is no pair of nonempty open subsets of A, disjoint and whose
union equals A,

3. there is no pair of closed subsets of A nonempty, disjoint and whose
union equals A.

If one of these three properties is verified, we say that A is a connected
subset of X.

Proof. (i) = (ii): Let ©; and Q2 be two disjoint open sets whose union equals
A. Then Q9 = A\ Q) so Qy is both open and closed. We deduce that g is
either ) or A. (ii) = (i): Let Q be an open and closed subset of A. Then the
same is true for A\ 2, so one of the two sets 2 and A \ 2 must be empty. (ii)
<= (iii): It suffices to take complements. [ |

Example 5.1. 1. Let (X,0) be a Hausdorff topological space and A a finite
subset of X having at least two elements. It is easy to see that all the
singletons of A are both open and closed. Consequently A is not connected.

2. Every normed vector space is connected.

47
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Proposition 5.1.2
The image of a connected subset by a continuous map is connected.

Proof. Let (X,0) and (X', 0’) be two topological spaces, A a connected subset
of X and f € C(A; X'). Denote B = f(A). Let U be an open and closed subset
of B (for the induced topology). By continuity of f, the subset f~!(U) is open
and closed in A. Since A is connected, we therefore have f~1(U) = () (in which
case U = () or else f~1(U) = A (and then U = B). [ |

Corollary 5.1.1

A subset A of the topological space (X, Q) is connected if and only if every
continuous map from A to {0,1} equipped with the discrete topology is
constant.

Proof. Let A be connected and f a continuous map from A to {0,1}. Then
f(A) must be a connected subset of {0,1}. Knowing that {0, 1} is not connected,
this means that f(A) must consist of only one element.

To show the converse, let us proceed by contraposition. Suppose therefore
that A is not connected. Then there exist two closed sets B and C' nonempty,
disjoint and such that A = B U C. We define the function f on A by f(z) =0
if z € Band f(z) =1 if x € C. By construction of f, one easily verifies that
for every closed set F of {0,1}, the set f~1(F) is a closed set of A. So f is
continuous and nonconstant. |

Corollary 5.1.2

The union of a family of connected subsets with nonempty intersection is
connected.

Proof. Let (A;);c; be a family of connected sets with intersection B nonempty
and f a continuous map from J;c; A; to {0,1}. By connectedness of A;, f is
constant on each A;. If we denote by a; the value of this constant, we deduce
that f restricted to B (which is not empty) must be constant and equal to a; for
all 7. Consequently, all the a; are equal to each other, and f is therefore constant
on (J;er Ai. We conclude thanks to the previous corollary. |

Remark 5.1. The union of an arbitrary family of connected sets is not con-
nected in general. Similarly, the intersection of two connected sets is not always
connected (in R?, consider for example the intersection of an annulus and a
rectangle).
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Corollary 5.1.3

Let A be a connected subset of (X,0). Then every subset B of X such
that A C B C A is connected.

Proof. Let f be a continuous map from B to {0,1} and b a point of B. Then f
restricted to A is constant. Suppose for example that f is 0 on A. Since b € A,
we have

f(b) = lin})f(a) =0.
aeA

We conclude that f is zero on B. So B is connected. |

§5.1.2 Connected Subsets of R

Theorem 5.1.1

The connected subsets of R are the intervals.

Proof. Consider first the case of a closed bounded interval of R : I = [a,b]. Let
Fy and F be two disjoint closed subsets of [a, b]. Since [a, b] is closed in R, F} and
F5 are in fact two closed sets of R, and since they are bounded, they are compact.
Suppose by contradiction that these two compacts are nonempty. Since they are
disjoint, we have d(F, F») > 0, and there exist 1 € F} and z9 € F5 such that
d(F1, Fy) = |r1 — x| (exercise: prove it). The point (z1 + x2)/2 also belongs
to the interval [a, b] and must therefore belong to one of the two closed sets, for

example F}. But
1+ X2
d =
( 2 ’“)

which is absurd. So Fj or Fy is empty and [a, b] is indeed connected.
Since every interval of R is an increasing union of closed bounded intervals,
Corollary 2 of page 38 allows us to conclude that every interval of R is connected.
If A C R is not an interval, there exist two points x and y of A such that
x <y and [z,y] ¢ A. Taking yo € [z,y] \ A, we observe that AN] — oo, yo[ and
AN [yo,+oo| are two nonempty disjoint closed subsets of A whose union equals
A. So A is not connected. |

d(Fy, Fy)
2 )

1 — X2

2

Theorem 5.1.2: Intermediate value theorem

Let A be a connected subset of a topological space (X, 0), and f a contin-
uous map from A to R. Then f(A) is an interval of R.

Proof. We know that f(A) is a connected subset of R. It only remains to apply
the previous theorem. |
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Corollary 5.1.4

Let f be a continuous function from A to R with A both compact and
connected. Then there exists (a,b) € R? with a < b such that f(A) = [a, b].

Proof. By the intermediate value theorem, the set f(A) is an interval. More-
over, by compactness of A, the set f(A) must be a compact subset of R. Con-
sequently, it is a closed bounded interval. |

§5.1.3 Arcwise Connectedness

Definition 5.1.1

Let (X,0) be a topological space, and A a nonempty subset of X. Let
(a,b) be a pair of points of A. We say that a map ¢ defined on [0, 1] is
a path in A from a to b if it is continuous from [0, 1] to A, and satisfies
©(0) = a and (1) =b.

Remark 5.2. The image of [0,1] by ¢ is a continuous curve with endpoints a
and b.

Example 5.2. Let E be a vector space equipped with a topology for which vector
addition and scalar multiplication are continuous operations (we speak of a topo-
logical vector space). To every closed segment [a,b] = {(1 —t)a+tb,t € [0,1]} of
E, we can associate a path from a tob. It suffices to consider ¢ : t — (1—t)a+tb.

Definition 5.1.2

We say that the subset A of X is arcwise connected if for every pair (a, b)
of points of A there exists a path in A from a to b.

Proposition 5.1.3
Every arcwise connected subset is connected.

Proof. We will use the characterization of connectedness given by Corollary 1.
So let A be arcwise connected and f € C(A;{0,1}). Let a and b be two arbitrary
points of A. There exists a path ¢ € C([0,1]; A) such that ¢(0) = a, ¢(1) = b.
The map f o ¢ is continuous from [0, 1] (a connected subset of R) to {0,1} and
is therefore constant. In particular

fla) = fop(0) = fop(l)=f(b).

So f is constant. |
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Remark 5.3. The converse is, in general, false.

We however have the following result:

Theorem 5.1.3

For open subsets of normed vector spaces, connectedness is equivalent to
arcwise connectedness.

Proof. Let A be a nonempty connected open subset of E. Fix a € A and
consider the set

B {b € A there exists a path in A joining a and b}.

By definition itself, the set B is arcwise connected. It remains to show that
B =A.

e B is not empty because it contains the point a.

e The set B is open. Indeed, if b € B, there exists a path in A from a to
b and, since A is open, a nonempty ball B(b,r) included in A. For every
point ¢ of B(b,r), the segment [b, ] is included in B(b,r) and hence in A.
There therefore exists a path in A from b to ¢. Finally, the union of a path
from a to b with a path from b to ¢ is a path from a to c¢. We therefore
conclude that ¢ € B, and then that B(b,r) C B.

o The set B is closed. Let b € BN A. Choose r > 0 such that B(b,r) C A.
Since b € B, the set B(b,r) N B is not empty and therefore contains a
point c¢. By definition of the set B, there exists a path in A joining a to
c. Moreover, the segment [b, ] belongs to B(b,r) and is thus included in
A, and we finally deduce that b € B. Since the set A is connected, we
conclude that B = A.

§5.2 A Bit of Convexity

Definition 5.2.1

A subset A of a vector space E is said to be convex if

V(z,y) € Ax A, [z,y] C A.

Remark 5.4. The notions of converity and arcwise connectedness are topo-
logical notions (i.e., they depend only on the chosen topology). In the case of a
normed vector space, they are therefore invariant under changing the norm to an
equivalent norm. The notion of convexity is an algebraic notion and is therefore
independent of the chosen topology.
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Proposition 5.2.1
In a topological vector space, every convex set is arcwise connected.

Proof. Let A be a convex subset of E. Let (z,y) € A%. By convexity, the
image of the continuous map

0,1] — FE
t stz + (1 —t)y
is included in A. So A is indeed arcwise connected. |
Proposition 5.2.2
Let A be convex. Then for every n-tuple (z1,--- ,2,) of elements of A and
every n-tuple (aq,--- ,ayp) € [0,1]" satisfying a1 + - - - + a, = 1, we have

n
Zaixi c A.
=1

Proof. We reason by induction on n. The case n = 1 is evident. Assume
the result established for every (zi,---,x,) € E"™ and (ai,---,a,) € [0,1]"”
satisfying a1 + -+ a, = 1. Let (21, -+ ,2p41) € A and (B1,---, Bnr1) €
[0,1]""! such that B + -+ + Bns1 = 1. We can moreover assume that all
coefficients (; are in [0,1] (otherwise the result is contained in the induction
hypothesis). Let © = Z?jll Bix;. We observe that

n
. Bi
T = Bnp1tn1 + (1 — Bog1)y  with y=>_ 17130@
im 1= B
Since Y i 1—237;“ = 1, the induction hypothesis ensures that y € A. By
convexity of A, we therefore have x € A as desired. |

We leave it to the reader to verify the following properties:

—_

. The image of a convex subset by a linear map is convex.

2. The preimage of a convex set by a linear map is convex.

3. The intersection of an arbitrary family of convex sets is convex.
4

. Let A and B be two convex sets, and (a, ) € R%. Then aA+ (B is convex.
Definition 5.2.2

Let A be an arbitrary subset of E. The convex hull of A is the smallest
convex set containing A.
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Proposition 5.2.3

Let A be a subset of E. The convex hull of A is the set of finite linear
combinations with positive coefficients whose sum is 1, of elements of A.

Proof. Denote by B the set of finite linear combinations with positive coef-
ficients whose sum is 1, of elements of A. It is clear that this set is convex.
Moreover, if C' is another convex set containing A, it must in particular contain
all convex combinations of elements of A, so B. |

Proposition 5.2.4

In a normed vector space, the closure and the interior of a convex set are
convex.

Proof. Let A be a nonempty convex set, (z,y) € A% andte [0,1]. Then there
exist two sequences (p)nen and (yp)nen of elements of A such that

lim z, =2 and lim y, =y.
n—-+00 n—-+00

By convexity of A, we have tx, + (1 —t)y, € A for all n € N. Moreover it is
clear that
lim tx,+ (1 —t)y, =tx+ (1 -ty

n—-+oo

so tx + (1 — t)y € A. This shows that A is convex.

Let us now show that A is also convex. We exclude the case A = ) which
is trivial. Let (z,y) € A% Then there exists > 0 such that the open balls
B(z,r) and B(y,r) are included in A. By convexity of A, we therefore have
tB(z,r)+ (1 —t)B(y,r) C A for all t € [0,1]. One easily establishes that

tB(z,7)+ (1 —t)B(y,r) = B(tx + (1 — t)y, ).

Sotr+ (1—1t)y e A, and A is indeed convex. |
Definition 5.2.3
Let A be a convex subset of £ and f: A — R. We say that f is convex if
Va € [07 1]7 V(l’,y) €A27 f(a$+(1_a)y) gaf(x)—l—(l—oz)f(y)
Proposition 5.2.5

Let f: A — R be a convex function. Then for every real number c the sets
f7H] = o0, c]) and f71(] — oo, ¢[) are convex.
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Proof. Suppose f~1(] — oo, ¢]) is nonempty and give us = and y two elements
of f71(] — 00, c]) and t € [0,1]. By convexity of f, we have

[z + (1 =t)y) <tf(z) + (1 =)f(y) <tc+ (1 -te=c
whence the result. The proof of the convexity of f~1(] — oo, ¢[) is similar. W

Example 5.3. Let f: E — R be an affine function, and a € R. Then the sets
f_l([av +OOD) f_l(]a’7 +OOD7 f_l(] — 00, CL]) and f_l(] - OO,CLD are conver.

Proposition 5.2.6

If f: A— R is a convex function then for every (aq,---,ay) € [0,1]™ such
that ;" a; = 1, we have

f (Z Oéiﬂfz) < Zaif(xi)‘
i=1 i=1

Theorem 5.2.1

Let E be a finite-dimensional normed vector space and U an open convex
subset of E. Then every convex function defined on U is continuous.

Proof. Let f: U — R be a convex function. We fix a basis (e1,--- ,e,) of E
and we equip F with the norm ||z| = >, |z;| for x = Y7 | x;e; (this does
not affect the continuity properties of f since in finite dimension all norms are
equivalent). Fix a b € U. The goal is to show the continuity of f at b.

1. Reduction to the case b =0, f(0) =0 and B(0,1) C U.

By considering the function g : x — f(Axz 4+ b) — f(b) with A > 0 such
that B(b,\) C U, we can reduce to studying continuity at 0 for a convex
function defined on an open set containing the closed unit ball B(0, 1) and
vanishing at 0. Note indeed that f and g are simultaneously convex and
that f is continuous at b if and only if g is continuous at 0.

2. Bounding g on B(0,1).

Denote ag the origin, aj =e¢; and a; = —e; for i = 1,--- ,n. We remark
that every point x = > | z;¢; of B(0,1) decomposes as

n
v = (1= |lz)ao + D |wilaf,
i=1

{+, if 2, >0,
E; =

—, otherwise.
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It is clear that 1 — ||z|| € [0, 1], |x;| € [0,1] for i € {1,--- ,n} and 1 — ||| +
Yoiq |zl = 1. By convexity of g and since g(ag) = 0, we therefore have,
by the previous proposition,

o) < Mlja], w
M =max{g(af),--- ,g(a;)),9(ay), -+, g(ay)}-
3. End of the proof.
Writing that 0 = § + (_2:”) and using ¢(0) = 0, we obtain
o(r) 2 ~g(~2) = =M.
We conclude that o
Va € B(0,1),]g(z)| < Mlz||.
So g is continuous at 0, and f, at b.
|

Remark 5.5. The above result is false in general if we do not assume that U is
open or if we are in infinite dimension.

§5.3 Exercices

Exercice 10. Let E be a normed vector space and A, B two arc-connected subsets

of E.
1. Prove that A x B is arc-connected.

2. Deduce that A+ B is arc-connected.

3. Is the interior of A always arc-connected?

Exercice 11. Let (A;)ier be a family of arc-connected subsets of the normed
vector space E such that (\;c; A; # @. Prove that ;e A; is arc-connected.

Exercice 12. Let ¢, : C — C be continuous functions such that, for all z € C,
exp(¢(z)) = exp(¥(z)). Prove that there exists k € Z such that, for all z € C,
é(2) = ¥(2) + 2ikn.

Exercice 13. Let I be an interval in R and f : I — R. We want to demonstrate
using arc-connectedness the classical result: if f is continuous and injective,
then f is strictly monotonic. To do this, we define C = {(x,y) € R%x >y} and

1. Prove that F(C) is an interval.

2. Conclude.



CHAPTER 5. CONNECTEDNESS AND CONVEXITY 56

Exercice 14. We say that two subsets A and B of two normed vector spaces F
and F are homeomorphic if there exists a bijection f : A — B such that both f
and f~1 are continuous.

1. Prove that R?\{0} is arc-connected.
2. Prove that R and R? are not homeomorphic.
3. Prove that [0,1] and the unit circle are not homeomorphic.

Exercice 15. Let E be a normed vector space of dimension two or higher (pos-
sibly infinite-dimensional). Prove that its unit sphere Sg is arc-connected.

Exercice 16. Let I be an open interval in R and let f : I — R be a differentiable
function. We denote A = {(x,y) € I x I,z < y}.

1. Prove that A is an arc-connected subset of R2.

2. For (z,y) € A, define g(x,y) = W= - proye that g(A) C f/(I) C g(A).

y—x

3. Prove that f'(I) is an interval.

Exercice 17. Let E be a finite-dimensional normed vector space and let p :
[0,1] — L(E) be a continuous function such that for all t € [0,1], p(t) is a
projection. Prove that the map t — rg(p(t)) is constant.

Exercice 18. Let A be a subset of a normed vector space E, and let f : A - F
be a continuous function, where F' is a normed vector space. We say that f is
locally constant if, for every a € A, there exists r > 0 such that f is constant on
B(a,r) N A. The goal of this exercise is to prove that if A is arc-connected and
f is locally constant, then f is constant. To do this, we fix a,b € A and consider
a continuous path ¢ : [0,1] — A such that ¢(0) = a and ¢(1) = b. We define

t =sup{s € [0,1]; f(#(s)) = f(a)}.
1. Prove that t = 1.

2. Conclude.

Exercice 19. Let A be an arc-connected subset of a normed vector space, and
let B be a subset of A that is both open and closed relative to A. Define the
function f: A— R by

1 ifxeB
f(m):{o z’chx¢B
1. Prove that f is continuous.
2. Deduce that B =@ or B = A.
Exercice 20. 1. Prove that the arc-connected components of an open subset

of R™ are open.
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2. Deduce that any open subset of R is a union of pairwise disjoint open
intervals.
3. Prove that this union is either finite or countably infinite.

Exercice 21. Determine all continuous functions f : C — C such that, for all

2€C, (f(2)? =22

Exercice 22. Let E be a normed vector space, C a conver subset of E, and D
a set such that C C D C C. Prove that D is arc-connected.

Exercice 23. Let A, B be two subsets of a normed vector space E. Are the
following assertions true or false?

1. If A is connected, then its boundary is connected.
If A is connected, then A is connected.
If A and B are connected, then AN B is connected.

If A and B are convex, then AN B is connected.

S

If A and B are connected, then AU B is connected.

)

If f: A — F is continuous, with A conver and F a mormed vector space,
then f(A) is convez.



Chapter 6

The Great Theorems of
Functional Analysis

§6.1 The Baire Theorem

Theorem 6.1.1: Baire, first form

Let (X,d) be a complete metric space and (Fy),en a sequence of closed
subsets of X, with empty interior. Then U, cy F has empty interior.

Theorem 6.1.2: Baire, second form

Let (X,d) be a complete metric space and (Q,),en a sequence of dense
open subsets of X. Then N,y 2y, is dense in X.

Proof. Let us show the second form. Let (€,)nen be a sequence of dense open
sets and V' a nonempty open set of X. The goal is to show that VN (N,,cn Qn) #
0.

1. By density of €2y, the open set 29NV is nonempty. So there exists o € X
and 79 > 0 such that B(zg,r9) C QN V.

2. By recurrence, we construct a sequence (xy)nen of points of X and a
sequence (7, )nen of strictly positive real numbers such that for every n € N:

. §($n+17 rn+1) C QnJrl N B(ﬂjna Tn)

® T'n+l < %L

3. The sequence (xy,)nen is Cauchy because for m > n:

m—1 m—1 > q
d(wmaafn) < Z Cl(a?kJrl,l'k) < Z e < T Z 27 =2r,
k=n k=n E—0

and r, — 0.

4. Since X is complete, (z,) converges to a point z € X. By construction,
x € B(zn,my) for every n, so z € VN (Npen On)-

o8
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Definition 6.1.1

We say that a Hausdorff topological space (X, Q) has the Baire property
if for every sequence (£, )nen of dense open subsets of X, the set ), ey 2n
is dense.

Proposition 6.1.1

Let X be a Hausdorff topological space having the Baire property and (2
an open subset of X. Then  equipped with the topology induced by X
also has the Baire property.

Proof. Let (Q,),en be a sequence of dense open subsets of 2. Since 2 is open,
one verifies that (£, U (X \ Q))nen is a sequence of dense open subsets of X. By
the Baire property of X, M,en(S2 U (X \ ©Q)) is dense in X.

Let V' be an open subset of (2. Then V is an open subset of X and:

VN (ﬂ(QnU(X\Q))) =Vn (ﬂ Qn)
neN neN

is nonempty, so [,,cn {2, is dense in €. |

§6.1.1 The Banach-Steinhaus Theorem

Theorem 6.1.3: Banach-Steinhaus

Let E be a Banach space, F' a normed vector space and (7;);c; a family
of maps in L(E; F'). Assume that for every x € E, the set {T;(z)]i € I} is
bounded in F'. Then there exists M > 0 such that Vi € I, ||T;||z(g,r) < M.

Proof. For every n € N, define:
A, = {z € BV € I |Ty(@)|r < n}

Each A, is closed (as an intersection of the closed sets T, '(Br(0,n))) and we
have U, ey 4n = E.

By the Baire theorem, there exists ng € N such that A,, has a nonempty
interior. Let zg € E and ry > 0 such that B(zo, 7o) C Ap,-

Then for every i € I and every y € Bg(0, 1), we have:

1 1 2ng
1Tl = ZITe(roy)lle < = (ITu@o + roy) e + [ITo@o)llr) < =7

So [|Tillz(esry < % for every i € 1. [ |
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Corollary 6.1.1

Let E be a Banach space, F' a normed vector space, and (7T},),en a se-
quence in L(E; F). Assume that for every x € E, the sequence (T},(z))nen
converges in F to a limit denoted T'(z). Then T' € L(E; F).

Proof. The linearity of T follows from the linearity of the 7;,. By the Banach-
Steinhaus theorem, there exists M > 0 such that ||T,,|| < M for every n. Then

for every x € E:
IT@)F = lim [|Ta(@)]lr < M|z

so T is continuous. ]

§6.1.2 The Open Mapping Theorem

Definition 6.1.2

Let (X,0),(X’,O’) be two topological spaces. We say that f : X — X’
is an open map if the image of every open subset of X by f is an open
subset of X’.

Theorem 6.1.4: Open mapping theorem

Let E and F be two Banach spaces, and T' € L(E; F') surjective. Then T
is an open map.

Proof. The proof is done in several steps:

1. We show that there exists ¢ > 0 such that Bp(0,¢) C T(Bg(0,1)).

Indeed, let X,, = T(Bg(0,n)). Since T is surjective, F' = ey Xn. By
the Baire theorem, there exists ng such that X,,, has a nonempty interior.
So there exists yp € F and r > 0 such that Br(yo,r) C T(Bg(0,np)).

By linearity and convexity, we deduce that Bp(0,r) C T(Bg(0,2ng)), and
then by homogeneity that Br(0,c¢) C T(Bg(0,1)) with ¢ = 5~

2ng °

2. We show that Br(0,¢) C T(Bg(0,1)).

Let y € Bp(0,¢). We construct by recurrence a sequence (z,) in E such
that:

o |lznlle <277
o Hy — T(xl SRR xn)||p <27 "¢

The series Y x, converges (since E is complete) to an element = with
|z||g <1, and T'(x) = y.
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Corollary 6.1.2

Let E and F be two Banach spaces, and T € L(E; F) bijective. Then 71
is continuous.

Proof. Since T is open, the preimage by 7! of an open subset of E is an open
subset of F', so T~! is continuous. |

§6.1.3 The Closed Graph Theorem

Definition 6.1.3

Let E, F be two normed vector spaces and 1" a linear map from E to F.
The graph of T' (denoted G(T')) is the following subset of E x F:

G(T) ={(z,y) e ExXF |y =T(x)}.

Theorem 6.1.5: Closed graph theorem

Let E and F be two Banach spaces, and T a linear map from F to F'. Then
T is continuous if and only if G(T') is a closed subset of E x F.

Proof. If T is continuous, then G(T) is closed because if (z,,, T (zy)) — (z,9),
then by continuity y = T'(z).

Conversely, if G(T') is closed, then it is a Banach space. The projection 7 :
G(T) — E defined by 7g(x, T(z)) = z is continuous, bijective and linear. By the
open mapping theorem, 7@1 is continuous. So T' = 7 o 7@1 is continuous. W

§6.2 Exercices

Exercice 24. Let (E,d) be a complete metric space. We assume that E can be
written as the countable union of closed sets:

E=|]JF,.
n
Then the set
Q=F,
n

is a dense open set in FE.

Exercice 25. Let I be a non-empty open interval in R, and f : T — R be a
differentiable function. Then the derivative function f’ is continuous at every
point of a dense subset of I.
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Exercice 26. Consider E = C([0,1],C). We have two normed spaces: X =
(B, I-l) and Y = (E, |Ill), where [|fll = sup|f(@)]/t €[0,1] and [|f[l, =
fol |f(t)|dt. Let’s denote

Ig: X =Y
=T

as the identity function.
1. Show that I is a bijective and continuous function. What is its norm?
2. Show that Id_1 is mot continuous.
3. Conclude.

Exercice 27. Let E and F be two normed vector spaces.

1. Show that if E is complete and F is a closed subspace of E, then the
quotient space (E/F,\ : ]E/F) is a Banach space.

2. Show that if T € L(E,F), then the application T : E/ ker~(T) — F defined
as T(x +ker(T)) = T(x) is a continuous function, and |T'| = |T|.

3. Show that if T € L(E, F) has finite rank and ker(T') is closed, then T is
continuous.

Exercice 28. Let X be a Banach space, Y be a normed vector space, and T :
X =Y be a continuous linear map. Suppose there exists a constant ¢ > 0 such
that |Tx| > c|x| for all x € X. Show that the image T(X) is closed in Y, and T
establishes an isomorphism between X and T(X).



Chapter 7

Hilbert Spaces

§7.1 Inner Product

Definition 7.1.1
Let E be a real vector space. A bilinear form b : £ x E — R is an inner
product if:

1. Tt is symmetric: Va,y € E,b(z,y) = b(y, =)

2. It is positive definite: Vo € E'\ {0}, b(z,x) > 0

Definition 7.1.2: Complex case

Let E be a complex vector space. A map h: E x E — C is a Hermitian
inner product if:

1. It is linear with respect to the first variable

2. It is antilinear with respect to the second variable: h(x,y + \z) =
h(z,y) + Ah(x, 2)

3. It is Hermitian: Vz,y € E, h(y,z) = h(z,y)
4. It is positive definite: Vo € E \ {0}, h(z,x) >0
Theorem 7.1.1: Cauchy-Schwarz inequality

Let E be a pre-Hilbert space. Then for every (z,y) € E?, we have:

@ [yl < [l /]Iyl

with equality if and only if z and y are collinear.

Proof. In the real case, consider for \ € R:

FO) = Il +yl? = ll2]* + 22 (z]y) + X1y [1*

63
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This polynomial is always nonnegative, so its discriminant is non-positive:
A = 4(zly)* = 4)z)?yl* <0

whence the inequality.
In the complex case, write (z|y) = |(z|y)|e?’ and consider f(p) = ||z + pe@y||?
for p e R. |

Proposition 7.1.1: Important identities

In every pre-Hilbert space, we have:

1. Parallelogram identity:

lz + gl + lz = yl* = 2]|z|* + 2/l

2. Polarization identity:

« Real case: (z|y) = 1(lz +y[? — ||lz — y||?)
. Cogaplex case: (zly) = J(lz+yl?— |z —yl|> +il|z +iy||* —i]lx—
iyl|)

§7.1.1 Orthogonality

Definition 7.1.3

We say that two elements  and y of a pre-Hilbert space E are orthogonal
if (z |y) =0. We denote z L y.

Theorem 7.1.2: Pythagorean theorem
If 2 Ly, then [jz +y||* = ||z[|* + [|y[*.

Definition 7.1.4

For every nonempty subset A of a pre-Hilbert space F, we define the or-
thogonal of A by:

At ={yeE|Vze A (z|y) =0}
Proposition 7.1.2

For every A C E nonempty, A+ is a closed vector subspace of E.
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Proof. Let (y,) be a sequence in AL converging to y. For every = € A:
(aly)| = lim_ [(zlya)] =0

so y € AL, Stability under linear combinations is immediate. |

Theorem 7.1.3: Gram-Schmidt orthonormalization process

Let (a1, - ,ap) be a free family in a pre-Hilbert space E. Then there exists
a unique orthonormal family (eq,--- ,ep) such that:

1. Vj e{l,---,p}, Vect(ey,--- ,e;) = Vect(ar,--- ,a;)

2.Vje{l,---,p}, (aj|e;) >0

Proof. We construct the family by recurrence:

* LT ]

ak+1—zlf,1(ak+1\€i)ei
o For k> 1: exy1 = =
lakt1=>,_ (aryiles)el|

§7.1.2 Hilbert Spaces

Definition 7.1.5

A pre-Hilbert space complete for the norm associated to the inner product
is called a Hilbert space.

Example 7.1. 1. R™ and C™ equipped with their usual inner product are
Hilbert spaces.
2. The space (? of square-summable sequences: (z|y) = >0 o Tnln

3. The space L*([a,b]) of square-integrable functions: (f|g) = f; f(z)g(z)dz
Proposition 7.1.3
In a Hilbert space, every orthogonal series 3z, such that 3 ||z, |* < oo is

convergent and we have Parseval’s equality:

2

[
> Zn
n=0

o9
= llaal?
n=0
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§7.1.3 Orthogonal Projections

Theorem 7.1.4

Let K be a nonempty closed convex subset of a Hilbert space H. Then for
every x € H, there exists a unique point p, € K such that:

— — K) = inf llz —
|z = poll = d(=, K) = inf [lz —y]

Moreover, p, is characterized by the condition:

Vye K, Re(x—ps|y—pz) <0

Proof. Let (y,) be a sequence in K such that ||z — y,| — d(z, K). By the
parallelogram identity:
Yot Y]

v 2

1y = ymll* = 2]l = yull* + 2]l — ym|® — 4

Since W% € K (by convexity), we have

‘x— W%H > d(x,K), so (yn) is
Cauchy. Its limit p, satisfies ||z — p,| = d(z, K).
Uniqueness is also shown by the parallelogram identity. |

Corollary 7.1.1

Let F be a closed vector subspace of H. For every x € H, the projection
pe of z onto F is the unique point of F such that z — p, € FL.

Proposition 7.1.4
Let F be a vector subspace of a Hilbert space H. The following assertions
are equivalent:

1. F'is closed

2. H=F @ F+

3. (FHyt=rF

§7.1.4 Riesz-Fréchet Representation Theorem
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Theorem 7.1.5: Riesz-Fréchet representation theorem

Let H be a Hilbert space. Then for every f € H' (the topological dual of
H), there exists a unique x5 € H such that:

vye H, [fly)=(y|zs)
Moreover, the map f +— zf is an antilinear isometry: |zf|| = || f| a-

Proof. If f = 0, take zy = 0. Otherwise, ker f is a closed hyperplane. Let
z € (ker f)* with ||z|| = 1. Then for every y € H:

A .
TSR

so(y]2)= ;EZ; Take z; = f(2)z.
The isometry comes from:

1A= sup [f(y)l = sup [(ylzs)] = [lzs]
lyll=1 lyll=1

by the Cauchy-Schwarz inequality. |

§7.1.5 Lax-Milgram Theorem

Theorem 7.1.6: Lax-Milgram theorem

Let H be a Hilbert space and a : H x H — K a continuous and coercive
sesquilinear form, i.e., there exists ¢y > 0 such that:

Vo € H, Rea(z,z) > collz|?
Then for every f € H' there exists a unique x € H satisfying:

Vy € H, CL(y,.’E):f(y)

Proof. By the Riesz theorem, there exists u € H such that f(y) = (y|u). The
map A : H — H defined by (y|Az) = a(y, z) is linear continuous and coercive.
We then consider for p > 0 the map:

Sp(x) =z + p(u — Ax)

For p small enough, S, is contractive. By the fixed point theorem, it admits a
unique fixed point x which satisfies Az = u. [ |

§7.1.6 Hilbert Bases
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Definition 7.1.6

A subset A of a Hilbert space H is said to be total if Vect(A) = H.

Proposition 7.1.5

A subset A of H is total if and only if A+ = {0}.

Definition 7.1.7

Let H be a Hilbert space. A sequence (e, )nen is a Hilbert basis of H if:

1. (ep) is orthonormal: (e;|e;) = d;;

2. (ey) is total: Vect{e,,n € N} = H

Theorem 7.1.7: Fourier series decomposition

Let H be a separable Hilbert space and (e,) a Hilbert basis of H. Then for
every x € H, we have:

xr = Z(:c\en)en and ||z||* = Z |(z|e,)|*  (Parseval’s equality)
n=0 n=0

Proof. Let zy = ZnN:0($|en)en. For M > N:

M

lear —anlP =Y |(zlen)l®

n=N+1

The series Y |(w|e,)|? converges (since bounded by ||z[|?), so (zx) is Cauchy.
Let y be its limit. Then (x — yle,) = 0 for every n, so z = y. [ |

§7.1.7 Weak Convergence

Definition 7.1.8

Let (x,,) be a sequence in a Hilbert space H and = € H. We say that (x,)
converges weakly to x if:

vy € H, lim (ylz,) = (y|z)

We denote z,, — .



CHAPTER 7. HILBERT SPACES 69

Theorem 7.1.8: Weak compactness

From every bounded sequence in a Hilbert space, one can extract a weakly
convergent subsequence.

Proof. Let (x,) be a bounded sequence. If H is separable, let (e) be a Hilbert
basis. By Cantor’s diagonal argument, we extract a subsequence (mw(n)) such
that for every k, ((ex|T,(n))) converges. We then define a linear form on Vect{ey }

by:
(S os) = i (v

and we extend it by continuity to H. By Riesz, there exists x such that L(y) =
(y|z) for every y. ]

§7.1.8 Application to L? Spaces

Theorem 7.1.9

The space L%(Q) equipped with the inner product:
(fl9) = [ F@ig@ida
is a Hilbert space.

Proof. The completeness of L? is a consequence of the Riesz-Fischer theorem.
If (f,) is Cauchy in L?, we extract a subsequence convergent almost everywhere,
and the limit belongs to L?. |

Theorem 7.1.10: Hilbert basis of L?([0, 27])

The trigonometric system

{ 1 cosnx sinnx}
V27T, \/7?7 \/’TT n>1

is a Hilbert basis of L2([0, 27]).

§7.2 Exercices

Exercice 29. Let E = C([0,7],R) equipped with the infinity norm ||f|. =
supyeqo,r |f(t)|. We fiz a function ¢ € E and define the following operator:

T:EFE—R
f— / " Pttt
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1. Show that the operator T is a linear continuous operator.
2. Assume that Vt € [0, 7], ¢(t) > 0. Calculate ||T|.
3. Set p(t) = cos(t). Calculate ||T||.

Exercice 30. Let H be a Hilbert space over R and T : H — H be a linear
application. We assume that

(T'(x),z) >0,Ve e H

(we say that T is positive). Show that T is continuous. (Hint: Show that its
graph is closed).

Exercice 31. Consider the Banach space E = C(]0,1],R) equipped with the
norm ||-|| - Show that the following operator:

T:F—R
1 1
fs /0 f(t)dt — / F(t)dt,

is a linear continuous operator and calculate its norm.

Exercice 32. Consider the Banach space
co = {(xn)n21 cC: nh_)l’%o Ty = 0}

which is the space of complex sequences that tend to 0, equipped with the norm
x|, = Supp>1|xn| where x = (xy)pn>1 € co.
Let a = (an)n>1 C C be a sequence that satisfies for all sequence x =
(Tn)n>1 € co, the series
Z anTn 1S convergent
n>1

For all N > 1, we define the linear form

dy:cg—C
N
x|—>2anxn.

n=1
1. Show that the form ®y is continuous and calculate its norm.

2. Show that the sequence a € £', where

n>1

o= {JJ = (zp)n>1 € C; |z]|; = Z || < oo} .
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