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Introduction

Notation

The following notation is used throughout the lecture notes:

Notation ‘ Meaning

N {1,2,3,...}
No {0,1,2,3,...}
K RorC

Some standard books on functional analysis

There are plenty of books available on functional analysis. We mention a few German
and English ones in the following lists.

Books in German:

* Funktionalanalysis by Dirk Werner [12] is a classic among the German functional
analysis book.

* The Grundkurs Funktionalanalysis by Winfried Kaballo [7] is very clearly and ef-
ficiently written. It starts each chapter with a list of introductory questions. This
is where I got the inspiration to also do this in several of my lecture notes (for in-
stance in the present ones).

There is also an Aufbaukurs Funktionalanalysis by the same author [8]. As its title
suggests, the contents of this book are far beyond an introductory course to func-
tional analysis.

* Einfiihrung in die Funktionalanalysis by Reinhold Meise and Dietmar Vogt. Diet-
mar Vogt is a Professor Emeritus at the University of Wuppertal.

Books in English

* Functional analysis by Walter Rudin [9] is a very popular English textbook on func-
tional analysis.



CONTENTS

* Functional analysis, Sobolev spaces and partial differential equations by Haim Brezis
[1] presents an introduction to functional analysis with a focus on, well, partial dif-
ferential equations.

* Functional Analyis by Kosaku Yosida [13] is a classical monograph on functional
analysis and operator theory. Some of its contents are quite advanced.

* Linear Operators. Part I by Nelson Dunford and Jacob Schwartz [3] is the first part
of a three volume monograph on linear operators and a real classic. (Unfortunately
out of print, far too expensive, and with terrible typesetting.)

Version

This version of the lecture notes is from August 23, 2026.
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I am grateful to Hannah Wihner for pointing out several errors in an earlier version of
these lecture notes.



Chapter 1

Banach Spaces and Linear Operators

Throughout all chapters in these lecture notes, K will denote the real or the complex
field, i.e. we assume throughout that

K e {R,C}.

1.0 Abrief reminder on normed spaces

The contents of Section[I.0|have already been treated in the courses Analysis 2 and Anal-
ysis 3, see [5,[6]. We include them here to make the lecture notes more self-contained,
since most of functional analysis is based on those concepts.

Definition 1.0.1 (Normed space).

(a) Let X be a vector space over K. A seminorm on X isamap ||| : X — [0,00) with
the following two properties:
(I) Absolute homogeneity: One has [lax| = |a| || x| for all x € X and all a € K.
(II) Triangle inequality: One has ||x+ y|| < x|l + ||y|| forall x,y € X.

A seminorm on X is called a norm on X if it satisfies, in addition, the following
property:

(III) Positive definiteness: If x € X and || x|| =0, then x = 0.

(b) A normed space is a pair (X, |- ||), where X is a vector space over K and ||-| is a
norm on X.

In many cases it is convenient to simply say or write that “X is a normed space”;
we will then implicitly assume that the norm is denoted by | - ||. If it is important
or useful to stress the vector space X in the notation of the norm, we will e.g. write
|l -1l x instead of || - ||.

Section[1.0l
repeats some
contents from
the courses
Analysis 2 and 3
which is
important for
the present
course
Introduction to
Functional
Analysis. Some
parts of this
material will be
briefly recalled
in the exercise
session on
Monday, 13
April.



1. BANACH SPACES AND LINEAR OPERATORS

Note that a seminorm | - || always satisfies ||0]| = 0; this is a consequence of the abso-
lute homogeneity since [|0]| = [|0- 0]l = [0]]|0]| = 0. Whether | -| is positive definite (i.e. a
norm) depends on whether the zero vector is the only vector that is sent to the number
Obyll-I.

Remark 1.0.2 (Normed spaces are metric spaces). Let X be a normed space and define
d: X x X — [0,00) by

d(x, )= | x =y

for all x,y € X. Then it is easy to check that d is a metric. We say that this metric is
induced by the norm on X.

Thus, every normed space automatically becomes a metric space. We endow every
normed space with this metric, unless otherwise stated.

Definition 1.0.3 (Convergent sequences and Cauchy sequences). Let (M,d) be a metric
space.

(a) Asequence (x,)xen in M is said to converge to a point x € M if
Ve>03npeNVneN: (nzny = dx,x)<e)

or, equivalently, if d(x,, x) — 0.

In this case we write x;,, — x as n — oo or X, "X xor lim;, oo X = x
(b) A sequence (x,)zen in M is said to be a Cauchy sequence if
Ve>03dnpoeNVneN: (nzng = d(xp,x,) <€)
or, equivalently, if

Ve>03dngeNVn,meN: (nm=ny = dx, x,) <é).

The following continuity properties in normed spaces are straightforward to show.

Proposition 1.0.4 (Sequential continuity of the vector space operations). Let X be a
normed space. Let (x,) and (y,) be sequences in X that converge to points x,y € X, re-
spectively, and let (a,;) be a sequence in K that converges to a point « € K. Then

Xn+Yn—x+y and AnXy — AX.
Definition 1.0.5 (Banach spaces).

(a) Ametric space (M,d) is called complete if every Cauchy sequence in M converges
to a pointin M.

1Recall that the latter notation is justified since it is not difficult to show that limits of sequences are
unique in metric spaces.

4



1.0. A brief reminder on normed spaces

(b) A normed space X is called a Banach space if it is complete with respect to the
metric induced by the norm.

Example 1.0.6 (Finite-dimensional spaces). Let X be a normed space and assume that
X is finite-dimensional. Then you know from your Analysis 2 course that X is a Banach

spaceE]

Examples 1.0.7 (LP -spaces and ¢”-spaces). Let p € [1,00) and let (Q2, A, 1) be a measure
space.

(a) We recall from the Analysis 3 course that one defines

11, = [ 1417 4" < 0,00
for every measurable f: QO — K. Moreover, one defines
LP( QA 1K) ={f: Q— K| fis measurable and ||f||p < oo}

Then LP(Q, A, u;K) is a vector space with respect to pointwise addition and point-
wise scalar multiplication and || - || , is a seminorm on L7 (Q, A, ;K).

(b) The so-called kernel|
ker|l-ll, = {LP QA K | || £], =0}
is a vector subspace of L”(Q, A, ;) and one defines the quotient space
LP (@A 1K) = LP(Q, A, s K) ke |- 11, = {f | feLP(Q A 1K)},

where f := f+ker|- | » is the equivalent class of f € LP (Q, A, y; <) modulo ker | - [ .
Recall that two functions f, g € LP(Q, A, i;K) satisfy f = g if and only if f = g u-
almost everywhereE]

Moreover, the mapping - [l : LP(Q, 4, 5K) — [0,00), | f]| , := || f[| , is well-defined
and is a norm on L”(Q, A, u; K). With respect to this norm, L”(Q, A4, u;K) is a Ba-
nach space.

(¢) Inthespecial case of|(b)lwhere A = 22 and where y = #: 22 — [0,00] is the counting
measure, one uses the notation

P (O K) = LP(Q, 2%, #K).

Observe that no subset of Q has counting measure 0 except for the empty set.
Hence, ker|| - I, = {0} in this case and thus, the quotient space LP(Q,29 #K) is
the same as £7(Q, 2%, #K).

2More precisely, this follows from [5, Example 1.3.2 and Theorem 1.7.2] and from the fact that X is, as a
vector space, isomorphic to K4 for d := dim X.

3Beware however that this is not the kernel of a linear map since | - | p is not linear.

4Le. if there exists a set N € A of measure w(N) = 0 such that f(w) = g(w) forallw € Q\ N.



1. BANACH SPACES AND LINEAR OPERATORS

If Q =N, then functions Q — K are the same as sequences in K with index set
N, so ¢P(N;K) consists of sequences in this case — precisely of those sequences
X = (xg) ken in K that satisfy

Il = (f P d#)P = (3 1xlP) P < o
N k=1

Examples 1.0.8 (Spaces of continuous functions). Let (M,d) be a compact metric space.
Then

C(M;K):={f: M—K| fiscontinuous}
is a vector space and the map || - | : C(M;K) — [0,00) given by

| £lloo = supi| f@)|| 0 € Q)
forall f € C(M;K) is a norm that turns C(M;K) into a Banach space.

In functional analysis, a linear map T: X — Y between two vector spaces over K is
often called a linear operator or simply an operator.

Definition 1.0.9 (Operator norm). Let X, Y be normed spaces over K. For a linear oper-
ator T: X — Y we call

ITI:=0Tly—x:=sup{lTxly| xe X and |lxllx < 1} € [0,00]
the operator norm of T.

Sometimes we will also use slightly different but analogous notation to make the
norms on the domain and co-domain of T clear. For instance, let ¢,d € N and p,q €
[1,00]. If T: K¢ — K% and if we endow the domain K¢ with the norm | - I, and the co-
domain K¢ with the norm || - || @ then we will often write

1Tl g—p
for the operator norm of T.

Proposition 1.0.10 (Characterisation of the operator norm). Let X,Y be normed spaces
overK andlet T: X — Y be linear. Then one has

ITly—x=sup{ITxly| x€ X and |l xllx =1}
=inf{Le [0,00)| Yxe X [Txlly<Llxly}

where the supremum and the infimum are taken within the ordered set [0,00], which
means thatinf® = oo and sup @ = 0 in this casel|

5Beware that it also occurs very frequently in analysis that suprema and infima are taken within the
ordered set [—00,00], in which case one has sup @ = —co.



1.0. A brief reminder on normed spaces

Proposition 1.0.11 (Characterisation of continuity and of the operator norm). Let X,Y
be normed spaces over K and let T: X — Y be linear. The following are equivalent:

(i) T iscontinuous.
(i) T is continuous atO.
(iii) There exists a point xy € X such that T is continuous at xy.
(iv) Onehas|T|y—x <oo.
(v) There exists a number L € [0,00) such that | Tx|ly < Ll|lxlx forall x € X.
(vi) T is Lipschitz continuous.

Note that if the equivalent assertions in the preceding proposition are satisfied, then
the smallest Lipschitz constant of T is precisely the operator norm || ||y — x. Assertion|(v)]
in the preceding proposition motivates part|(a)|of the following definition.

Definition 1.0.12 (The space of bounded linear operators). Let X,Y be normed spaces
over K.

(a) Alinear operator T: X — Y is called bounded if and only if it is continuous.
(b) We define
L(X;Y):={T: X — Y| Tislinear and bounded}
and endow it with the operator norm.

The terminology operator norm is justified by the observation that it is indeed a
norm on £(X;Y), a fact which is straightforward to check. Further elementary but very
useful properties of the operator norm are listed in the following proposition.

Proposition 1.0.13 (Submultiplicativity of the operator norm). Let X,Y,Z be normed
spaces over K and let S: X — Y and T: Y — Z be linear. In other words, we consider
linear operators

Z—Y—X.

(a) Forallxe X onehas ||Sx| < |S|llIx]l or, more precisely,

ISxlly = ISy —x %l x

(b) Onehas|I TS| <|TI S| or, more precisely,

ITSIz—x < I Tl z—y ISy —x-



Lecture 1
(Mo, 13 April)
starts at the
beginning of
Section[ial

1. BANACH SPACES AND LINEAR OPERATORS

Examples 1.0.14 (Operator norms of matrices). Let c,d e Nand A€ K%, As usual we
interpret the matrix A as the linear map K¢ — K%, x — Ax. We use the notation explained
after Definition[1.0.91

(a) One has
IAI - =max{ [ Al | ke(l,....c},
where A, ; € K4 denotes the kth column of A.
(b) One has

I Alloo-—oo = max{ || 4.,

el a,
where A; . € K!*¢ denotes the jth row of A.
(c) Let D € K%*? be a diagonal matrix. Let p € [1,00]. Then

IDllp—p = max{|Dj;| | j€{l,...,d}}.

Computing the norm || A, , for a general matrix and a general p is usually a difficult
task. There is no simple analytic formula and even numerically this is not easy if the
dimension is high. On the other hand, there is indeed a good approach to compute the
norm || All,—,. We will discuss this in Chapter|6]

1.1 Density and closedness of vector subspaces

Introductory questions.

(a) There are infinitely many (even uncountably many) real numbers, but a computer
has only finite memory. How can one actually work with real numbers on a com-
puter?

(b) How can one represent functions f: [0,1] — R on a computer?
(c) What does it mean that two functions f, g: [0,1] — R are “close” to each other?

(d) Can every continuous function f: [-1,1] — R be approximated by polynomials?
And what does “approximated” even mean in this context?

We begin with a few elementary concepts and results in normed spaces that are re-
lated to density and closedness. At the end of this section we will prove two versions
of the famous Stone-Weierstrall approximation theorem which gives sufficient criteria
for a vector subspace to be dense in a space of continuous functions (Theorems|1.1.8

and|1.1.9).

Proposition 1.1.1 (Closed vector subspaces). Let X be a normed space and let V < X be
a vector subspace.



1.1. Density and closedness of vector subspaces

(@) The closureV is also a vector subspace of X.
(b) IfV is a Banach space with respect to the norm induced by X, then V is closed in X.

(c) If X is a Banach space and V is closed in X, then V is also a Banach space with
respect to the norm induced by X.

Proof. [(@)] Onehas0€ V <V and hence 0 € V. Nowlet x,y € V and a, 8 € K. Then there
exist sequences (x,) and (y,) in V that converge to x and y, respectively. It follows
from Proposition that

axp+ PByn — ax+ By,
————
eV

soax+pyeV.

[(b)] and|(c)] These are general properties of subsets of metric spaces that are straightfor-
ward to check. O

Example 1.1.2 (Finite-dimensional subspaces). Let X be a normed vector space. Then
every finite-dimensional vector subspace V < X is closed.

Proof. Let V < X be finite-dimensional. According to Example(1.0.6}, V is a Banach space
with respect to any norm and hence, in particular, with respect to the norm induced by
X. Thus, Proposition|1.1.1{(b)|shows that V is closed in X. O

Recall that a subset S of a metric space (M, d) is called dense in M, or more briefly
dense, if S = M.

Definition 1.1.3 (Separable space). A metric space (M, d) is called separable if there ex-
ists a countable subset S € M that is dense in M.

Recall form your Analysis 2 lecture that a subset K < M of a metric space (M,d) is
called totally bounded if for each € > 0 there exists a finite set F < M such that K <
Uxer B<¢(x) [B, Definition 1.3.5]. Also recall that the subset K < M is compact if and only
if K is totally bounded and (K, d) is complete [5, Theorem 1.3.7 and Definition 1.3.8].

Alternatively, compactness can be characterized as followsﬁ a subset K € M is com-
pact if and only if the following holds: for every family (U;) je; of open subsets of M that
covers K, i.e. that satisfies jiegUj2K, there exist finitely many indices jy, ..., j, € J such
thatUj; u...U;, 2 K.

Example 1.1.4 (Compact metric spaces are separable). If ametric space is totally bounded,
then it is separable. In particular, every compact metric space is separable.

6This alternative characterization, the so-called Heine-Borel property, is very useful, for instance in
the proof of Theorem below and in Exercise 1.2(b) on Homework Sheet 1.



1. BANACH SPACES AND LINEAR OPERATORS

Proof. Let (M,d) be a metric space and assume that M is totally bounded. Then for each
n € N there exists a finite set S;, € M such that

U B<1/n(x) =M.

X€ES,

The set S := U,,en Sy is countable since it is a countable union of finite sets. Moreover, for
each y € M and each € > 0 there exists a point x € S such that d(x, y) < €. Thus, S is dense
in M. O

For normed spaces we show in the next proposition that the vector space structure
can be employed to characterize separability. This is sometimes useful to prove separa-
bility for concrete examples of normed spaces.

Proposition 1.1.5 (Characterisation of separable normed spaces). Let X be a normed
spaces. The following are equivalent:

(i) The space X is separable, i.e. there exists a countable dense subset of X.
(i) There exists a countable subset C < X whose span{|span C is dense in X.

Proof. f]=[(i)]” Let X be separable and let S < X be a countable and dense subset of
X. It follows from S < span S that

nggspanSEX,

so X =spanS. Hence,|(ii)|holds with C :=S.

=[@)]” We first consider the case where the scalar field K is equal to R. Let C < X be
as in[(i)]and let S be the set of all linear combinations of elements of C with rational
coefficients, i.e.

n
S={) aixil neNg, x1,...,x, €C, ay,...,an € Q}.
k=1

Then S is countable and S = spanC = X, so S is a countable dense subset of X.

Now let the scalar field K be C. Then the same argument works if one allows the
coefficients in the construction of S to be from Q[i] := {a +if | a,p € Q} instead of Q@
only. O

Examples 1.1.6 (Sequences spaces).

(a) Let pe[l,00). Then £ (N;K) is separableﬂ

7Recall that the span or linear span span S of a subset S of a vector space X is the smallest vector sub-
space of X that contains S. Also recall that span S consists of all linear combinations of elements of S.
8The definition of the space £P (N;K) can be found in Example

10



1.1. Density and closedness of vector subspaces

(b) On the other hand, let #°°(N;K) denote the space of all bounded sequences x =
(xx)ken in N. This is a Banach space when endowed with the norm || - |, given by

| Xlloo := sup | xg|.
keN

for all x € £°°(N;K). This space is not separable.

(c) Consider the subset cpo(N;K) < £°°(N;K) given by
con(N; ) = {x € £°(N;K) | x; = 0 for all but finitely many k € N.

Then cyo(N;[K) is a vector subspace of £°°(N;K) that is not closed. The normed
space (coo(N;K), Il -l ) is separable. It is not a Banach space.

Proof. [(@)] For every n e N let e®) € ¢P(N;[K) denote the n-the canonical unit vector, i.e.
e =(0,...,0,1,0,...),

where the entry 1 occurs in the nth position and all other entries are 0. The set
C:={e"™ | N} is countable, so according to Proposition it suffices that span C is
dense in ¢P(N; K)E] So let x € P (N;C). For each n € N we set

n
x = (x1,X2,.+,%2,0,0,...) = ) xie® e spanC.
k=1

Since 220:1 EALEN| xllg < 00, it follows that

o0
[x"=x,= X I’ —0
k=n+1

as n — oo. Hence, x™ — x as n — oo, i.e. spanC = P (\; K).

[(b)] The fact that £°°(N;[K) is a Banach space is a special case of Example below; just
take the measure space there to be (N, 2V, #), where # denotes the counting measure.

Let us now show that #*°(N;K) is not separable. To simplify the notation in the ar-
gument, we consider the sequences in £*°(N;K) as bounded functions N — K. For
every A € 2N consider the indicator function 14 € £°(N;K). For two different sets
A;, Ay € 2N the difference 1 4, — 14, only takes the values —1,0,1, and at least one of
the values —1,1 is attained at least once. Hence, |14, — 14, | =1

Now let S € ¢°°(N;K) be dense. Then for each A € 2N there exists an sa € S such
that[[sa—Talleo < % But we just showed that the mutual distance of all the indicator
functions 14 is 1, so s4, # sa, for A; # Ay. This means that the map 2N S A sa
is injective. As 2V is uncountable, so is S]]

9We note in passing that actually span C = cgo (N; K).
10This argument is generalized a bit in Bonus Exercise 1.7 on Homework Sheet 1.
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Lecture 2

(Th, 16 April)
starts with
Example[11.7}
Careful: In the
lecture and in a
former version
of the lecture
notes, a second
formula for

£ lesso0 Was
mentioned
here that
contained a
supremum.
Unfortunately,
the formula
was complete
nonsense.

1. BANACH SPACES AND LINEAR OPERATORS

It is easy to see that cyp(N;K) is a vector subspace of /*°(N;K). To see that it is not

closed, consider the sequence (x"”) ,en in coo(N; K) given by

1
.- (1 ...,—,0,0,...
X (1, o 0,0,...)

W —

)

N =

for each n €N, and let x € £*°(N;K) be given by xj = % for each k € N. Then we have
||x(”) —x||OO = ﬁ for every n e N, so x™ - x with respect to || - | as n — oco. But

x & coo(N; K), so coo(N;K) is not closed in £*°(N;K). Proposition thus implies
that cgo(N;K) is not a Banach space with respect to | - || -

The space ¢ (N; K) is itself the span of the countable set of all canonical unit vectors,
so it is separable by Proposition|1.1.5 O

Just as the spaces ¢” (N; K) are special case of L”-spaces over general measure spaces,

one can also consider the space £*°(N;K) from Example[1.1.6(b)|as a special case of L*°-
spaces over general measure spaces. We discuss now how those L°°-spaces are defined.

Example 1.1.7 (The space L*™). Let (Q2,.A, 1) be a measure space.

(a) For every measurable function f: Q — K we define
[ lless.c0 :=inf{s €10,00) | | f| (@) < s for u-almost all w € Q} € [0, 00],

where the infimum and the supremum are taken within the linearly ordered set
[0,00], which means that inf@ = co and sup @ = OB We call the value || f| o oo the
essential sup norm or the essential co-norm of f (although it is not really a norm
since it can take the value co and since it can be 0 for some non-zero functions).

It is not difficult to check that, for all measurable functions f, g: QO — K and every
a € K one has

”af”ess,oo = |a| ”f”ess,oo’

and || f| essco = 0 if and only if f = 0 almost everywhere. From those properties it
follows immediately that

”f + g”ess,oo = ”f”ess,oo + ”g”ess,oo’

LA 1K) = {f: Q — K| fis measurable and ||f|| < oo}

€ss,00

is a vector subspace of the space of all measurable functions from Q to K.

(b) The kernePZ]

ker || lless.co = {£%(Q A K | || flegs00 = O}
is a vector subspace of £L*(Q, A, 1;KK) and one defines the quotient space

L®(Q,A 1K) = L2Q, A, 1K) /ker |- less oo = 1F | f € LOQ,A 1K)},

1 Observe that sup @ occurs if  is the zero measure.
245in Example beware that this is not the kernel of a linear map since | - [less,00 is not linear!

12



1.1. Density and closedness of vector subspaces

where f = f+ker| - |less,c0 is the equivalence class of a function f € L2(Q, A, u;K)
modulo ker || - [less 0o- One can check that two functions f, g € £L2(Q, A, u; K) satisty

f =gifand onlyif f = g u-almost everywhere.

Furthermore, the mapping |- lless00 : L(Q, A, ;IK) — [0,00), that is defined by
||f||ess,Oo = || £l ess 00 fOT €Very f e L®Q, A 1;K), is well-defined and is a norm on
L*(Q, A, 1;K). This norm turns L*(Q, A, i;K) into a Banach spaceE]

These claims can be proved similarly as we did for L (Q, A, y;K) in [6] Section 3.2].

(c) Inthespecial case ofwhere A =2%and where p = #: 2 — [0,00] is the counting
measure, one uses the notation

(O K) = L®(Q, 2%, #K).
Observe that no subset of Q has counting measure 0 except for the empty set. This
implies that the norms || - [|egs,00 and | - [loo 00 £7°(Q, 20, #,K). Hence, ker | - [less,c0 =

ker || oo = {0} and thus, the quotient space £*°(Q;K) = L®(Q,2%,#K) coincides
with the space LX(Q, 29 #:K).

For Q = N, this gives the space £/*°(N;K) that we introduced in Example|[(b)}
In Example [1.1.6(a)| we saw that, in some simple cases, one can show directly that
a certain vector subspace is dense in a normed space. During the course we shall en-
counter more elaborate results that allow us to check density of certain vector subspaces.

We start with the following two theorems; other density results will follow later.

Theorem 1.1.8 (Stone-Weierstral approximation theorem: lattice version). Let (M,d) be
a compact metric space and let A < C(M;R) satisfy the following properties:

(1) A is a vector subspace of C(M;R).
(2) Onehasly € A.

(3) A separates the points of M, i.e. for all x,y € M with x # y there exists f € A such
that f(x) # f(y).

4) Onehas|f| e Aforall f € A.

Then A is dense in C(M;R).

Bt s very common to actually write |- [l instead of | -|less,co for the norm on the quotient space
L°(Q, A, 11, K), since this makes it easier to write down results simultaneously for all p € [1,00]. We shall
also use this notation later on. However, when using it one has to be very careful to avoid confusion with
the same notation | - [, for the pointwise supremum norm (rather than the essential supremum norm) of
functions - so for the moment we stick to the more explicit notation | - [less,co until you had some time to
digest all those concepts.

13



1. BANACH SPACES AND LINEAR OPERATORS

In the proof of the theorem we use the following notation that you already know from
your Analysis 3 course: for a set M and two functions f, g: M — R one defines the point-
wise supremum f Vv g: M — R and the pointwise infimum f A g: M — R by

(f v @) (x) :==max{f(x), g(x)} and (f A g)(x) :==min{f(x), g(x)}

for all x € M. One has the following relations to the pointwise modulus:

fvg:f+g2V—gL
ng:f+g;U—gL

If M is endowed with a metric d and f, g are continuous, then so are fv g and f A g. The
reason why we call Theorem [1.1.8|the lattice version of the Stone-Weierstrafl theorem is
that a vector subspace A < C(M;R) that satisfies | f | € Aforall f € Ais called a sublattice
or, more precisely, a vector sublattice of C(M;R).

Proof of Theorem[1.1.8 Observe that it follows from assumptions [(1)] and [(4)] and from
the formulas for fv g and f A g before the proofthat fv g, fAge Aforall f,ge A. Now
let h € C(M;R) and € > 0. We proceed in several steps to show that there exists a function
f € Athat satisfies ||f— h||oo <¢

Step 1: We observe that for all x, y € M there exists f , € A such that f ,(x) = h(x) and
fry() = h(y).
Indeed, if x = y we can choose fy,y := h(x) 15, which is in A due to assumptions
and[(2)} So let x # y now. As A separates the points of M (assumption|[(3)), there
exists f € Asuch that f(x) # f(y). Set

Fovi= h(y) = h(x)
T - f()

This function is in A due to assumptions|(I)]Jand[(2)} and it satisfies fx,y(x) = h(x) and
fry(¥) = h(y), as claimed.

(f—f(x) ]1M)+h(x) Tar.

Step 2: We show that for all x € M there exists a function f, € A such that fy(x) = h(x)
and fx = h— €1y, where the inequality is meant pointwise.

So fix x € M. For each y € M let fy , € A be a function that coincides with h at the
points x and y; such a function exists according to Step 1. For each y € M the set

Uy={ze M| fry(2)>h(z)—etcM

is open and contains y. This means that the sets U), are an open cover of M. Due to
the compactness of M we can thus find points y1,..., y, € M such that U, u---uU,, =
M (see e.g. [5, Theorem 1.3.7 and Definition 1.3.8]). We set

fx=fapn VooV fry,

Then f € A by the observation from the beginning of the proof, and one has fy(x) =
h(x) and fx(z) > h(z) —¢ forall z€ M.

14



1.1. Density and closedness of vector subspaces

Step 3: We show that there exists a function f € A that satisfied || f-h ||oo < ¢, as claimed.
For each x € M let f, € A satisfy f,(x) = h(x) and f, = h — ¢; such a function exists
according to Step 2. We set

Vi={ze M| fy(z) < h(z) +¢€}

for each x € M. Each of the sets V, is open and contains x, so the V, are an open cover
of M. Since M is compact we can find points x1,..., X;; € M such that Vy, u---UVy =
M. Set

F=lanee A
Then fe Aand h—ely < f<h+ely,so|f-h| <e. O

Theorem|[1.1.8|remains true if one replaces assumption [(4)|with the assumption that
A be stable with respect to multiplication:

Theorem 1.1.9 (Stone-Weierstral§ approximation theorem: algebra version). Let (M,d)
be a compact metric space and let A < C(M;R) satisfy the following properties:

(1) A isavector subspace of C(M;R).
(2) Onehaslp € A.

(3) A separates the points of M, i.e. for all x,y € M with x # y there exists f € A such
that f(x) # f(y).

(4) Onehas fge Aforall f,ge A.
Then A is dense in C(M;R).

Proof. We show that the closure A satisfies the assumption of Theorem Then this
theorem implies that A is dense in C(M;R), and as A is closed it follows that A = C(M;R).

As A is a vector subspace of C(M;R), so is A according to Proposition | Sim-
ilarly, one can conclude that fg € A for all f,g € A. Moreover, one has 1), € A < A.
We show in Exercise 1.3 on Homework Sheet 1 that those properties together with the
closedness of A imply that | f| € Aforall f € A.

Furthermore, as A separates the points of M, so does A. Hence, the assumptions of
Theorem|1.1.8|are satisfied, as claimed. O

Theorem is frequently very useful. We will give some applications of this result
in the exercises. For now, we use the theorem to show separability C(M;R) if (M,d) is a
compact metric space:

Corollary 1.1.10 (Separability of spaces of continuous functions). Let (M,d) be a com-
pact metric space. Then the Banach space C(M,R) is separable.

15
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Proof. As (M,d) is compact, it is separable according to Example|1.1.4} so there exists a
countable and dense subset S € M. For each s € S define f; € C(M;R) by

fs(2):=d(z,9)

for all ze M. The set {f; | s € S} separates the points of M. Indeed, let x,y € M and
x # y. Since S is dense in M, there exists a sequence (s,) in S that converges to x. Hence,
fs,(x) =d(x,sp) — 0and fs,(y) = d(y,sn) — d(x,y) = d(x,y) >0, so for some index n we
have f;, (x) # fs, ().

Now set C := {[Iser fs | F < Sis finite}. Observe that 1) € C since the empty prod-
uct of functions is 1, in C(M;R) (but this is not the crucial point here since otherwise
we could simply unify C with {1,,}). Moreover C is countable since S is countable. The
span A := spanC satisfies the assumptions|(1)]to[(4)| of Theorem and is thus dense
in C(M;R). So C(M;R) has a countable subset whose span is dense; according to Propo-
sition[I.1.5]this implies that C(M;R) is separable. O

1.2 Linear operators and dual spaces

Introductory questions.
(a) When would you say that two normed spaces coincide?
(b) What is the difference between a column vector and a row vector?

It is a fundamental principle in most mathematical theory that one can use objects
which satisfy a number of axioms, to construct new objects that satisfy the same axioms.
The following proposition is a simple example for this principle.

Proposition 1.2.1 (Completeness of operator spaces). Let X, Y be normed spaces over K.
IfY is a Banach space, then so is L(X;Y).

Note that it is not relevant for the proposition whether the normed space X is a Ba-
nach space or not.

Proof of Proposition|1.2.1 Let Y be a Banach space and let (7,) be a Cauchy sequence
in £(X;Y). Then (T,) is bounded, i.e. M := sup,,n | Tnll < co. For every x € X it follows
from

1 Tnx — Tinxll < 1 Tp = Tl 1 x|

for all n, m e N that (Tj,x) is a Cauchy sequence in Y. As Y is a Banach space, there exists
a vector Tx € Y such that T,x — Tx. Clearly, the map x — Tx is linear. Moreover, one
has

ITx]l = lim | Tpxll < M |lxll

for every x € X, so T is continuous and hence, T € L(X; Y).

16



1.2. Linear operators and dual spaces

Finally we need to show that T,, — T with respect to the operator norm, so let € > 0.
There exists an ng € N such that || T, — Ty, |l < € for all n, m = ng. Thus, forall xe X

(T, —Dxll = lim (T, - Ty)xl=<elx|
m—oo
for all n = ny. This shows that || T, — T|| < € for all n = ny. O

Proposition 1.2.2 (Unique extension of bounded linear operators). Let X,Y be normed
spaces over K and assume that Y is a Banach space. Let V < Y be a dense vector subspace
that we endow with the norm inherited from X.

For every bounded linear operator T: V — Y there exists a unique bounded linear
operator T: X — Y thatextends T (i.e. that satisfies T|y = T). Moreover, T” =|T].

Proof. Let T: V— Y be bounded.

Uniqueness: Let Ty, T» € L(X;Y) be extensions of T. Let x € X. Since V is dense in X be
assumption, there exists a sequence (v,) in V that converges to x. Since T, and T
are continuous from X to Y, it follows that

Tix= li,rln Tiv, = li}ln Tv, = li,rln Tov, = Thx.
Hence, T) = T>.

Existence and norm estimate: We first observe that for every sequence (v,,) in V that con-
verges to a point x € X, the sequence (Tv,) in Y converges to a pointin Y. Indeed, it
follows from

1 Tvy = Topl <ITI vy — vmll
for all n,m € N that (Tv,) is a Cauchy sequence in Y. As Y is a Banach space by

assumption, it follows that (T'v,) convergesin Y.

Next observe that, for a point x € X and a sequence (v,) in V with v, — x, the limit
lim, Tv, € Y only depends on x, but not on (v,). Indeed, if (w;,) is another sequence
in V that converges to x, then

1Tvp=Twull < ITIHvn = wull = I TN lx - x[ =0,

solim, Tv, =lim, Tw,.

Hence, we can set Tx:= lim, Tv, for every x € X, where (v,) is any sequence in V
that converges to x; note that such a sequence always exists since V is dense in X by
assumption. We need to show that T € £L(X;Y) and that T extends T.

If v € V, then the constant sequence (v) converges to v, so T =lim,, Tv = Tv; hence,
T does indeed extent T. Moreover, it is straightforward to check that T is linear. To
show the boundedness of T, let x € X and choose a sequence (v,) in V that converges
to x. Then || v,|l — | x|l and hence,

| Tx|| = tim | Tw, | = B I Tl wall = 1 T1 1]

17
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This shows that T is indeed bounded and that || T” < | T|l. On the other hand, the
inequality | T|| = I T|l is clear since T extends T. O

Note that the space K is a vector field over itself. Throughout, we endow it with the
modulus |-|, which is a norm on K. As you now from course Analysis 1 this space is
complete. In functional analytic terminology this means that K is a Banach space.

Definition 1.2.3 (Linear functionals and dual spaces). Let X be a normed space over K.

(a) Alinear map X — K is called a linear functional. If it is continuous we call it, in
accordance with Definition (a), a bounded linear functional.

(b) The space
X'=L(X;K)

of all bounded linear functionals on X called the dual space of X. We often denote
its elements by x’, y’, and so on.

(c) For x' € X and x € X we often use the notation
(x,x)y=x'x=x"(x) e K.

The reasons why the notation (x’, x) is often convenient will become apparent on
several occasions when we actually use this notation. For the norm of a bounded linear
functional x' € X’ we often write ||x’ H or ||x’ || - Note that, since K is a Banach space,
Proposition[1.2.1]implies that X’ is a Banach space (no matter whether the normed space
X itself is a Banach space).

Example 1.2.4 (Bounded linear functionals on £P). Let p, p’ € (1,00) be such that % + % =
1. Let g € £ (N;K). For every f € 7 (N;K) one has Y, |gn fu| < 1711, Il < oo, so we
can define the map ¢g: /P (N; K) — K by

o0

‘Pg(f) = Z nfn

n=1
for every f € £P(\;K). The map ¢ is a bounded linear functional on ¢” (N;KK) - i.e. an
element of the dual space (¢7(N;K))' - and its norm s [|pg|| = | g]] -

Proof. Consider the counting measure #: 2N — [0,00]. For every f € £”(N;K) one has

3 lenful = | \fllelan= ([ 1117 a9 ([ lel” a0 = |11, el .

where the inequality is Holder’s inequality [6, Theorem 3.2.2(e)] for the special case of
the counting measure. So the series in the definition of ¢ (f) is absolutely convergent.
Clearly, ¢g: £P(N;K) — K is linear. Moreover, one has

o0

|wg(N= X enful <111, 81l

n=1

18



1.2. Linear operators and dual spaces

as we have just shown. Hence, ¢, is bounded and satisfies ||q)g H < || g|| -

It remains to show the converse inequality ||(pg|| = ||g|| - If g is zero so is @g, SO
assume now that g # 0. Define a sequence f = (f;;,) nen as follows:

fo Tl g0,
"o ifg,=0

for all n e N. Then f # 0. One has |fn| = |gn|’g’_1 forevery neN, so
oo ( '—1) oo ! !
1715 = X lenl ™77 = 2. f&al” = gl <o,
n= n=

where we used that % =1--L and thus, p' = (p' = 1)p. So f € ¢P(N;K) and ||f||p =

pl
||g||5//’” = ||g||5:_1. Moreover, we have g, f,, = |gn|p’ forallneN, so
o0 p/ p/ p’—].
0511 = 2 lenl” =&l =gl el =Nl 171,
Since f # 0, it follows that ||(pg|| > ||g||p,, as claimed. O

We will show in Theorem below that every bounded linear functional on £7 (N; K)
is of the form above. To phrase this result in a particularly instructive way, we use the fol-
lowing notions.

Definition 1.2.5 ((Isometric) isomorphisms of normed spaces). Let X, Y be normed spaces
over K.

(a) Alinear operator T: X — Y is called isometric if | Tx| = || x| for all x € X.

(b) Alinear operator T is called an isomorphism of normed space if T is bijective and
both T and T~! are continuous.

(c) Alinear operator T is called an isometric isomorphism of normed spaces if T is
bijective and isometric.

If X and Y are Banach spaces we sometimes say isometric isomorphism of Ba-
nach spaces instead of isometric isomorphism of normed spaces.

Note that it makes sense to called a bijective isometric linear map an isomorphism
since its inverse map is automatically isometric, too.

Theorem 1.2.6 (The dual space of €P). Let p,p’ € (1,00) satisfies % + ﬁ = 1. For each
g€ 0P (N;K) let @g € (P (N; [K))' be the functional from Example Then the map

T: 07 (N;K) — (0P (N;K)),
8§—Yg

is an isometric isomorphism of Banach spaces.
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Lecture 4

Proof. One can readily check that T is linear, and we showed in Example that ||¢g| = (Th, 23 April)

; starts with the
|| g|| P for every g € £ (N;K), so T is isometric. It remains to show that T is surjectiv. proof of

To this end, we use the following notation. For every n € N consider the sequence T"eoremi.28
e™ =(0,...,0,1,0...) with index set N, where the entry 1 occurs at position 1. Moreover,
for every sequence x = (x5) nen in K we define he sequence

n
= (x1,.00,20,0,0,..) = Y xpe®.
k=1

Now let y € (£P(N; K))/. Define sequence g = (gn) nen by setting

gn = (o, e(")> ek

for each n € N. We first show that g € £”' (N;KK). Indeed, for every n € N we have g €
/P (N:K), and for each feltP(N;K),

<"’g(""f> = kégkfk = Xn: <w, e(k)>fk = (y, [,

k=1

< ||1//|| foreachneN

S0 |<(pg<n),f>| < |y | £ ||p <|lv| ||f||p. This shows that “(pgm)
and hence,

el = lim |g]], = lim g < v,

n—oo n—oo

where the first equality uses the monotone convergence theorem (for integrals with re-
spect to the counting measure). So indeed, g € o N; K).

Finally, it is easy to check that (@g, f) = (y, f) for all f € cpo(N;K). The proof of
Example shows that ¢y (\;K) is dense in £ (N; K), so the continuity of ¢ and ¢
implies that ¢ = . O

Asimilar result as Theorem([l.2.6/also holds for L”-spaces over general measure spaces,
but this requires more preparation to prove. We will come back to (parts of) this result
on various occasions throughout the course. Another interesting question that we will
discuss occasionally is what happens in the cases p = 1, p’ = co and, conversely, p’ = oo,

p=1.

1.3 Nets, convergence, and series

Introductory questions.

(a) What precisely do we mean when we write limx_,oo% = 0? And how is this related
to convergence of sequences?

(b) Let (an)nen be a sequence in R. What does the notation Y7, a, mean? Does the
notation ) ,cn @, mean the same thing?

20



1.3. Nets, convergence, and series

(c) What properties of N are important when one studies convergence of sequences?
Definition 1.3.1 (Directed sets and nets).

(a) Let I be a set. A relation < on I is called a direction it it satisfies the following
axioms:

(I) Reflexivity: Forallie I onehasi<i.

(I) Transitivity: For all iy, i2, i3 € I the following implication holds:
(i1<iy ip<is) = i1<1i3

(IIT) Directedness: For all i}, iy € I there exists j € I such that i; < jand i» < j.
(b) Aset I together with a direction < on I is called a directed set.

(c) Let X be aset. Anetin X is a family (x;);e; where I is a non-empty directed set.

In other words: anetin X is a map x from a non-empty directed set I to X.

Examples 1.3.2 (Some directed sets and nets). (a) ThesetN together with its usual or-
der is directed. In particular, every sequence (x,),en in a set X is a net.

(b) The set R together with its usual order is directed. In particular, every function f
from R to a set X defines a netin X.

(c) Let S be a set and let F denote the set of all finite subsets of S. Then F is directed
with respect to the set inclusion <. We shall see that this directed set is very instru-
mental to build useful nets.

Definition 1.3.3 (Convergent nets and Cauchy nets). Let (M, d) be a metric space and let
(x;)ier be anetin M.

(a) Let x € M. The net (x;);cs is said to converge to x if
Ve>03igeIViel: (izip = dx,x)<e).

In this case x is called the limit of the net (x;);c; and we write x; L x, or simply

. . . iel
x; — x, or x = lim; x;. If one wants to stress the index set one can also write x; — x
or x = lim;¢; xillz]

(b) The net (x;);ep is said to converge or, more precisely, to converge in M if there
exists a point x € M such that (x;);e; converges to x.

14Note that the direction < on the index set I is suppressed in each of those notations, but is extremely
important for the definition of convergence. So if the direction is not clear from the context one has to
mention explicitly which direction is used on I.
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(c) The net (x;);e; is said to be a Cauchy net if
Ve>03ipelIViel: (izip = dxix;)<é)
or, equivalently, if

Ve>03ipelVi,jel: (i,j=zipy = d(x,-,xj)<£).

Observe that all those definitions are consistent with the usual definitions for se-
quences. The following proposition shows that it makes sense to talk about the limit x of
a convergent net (x;);e; and to use the notation x = lim; x;. Its proof is also a first nice
illustration of how the directed axiom of direct sets is used.

Proposition 1.3.4 (Limits of nets in metric spaces are unique). Let (M,d) be a metric
space and let (x;)ie; be a net in M. Then (x;);ec; converges to at most one point in M.

Proof. Letx,y e M and assume that x; — x and x; — y. Let € > 0. Then there exist indices
ig,i1 € I'suchd(x;,x) <e/2forall i =iy and d(x;,y) <e/2forall i = i;.
Since [ is directed, there exists a point j € I that satisfies j = iy and j = i;. Hence,

£

=¢;
2

d(x,y) =d(xj,x) +d(xj,y) < g +

here we used the triangle inequality and the symmetric of the metric d. Since € > 0 was
arbitrary, it follows that d(x, y) = 0. So the positive definiteness of d implies x = y. O

Proposition 1.3.5 (Sequential completeness vs. net completeness). Let (M,d) be a metric
space. The following are equivalent:

(i) The metric space (M, d) is complete, i.e. every Cauchy sequence in M converges.
(ii) Every Cauchy netin M converges.

Proof. =[@” Thisimplication is clear since every Cauchy sequence is also a Cauchy
net.

@M=" Let (xj) jey be a Cauchy net in M. Since J is directed we can then find a se-
quence of indices j; < j2 < j3 <... in J such thatd(x;, x;,) < % for each n € N and for
all j = j,. Then (x;,)nen is a Cauchy sequence in M and hence converges to a point
X € M due to

Let us show that the net (x;) je; converges to x. So fix £ > 0. Choose m € N such that

% < €. For each n € Nwith n = m one has d(x;,,, x;,) < %, so d(xj,,,x) < % since the
metric is continuous. For every j € J with j = j,;, we thus obtain

1 1
d(xj’x) Sd(xj’xjm)+d(xjmrx) =—+—<E.
m m

This proves x; — x, as claimed. O
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The non-trivial implication in the above proposition is, at first glance, a bit weird
since the index sets of nets can be really huge compared to sequences (we shall see such
examples later on). On the other hand, the implication is also very important since it
shows that we do not need to care whether completeness of metric spaces is defined in
terms if Cauchy sequences or in terms of Cauchy nets.

We will see in Chapter [4] that nets are extremely useful to study topological spaces,
which are a very useful generalization of metric spaces. However, even in normed spaces,
nets can be quite useful since they enable us to give a very natural definition of uncon-
ditional convergence of series.

Definition 1.3.6 (Convergence of series). Let X be anormed space and x € X. Let (x;) nen
be a sequence in X, let L be a set and let (x/) ¢y, be a family of vectors in X.

(a) The sequence (ZZ=1 xk)neN is called the series over (x,),en. To indicate that it
converges to x, we write }37 | X = X.

(b) The series (ZZZI Xi) pep 18 called absolutely convergent if the series (ZZZI llxkcll)
converges in R, i.e. if Z%’:I | xk]l < oo.

neN

(c) Let F denote the set of all finite subsets of L, direct by the set inclusion <. The
net (de r JC() rer 1s called the unconditional series over (x)sc;. To indicate that
it converges to x, we write }_gc; Xg = X.

(d) Let F be as in We say that the unconditional series (¥ sef X¢) zc » cOnverges
absolutely if the unconditional series (Z ver lxell ) FeF CONverges in R.

For series with index set N —i.e. if the summands are a sequence (x;) zen — it is natural
to wonder how convergence of the series over (x,) ey is related to convergence of the
unconditional series over (x) zen:

Proposition 1.3.7 (Convergence of series). Let X be a normed space and x € X, let (xp) neN
be a sequence in X, and let x € X.

@) If¥kenXk =X, thenalso ¥ | xi = X.
(b) If X =K and x € [0,00) for all k € N, the converse implication inm also holds.

Proof. [(@)] Assume that ) ey Xx = x and let € > 0. Then there exists a finite set F < N
such that || x — ¥ e xk|| < € for all finite sets G with F € G = N. By making F larger if
necessary we may assume that F # @. Set ng := max F. For every n € Nwith n = ny we
then have F ¢ {1,..., n} and thus, ||x -Xi xk” = ||x =Y kell,..n} xk” < &. This proves
that (X7, Xk) ,,c cOnverges to x, i.e. Y92, xg = x.

[®) Let X =K, xi € [0,00) for all k€ N and Y2, x; = x. Let € > 0 and choose ng € N
such that x — ZZ"ZI Xxx < €. For every finite set F that satisfies {1,...,19} £ F < N the
positivity of all summands implies

maxF

n
ikaZka Zkax,
= k=1

k=1 keF
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1. BANACH SPACES AND LINEAR OPERATORS

SO |x — Y rer Xkl < €. Therefore, ) jen Xk = X. O

Example 1.3.8 (An unconditional series in 7). Let p € [1,00), abbreviate ¢ := ¢P (N;K),
and let f € ¢P. Let F denote the set of all finite subsets of N, directed by set inclusion.
The unconditional series

( Z fke(k))FeJ-'

keF

converges to f (i.e. f = Y ren fre®). Butif p > 1, there exists a vector f € £7 such that the
series is not absolutely convergent.

Proof. Lete > 0. Since .77, |fk|’7 = ||f||§ < 0o, there exists a kg € N SUChthatZZikoﬂ |fk|p
eP. Set Fy:={1,..., ko} € F. So for every F € F with F 2 Fy one has

> fie® - f

keF

<( S 1Al =e

p k=k0+1

which shows the convergence of the unconditional series to f.
Now let p > 1. The sequence f given by f,, = % for every n € N. Then f € ¢P since
p_ p_ 1 B — _ 1 _

||f||p =252, [fil” = X2, 5 <o but X2, || fiee! )”p =X, |fil = X2, £ =co. So the

series (L}_, || fce® || ,) ,en does not converge in R and hence, neither does the uncondi-

tional series (X ger || fre™||,) e (Proposition ) . O

We note in passing that if p = 1, then the unconditional series (¥ yer fke(k)) perindt 1
is even absolutely convergent for every f € ¢'; more precisely, one has ¥ ren || fie® |, =
|| f ||l as a consequence of Propositionm

One can characterize completeness of normed spaces by the property that every ab-
solutely convergent series in X converges. More precisely, the following proposition
holds. We already discussed the equivalence of |(i)| and in Analysis 3 [6, Proposi-
tion 3.2.17] and used it to prove the completeness of LP-spaces [6, Theorem 3.2.16].

Proposition 1.3.9 (Completeness via series convergence). Let X be a normed space. The
following assertions are equivalent:

(i) The space X is complete, i.e. a Banach space.
(ii) Every absolutely convergent series (with index setN) in X converges.

(iii) Every absolutely convergent unconditional series (with arbitrary index set) in X con-
verges.

Proof. =[GiD)]” Assume that X is complete. Let L be a set, let (x¢) ¢ be family of vec-
tors in X, and let F denote the set of all finite subsets of L, directed by set inclusion.
Assume that the unconditional series (¥ ¢ X¢) ¢ 7 is absolutely convergent, i.e. that
the unconditional series (X scr llx/1) rer converges in R. Then one can readily check
that (X ser /) per isaCauchy netin X, so it converges according to Proposition
since X is complete.
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1.4. Addendum: Spaces of signed measures

=@ Lethold. Let (xp) nery be a sequence in X and assume that (X7 Xt) ,en
is absolutely convergent, i.e. that the series (X7_, lxkll),cp converges in R. Let F
denote the set of all finite subsets of N, directed by set inclusion. It follows from
Proposition that the unconditional series (X icr Il xkll) per converges in R.
Hence, the unconditional series (Z keF xk) rer In X converges according to ie.
there exists a point x € X such that } jen X = x. As shown in Proposition[1.3.7(a)| this
implies that 3.7 | x; = x, as claimed.

=[@]" Assume|(ii)]and let (x,),en be a Cauchy sequence in X. We can find a strictly

increasing sequence n; < np < ng < ... in N such that || x,,,, — X || < zik for all k €

N. Define y; := x5, and yi = x5, — X, for all k = 2. Then Zzozl ||yk|| < ||yn1 || +
s Zkl—_l < 00, so it follows frommthat there exists a point x € X with x,,, = Z’lf:l Yo —

x as k — oo. So the subsequence (x5, )xen Of (X5)nen is convergent. But it is easy to

check that every Cauchy sequence in a metric space that has a convergent subse-

quence is itself convergent. Hence, (x;),en converges, so X is complete. O

1.4 Addendum: Spaces of signed measures
Introductory questions.

(a) Consider a measurable space (2,.4) and two finite measures y,v: A — [0,00). Can
we substract v from p? Why / why not?

(b) How would you mathematically describe a distribution of electrical charges? Does
your suggestion include the possibility to describe a charge that is located at a sin-
gle point?

(c) Can you write down three different bounded linear functionals on the Banach
space C([0,1];R)?

Consider a measurable space (Q2,.4). The set of all, say finite, measures defined on
A does not have a vector space structure: since measures are defined to take positive
values only, one cannot multiply a measure by a negative number (or even a complex
number). As is common in mathematics, if we cannot do something but would really
like to do it, which just make it work by defining things in the “right” way. So let us now
define measures that can take values in R (or even in C).

Definition 1.4.1 (Scalar-valued measures). Let (,.4) be a measurable space/"]

(a) Amap u: A— Kis called a K-valued measure if it is o-additive, i.e. if it satisfies.

#(U An) = 3 pAn)

neN neN

151 German: Messraum.

25

Addenda do
not directly
belong to the
contents of the
course, but
contain
additional
information for
interested
readers.



1. BANACH SPACES AND LINEAR OPERATORS

for every sequence A, Ay,--- € A of pairwise disjoint measurable sets. Here, the
series is understood to be a limit of an unconditional series in the sense of Defini-
tion[1.3.6(d)|["

We denote the set of all K-valued measures on (Q,.A) by M(Q, A4;K).

An R-valued measure is also called a signed measure.

(b) Let u,ve M(Q, A;K) and a € K. Then we define p+v: A—Kand au: A— K by
(L+v)(A) == pu(A) +v(A) and (ap)(A):==a-u(A)
forall Ae A.

(c) Letu,ve M(Q, A R). Wewrite u < vif u(A) <v(A) forall A€ A. The notation = v
is defined analogously.

It is not difficult to check that, for a measurable space (Q,.A), [K-valued measures
wveM(Q, A K), and a scalar a € K, the mappings p+ v and au are K-valued measures
again. Moreover, this addition and scalar multiplication turns M (Q, 4;K) into a vector
space over K whose zero element is the measure 0 that maps every set to 0 € K.

At first glance one might wonder why the requirement ¢(®) = 0 does not occur in the
definition of a K-valued measure. However, since u takes values in K (and thus cannot
take the value oo) this is actually a consequence of the o-additivity:

Proposition 1.4.2 (K-valued measures map @ to 0). Let (Q,.A) be a measurable space and
p: A— K akK-valued measure. Then u(@) = 0.

Proof. In the o-additivity property of u (Definition[1.4.1{(a)), choose all the sets A,, to be
equal to @. It then follows from Proposition|1.3. that

K3p(@)=) p@)=lim 3 u@)=lim nu@).
OOk:1 n—oo

neN

This implies that p(@) = 0. O

The easiest way to construct K-valued measures it to start with finite measures{T_TI
and take linear combinations of them with coefficients from K. One can even show that
all K-valued measures can be obtained in this way. For R = K this is a consequence of
Theorem([1.4.4]below. To keep this section concise and focused on the essential ideas, we
refrain from also discussing the C-valued case in detail.

16Note that this is very natural for the following reason. The union on the left hand side of the equa-
tion does obviously not depend on how the sets Aj, Ap,... are enumerated. So even if we only required
#(Unen An) = X52 | u(Ap) instead, this would automatically imply u(Unen An) = X5 | #(Ag(n)) for every
bijection ¢: N — N. And according to Bonus Exercise 3.5(a) on Homework Sheet 3, this is equivalent to
ﬂ(UneN An) =2 neN H(An).

17When we say measure instead of K-valued measure we always mean a measure that takes values in
[0,00]. Of course, a measure is finite if and only if it takes values in [0,c0) only.
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1.4. Addendum: Spaces of signed measures

Definition 1.4.3 (The total variation measure). Let (Q2,.4) be a measurable space and let
@: A— K be an R-valued measure.

(a) The map |,u| : A—[0,00],
] (4) := sup {|u(B1)| +|u(B2)| | B, Bo€ A, BinBy =, BiUB, = A}
is called the total variation measure of .

(b) We call ||,u|| = ”””Tv = |p| (Q) is called the total variation norm of p.

As indicated before the definition, one can also define the total variation measure
and the total variation norm for C-valued measures (the formula of |u| is a bit more in-
volved then). To keep it brief we restrict ourselves to the case of real-valued measures,
where many interesting ideas already occur.

Theorem 1.4.4 (Total variation measures and the space of measures). Let (2,.A) be a
measurable space.

(@) Letu: A— R beanR-valued measure. For every A€ A one has

] (A) = sup{u(Bl) —(By) | Bi,B2€ A, BinBy =0, ByUBy = A}
(b) Let u: A — R be an R-valued measure. Then the total variation measure |u| isin-
deed a measure on (Q, A) and it is finite, i.e. | u| = || (Q) < oo.
(c) ForallR-valued measures i1,v: A— R and all « € R one has
tus<|u|, |ptv|=|g|+ivl and  |ap|=lal|y].
Moreover, || = 0 ifand only if u = 0.

(d) Letu: A— R beaR-valued measure. Then (1= 0 if and only if | u| = u. In particular,
Il = u@ ifu=o.

(e) The total variation norm is a norm on M(Q, A;R) and turns M(Q, A;R) into a Ba-
nach space.

The proof of part|(b)| of the Theorem is a bit easier to write down if one uses the
following lemma, which is nice to know anyway.

Lemma 1.4.5 (Characterization of measures). Let (2, A) be a measurable spaces. Let
n: A—[0,00] satisfy (@) = 0. Then u is a measure if and only if it satisfies the follow-
ing properties:

(1) The map u is o -subadditive on disjoint sets, i.e. for every sequence Ay, Ay,--- € A of
pairwise disjoint sets one has (US> An) < X5, p(Ap).
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(2) The map p is finitely superadditive on disjoint sets, i.e. one has t(AUB) = y(A)+u(B)
fiir all disjoint sets A,B € A.

Proof. If p is a measure, then it clearly satisfies[(1)]and [(2)] So assume now conversely
that p satisfies[(1)]and [(2)] We need to show that y is o-additive, so let A;, A>--- € A be
pairwise disjoint.

Due toit only remains to show that p(US2; Ay) = X352, u(Ay). To this end, let us
first observe that u is monotone: if A, B € A satisfy A < B, then it follows from and
from the fact that u takes values in [0, c0] that that u(A) < p(A) + u(B\ A) < u(B).

By applying the mononicity and again[(2)} it follows for each N € N that

= n=

N
H(Ap).
1

Since the left hand side does not depend on N, it dominates }.07 | u(A;), as claimed. O
Proof of Theorem|[1.4.4 [(@)] Fix a measurable set A € 4 and set
a= sup{p(Bl) —(By) | Bi,B2€ A, BiNBy =@, ByUBy = A}

The inequality | A| = «a is clear. To prove the converse inequality |A| < a, let By, B, € A
be disjoint and satisfy By U B,. We need to show that |u(B1) |+ |u(B2)| < @, and we do
this by distinguishing four cases:

Case 1: u(B1) =0and p(B) <0.

In this case one has |u(By)| + |u(Ba)| = w(B1) — u(By) < a.
Case 2: u(B;) <0and p(Bz) =0.

In this case we have |u(B1) |+ |©(B2)| = p(B2) — u(B1) < a.
Case 3: u(B;) =0and p(Bz) =0.

In this case one has |u(B1)| + |u(B2)| = u(A) - u(@) < a.
Case 4: pu(B;) <0and pu(B) =0.

In this case we have |u(By)| +|u(B2) | = u(@) - p(A) < a.

[(®)] Obviously, || maps into [0,c0]. Next we show that it is a measure.

It follows from (@) = 0 (Proposition [1.4.2) that |u| (@) = 0. The fact that |p| is o-
subadditive on disjoint sets is straightforward to prove from the definition of | u|.
According to Lemma [1.4.5 we thus need to show that y is finitely superadditive on
disjoint sets.

To this end we use part of the theorem. Let A, A € A be disjoint. Also let By, B> € A
be disjoint and satisfy B UB, = A and let By,B, € Abe disjoint and satisfy BiUB, = A.

Then¥|
(1(B1) — w(B2)) + (1(B1) — u(By)) = u(B1 U By) — (B U By) < || (AU A),

18Note that the first equality in this computation would, by the triangle inequality for the modulus in R,
become the inequality = if we used directly the definition of | p|. But we need the converse inequality here;
this is why partof the proposition is useful here.
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where the inequality holds since the two sets By U B and B, U B, are a measurable
partition of Au A. By first taking the supremum over By, B; and then over By, B, we
obtain |p| (A) + |u| (A) < |p| (AU A), as claimed.

Finally, let us show that || (Q) < co. To this end, we first prove the following claim:

(%) If A e A satisfies ’ p| (A) = oo, then there exist two disjoint measurable sets By, By
with B U B, = A that |u(By)| = 1 and |u(B,)| = co[)

Indeed, let || (A) = co. Since p(A) < oo the definition of |u|(A) implies that there
exists disjoint measurable set By, B, such that By UB; = A and | ,u(Bl)| + | u(Bz)| >
2(1+|u(A)]). Then at least one of the summands on the left, say |u(B;)|, satisfies
|(B1)| =1+ |u(A)|. So on the one hand, |u(B1)| = 1, and on the other hand

|u(A)] = |w(B1) + u(By)| = |u(B)| - |w(B2)| = 1+ |u(A)] - |u(B2)],

so also |u(By)| = 1. Since we have already shown that |u| is a measure, we also note
that co = |u| (A) = |u| (By) + |u| (B»), so at least one of the values |p| (B7) and |u| (B2)
is co. This proves the implication ().

Now assume for a contradiction that | p| (Q) = co. Then (*) implies that we can find
a measurable set B; < Q2 such that |,u(Bl)| >1and |,u| (Q\ B;) = co. Now we apply ()
to the set Q\ By to find a measurable set B, € Q\ By such that |u(B)| = 1 and || (Q\
(B1 U Bg)) = oo. By iterating this we find a sequence (Bj) en Of pairwise disjoint,
measurable sets such that |u(B,,)| = 1 for every n € N. Hence, the net (¥ ,er tt(Bn)) »
where F runs through all finite subsets of N, cannot be a Cauchy net and hence, it
does not converge to a real number. But we know from the o-additivity of u that the
net actually converges to p(Unen t(Bp)); so we arrived at a contradiction.

The inequality +p < |,u|, the subadditivity and the absolute homogeneity can easily
be obtained from the definition of the total variation measure.

If 4 = 0, then it is also immediate from the definition of || that || = 0. Conversely,
if |,u| =0, then +u <0, which implies u =0.

[(d)] If u = 0, it follows right from the definition of |,u| that |,u| =y, and this in turn gives
el = |1l @ = u.

So assume conversely that | ,u| = u. For every B € A we then conclude that

u(B) + (B = (@) = | (@ = [u(B)| + D = pBb,

so u(B) = 0. Hence, u = 0.

19 Carefully note that the first modulus is taken of p before substituting By, while the second modulus is
taken simply of the number p(B>).

20Note that, as we are going to show |/J| (Q) < oo, there does actually not exists a set A € A with | y| (A) <
oo. So this implication is purely hypothetical; we will use it in a contradiction argument to obtain |,u| Q) <
0.
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[(e)] Let us first show that the total variation norm || - || satisfies the norm axioms.
Let p,v € M(Q, A;R) and a € R. If |[u|| = 0, then |u|(Q) =0, so |u| = 0, and hence
= 0 according to[(d)] Moreover, it follows from|[(d)|that
v =+ v = (|p]+ V1) = [u] (@ + V1@ = |u]| +IvI

and
laul = |ap| @ = (|au]) @ =1al|p| @ = lal |||

So || - || is indeed a norm.

To show the completeness we use Proposition let (un)nen be a sequence in
M(Q, A;R) such that ¥ | || pn|| < 0o. We need to show that the series (X5 i) yen
converges in M(Q, A;K). To this end we proceed in two steps.

Step 1: We show the claim if y,, = 0 for each n.
In this case, define u: A — [0, 00] by setting (A) := Y57, p,(A) forall A€ A.

We note that p is a measure. Indeed, one clearly has y(@) = 0. And if Ay, Ay,--- €
A are pairwise disjoint, then

I
18
s
&
o
P18

p(U Ax) fn( 2 2 HalAp)
k=1 n=1 k=1 n=1k=1
k=1n=1 k=1

where the equality between both lines follows, e.g., by applying Tonelli’s theorem
to the product measure # ® #, where # denotes the counting measure on N.

Next we observe that the measure p is finite. Indeed,

PO =3 pn(@) =} [in] <oo
n=1 n=1

by assumption; the second equality uses the positivity of the ;.

Finally, we show that the sequence (Z],Y:l In) yen CONVerges to p with respect to
the total variation norm || - ||. Since all u,, are positive, it follows for each N € N
that the measure u— ZJ,Y:I Un is positive. Thus,

N N [es) 00
=Y pall=(u- Y )@= Y w@= Y |ua]—0
n=1 n=1 n=N+1 n=N+1
as N — oo since Y2, || pn | < oo.
Step 2: We show the claim for general .
In this case we set v,, == |,un| — Upn =0 for each n € N. One has || |,u,,| H = ||,un || and

vyl <2 | pn]| for each n. Hence, Y52, |||in||| < 0o and £32, v, ]l < co. Thus, we
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can apply Step 1 to find measures 0 < A,v € M(Q, A;R) such that 227:1 |,un| — A
and ZQ’ZI v, —vas N — oo. Thus,
N N n Neoo
Yo bn=Y |t = 2 ve =T A, O
n=1 n=1 n=1

Of course, the major purpose of a measure in analysis is to integrate functions against
it. Since you already know from Analysis 3 how to integrate against positive measures, it
is not easy to integration against R-valued measures, too:

Definition 1.4.6 (Integration against signed measures). Let (Q2, 4) be a measurable space.

(a) For each signed measure p € M(Q, A;R) we define 0 < u*, u™ € M(Q, A4;R) as

1 _ 1
ut :=E(|y|+,u) and :=§(|,u|—y).
They are called the positive part and the negative part of p.

(b) Let f:=Q — R. Wecall f integrable with respect to p if f is integrable with respect
tou* and pu~ E-]In this case we define

| rau= [ rau - rau

It is not difficult to check that, in the situation of Definition [I.4.§(b)} integrability of
f with respect to u* and u~ is equivalent to integability of f with respect to | p|.

Spaces of signed measures can be used to represent the dual space of the space of
continuous functions over a compact metric space. This is the famous Riesz representa-
tion theorem which we state now, although without proving it in this course.

Theorem 1.4.7 (The Riesz representation theorem for the dual space of C(M;R)). Let
(M,d) be a compact metric space and endow M with the Borel-o -algebra B(M). The map-
ping ®: M(Q, B(M);R) — C(M;R)’ given by

(D), f)= fodu €R

forallpe M(Q, A;R) and all f € C(M;R), is an isometric isomorphism of normed spaces.

For a proof we refer, for instance, to [4, Korollar VIII.2.6].

2INote that this includes the condition that f be measurable.
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Chapter 2

The Principles of Functional Analysis

2.1 Baire’s theorem revisited

Introductory questions.

(a) Can every vector space over K be turned into a Banach space by choosing an ap-
propriate norm?

(b) Isthere a continuous function f: [0,1] — R that is not differentiable at any point?

We briefly repeat the following two notions that you already know from the Analysis 3
course, see [6, Definition 1.5.6]

Definition 2.1.1 (Nowhere dense and meagre sets). Let (M,d) be a metric space and
Sc M.

(a) The set S is said to be nowhere dense if its closure S has empty interior.

(b) The set S is set to be meagre if it can be written as a union of countably many
subsets of M that are nowhere dense.

Recall that every countable union of meagre sets is again meagre, and that every sub-
set of a meagre set is also meagre [6, Proposition 1.5.8]. Moreover, we proved that follow-
ing equivalence in [6} Proposition 1.5.9]:

Proposition 2.1.2 (Characterisation of the Baire property). Let (M,d) be a metric space.
The following assertions are equivalent.

(i) Every meagre subset of M has empty interior.
(ii) The complement of every meagre subset of M is dense in M.

(iii) IfCy,C,,... areclosed subsets of M with empty interior, then U, en Cy, Still has empty
interior.

(iv) IfUy,U,,... are dense and open subsets of M, then (\en Uy, is still dense.
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2. THE PRINCIPLES OF FUNCTIONAL ANALYSIS

Definition 2.1.3 (Baire spaces). A metric space (M, d) is called a Baire space if it satisfies
one (hence all) of the equivalent conditions in Proposition[2.1.2

A very important class of Baire spaces are the complete metric spaces. We proved
this in [6) Theorem 1.5.12] and state it again explicitly in the following theorem.

Theorem 2.1.4 (Complete Metric spaces are Baire). Every complete metric space (M,d) is
a Baire space.

Corollary 2.1.5 (Banach spaces with a countable basis). If X is an infinite-dimensional
Banach space, then it does not have a countable basis.

Proof. Let X be an infinite-dimensional Banach space and assume to the contrary that it
has a countable basis (x;),en. Set X, := spani{xy,...,x,} for each n € N. Then U, en Xy =
X.

But each of each vector subspaces X, of X is finite-dimensional and thus closed ac-
cording to Example[1.1.2] Since X is a Baire space by Theorem[2.1.4]it follows that it least
one of the spaces X}, say Xj,,, has non-empty interior.

But it is easy to check that a vector subspace with non-empty interior is always equal
to the entire space, so X, = X. Thus, X is finite-dimensional, a contradiction. O

Example 2.1.6 (The space cgp). The space cyo(N;K) is infinite dimensional and has a
countable basis (consisting of the canonical unit vectors) Hence, it follows from Corol-
lary that there is no norm on ¢y (\; K) that turns this space into a Banach space.

2.2 The uniform boundedness principle
Introductory questions.

(a) Give an example of sequence (f;,) neny in C([0, 1;R) such that sup,,ep | ()| < oo for
every x € [0,1] but sup e || f ”oo = o

(b) Let (Ay)nen be a sequence in C3*3 and assume that sup,,en 1An x|l < oo for every
x € C3. Does it follows that sup,,cp | Apll1—1 < 00?

Proposition 2.2.1 (Uniform boundedness of matrices). Let T < K?*? and assume that
suprer ITxll1—1 < oo for each x € K®. Then the setT is bounded in operator norm, i.e.
suprer ITl1—1 <oo.

We note that the specific choice of the norms in the proposition is not important as
all norms on K< are equivalent [5, Theorem 1.7.2] The reason why we endowed K4
with the 1-norm in the proposition is that it makes the computation in the following
proof particularly simple to write down.

1We will come back to the notion equivalence of norms later in this functional analysis course, and
discuss it in more detail then.
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Proof of Proposition[2.2.1] Forevery k€ {1,...,d} we let e; € R denote the kth canonical
unit vector. Set

M :=max{sup|Teill;—1,...,sup | Tegll; 1 }.
TeT TeT

Then M < oo by assumption. We are going to show that | T]l;; <= M foreach Te 7. To
this end, fix T € 7 and a vector x € K% of norm || x||; < 1. Then

d d d d
Tx=T) xier=Y xxTex, hence [ITxI <) IxpllTexl =M |xil <M.
k=1 k=1 k=1 k=1
—_——
=lxll =1
Soindeed || T'|l; -1 < M, as claimed. O

Observe that the proof of Proposition[2.2.1|relies very heavily on the finite-dimensional
structure of K. It is all the more surprising that the assertions actually remains true on
general Banach spaces. This is the uniform boundedness principle, one of the funda-
mental principles of functional analysis:

Theorem 2.2.2 (Uniform boundedness principle). Let X, Y be normed spaces and assume
that X is a Banach space. Let T < L(X;Y) and assume that sup .1 | Tx| < oo for every
x€ X. The'T is bounded in operator norm, i.e. sup 7 | Tl < oo.

Proof. For each n € N we set
Xp={xeX| |Tx|<nforall TeT}.

Then X, is a closed subset of X since all operators T € 7 are bounded. (Note however
that X, will not be a vector subspace of X unless in very special cases.)

For every x € X the assumption sup . | Tx|| implies that there exists anumber n € N
such that | Tx|| < nforall T € T, i.e. x € X;,. This shows that U,y X;; = X. Since X is
complete, it is a Baire space by Theorem[2.1.4} so at least one of the sets X, say X, has
non-empty interior.

This means that there is a point xy € Xj,, and a radius r > 0 such that B<;(x9) S Xp,.
Set s := supy7 I Txoll and note that s < oo by assumption. For every x € X of norm
x|l =1 one has xo + rx € Xj,, and thus

1 T(xg+rx)ll+Tx no+s
I Tl = S 1T Ceo + rx— xo) | < 1T (xo )+ 11T xol cTotS o
r r r
The number M does not depend on x nor on T, and it follows that | T|| < M forall T € T,

which proves the claim. O

Definition 2.2.3 (Strong convergence). Let X, Y be normed spaces and let (T}) je; be a
net of operators in £(X;Y). Also let T € L(X;Y). We say that the net (T) je; converges
strongly to T if the net (T x) je; converges to Tx for each x € X.
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Proposition 2.2.4 (Continuity of strong limits). Let X, Y be normed spaces and let (T}) jej
be a net of operators in L(X;Y) that is bounded, i.e. that satisfies M = sup ;¢ | Tj|| < oo.

Assume that, for each x € X, the net (T;Xx) jey converges to a vector in Y and define
T: X —Y by Tx:=1lim;T;x foreveryxe X. Then T € L(X;Y) and (Tj) jej converges
stronglyto T.

Proof. Itis straightforward to check that T is linear. Moreover, for every x € X one has

I 7)) =lim || T x|| < MxIl,
] N——r

=Mllxl

where the equality follows from the continuity of the norm. Hence, T is bounded with
ITI = M. The strong convergence of (T})je; to T follows right from the definition of
T. O

Corollary 2.2.5 (Banach-Steinhaus). Let X,Y be normed spaces and assume that X is
a Banach space. Let (Tp)nen be a sequence of bounded linear operator in L(X;Y) and
assume that, for each x € X, the sequence (T, x)nen converges to a vector in X. Define
T: X—-Y by Tx:=1lim, T,x for each x € X. Then T € L(X;Y) and (T,) nen converges
stronglyto T.

Proof. For every x € X the sequence (T, x),en in Y is convergent by assumption and is
thus bounded. So the uniform boundedness principle (Theorem [2.2.2) implies that the
sequence (T,)nen is bounded in operator norm. This, this claim follows from Proposi-

tion[2.2.41 O

Corollary does not hold for nets (T}) je; rather than sequences. Here is what
goes wrong in the proof: for x € X, the convergentnet (T;x) je; in Y mightnotbe bounded,
in general. Instead, the net (Tx) jes is only eventually bounded in general — but the in-
dex from which on it is bounded might depend on x, so one cannot apply the uniform
boundedness principle. We will discuss the existence of a counterexample in the exer-
cises.

2.3 The open mapping theorem and the closed graph theorem

Introductory questions. As usual, endow cyo(N;R) and ¢ (N; R) with the norm | - || -

(a) Canyou find an example of a bijective linear operator T': coo(N;R) — cgo (N; R) such
that T is bounded but 7! is not bounded?

(b) Can you find an example of a bijective linear operator T: ¢y(N;R) — ¢o(N;R) such
that T is bounded but 7! is not bounded?

Definition 2.3.1 (Open maps). Let (M,d) and (IV,d) be metric spaces. Amap f: M — N
is called open if the image f(U) is open in N for ever open set U € M.
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Our first goal of this section is to show that every continuous linear operator between
two Banach spaces is open (Theorem [2.3.3). To this end, we first show the following
auxiliary result.

Lemma 2.3.2 (The little open mapping theorem). Let X,Y be normed spaces over K,
where X is a Banach space. Let T € L(X;Y), letr,s € (0,00) and TB<,(0) 2 B<5x(0). Then
even TB.,(0) 2 B5(0).

Proof. There is no loss of generality in assuming s = 1. Let y € Y satisfy y € B<1(0). We
have to find x € X such that Tx = y and x € B<(0). For each § € (0,1) one has B<;(0) <
TB.;(0) € TB.;(0) + B.5(0) and thus

B_5¢(0) S TB_gk, (0) + B_gin1 (0) forall k € Nj. (2.3.1)

We may choose 6 so small that y, = % € B.1(0). We can thus recursively apply (2.3.1)
to find sequences (xi) ken, in X and (y) ken, in Y such that

Yk = TXk + Vk+1» X € B<5kr(0), and Yi+1 € B<5k+1 (0)

for all k € Ny. So yo =Y.}'_, Tx) + yn+1 and thus

y=0-8)y=T)Y Q-8xc+1-8)ynn
k=0

for each n € Ny, which implies T}}'_ (1 = 8)xx — y as n — oo. On the other hand,

o =0 lxkll < Q-8 X%, 6% = r, so the completeness of the space X implies that
Y i_o(1 —8)xy converges to a point x € X as n — oo (Proposition [1.3.9(ii)) Observe that
X € B<;(0). The continuity of T and the uniqueness of limits in Y gives Tx = y. O

Theorem 2.3.3 (Open mapping theorem). Let X,Y be Banach spaces over K and let T €
L(X;Y). Then either the range T X is meager in Y or T is surjective. In the latter case T is
open.

Proof. First observe that T X cannot both be meager and equal to Y: since Y is complete
and hence a Baire space, every meager subset of Y has empty interior.

Assume now that T X is not meager; we show that this implies that T is surjective and
open. (Note that this implication gives all remaining assertions of the theorem, for if T is
surjective then we have already seen in the previous paragraph that T X is not meager.)
Let us first show that 0 is an interior point of T B<; (0). To this end, observe that

TX =T |J B<x(0) = | TB<x(0).

neN neN

As T X is not meager, it cannot be written as a countable union of nowhere dense sets, so
there exists an n € N such that T' B, (0) is not nowhere dense, i.e. T B<,(0) has non-empty
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2. THE PRINCIPLES OF FUNCTIONAL ANALYSIS

interior. So we can find a point y € Y and a radius r > 0 such that B<,(y) & TB<,(0).
Since, in particular, y € TB.,(0), there exists x € B<,(0) such that | Tx - y|| < 5. Hence,

Ber20) =B 2() =y S By () —Tx S TBy(0) = Tx =T(B<p(0) — x) € T(B«s(0))

for s .= n+|lx|. Since X is complete, we can apply the little open mapping theorem
(Lemma [2.3.2) to conclude B<,/2(0) € TB<(0) and thus, B<,/25)(0) S TB<(0). So 0 is
indeed an interior point of 7B« (0). According to Exercise 4.3(b) on Priasenzblatt 4 this
implies that T is surjective and open. O

Corollary 2.3.4 (Continuous inverse theorem). Let X,Y be Banach spaces over K and let
T € L(X;Y) be bijective. Then T™': Y — X is continuous.

Proof. Let U < X be open. Then the pre-image (T~!)~!}(U) = T(U) is open according to
the open mapping theorem (Theorem2.3.3). O

In the exercises we shall see how the continuous inverse theorem is related to the
equivalence of norms on Banach spaces.

To prepare the next definition, consider normed spaces X,Y over K. Unless other-
wise stated we shall always assume that the the product X x Y is endowed with a norm
such that convergence of sequences (and nets) is equivalent to convergence in both com-
ponents. (Clearly such a norm exists; for instance, we may set | (x, y)|| := llxIl + || || for all
(x,y) € X x Y.) Itis not difficult to see that X x Y is a Banach space if and only if both X
and Y are Banach spaces.

Definition 2.3.5 (Closed graph). Let X, Y be normed space over K. A linear map T: X —
Y is said to have closed graph if its graph {(x, Tx) | x € X} is closed in X x Y

Proposition 2.3.6 (Characterisation of operators with closed graph). Let X,Y be normed
space overK and let T: X — Y be linear. The following assertions are equivalent:

(i) Themap T has closed graph.

(i) If a sequence (x) in X converges to a point x € X and (Ty,) converges to a point
yeY,thenTx=1y.

Proof. f)]=[(i)]” Assume that T has closed graph. Let (x,) be a sequence in X that
converges to a point x € X and assume that (Tx,) converges to a point y € Y. Then
(xn, Txy) is a sequence in the graph of T that converges to the point (x,y) in X x Y.
As the graph is closed, (x, y) is also located in the graph of T, so y = T'x.

fid]=[@]" Assume that |(i)| holds and let ((x,, Tx,)) be a sequence in the graph of T
that converges to a point (x, y) € X x Y. Then x,, — x and Tx,, — y, so[(i)]implies that
y = Tx, i.e. thelimit (x, y) is equal to (x, Tx) is is thus contained in the graph of T. O

Theorem 2.3.7 (Closed graph theorem). Let X, Y be Banach space over K and letT: X —
Y be linear. If T has closed graph, then T is continuous.
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Proof. Endow X x Y with the norm given by || (x,9) || = |lx||+ || y|| forallxe Xandallye Y.
This turns X x Y into a Banach space. Note that the coordinate maps Px := X x Y — X
and Py: X x Y — Y given by

Px(x,y)=x and Py(x,y)=y

for all (x, y) € X x X are continuous.

Now assume that the graph G := {(x,Tx) | x € X} < X x Y is closed. Then G is a Ba-
nach space with respect to the norm induced from X x Y (Proposition[I.1.1[c)). Observe
that the restriction Px|g: G — X is bijective and hence, its inverse map that its inverse
map (P XI(;)_1 : X — Gis continuous by the continuous inverse theorem (Corollary.
Moreover, the inverse is given by (PXIG)_lx = (x,Tx) forall xe X. Hence, T: X — Y is
the composition of the continuous maps

(Pxla)”

X G-xxY2y,

where the arrow in the middle is the inclusion map from G into X x Y (and is thus iso-
metric). Hence, T is continuous. O

2.4 Sublinear functionals, Zorn’s lemma, and the Hahn-Banach
extension theorem

Introductory questions.

(a) Let X # {0} be a normed space. Does the dual space X' contain at least one non-
zero element?

(b) Let X be a normed space. How are the norms on X and X' related?

The central concept in this section is the following generalization of linear function-
als. We shall see towards the end of this section that this notion is very useful to prove
extension results for bounded linear functionals.

Definition 2.4.1 (Sublinear functionals). Let X be a vector space over K. Amap p: X — R
is called sublinear if it satisfies the following two properties:

(I) Subadditivity: For all x, y € X one has p(x+ y) < p(x) + p(3).
(I) Positive homogeneity: For all x € X and all & € [0,00) one has p(ax) = ap(x).
Here are few simple examples of sublinear functional:
Examples 2.4.2 (Some sublinear functionals).

(a) Let X be a vector space over K. Every norm on X is a sublinear functional.
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(b) Let X be a vector space over K and let ¢: X — K be linear. If K =R, then ¢ is
sublinear. If K = C, then Reo¢ is sublinear.

(¢) Let (M,d) be a compact metric space. Then C(M;R) — R, f — | f*|, is sublinear.

(d) Leta,f €Rsatisfy @ < f and define p: R — R by

) Bx ifx=0,
xX) =
P ax ifx<O.

The following extension lemma for linear functionals that are dominated by sublin-
ear functionals will turn out to be very useful.

Lemma2.4.3. LetV be vector subspace of an R-vector space X, and xo € X\V. Letp: X —
R be sublinear and ¢ : V — R linear such that ¢(v) < p(v) forallv e V. Then there exists a
linear extensiony: W :=V +Rxy — R of ¢ such thaty(w) < p(w) forallwe W.

Proof. Forall u,ve V onehas @(u)+¢(v)=@(u+v) <plu+v) <p(u—xy+ pv+xp), so
@) — plu—xp) < pv+x0) — ().
Therefore, y :=inf,cy ( pv+xp) — (p(l/)) is an element of R and satisfies
@) —plu—x9) <y =<plu+x)—epu) (2.4.1)

forall u € V. Now, fix v € V and a € R. If @ > 0 we use the right inequality in
for u := v/a and multiply it by a to get ay < p(v + axp) — @(v). If a < 0 we use the left
inequality in for u := —v/a and multiply it by a to get ay < —¢@(v) + p(v + axp). So

pW) +ay = pv+ax)

for all v € V and all a € R (for @ = 0 this inequality is clear by assumption). So we can
simply set w(v+ axp) =) +ayforal v+axpe W. O

A simple consequence of Lemma/2.4.3|is the following result.

Proposition 2.4.4 (Bounding a sublinear functional below by a linear functional). Let
p: R4 — R be sublinear. Then there exists y € R such that y* x < p(x) for all x € R%.

Proof. First consider the zero functional on the trivial subspace {0} of RY. It is clearly
dominated by p. Now we can use Lemma [2.4.3) d times to extend the functional first
to span{e(l'}, then to span{e™", e?}, and so on, until we end up with a linear functional
R RY — R such that Y(x)<px) forallxe R4, It is a standard result in linear algebra that
1 can be represented by left multiplication with an 1 x d-matrix. O

The main result of this section is the following famous theorem which shows that a
similar result still holds in infinite-dimensions.
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Theorem 2.4.5 (Hahn-Banach extension theorem). Let X be a vector space over K and let
p: X — K be sublinear. Let V < X be a vector subspace and ¢: V — K a linear map that
satisfiesRe p(v) < p(v) forallv € V. Then there exists a linear map v : X — K that extends
@ and that satisfies w(x) < Rep(x) forall x € X.

If K =R and dim X < oo, then Theorem can be shown by essentially the same
induction argument as Proposition[2.4.4] The key insight in the rest of this section is that
Theorem [2.4.5| also holds on infinite-dimensional spaces. On such spaces one cannot
simply copy the proof of Proposition[2.4.4] Recall from Corollary[2.1.5|that many spaces
do not even have a countable basis, so a simple induction over a basis is not possible.
Instead, we will use a very useful fundamental result called Zorn’s lemma (Lemmaf2.4.7).
To formulate it, we first recall a few notions regarding partially ordered sets.

Recall that a partially ordered set (or briefly a poset) is a pair (Z, <), where Z is a set
and < is partial order on Z, i.e. arelation on Z that satisfies the following axioms:

(I) Reflexivity: For all x € Z one has x < x.
(I1) Anti-symmetry: Forall x,ye€ Zwith x < yand y < xonehas x = y.
(ITII) Transitivity: For all x, y,z€ Z with x < yand y < zone has x < z.

In the following definition we collect a number of notions in partially ordered sets
that we will use in the sequel.

Definition 2.4.6 (Important notions in partially ordered sets). Let (Z,<) be a partially
ordered setand let S< Z.

(@) The set Sis called a chailﬂ ifforalla,be Sonehasa<borb=<a.
(b) An element u € Z is called an upper bound of Sif u = sforall s€ S.

(c) An element m € Z is called a maximal element of Z if the following implication
holds forall z€ Z:

(d) Anelement ¢ € Z is called a largest element of Z if / = zforall ze Z.

Note that if Z has a largest element ¢, then ¢ is also a maximal element of Z, and it is
the only maximal element of Z. On the other hand, it can happen that Z does not have
a largest element, but one or multiple maximal elements.

The following result is a consequence of the axioms of choice and is a fundamental
result in logic and set theory. We do not prove it here, but we shall use it in the following.

Lemma 2.4.7 (Zorn's lemma). Let (Z,<) be a non-empty partially ordered set. If every
non-empty chain C < Z has an upper bound in Z, then Z has a maximal element.

2In German: Kette
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Zorn’s lemma can, for instance, be used in linear algebra to show that every vector
space has a basis[|

Proof of Theorem|[2.4.5. We first treat the real case and then derive the complex case as a
consequence.

The real case: LetK =R.

Let G denote the set of all graphs of linear extensions 1 of ¢ to vector subspaces
W 2V of Z such that w(w) < p(w) for all w € W. Then G is partially ordered with
respect to set inclusion. If C € G is a non-empty chain, then G = Ugec G is again
a graph of a linear functional ¢ that is defined on an a vector subspace W 2 V of
X; you prove this in Exercise 5.1 on Homework Sheet 5. For each w € W one has
(w,¥(w)) € G and thus (w,y(w)) € G for one of the graphs G € C; this implies that
w(w) < p(w). So the graph of v is an element of G and hence, C has an upper bound
in G. According to Zorn’s lemma (Lemma this implies that G has a maximal
element Gpax.

Let ¥max: Wmax — R the linear functional whose graph is Gpax. If Whax # X, then
Lemma shows that we can extend wnax to a functional that is defined on a
strictly larger vector subspace and that is still dominated by p; but this contradicts
the maximality of Gpax. SO Whax = X and hence, ¥nax is the desired extension of ¢.

The complex case: LetKK =C.

Define ¢p := Reo¢p: V — R. If we consider X as an R-vector space by restricting the
scalar multiplication to real functional, then V is also a vector subspace of X over
R and ¢g is R-linear; so the real case treated above gives as an R-linear extension
Ygr: X — R that satisfies wr(x) < p(x) for all x € X. Now we define y: X — C by
W (x) == wr(x) — iygr(ix) for all x € X. Note that Rey (x) = ygr(x) < p(x) for all x € R.
Moreover ¥ extends ¢ since

y() =yr() —iygr(iv) = Rep(v) —iRe(ip(v)
for all v € V. To see that v is C-linear, observe that v is R-linear and that
Y(ix) = yr(ix) — iyr(i®x) = yrix) + iyr(x) = i(Yr(x) — iyr(ix) = iy(x)
forall x € X. O

Corollary 2.4.8 (Hahn-Banach extension theorem for continuous linear functionals).
Let X be a normed space and V < X a vector subspace which we endow with the norm
inherited from X. Every bounded linear functional v’ € V' can be extended to a bounded
linear functional x' € X' of the same norm.

3Probably you have seen a proof in your linear algebra course that every finite-dimensional vector
spaces has a basis. Zorn’s lemma is only needed to show that this is also true in the infinite-dimensional
case.
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Proof. For every v €V one has
Rev'(v) < [V ()| = ||V/|| vl

Consider the sublinear functional p: X — R, p(x) = |[v/| llxll. According to the Hahn-
Banach extension theorem (Theorem there exists a linear functional y: X — K
that extends v’ and that satisfies Rey (x) < p(x) for all x € X.

Now fix a vector x € X and consider the number y(x). We can find a scalar u € K of
modulus | u| =1 such that |w(x)| = uy(x). Hence,

v o] = = pus) = [/ ] = o/ 11,

So v is continuous and || < | v'|. On the other hand, one clearly has ||| = || v since
w extends v'. So we obtain the claim for x' := . O

Recall that, for a functional x’ € X’ on a normed space X, the norm | x| is defined as
||| = sup{[x', 0| | xe X, lxl <1}

We now derive from Corollary that the same formula also holds with the roles of x
and x’ reversed:

Corollary 2.4.9 (The norm via continuous linear functionals). Let X be a normed space
and let x€ X. Then

lxll =sup {|<x', 0| | "€ X', |x'|| <1},

and the supremum is even a maximum. In particular, if x # 0, then there exists an x' € X'
such that (x',x) #0.

Proof. The inequality = follows from the estimate || x| ||x'|| = [<x’, x| for all x" € X'.

To show the converse inequality < and that the supremum is even a maximum, con-
sider the vector subspace V := span{x} of X and the continuous linear functional v’ € V'
given by (v, ax) = a || x|l for all @ € K. Then || l/’|| <1 (the inequality is an equality unless
x =0) and (¢',x) = || x|. According to Corollary there exists a functional x’ € X’ of
norm ||x'|| = ||| =1 that extends v'. In particular, |(x/, x)| = |(v/, x)| = [l x|. O

Corollary[2.4.9|shows that one can, to some extent, reverse the role of a normed space
X with its dual space X’. This might not be too surprising if one thinks of the ¢”-spaces:
for p, p' € (1,00) with %+ % = 1 we proved in Theorem that (¢7)' = ¢7'. But since the
equality % + % = 1 is symmetric with respect to p and p’, one can of course swap their
roles and thus also obtain (ﬂ’/)' =~ ¢P. Later in the course will we investigate this theme

in much greater generality, in particular in Section[5.4}
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Chapter 3

Basic Geometry in Normed Spaces

3.1 Convex sets and the geometric Hahn-Banach theorems
Introductory questions.
(a) What is a hyperplane in R%? What is a hyperplane in a normed space X?

(b) Draw two non-empty compact convex subsets of R?. Can they be “separated by a
straight line”? And what does that even mean?

Definition 3.1.1 (Convex sets). Let X be a vector space over K. A subset C € X is called
convex if, forall x,ye Cand all A € [0,1], one has Ax + (11)y € C.

By an induction argument one can show that if C is a convex subset of a vector space
over K and xi,...,x, € C, then A1x; +---+ A,x, € C for all 14,...,A, € [0,1] that satisfy
M+-+A,=1

Theorem 3.1.2 (Hahn-Banach separation theorem for open sets). Let X be a normed
space and let @ # U,C < X be convex and disjoint. If U is open, there exists a functional
x' € X" and a numbery € R such that

Re(x',uy <y <Re(x',c)  forallue U, ceC.
Proof. We proceed in two steps.

Step 1A: We show that claim if C = {c} for some ce X and K =R.

After shifting the entire situation if necessary we may assume that 0 € U. Define
p: X—R, x—inf{dl€(0,00)| x€ AU}.

Note that the set under the infimum is always non-empty. This is clear for x =0 and
for x € X'\ {0} one argues as follows: U is open and contains 0, one has B<,(0) < U for
some r € (0,00), SO X € @U for all x € X. In fact, this even shows that p(x) < @ for
all x € X.
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Let us prove that the function p is sublinear. One clearly has p(ax) = ap(x) for all
x € X and a € [0,00). Now, let x1, x> € X and let A1, A5 € (0,00) such that, for k € {1,2},
one has x; € A U, i.e. x; = A uy for some u; € U. So

L u + Az
/11+/12 ! /11+/12

x1+x2=(/11+/12)( u2)€(11+12)U
since U is convex. Hence, p(x] + x2) < A1 + A,. By taking the infimum over all such
A1 and A, we obtain p(x; + x2) < p(x1) + p(x2), as claimed.

We note that p(c) = 1: for every A € (0,1] one cannot have ¢ € AU since otherwise
% € U, which would imply that the convex combination ¢ of % and Ois alsoin U.

Now consider the one-dimensional vector subspace V := span{c} of X and the func-
tional v’ € V', given by (v/, ac) = a for all a € R. Observe that v’ is dominated by p
on V: for a € [0,00) one has (v/,ac) = a < ap(c) = p(ac), and for a € (—oo,0) one has
(V',ac) = a <0< p(ac). Sowe can apply the Hahn-Banach extension theorem (The-
orem[2.4.5), which gives us a linear functional y: X — R that extends v’ and satisfies
w(x) < p(x) < |lxll/r for all x € X. By applying the same inequality to —x we obtain
|w(x)| < x|l /r for all x € X. This shows that v is bounded with norm |y | < [l x|l /r,
soletusset x' ==y e X',

For every u € U one has p(u) < 1 since u is open, so

(X uy< pw) <1=',c) =(x',c).

Step 1B: We show that claim if C = {c} for some ce X and K =C.

We reduce this case to the real case similarly as in the proof of Theorem[2.4.5] So first
consider X as normed space over R. According to Step 1A there exists an R-linear
continuous functional x: X — R and a number y € R such that (xg, u) <y < (Xp,c)
for all u € U. Define a C-linear functional x’ € X’ by

(x',x) = (xg, x) — i (X, ix)

for all x € X. Clearly, x’ is continuous and R-linear; one readily checks that it also
satisfies (x’,ix) = i (x/,x) for all x € X, so we conclude that x" is C-linear. Hence,
x' is indeed an element of the dual space X’ of the normed space X over C. Since
Re(x',x) = (xg, x) for all x € X, the functional x’ satisfies Re(x’, u) <y < Re(x/, c) for
alueU.

Step 2: Now we consider the general case (and K can be R or C now).

46

Set D := U —C. Itis easy to see that D is convex and open. Moreover, 0 ¢ D since
UnC = g@. So by Step 1 we can find x' € X’ such that Re(x’, d) < Re(x’,0) = 0 for all
d € D. For all u€ U and c € C this implies that Re{(x’, u— ¢) <0, so

Re(x’, u) < Re(x’, ¢).

As x' # 0, it is not difficult to check that Re x'(U) is open; so the claim follows by
defining y := inf.cc Re(x/, ¢). O



3.1. Convex sets and the geometric Hahn-Banach theorems

To derive another version of the Hahn-Banach separation theorem in Corollary|3.1.5]
below, we need the following notion.

Definition 3.1.3 (Distance to subsets). Let (M,d) be a metric space and let @ # S M
and x € M. Then the number

dist(x, S) :=inf{d(x,s) | s€ S} €[0,00)
is called the distance of x to S.
Let us collect two useful properties of the distance function in the next proposition.

Proposition 3.1.4 (Properties of the distance to subsets). Let (M, d) be a metric space and
letgp #S< M.

(a) Forxe€ M one hasdist(x,S) =0 ifand only ifx € S.

(b) The distance function dist(-,S): M — [0,00) is Lipschitz continuous with Lipschitz
constance 1.

You prove Proposition in Exercise 5.5 on Homework Sheet 5.

Corollary 3.1.5 (Hahn-Banach separation theorems for closed and compact sets). Let X
be a normed space and let  # Q,C < X be convex and disjoint. If Q is compact and C is
closed, there exists a functional x' € X' and real numbersyy <y such that

Re(x',q) <y1<y2<Re(x,c) forallgeQ, ceC.

Proof. As C is closed, the distance function dist(-, C) only vanishes on C according to
Proposition Hence, it does not vanish anywhere on Q as QN C = ¢. Since Q is
compact and dist(-, C) is continuous (Proposition(3.1.4(b)), we conclude that

€= inf dist(g, C) > 0.
qeQ

Note that || g — c|| = e forall g € Qand all c € C. Hence, the sef!|U := {x € X | dist(x,Q)} <€
does not intersect C. Moreover, U contains Q and it is open since dist(-, Q) is continuous.
Moreover, it is not difficult to check that the convexity of Q implies that U is also convex.

So we can now apply Theoremto find a functional x’ € X’ and a number y, € R
such that Re{x’, q) < y2 < Re(x’,¢) for all c € C and g € U (and thus, in particular, for all
q € Q). As Reox’ is continuous and Q is non-empty and compact, the set Re x'(Q) SR is
non-empty and compact and thus has a maximum vy;. This proves the claim. O

1Observe that we now consider the distance to Q instead of the distance to C; this choice turns out to
be helpful at the end of the proof.
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3.2 Linear projections and direct sums
Introductory questions.
(a) What picture do you think of when you hear the word “projection”?

(b) Consider a straight line L and a plane P in R3 such that LN P = {0} and let x € R3.
What does it mean to “project x into P along L”?

Definition 3.2.1 (Linear projections and direct sums). Let V be a vector space over some
field and let X be a normed space over K.

(a) Alinear map P: V — V is called a projection if P? = P.

(b) Let 1, V> < V be vector subspaces. We say that V is the direct sum of V; and V>,
which we denote by V =V} @ V;, if the linear map

VixVo—=V, (v, —v1+12
is bijective.

(c) Let X, X, < X be vector subspaces. We say that X is the topologically direct sum
of X;, X5 if the linear map

X1 x X2 — X, (x1,X2) = X1+ X2

is an isomorphism of normed spaces.

To distinguish this notion more clearly from the one in|[(b)} we sometimes call the
concept in[(c)|algebraically direct sum rather than just direct sum.

Recall from linear algebra that, for two vector subspaces V;, V, € V of a vector sub-
space V,onehas V = Vj &V, ifand onlyif oneshas V = V; + V5 and V1 nV, = {0}. (Beware,
however, that this characterisation does not hold for three or more vector subspaces; we
will discuss this in an exercise in more detail.)

Proposition 3.2.2 (Properties of projections). Let V be a vector space over K. Let P: V —
V be a linear projection.

(a) ForeachxeV onehasxe PV ifandonlyif Px = x.
(b) The mapid—P is a projection, too. One hasker P = (id—P)V andker(id—P) = PV.

(c) OnehasV =PV ekerP =PV & (id-P)V. Foreveryv eV the vectors vy := Pv and
V2 := (id —P)v are the unique elements of PV and (id —P)V that satisfy v = vy + v».

Proof. [(@)] Let x € V. If x = Px, then obviously x € PV. If, conversely, x € PV, then x = Pv
forsome ve V,so x=Pv=PPv=Px.

Lecture 1
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3.2. Linear projections and direct sums

[(b)] The map id —P is a projection since
(id-P)?=id*-idP- Pid+P*=id-P.

To show the inclusion ker P < (id—P)V, let x € ker P and observe that x = (id—P)x €
(id—P) V. To show the converse inclusionker P 2 (id-P)V,letx = id—-P)v e (id—P)V
for some v € V. Then Px=P({id—P)v=(P-P?%v =0, so x € ker P.

Finally, if one applies the equality ker P = (id — P) V that we just proved to the projec-
tion id — P instead of P, we also obtain ker(id —P) = PV.

We only need to prove that V = PV @ ker P; the remaining assertions follow directly

from this.
If x € PV nker P, then it follows from|[(a)| that x = Px = 0. On the other hand one has
v=Pv+(id-P)v,so V=PV +(@{d-PV)V. O

Proposition 3.2.3 (Equality of projections). Let X be a vector space overK andletP,Q: X —
X be linear projections. The following assertions are equivalent:

i P=0Q.
(i) PX=QX andker P =kerQ.
(iii) PX = QX and PQ = QP.
(iv) kerP =kerQ and PQ = QP.
Proof. =[(iv)]” This implication is obvious.

=|[(ii)]" Let[Gv)|hold. We need to show that PX = QX, and for symmetry reasons it
suffices to show that PX € QX. Solet x € Px. Then x = Px and (id—Q)x € kerQ =
ker P, which implies

(id—Q)x = (id—Q)Px = P(id—Q)x = 0;

for the second equality was used that P and Q commute according to Thus,
x=QxeQX.

fiiD]=[(D]" Let[iD|hold. We need to prove ker P = ker Q, and for symmetry reasons it
suffices to show ker P < kerQ. So let x € ker P. As P is a projection, it acts as the
identity on its range, so it follows from PX = QX that Qx = PQx = QPx =0.

fil=[@]" Let[GD]hold and let x € X. Then Px € PX = QX and (id—P)x € ker P = ker Q.
Hence,

Qx=Q(Px+(id-P)x) = QPx+Q(id—P)x = Qx
as Q acts as the identity on QV. O
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Corollary 3.2.4 (Projections and direct sums). Let X be a vector space over K and let
X1, Xo € X be vector subspaces such that X = X1 & X». For every x € X let Pyx € X1 and
Py x € X, denote the unique vectors in those subspaces that satisfy Py x + P x = x.

Then Py, P,: X — X are linear projections and P, + P, = id. Moreover, P is the unique
linear projection X — X with range X, and kernel X», and P, is the unique linear projec-
tion X — X with range X, and kernel X;.

Proof. The linearity of P; and P,, the equation P; + P, = id, and that equalities P; X = X;
and ker P; = X, are straightforward to check; we discuss the details in the exercises. The
claimed uniqueness follows from Proposition (ii) O

The preceding corollary motivates the following definition:

Definition 3.2.5 (Projection onto a subspace along subspaces). Let X be a vector sub-
space and let X, X, < X be vector subspaces such that X = X; @ X». The linear projection
X — X with range X; and kernel X is called the (linear) projection onto X; along X5.

Proposition 3.2.6 (Topological properties of projections and direct sum decompositions).
Let X be a Banach space, let X1, X, < X be vector subspaces such that X = X1 @ X, i.e. X
is the algebraically direct sum of X1 and X,. Let P1,P: X — X be the projections onto X;
along X, and vice versa. The following assertions are equivalent:

(i) At least one of the projections Py, P, is continuous.
(ii) Both projections Py, P, are continuous.
(iii) Both X; and X, are closed.
(iv) The space X is the topologically direct sum of X, and X. (Definition[3.2.J(c)).
Proof. We will discuss the proof of this proposition on Homework Sheet 7. O

A particular prevalent class of examples are projections onto one-dimensional sub-
sapces. To work with them efficiently, we first introduce the following general notation
for operators of rank < 1. Recall that the rank of a linear map is defined to be the dimen-
sion of its range.

Definition 3.2.7 (Notation for operators of rank at most one). Let X, Y be normed spaces
overlK,let x' € X" and y € Y. Then we let y® x’ € L(X, Y) denote the operator given by

(yox)x:=y (' x) forall x € X.

In the displayed formula in the above definition we wrote the scalar (x’, x) on the
right of the vector y because it makes the formula particularly intuitive, and also because
it reflect very well what happens in finite dimensions when y € K¢ and x’ € K!*¢, But of
course, we can just as well write the scalar on the left, us usual, i.e. (y ® x")x = (x/, x) y.

Proposition 3.2.8 (Rank-1 operators). Let X,Y, Z be normed spaces over K.
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3.2. Linear projections and direct sums

@ Letx'e X'andyeY. Then|ye x| =|y| ||

The operator y ® x' is non-zero if and only if both y and x' are non-zero; in this case
the operator has rank 1.

(b) Conversely, let T € L(X,Y) be an operator of rank 1. Then there exist non-zero vec-
torsx' € X' andye Y suchthatT =y ® x'.

(¢) Letx'eX',yeY,y €Y' andze Z. Thenonehas(z®y") (yox)=(y,y)(z® X).

(d) Nowlet0+# x' € X' and 0 # x € X. The rank-1 operator x ® x' € L(X) is a projection
ifand only if (x', x) = 1.

Proof. [(@)] For every x € X one has

oo 2] = ¢, ) vl = Iy 1D 0,

so[yex|=]y] [+
To show the converse inequality, note that there exists a sequence (x,) in X such that
lxxll <1 for all n and such that |(x’, x,,)| — Il x|l. Hence,

lyexll =] xhxal =[xl 1y = Iy <]l
From the norm equality that we just proved it is clear that y® x' = 0 ifand only if y =0
or x'=0.
Finally we note that, if y and x” are both non-zero, then the range of y® x’ is precisely
span{y}, so y® x’ has indeed rank 1.

Let T € L(X;Y) have rank 1. Then its range is one-dimensional, so there exists a
vector y € Y \ {0} that spans T X. For every x € X there exists precisely one number
ax € K such that Tx = a,y. It is straightforward to show that a, depends linearly on
x. Moreover,

ITxll _ITIl
= < 7 Il

R T T

for all x € X, which shows that the linear map x' := X — KK, x — a is continuous and
thus an element of X'. For every x € X one has (y® x")x = (x/,x)y = ayy = Tx, so
T =ye®x'. Since T # 0, it follows that also x’ # 0.

For every x € X one has
(z®y) (yoxNx=(z®y) (y(xX,x)=2(y, y) (X, x)=(y,y) (z® x")x.

[[d] It follows from [(c)|that (x ® x')? = (x',x) (x® x'). As x® x' # 0, the right hand side if
equal to x® x" if and only if (x',x) = 1. O

Sums of rank-1 maps turn out to be very useful to represent projections with finite
rank and thus, in particular, projections on finite-dimensional spaces. Getting some
practice with computing and drawing projections on R is very important in order to
develop a proper intuition for projections. Thus, you can find plenty of exercises about
this on Bonus Exercise Sheet A.
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3.3 Quotient spaces
Introductory questions.

(a) Let U be a vector subspace of a vector space W over K: Is there always a vector
subspace V< W suchthat W =U o V?

(b) Let X be a closed vector subspace of a Banach space Z. Is there always a closed

vector subspace Y such that Z =X e Y?

Definition 3.3.1 (Quotient spaces modulo closed vector subspaces). Let X be a normed
space over K and let V < X be a vector subspace. The map || - ||, : X/V — [0,00) given by

lx+ V|, :=dist(0, x + V) = dist(x, V)
for all x+ V € X/V is called the quotient semi-norm on X/V.

Proposition 3.3.2 (Properties of quotient spaces). Let X be a normed space over K and
let V < X be a vector subspace.

(@) The quotient semi-norm || -1, : X — [0,00) is indeed a semi-norm, i.e. it is subaddi-
tive (i.e. it satisfies the triangle inequality) and it is absolutely homogeneous.

(b) Letx€ X. Onehas||x+ VI, =0 ifand only ifx€ V.
(c) The quotient semi-norm||-|l; : X — [0,00) is a norm if and only if V is closed.
Assume now in addition that V is closed, i.e. that (X/V,||-l,) is a normed spaces.

(d) The quotient map q: X — X/V, q(x) = x+ V is linear and satisfies q(B<1(0)) =
B<1(0). In particular q is open and continuous with norm || q|| < IEI

(e) IfX isa Banach space, then X!V is a Banach space.
Proof. [(@)] This is straightforward to check.

[(B)] One has dist(x, V) = 0if and only if there is a sequence (v;) in V such that ||v,, — x|| —
Oifand onlyifxe V.

Let ||-]l; be a norm. If x € V, thenimplies lx+ V], =0and hence x+V =0, so
x € V. Thus, V is closed.

Conversely, let V be closed and let x € X such that [|x+ V|, = 0. Then it follows
fromthat xeV=V,s0x+V=V=0+V.Thus, ||, isindeed a norm.
Assume throughout the rest of the proof that V is closed and that | - ||; is thus a norm.

ZAnd with |g| = 1if V # X.
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[(d)] Clearly g is linear. We show that q(B<1(0)) = B<1(0). If x € X and x € B<1(0), then
lxll < 1. So [|g)|, = Ix+ VI, = dist(x, V) < [lx—0ll = llxll < 1 and hence g(x) €
B<1(0). Conversely, let x+ V € X/V and x + V € B (0). Then dist(x, V) < 1, so there
exists avector v € V such that [x—v||<1.Onehasx+V =¢q(x) =q(x—-v),so x+V €
q(B<1(0)).

From the inclusion < in q(B<;(0)) = B<1(0) it follows that g is continuous and || q|| <
1. Form the converse inclusion 2 it follows that g is open (Exercise 4.3 on Prisenz-
blatt 4).

[(e)] Let X be complete. We use Proposition and|(iD)}
Let (x, + V) be a sequence in X/V such that }9° , [lx,, + V||, < co. For each n € N we
can find a vector v, € V such that || x, — vyl < | x, + VI, + Zi,, Then Y52, llx, — vpll <
oo, so the completeness of X implies that the limit x := }77 | (x,, — v,,) exists in X.

Hence,
N N
xX+V)= Y xn+ V| =|(x= D xn—vp))+V
n=1 / n=1 /
N 00
slx=Y Gn—-va)| = Y lxp—val—0
n=1 n=N+1
as N —oo,soonehas x+V =%, (x,+V). O

There is a close connection between quotient spaces direct sum decompositions
of vector spaces. If a vector space X satisfies X = X; @ X, for two vector subspaces
X1, X € X, then X; is isomorphic to X/X, via the map x; — x; + X». In the following
proposition is formulate this in terms of linear projections (which are, as you know from
Proposition and Corollary an equivalent way to describe direct sum de-
compositions).

Proposition 3.3.3 (Direct summands vs. quotient spaces).

(@) Let X be a vector space and P: X — X a linear projection. Then the map PX —
X/ker P, x — x +ker P is linear and bijective, i.e. an isomorphism of vector spaces.

(b) Let X be a normed space and P: X — X a bounded linear projection. Then the map
PX — X/kerP, x — x +kerP is an isomorphism of normed spaces (where PX is
endowed with the norm induced from X).

Proof. [([@)] Letr: PX — X/kerP, x — x+kerP, i.e. r is the restriction of the quotient map
to the range PX of P. Clearly r is linear.

To show that r is injective, let x € PX and x € kerr. Then x+kerP =r(x) =0 =
0+kerP, so x € ker P, and hence x = Px =0.

To show that r is surjective, let x+ker P € X/ker P for some x € V: Since Px—x € ker P
one has

x+kerP=Px+kerP =r(Px),
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so x +ker P is indeed located in the range of r.

[(b)] We again us the notation r: PX — X/ker P, x — x +ker P. According to[(a)|r is linear
and bijective. Moreover, r is a restriction of the quotient map X — X/kerP, so it is
continuous according to Proposition [3.3.(d)} To show that the inverse map of r is
also continuous, let (x;) be a sequence in PX such that r(x,) = x, + ker P — 0. Then
dist(x,,ker P) — 0, so there exists a sequence (y,) in ker P such that ||xn - Vn H — 0.
Hence, x,, = P(x;, — y») — 0, which proves that r~!isindeed continuous. O

Let X be a normed space and V < X a closed vector subspace. Proposition [3.3.3(b)|
shows that if there exists a closed vector subspace W < X such that X is the topologically
direct sum of V and W, then considering the quotient space X/V is essentially the same
as considering the space W. However, we shall see in the exercises that there are ex-
amples where there exists no closed vector subspace W such that X is the topologically
direct sum of V and W. In such cases, the quotient space X/V can often serve as a very
useful replacement for such a subspace W.

54



Chapter 4

A Taste of Topology

4.1 Topological spaces

Introductory questions.
(a) When is a set in a metric space called open? When is it called closed?
(b) Why are open sets important?

(c) Canyouimagine somethinglike a metric space without a metric? And what a weird
question is that actually?

Definition 4.1.1 (Tological spaces, open and closed sets, neighbourhoods).
(a) Let M be a set. A topology on M is a set T < 2M with the following properties:

I petand Mer.

(IT) 7 is stable with respect to finite intersections, i.e. for all U,V € T one has U n
Ver.

(IIT) 7 is stable with respect to arbitrary unions, i.e. for every family (U;) je; of sets
UjetonehasUje;Uj€T.

A topological space is a pair (M, 7) where M is a set and 7 is a topology on M.

(b) Let (M, 1) be a topological space. Then the elements of the topology 7 are called
the open subsets of M. A subset C < 7 is called closed if its complement clis open.

Let x € M and S < M. The set S is called a neighbourhood of xﬂ of there exists an
open set U such that x € U < S. The set S is called an open neighbourhood of x if
Sisitselfopenand x€ S

1In German: Umgebung von x.
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4. A TASTE OF TOPOLOGY

For a topological space (M, 1) one often suppresses the topology 7 in the notation
and thus simply writes “Let M be a topological space.”

Let M be a topological space. Since the union of arbitrarily many open sets is, by
definition, open, it follows that the intersection of arbitrarily many closed sets is closed.
Similarly, as the intersection of finitely many open sets is open, it follows that the union
of finitely many closed sets is closed.

Examples 4.1.2 (Some topological spaces).

(@

(b)

()

(d)

Let (M,d) space and let 7 < 2M pe the set of all those subsets of M that are open
in the sense of metric spacesE] Then 7 is a topology on M; we call it the topology
induced by the metric.

We endow every metric space, unless otherwise stated, with the topology induced
by its metric.

So in particular every normed space X automatically carries a topology that is in-
duced by the metric that is, in turn, induced by the norm on X.

Let M be a set. Then {@, M} is a topology on M, the so-called indiscrete topology.
The power set 2M is also a topology on M, the so-called discrete topology.

It is easy to see that the discrete topology on M is induced by the discrete metric.
On the other hand, the indiscrete topology on M is not induced by any metric of
M has at least two points. This follows from the fact that every singleton {x} € M is
closed with respect to every metric, but not with respect to the indiscrete topology
(unless #M < 1).

Let M be a set. We call a subset U < F co-finite if its complement Ut=M\Uis
finite. The set

7:={U < M| Mis co-finite} U {@}

can be easily check to be a topology on M.

If M is finite, 7 is simply the discrete topology. But if M is infinite, we shall see that
T behaves quite weirdly.

Lecture 13

(P'\:;’é;;g ;;‘;r?(s Definition 4.1.3 (Closure, interior, and boundary). Let M be a topological space and let
with Sc M.

Definition

(@)

The interior of S is defined to be the set

s=U U,
ues,
U open

i.e. S° is the largest open subset of S.

2Recall that a subset U of a metric space M is called open if for every x € U there exists € > 0 such that
B<¢(x) € U. Equivalently, for every x € U there exists € > 0 such that B<¢(x) € U.
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4.1. Topological spaces

(b) The closure of S is defined to be the set

S= ) C
[0=}}
C closed

i.e. Sis the smallest closed superset of S.
(c) The boundary of S is the set 4S := S\S°.

Proposition 4.1.4 (Properties of interior and boundary). Let M be a topological space.
LetS,Sy,...,S, S M.

(@) IfS1 Sy, then 51° < S»° and S, < S,.

(b) Onehas M\S°=M\Sand M\S=(M\S)°.

(c) Onehas(S1n--nSy) =81°N--NS,° andm:S_lu-nuS_n.
Proof. [(@)l and|[(b)] This follows easily the definition of the interior and the closure.

For each j € {1,...,n} one has S; N---N S, < Sk and thus, by[(@)} (S1 N---N S,)° < Sk°.
This shows that

(S1n--nSp)°<S81°N---nS,°.

The converse inclusion holds since S1n... S, 2 S1°N---NS,,° and the set on the right is
open as intersections of finitely many open sets or open by the definition of a topol-

ogy. O
Definition 4.1.5 (Hausdorff spaces). A topological space M is called Hausdorff or 75 if

for all distinct points x, y € M there exists disjoint open sets U, V such that x € U and
yeV.

The Hausdorff (or T») property is called a separation axiom because it says that any
two distinct elements of the space can be separated by open sets. Separation axioms play
an importantrole in topology and there are several more of them. Proposition[4.2.6]in the
next subsection will demonstrate why the Hausdorff property is extremely important.

Examples 4.1.6 (Hausdorff and non-Hausdorff spaces).

(a) Every metric space (M, d) is Hausdorff.
Indeed, let x, y € M such that x # y. Forset r := % d(x, y) the balls B« (x) and B<,(y)

do not intersect and are open neighbourhoods of x and y, respectively.

(b) If a set M with at least two points carries the indiscrete topology, then it is not
Hausdorff since there are no two disjoint non-empty open sets in this space.

(c) Let M be an infinite set and endowed with the topology of co-finite sets from Ex-
ample [4.1.2(d)} Two non-empty open sets in this space are never disjoint, so the
space is not Hausdorff.
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4.2 Convergence and continuity

Introductory questions.
(a) What are your first thoughts when you hear or read that a function is continuous?
(b) What is the weirdest behaviour of a sequence in R that you can imagine?
(c) What is the weirdest net in R that you can imagine?

Definition 4.2.1 (Eventual behaviour of nets). Let (x;)je; be a net in a set M and let
S € M. We say that (x;) je; is eventually contained in S or, more briefly, that (x;) je; is
eventually in S, if there exists jo € J such that x; € S for all j € J that satisfy j = jo.

Definition 4.2.2 (Convergence of nets). Let (x;)je; be a net in a topological space M.

(a) Let x € M. We say that (x;) je; converges to x if for every open neighbourhood U
of x the net (x;) je; is eventually contained in U. In this case we also say that x is a
limit of (x;) jej.

We denote this property by x; e X Or X; L x, or simply by x; — x if there is not
risk of ambiguity.

(b) We say that (x;) je; converges or, more precisely, converges in M if there exists a
point x € M such that (x;) je; converges to x.

“

Note that we consciously choose the article “a” in the phrase “alimit”, because part[(b)]
of the following example shows that limits in topological spaces need not be unique, in
general (see however Proposition below).

Examples 4.2.3 (Convergence of nets).  (a) Let (x;);ey beanetinametric space (M,d)
and let x € M. Then one can easily check that x; — x in the sense of Definition[4.2.2]
if and only if x; — x in the sense of Definition

So the convergence notion in topological spaces is consistent with the one that you
already know in metric spaces.

(b) Endow N with the topology of co-finite sets (Example [4.1.2(d)) and consider the
sequence (1) ,en (recall that every sequence is a net).

Let k € N and let U = N be an open neighbourhood of k. Then U contains all but
finitely many elements of N, so the sequence (n) ,¢n is eventually contained in U.

This shows that 1 = k. Note that k € N was arbitrary, so the sequence (7) ;e cOD-
verges to every point in N. In particular, limits are not unique in this space.

Proposition 4.2.4 (Characterisation of the closure). Let M be a topological space, S < M,
and x € M. The following are equivalent:

(i) Onehasxe€S.
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4.2. Convergence and continuity

(ii) For every open neighbourhood U € M of x one hasU N S # @.
(iii) There exists a net (x;) jey in S such that x; — x.

Proof. =[(@)]" Assume that[(iD]fails, i.e. there exists an open neighbourhoods U ¢ M
of x such that Un S = @. Then M\ U is closed and contains S, so M\ U = S. Since
x¢g M\ U, it follows that x ¢ S, sodoes not hold.

= |1iD)|” Lethold. Let U denote the set of all open neighbourhoods of x. Then ¢/
is a directed set with respect to the relation < := 2 (since the intersection of two open
neighbourhoods of x is again an open neighbourhood of x). For each U € U/ there
exists a point xy € SN U according to So (xy)uyey is anet in S that converges to
the point x

=[@)]” Assume towards a contradiction that[(iii) holds but[@)|fails, i.e. there exists a
net (x;)jey in S that converges to x, but x € U := M\ S. Since U is open, there is an
index j € J such that x; € U. Hence, x; € UN S = @, which is a contradiction. O

Proposition 4.2.5 (Closedness via convergent nets). Let M be a topological space and let
S € M. The following assertions are equivalent:

(@) ThesetS is closed.
(b) Forevery net (xj) jej in S and every x € M with x; — x one has x € S.

Proof. fa)]=[b)]" Let S be closed, let (x;) je; be anetin S, let x € M and assume that
xj — x. The it follows from Proposition thatxe S=S.

f®)=[@)]" Assume thatholds and let x € S. We need to show that x € S. According to
Proposition there exists a net (x;) jey in S that converges to x. Hence it follows
from|[(b)|that x € S. O

Proposition 4.2.6 (Uniqueness of limits). A topological space M is Hausdorff if and only
if each net in M converges to at most one point.

Proof. ‘=" Let M be Hausdorff, let (x;) je; be a net in M. Assume for a contradiction
that (x;) je; converges to two distinct points x, y € M. Due to the Hausdorff property
we can find disjoint open sets U,V € M suchthat xe Uand ye V.

Hence, there exists indices jo, j1 € J such that x; € U for all j = jo and x; € V for
all j = ji. As J is directed, there exists a j € J such that j = jo and j = j;. Thus,
xj€ UnV =@, which is a contradiction.

“<“ Assume that M is not Hausdorff. Then there exist two distinct point x, y € M and
for each open neighbourhood U of x and each open neighbourhood V of y we can
find a point ziy,yy eUNV.

Let{ and V denote the sets of all open neighbourhoods of x and y, respectively, and
define a relation < on the product i/ x V by

Uy, V1) = Uy, Vo) = U2U, and Vi2VW.
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Lecture 14

(Th, 11 June;
Pascal) starts
with
Definition[z.2.7]

4. A TASTE OF TOPOLOGY

This relation < turns U x V into a directed set (since the intersection of two open
neighbourhoods of x is again an open neighbourhood of x, and similarly for y). The
net (2w,v)) . v)exy CONVerges to both x and y. O

Definition 4.2.7 (Continuity of functions). Let M, N be topological spaces and consider
afunction f: M — N.

(a) Let x € M. The function f is called continuous at x if, for each open neighbour-
hood V € N of f(x) there exists an open neighbourhood U € M of x such that
faHev.

(b) The function f is called continuous if it is continuous at every point x € M.

For the special case of metric spaces you already know the following result from your
Analysis 2 course.

Proposition 4.2.8 (Continuity via open preimages). Let M, N be topological spaces and
let f: M — N. The function f is continuous if and only if f~1(V) is open in M for every
open set V < N.

Proof. “=*“ Assume that the preimage under f is open for every opensetin N. Let x € M
and let V < N be an open neighbourhood of f(x). Then U := f‘l(V) is open by
assumption and contains x. Moreover, f(U) < V. So f is continuous at x.

“>” Let f be continuous and let V < N be open. For each x € f~'(V) one has f(x) € V,
so the continuity of f at x implies that there exists an open neighbourhood Uy € M
of x such that f(U,) € V. Note that x e U, € f~!(V) foreach x € f~1(V),so f~1(V) =
Uxer-1(v) Ux. The set on the right is open since it is a union of open sets. O

Proposition 4.2.9 (Continuity vs. net continuity). Let M, N be topological spaces and, let
xe€Mand f: M — N. The following are equivalent:

(i) The function f is continuous at x.
(ii) For each net (x;) in M that converges to x, the net (f (x;)) in N converges to f (x).

Proof. fi)]=[GD)]" Let f be continuous at x and let (x;) je; be a net in M that converges
to x. Let V € M be an open neighbourhood of f(x). By the continuity of f at x there
exists an open neighbourhood U of x such that f(U)c V.

Since x; — x, there exists jo € J such that x; € U for all j = jo. Hence, f(x;) € f(U)
V forall j = jo, which shows that f(x;) — f(x).

fa]=[@" Assume that f is not continuous at x and let &/ denote the set of all open
neighbourhoods of x: There exists an open neighbourhood V of f(x) such that f(U) £
V for each U € U. Hence, for each U we can find a point xy € U such that f(xy) € V.

Endow U/ with the relation < := 2. This turns ¢/ into a directed set and (x) yeys into a
net that converges to x. But ( f(xy)) <, does not converge to f(x). O
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4.2. Convergence and continuity

Let M beasetand £ < 2. Ttis not difficult to check that the intersection of arbitrarily
many topologies on M is again a topology. Hence, there exists a smallest topology on M
that contains &, that is given by the intersection of all topologies on M that contain £. In
contrast to the situation with o-algebras that you know from your Analysis 3 course, the
smallest topology that contains £ is quite easy to describe:

Proposition 4.2.10 (Smallest topology). Let M be a set and £ < 2M  Jett c2M of the set
of all (finite and infinite) unions of sets of the form

Ein---nE,,

whereneNandE;,...,E, € EU{®, M}. Thent is the smallest topology on M that contains
& as a subset.

Proof. One only needs to check that 7 is itself a topology, which is straightforward to
do. O

Definition 4.2.11 (Initial topology). Let M, A be sets with A # @. Foreach 1 € A let N be
a topological space and h): M — Nj a map. Let 7 < 2M be the smallest topology on M
that satisfies h/{l (V)ertforall A€ A and all open sets V < N,. Then 7 is called the initial
topology of the family (/) yea.

In other words, the initial topology of the family (%)) ¢ is the smallest topology on
M that makes all the maps hy: M — M, continuous.

Proposition 4.2.12 (Characterisation of the initial topology). Let M, A be sets with A # @.
For each A € A let N be a topological space and hy: M — N, a map. Endow M with a
topology t. Then the following assertions are equivalent:

(i) The topology T is the initial topology of the family (hy) yea.
(i) The sett consists of all unions of sets of the form
hy (V)00 (V),
whereneN, Ay,...,Ap €A, and V1 S Ny, ..., V, € N, are open.

(iii) For every topological space L and every map g: L — M the following holds: the map
g is continuous ifand only if hy o g: L — N is continuous for every 1 € A.

(iv) For every point x € M and every net (x;) jej in M one has x; — x if and only if
hp(xj) — hy(x) in Ny foreach A € A.

Proof. <|[G@)]" This equivalence follows from Proposition[4.2.10)

f@]=[Gv)]" Let[@]hold, i.e. let 7 be the initial topology of (h3)ea. As we have already
seen, this implies that also holds. Let x € M and let (x) je; be a net in M. We
prove the equivalence stated in|(iv)
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Lecture 15
(Mo, 15 June) is
starts with

Example [¢.213)]

4. A TASTE OF TOPOLOGY

“=” Assume that x; — x. Since holds, all the maps h; are continuous, so it
follows that hy (x;) — hy (x) for each A € A (Proposition|4.2.9).

“<" Assume that hy(x;) — hy(x) forall A € A. Let U S M be an open neighbour-
hood of x. Then it follows from [(i)] that there exists as n € N, indices A4,...,1,
and opensets V; = Ny, ..., V;, € N, such that

xehy!(n--nh;' (V) U

Hence, hy,(x) € Vi for all k € {1,...,n}. Since hy, (x;)toh,, (x) for each such k,
we can find indices ji,..., j, € J such that hy, (x;) € Vi forall ke {1,..., n} and all
J=Jk-

As Jis directed there exists an index jj € J such that jy = ji,..., j;. Foreach j = jj
one thus get h), (x;) € Vi forall k€ {1,...,n} and thus

xjehy!()n--nhy!(Vy) U
This proves that x; — x.

fiv)]=[GiD]" Let[(iv)|hold, let L be a topological space, and let g: L — M. We prove the
equivalence stated in|(iii)

‘=" Let g be continuous and fix A € A. Let w € L and let (w;) je; be a net in L that
converges to w. As g is continuous, one has g(w;) — g(w), soimplies that
(hpo @) (wj) = hy(g(wj)) — hy(g(w)) = (hy o g)(w). This proves that hy o g is
continuous.

“="“ Assume that hy o g is continuous for each A € A. Let w € L and let (w;) jes
be a net in L that converges to w. Then hy (g(w;)) = (hyo g)(w;) — (hyo g)(w) =
h)(g(w)) foreach A € A. According tothis implies that g(w;) — g(w). Hence,
g is continuous.

=[@]" Let p < 2™ denote the initial topology of (1) e, i.e. the smallest topology
on M that makes all maps h,: M — N, continuous. We need to show that 7 = p.

Consider the identity map id: M — M. It is obviously continuous from (M, 1) to
(M, 1), so it follows from[(iii)|that k) = h) oid is continuous from (M, 7) to N; for each
A € A. This implies that the topology T on M makes all the maps &, continuous, i.e.
pST.

On the other hand, the maps h) oid = k) is continuous from (M, p) to N, for each
A € A by the definition of p. Soimplies thatid: M — M is continuous from (M, p)
to (M, ). For each U € 7 one thus has U =id™'(U) € p, so T S p. O

Example 4.2.13 (Product topology). Let A be a non-empty set and let N, be a topolog-
ical space for each A € A. Set M :=[[3ca Ny and let py: M — N,, x — x, be the Ath
coordinate map for each A € A.

The initial topology T < 2™ of (pa) sca is called the product topology on M. Accord-
ing to Proposition[4.2.12]it has the following properties:
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4.3. Compactness

(a) The product topology T consists of all unions of sets of the form
{xe M| x3, € V1,...,x3, €V},
withneN, Ay,...,4, € A, and opensets V1 SN, ,...V,EES N, .

(b) Let L be a topological space and g: L — M. For each A € A define the coordinate
map gy: L — Ny, ga(w) := (g(w)), for each w € L. Then g is continuous if and only
each g, is continuous.

(c) Anet (x;)jey converges to a point x € M if and only if (x;) ER x) forevery A € A.

4.3 Compactness
Introductory questions.

(a) When is a subset S of a metric space (M, d) called compact? Can you generalise
this concept to topological spaces?

(b) Why is compactness relevant?
(c) How can you check whether a given set is compact?

Definition 4.3.1 (Compactness). Let M be a topological space and let K < M. The set K
is called compact if the following holds: For every set J # ¢ and every family (U;) je; of
open sets U; € M that satisfies U iegUj2K there exists a finite subset @ # F < J such that
UjerUj 2 K.

One sometimes summarizes the previous definition by saying that K is compact if
and only if every open cover of K admits a finite sub-cover.

Theorem 4.3.2 (Compactness, the finite intersection property, and chains). Let M be a
topological space and let K < M. The following assertions are equivalent:

(i) The set K is compact.

(i) For every set ] # @ and every family (Cj) je; of closed sets in M the following holds:
ifKr‘uﬂjeFCj # @ for each finiteset @ # F < J, thenKnﬂjEJCj # Q.

(iii) For every set ] # @ and every family (C;) je; of closed sets in M, the following holds:
IfKNCj# @ foreach j€ ] and if{C;| j € J} is a chain with respect to set inclusion,
l’hel’lKﬂﬂj(_:]Cj Z Q.

Proof. =[)]" Let[()]holds Let J be a non-empty set, let (C;) je; be a family of closed
sets in M, and assume that KNjerC;j # @ for each finite set  # F < J. Then
UjEF(M\ Cj) 2 K for each such F. Since M\ C; is open for each j € J, the com-
pactness of K implies that Uc;(M\ Cj) 2 K, so KNNje; Cj # @.
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The proof of
{ai] =[Gl is
set
theoretically a
bit involved,
and the
implication is
not used very
frequently (we
only included it
for the sake of
completeness).
So we do not
prove this
implication in
the lecture

4. A TASTE OF TOPOLOGY

=@ Lethold. Let J be a non-empty set, let (Uj) je; be a family of open subsets
of M that cover K. Then Kn(je;(M\U)) = @, so it follows from((ii)|that there exists a
finite set @ # F < J such that KnNje;(M\Uj) = @. For this F we obtain UjesUj2K.

i) =[dm)]” Let hold, let J be non-empty set and let (C;) je; be a family of closed
subsets of M such that Kn C; # @ for each j € J and such that {C; | j € J} is a chain
with respect to set inclusion. For every finite set @ # F < J there exists, due to the
chain property, an index jp € F such that Cj, < C; for all j € F, so KNnjerCj =
KnCj, # 9. Hence,implies KnNjesCj # .

=[(I" Let[(ii)|hold. Let J be a non-empty set, let (C;) je; be a family of closed sets
in M, and assume that K n NjerCj # @ for each finite set @ # F < J. We define

M:={Ic]I Kn[Cj#o}uiptc?/.
jel
It suffices to show that J € M. By assumption, every finite subset of J is an element
of M. We now show that M is stable with respect to monotone unions, i.e. that one

has UL € M for every non-empty chain £ < M; Bonus Exercise 7.6 on Homework
Sheet 7 in Analysis 3 then implies that M =2/ and thus J € M.

So let @ # L < M be a chain (with respect to set inclusion). Define Dy := jer C;
for each L € £. Then each Dy is a closed subset of M and satisfies K N D; # @ since
Le £ < M. Moreover, if Ly, L, € £, then one has L; € L, or vice versa. Thus implies
Dy, 2 Dy, orvice versa, so {Dr, | L€ L} is a also chain with respect to set inclusion.

Hence, implies

g#Kn(1Dr=Kn [ C;.
LeL jeurl

So indeed UL € M, as claimed. O

Proposition 4.3.3 (Continuous images of compact sets). Let M and N be topological
spaces, let K < M be compact and let f: M — N be continuous. The f(K) is also com-
pact.

Proof. This follows readily from the definition of compactness and from the fact that
pre-images of open sets under a continuous function are open (Propositionf4.2.8). O

Definition 4.3.4 (Universal nets). Let M be a set. A net (x;) je; in M is called a universal
net if, for each S < M, the net is eventually contained in S or eventually contained in sC.

If a net (x;)jey in a set M is eventually constant, i.e. if there exists jo € J such that
Xj=Xj, for all j = jy, then one can readily see that (x ) jes is universal. However, it is not
obvious how to find universal nets that are not eventually constant, or whether they exist
at all. Proposition[4.3.6/below show that there are actually plenty of them. However, their
existence relies heavily on the axiom of choice, so one cannot “explicitly” wrote them
down.
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4.3. Compactness

Definition 4.3.5 (Subnets). Let S be a set and let (x;) je; be anetin S.

(@) Anet (ys)eer in Sis called a subnet of (x) jey of there exists a map ¢: L — J with
the following properties:

() One has x ) = y, for all lel.

(I) The map ¢ is majorizing in J, i.e. for all jj € J there exists an ¢ € L such that
@)= joforall ¢ = ¢y.

(b) Anet (y7)¢er in Sis called a universal subnet of (x;) j¢; if it is a universal net and,
at the same time, a subnet of (x;) je ]EI

We will discuss a number of examples of subnets in the exercises. It is easy to check
that, if a net (x;)je; in a topological space M converges to a point x € M, then every
subnet of (x;) je; also converges to x.

The following result is very instrumental in working with nets. It can be derived from
Zorn’s lemma by employing so-called ultrafilters. The proof is by no means difficult,
but it requires introducing a bit of extra terminology. So, to keep the lecture on track
towards the more functional analytic topics in the next chapter, we outsource the proof
to a bonus exercise.

Proposition 4.3.6 (Existence of universal subnets). Let S be a set. Every netin S has a
universal subnet.

Proposition 4.3.7 (Compactness via nets). Let M be a topological space and let K < M.
The following are equivalent:

(i) K is compact.
(ii) Every netin K has a subnet that converges to a point in K.
(iii) Every universal netin K converges to a point in K.

Proof. f)]=[GiD)]" Let K be compact and let (x;) jc; be a universal net in K. For each
J € J let C; denote the closure of {x; | k€ J, k = j} in M. For every finite set @ #
F < ] there exists, be the directedness of J, an index jy € J such that jy, = j for all
j € F. Hence, xj, € KnjerCj, so that intersection is non-empty. According to
Theorem the compactness of K implies that there exists a point x € KN je; Cj.

We show that (x;) je; converges to x, so let U € M be an open neighbourhood of x.

For each j € Jone has x € C; = {xi | k€], k= j}, so there exists a index k = j such
that x; € U (Proposition 4.2.4). Hence, the net (x;) je; is not eventually contained in
UC. As the net is universal, it follows that it is eventually contained U.

=[)]" Let[liD]hold andlet (x;) je; be anetin K. By Proposition thenet (x;) jes

has a universal subnet, and that subnet converges to a point in K according to|(iii)

3So“universal” in “universal subnet” is indeed meant as an adjective that refers to the noun “net”, not
as an adverb that refers to the prefix “sub’”.
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Lecture 16
(Th, 18 June)
starts with

Theorem[4.3.8}

4. A TASTE OF TOPOLOGY

=[@]" Assume that[(ii)| holds. To show that K is compact, we prove property|(ii)]in

Theorem So let J be a non-empty set and let (C;) je; be a family of closed sets
Cj € M such that there exists a point xr € KN NjerCj for each finite set @ # F < J.
We need to show that Kn(je; Cj # @.

The set {F < J| F # @, F is finite} is directed with respect to set inclusion, so (xg)rer
isanetin K. It has, according to asubnet (y7) ¢ that converges to a point y € K.
It suffices to prove that y € C; for each j € J,sofix j € J.

According to Definition there exists a majorizing map ¢: L — F such that
Ve = Xpo) for all £ € L. As ¢ is majorizing, there exists an index ¢y € L such that
@) <{j}forall £ = ¢,. For each ¢ = ¢( one thus has

y(=x(p([)€Kﬁ m QC]',
i€pl)

i.e. the net (y,) ¢, as contained in C;. This net converges to y, and since C; is closed
we conclude that y € Cj, as claimed. O

Theorem 4.3.8 (Tychonoff: Compactness of product spaces). Let A be a non-empty set.
For each a € A let K, be a compact topological space. Then []yeca Ky, endowed with the
product topology, is also compact.

Proof. Set K :=1]geaKy. Foreach a € A, let py: K — Ky, x — x(a) denote the ath coor-
dinate map.

Now let (xj)je; be a universal net in K. According to Proposition it suffices

to show that this net converges to a point in K. For each a € A the net (x;(@))jej =
(Pa(x)) jey is a universal net in Ky (since it is the image of a universal net under a map,
see Exercise ...). As Ky is compact by assumption, Propositionirnplies that (x;(a)) jes
converges to a point x(a) € Kﬁ. Set x := (x(a))qea. Then (x]')jej converges to x compo-
nentwise and hence with respect to the product topology. O
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Chapter 5

Topologies in Functional Analysis

5.1 An (extremely) short glimpse at topological vector spaces

Introductory questions.
(a) What do the Sections have to do with functional analysis?

(b) Do you know a norm on the vector space R/ such that the induced convergence
notion is pointwise convergence?

Definition 5.1.1 (Topological vector spaces). A topological vector space is a pair (X, 1),
where X is a vector space over KK and 7 is a topology on X with the following properties:

(D The addition +: X x X — X is continuous when X x X is endowed with the product
topology.

(II) The scalar multiplication -: K x X — X is continuous when K x X is endowed with
the product topology (where K is endowed with the Euclidean topology, as usual).

As usual, we will often only write “Let X be a topological vector space” and thus sup-
press the topology 7 in the notation.

Example 5.1.2 (Spaces with pointwise convergence). Let S be a set and endow K° with
the pointwise addition and scalar multiplication, and with the product topology. This is
a topological vector space.

In the preceding example, the coordinate map K5 — K, f — f(s) is continuous for
each s € S. Note how this is in contrast to Bonus Exercise 1.6(b) and (c) on Homework
Sheet 1.

In Example we shall see that not every “reasonable” notion of convergence
stems from a topology. The following lemma is a preparation towards this example (and
it also turns out to be useful in many other situations).
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5. TOPOLOGIES IN FUNCTIONAL ANALYSIS

Lemma 5.1.3 (Hair splitting lemma for sequences). Let M be topological space, let (x;)
be a sequence in X and let x € X. The sequence (x,) converges to x if and only if every
subsequence of (x,) has a subsequence that converges to x.

Proof. “=” This implication is clear.

“<“ We show the contrapositive implication, so assume that (x,) does not converges to
x. Then there exists an open neighbourhood U of x such that (x,) is not eventually
contained in U. Thus, we can recursively construct indices n; < ny < n3 <... such
that x;,, ¢ U for all k € N. In particular, (xp,)ken is a subsequence of (x,) and is
contained in U°, so no subsequence of (x;,) converges to x. O

It is not difficult to show that an analogous version of the hair splitting lemma for
nets is also true. To phrase the subsequent Example in an efficient way, we use the
following terminology.

Definition 5.1.4 (Almost everywhere convergence for equivalence classes of functions).
Let (Q, A, 1) be a measure space and p € [1,00]. Let f € LP := LP(Q, A, i;K) and let (f;,)
be a sequence in L”. We say that (f,,) converges to f almost everywhere if the sequence
(fn) of representatives converges to the representative f almost everywhere (observe that
this does not depend on the choice of the representatives).

The following example shows that the notion of almost everywhere convergence of
sequences in L” does not step from a topology, in general.

Example 5.1.5 (Almost everywhere convergence is not induced by a topology). Let p €
[1,00) and abbreviate LP := LP([0,1),5([0,1),A1;R). Consider the sequence (fn) in LP
given by the functions

fi=1py,
f22= 1[0,%)’ f3:= ﬂ[%,l)’
fa=lpy, fo=lpy, for=lis, fi=ls,

So, more precisely speaking, for each ¢ € Ny and each k € {0,...,2Y =1} we set foesr =
1, & ke
l-7 7))

YAy
’ Ff)r each x € [0,1) the scalar sequence (f,,(x)) has a subsequence that converges to
0 and a subsequence that converges to 1, so (f,(x)) does not converge in R. So, the se-
quences of representatives (f;,) converges at no point in [0,1); in particular, it does not
converges almost everywhere, and thus the sequence (f,,) in L” does no converges al-
most everywhere according to Definition[5.1.4]
However, it easy to see that (f,,) converges to 0 with respect to the norm | - | p- Now
consider any subsequence (f;,). Of course, this subsequence also converges to 0 in
norm, so according to the partial converse of the dominated convergence theorem given
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5.2. Compactness and relative compactness in vector spaces

in Theoremin the Appendix it follows that ( fnk) has a subsequence that converges
to 0 alsmost everywhere.

So to sum up, every subsequence of ( fn) has a subsequence that converges to 0 al-
most everyhwere. If almost everywhere convergence were induced by a topology on L?,
the hairsplitting Lemmawould imply that (f,) itself converges to 0 almost every-
where. But, as we have observed, it does not.

By the way, the same argument shows that pointwise almost everywhere conver-
gence on L” := LP(Q, A, ;K) is not induced by a topology. This is in sharp contrast to
pointwise convergence (i.e. without the qualifier “almost everywhere”) on £”, which is
induced by the initial topology of all the point evaluation maps £” — K, f — f(w) for
weQ.

5.2 Compactness and relative compactness in vector spaces

Introductory questions.
(a) Which subsets of R? are compact? Which subsets of R? have compact closure?
(b) Can you given an example of an infinite subset of C([0, 1];K) that is compact?

(c) Can you give an example of a subset of C([0, 1];K) that is bounded and closed but
not compact?

Definition 5.2.1 (Relative compactness). Let X be a topological Hausdorff space. A set
S ¢ X is called relatively compact if its closure S is compact

The proof of the following proposition is a good exercise to get used to the concept
of relative compactness. We thus discuss it in the exercises.

Proposition 5.2.2 (Simple properties of relatively compact sets). Let M, N be topological
Hausdorff spaces.

(a) AsetSc M is relatively compact if and only if there exists a compact set K < M such
thatSc K.

(b) IfS < M is relatively compact and f: M — N is continuous, then f(S) is also rela-
tively compact.

Proposition 5.2.3 (Compactness versus relative compactness). Let M be a topological
Hausdorff space. A set S < M is compact if and only if it is closed and relatively compact.

Lecture 17
(Mo, 22 June)
starts with
Proposi-

tion[5.2.3

Proof. “=” If Siscompact, thenitis closed according to Exercise 10.1(a) on Prasenzblatt 10.

Hence, S = S, i.e. S has compact closure and is thus relatively compact.

You have already used Theorem @in the exercises.

20ne should probably be careful when trying to define relative compactness also for non-Hausdorff
spaces. See for instance this MathOverflow question by the lecturer and this comment on the question by
Martin Vith.
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5. TOPOLOGIES IN FUNCTIONAL ANALYSIS

“=*“ If Sis closed and relatively compact, then S = S is compact. O

Recall that we characterized compactness of subsets of topological spaces in terms of
nets in Proposition[4.3.7] It is natural to ask whether a similar characterization holds for
relative compactness. It turns out that this is not true in all topological spaces (see e.g.
[11} Example 78] for a counterexample), but it is true in many important cases, namely
for the following class of topological spaces:

Definition 5.2.4 (T3-spaces). A topological space M is called a T3-space if it is Hausdorff
(i.e. T2) and, in addition, the following separation axiom holds: For each closed set C € M
and each x € M\ C there exist disjoint open sets U,V € M suchthatxe Uand C<c V.

Examples 5.2.5 (Important classes of T3-spaces).
(a) Every metric space is T3.
(b) Every topological vector space that is Hausdorff is T3.

Proof. [(@)] Let (M,d) be a metric space; clearly, it is Hausdorff. Let C < M be closed and
xeCt. According to Propositionone has ¢ := dist(x, C) > 0, so B<¢/2(x) does
not intersection C. Hence, U := B../2(x) and V := (Bsg/g(x))C are disjoint open sets
in M such that former contains x and the later contains C.

[(b)] Let X be a Hausdorff topological vector space. The continuity of the addition implies
that, for every z € X, the translation map X — X, y— y+zisa homeomorphimsﬁ
Hence, for every set U < X and every vector z € X, the set U is open if and only if
z+ U is open. We will use this several times in the rest of the argument.

Let C < X be closed and x € CC. Then CC - x is an open neighbourhood of 0. Due to
the continuity of the addition +: X x X — X at (0,0), there exists an open neighbour-
hood W < X x X of (0,0) such that y; +y» € ct—xforall (¥1, ¥2) € W. According to the
description of the product topology in Example[4.2.13{a)|we can find open Uy, U, € X
such that (0,0) € Uy x U, < W. So the set U := Uy n U, < X is an open neighbourhood
of 0 and satisfies U x U < W and thus U + U < Ct — x,i.e. U+ U+ x < CC.

Define V:=C-U={c—-u| ce C,u€ U} =Uec(c—U). Then V contains C and
is open since —U is open (here we used that scalar multiplication is continuous in
topological vector spaces). On the other hand, x + U is open and contains x. Finally,
observe that (x + U) NV = @, for if y were an element of this intersection we could
write it as y = x + u; = ¢ — uy for elements u;, up € U and c € C, which gives U + U 3
X+ u; + uy = ce C, acontradiction. O

We note in passing a stronger result than stated in Examples actually holds:
each metric space and each Hausdorff topological vector space is even a so-called T3%-
space, which is a very well-behaved class of topological spaces. However, we refrain from
discussing this concept here.

3Recall from the exercises that a map between two topological spaces is called a homeomorphism if it
is continuous and bijective and its inverse is also continuous.
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5.2. Compactness and relative compactness in vector spaces

Proposition 5.2.6 (Characterization of T3-spaces). A topological Hausdorff space is T3 if
and only if the following formula holds for each closed set C < M:

c= () Vv

CcV open
Proof. This follows easily from the definition of T3-spaces. O

The reason why we introduced T3-spaces is that, in those spaces, a similar charac-
terisation as Proposition|4.3.7|also holds for relative compactness:

Proposition 5.2.7 (Relative compactness via subnets and universal nets). Let M be a
topological space that is T3 and let S € M. The following assertions are equivalent:

(i) S is relatively compact.
(ii) Every netin S has a subnet that converges to a point in X.
(iii) Every universal netin S converges to a pointin X.

Proof. =[{ii)]" Let S be relatively compact and let (x;) be a universal netin S. As Sis
compact and contains (x;), it follows from Proposition that (x;) converges to a
pointin S.

fGiD)]=[GD]” This follows from the fact that every net has a universal subnet (Proposi-
tion|4.3.6).

=0 Let holds. We show that the closure S satisfies condition in Theo-
rem/4.3.2|and is thus compact. So let j € J be anon-empty index set and let (C;) je; be
a family of closed subsets of M such that SN jer Cj # @ for each finite set @ # F < J.

Let L:={(j,V)| j€ ], Cj <V open} and consider the family of closed sets (V) (,V)eL
in M. For every finite set @ # F < L one has @ # SN[, v)er V. According to the
characterization of the closure S in Proposition | we can thus find a point

xpeSN [ VeSn N V
U, VIEF (. V)eF

for each such F. Then (xF) is a net in S, where F runs through the sets of all non-
empty finite subsets of L. According to property [(ii)|the net (xr) has a subnet (z;)e;
that converges to a point x € M. For each (j, V) € L the net (z;) ;¢ is eventually con-
tained in SNV, and thus x € SN V. We conclude that

# () Snv=Sn [ V=Sn[) ) V=Sn(C;
(o Vel o Vel jel G i€l
open

where the last inequality holds since M is T3 (Proposition D . So Sis indeed com-
pact. O
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5. TOPOLOGIES IN FUNCTIONAL ANALYSIS

The reason why we introduced T3-spaces and proved Proposition[5.2.7]in the present
section is that every Hausdorff topological vector space is T3 (Example|(b)), so we now
know that relative compactness in Hausdorff topological vector spaces can be character-
ized by the conditions in Proposition[5.2.7} In fact, we could have also shown this directly
by a slightly different argument that does not rely on the notion T3-space — but then it
would appear quite obscure why the same result also holds in metric spaces.

Next, let us discuss that (relative) compactness is not as ubiquitous in infinite-dimen-
sional spaces as it is in finite-dimensional spaces. To show this we use the following
auxiliary result.

Lemma 5.2.8 (Riesz-Lemma). Let X be a normed space and let V C X be a closed vector
subspace. Then there are points in the unit sphere of X whose distance to V is almost 1;
more precisely speaking, one has

sup dist(x, V) =1.
xeX,|lxll=1

Proof. “<” Foreach x € X of norm | x|| = 1 one has dist(x, V) < |[x-0[ = 1.

“=” As V is closed, the induced seminorm || ||, on the quotient space X/V is a norm
and since V # X, the quotient space X/V is non-zero. So there exists an y € X such
that dist(y, V) = ||y + V||, = 1. Hence, we can find a sequence (v,) in V such that
||y— Un || | 1. Set x;, == ﬁ € X for each index n. Then | x,| =1 for each n and

1

dist(xn, V) = 1, + VIl = Ty=val ~
—VUn

1
oVl L

ly=vnl

which proves the supremum under consideration is indeed at least 1. O

Corollary 5.2.9 (Compactness of the unit ball). Let X be a normed spae. The following
are equivalent:

(i) One hasdim X < oo.
(ii) Every bounded subset of X is relatively compact.
(iii) Every closed and bounded subset of X is compact.
(iv) The closed unit ball B<;(0) is compact.

Proof. < |(ii))]” This follows from Proposition and that fact that a subset of X is
bounded if and only if its closure is bounded.

=[(ii)” This is a result from Analysis 2.
=[@v)]” This implication is obvious.
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5.2. Compactness and relative compactness in vector spaces

=[@]” We show the contrapositive implication. Let dim X = co. Since every finite-
dimensional vector subspace of X is closed (Example[1.1.2), we can use the Riesz
lemma (Lemma [5.2.8) to construct a sequence (x,)nen in X that satisfies ||x,|l = 1
and

dist(x;,span{xy | k< n}) =

N =

for all n € N. Hence, one has | x;; — x| = % for all distinct m, n € N. Thus, no sub-
sequence of (x,) is Cauchy; in particular, no subsequence of (x,) is convergent. As
(xp) is located in B<1(0), it follows that B<;(0) is not compact. O

The previous corollary shows that, in every infinite-dimensional normed space, there
exists a bounded set that is not relatively compact. It thus becomes an interesting ques-
tion to characterize those sets that are relatively compact (or compact) in important
classes of spaces. One such result is the Arzela—-Ascoli theorem that we prove in The-
orem[5.2.11|below. To formulate the theorem we need the following notion.

Definition 5.2.10 (Equi-continuity). Let M be a topological space and Z a normed vector
space, and let F be a set of functions from M to Z.

(a) Let x € M. The set F is called equicontinuou{r] at x if the following holds: for every
€ > 0 there exists an (open) neighbourhood U < M of x such that || f)—fx) H <e€
forall y e Uandall f € FP|

(b) The set F called equicontinuous if it is equicontinuous at every x € M.

Theorem 5.2.11 (Arzela—Ascoli: Relative compactness in C(M; Z)). Let M be a compact
topological Hausdorff space, let Z be a normed space, and endow the space C(M; Z) of
continuous functions from M to Z with the co-norm given by ||f||OO :=sup{ ||f(x) ||Z | x€
M} forall f € C(M; Z). For every set F = C(M; Z) the following are equivalent:

(@) The set F is relatively compact.

(b) The set F is equicontinuous and for every x € M the set F(x) == {f(x) | f € F}is
relatively compact in Z.

Proof. f@)]=|[M)]” Let F be relatively compact. Fix x € M. To show that F is equicontin-
uous at x, it suffices to show that the closure F is equicontinuous at x. So fix € > 0.
For every open neighbourhood U € M of x, define the set

Gu={feCM; D) | flu—f0) 1u|, <e}.

This set is open since the map C(M; Z) — Cy(U; Z), f — fly is continuous with re-
spect to the co-norm on both spaces. Moreover, each f € C(M; Z) is contained in Gy

4In German: gleichgradig stetig
5The same definition also makes sense in the more general situation in which Z is a metric space instead
of a normed space. In this case one has to replace || f(y) — f(x) | with d(f (), f(x)), of course.
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5. TOPOLOGIES IN FUNCTIONAL ANALYSIS

for some open neighbourhood of U of x since f is continuous at x. So the open sets
Gu cover C(M; Z) and thus, in particular, F as U runs through the open neighbour-
hoods of x. Since F is compact, we can find finitely many open neighbourhoods
Uy,...,Uyof xsuch that Gy, U---U Gy, o F.

The set Uy := U N --- N Uy, is also an open neighbourhood of x and for all f € F one
has || flu, — f(x) Ly, ||, < €. This means precisely that || f(y) - f(x)|| , <eforall ye U
and all f € F. So F is indeed equicontinuous at x.

To see the second property claimed in just observe that the point evaluation
CWM; Z2) — Z, f — f(x) is continuous, and thus sends relatively compact sets to rela-
tively compact sets by Proposition|5.2.2(b)

fb)=[@)]" Assume that [(b)] holds and let (f;) be a universal net in F. According to

Proposition[5.2.7jand Example5.2.5(a)| (or[(b)) it suffices to show that (f}) converges

uniformly to a function g € C(M; Z). For every x € M, (f;(x)) is a universal net in the
relatively compact subset 7 (x) of Z. Hence, it converges to a point g(x) € Z.

We now use the equicontinuity of F to show that g is continuous and that the point-
wise convergence of (f;) to g is even uniform, which proves the claim.

So let € > 0. For each x € M we can, by the equicontinuity of 7, find an open neigh-
bourhood U, € M of x such that, for every y € Uy, one has

[f)-fx)|,<e forallfeF, andhencealso [g(y)-gWw)|,=<e.

This already shows that g is continuous. The open sets Uy cover M, so by the com-
pactness of M we can find points xi,...,x, € M such that Uy, U---u U, = M. The
pointwise convergence of f; to g gives is an index jo such that || [i(xr) — g(xg) || ;<€
forall j = joandall ke (1,...,n}.

For every y € M thereis k€ {1,..., n} such that y € Uy,, and hence
i =gW, =500 = fiexo |, + | £i) —gxo ||, + || gCxw) - g , = 3¢
for every j = jo. Thus, || f; — g| <3¢ forall j = jo. O

Example 5.2.12. Consider real numbers a < b and endow C([a, b];K) with the norm
|l lloo, @as usual. Let c € (0,00). Then the set

F={feCabiK) | |f@|=c |f| =c}<cCla blK)
is relatively compact.

Proof. We check that F satisfies condition|(b)|in the Arzela-Ascoli Theorem[5.2.11] Let
x € la,bl.
For every f € F we have

X b
|f(x)|=’f(a)+f fl(nde 50+f [l dt=c+b-a.
a a
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5.3. Dual operators and the weak* topology

So {f(x) | f € F}isbounded and thus relatively compact in K.
To show that F is equicontinuous at x, let € > 0 and let U := B../.(x), where the ball
is taken within the interval [a, b]. For all y,z € U with y < z and all f € F one has

w w
|[fw) - fw)| = f fl(ndt sf cdt=(w-v)c<e.
14 14
So for all f € F and all y € U one has |f(y) - f(x)| < & (take (w,v) = (x,y) if y < x and
(v, w) = (y,x) if x < y). Hence, F is indeed equicontinuous at x. O

5.3 Dual operators and the weak* topology
Introductory questions.

(a) Consider a matrix A € R?*¢ as a linear operator R® — R?. How can one interpret
the transposed matrix A” from an operator theoretic point of view?

(b) Let (f,) be a bounded sequence in £°(N;K). When is it true that { f,,g) — 0 for
every g € 21N K)?

Definition 5.3.1 (Dual operators). Let X,Y be normed spaces over K andlet T: X — Y
be a bounded linear operator. The map T": Y’ — X', y' — T'y' := y' T is called the dual

operator of T; here, y'T = y'o T: X — K denotes the composition of y’ and T as usual.

The notation for dual operators interacts very well with the notation (-, -) for the
application of bounded linear functions: In the situation of Definition one has

(T'y,x)=(T"Y)x) = o T)(x) =y (Tx)=(y, Tx)
forallxe Xand y' e Y'.

Proposition 5.3.2 (Properties of dual operators). Let W, X,Y be normed spaces over K
andletS,T: X — Y be bounded linear operators.

(@) The dual operator T': Y' — X' is also a bounded linear operator and || T || =|T|.
(b) Foralla,B €K onehas(aS+pT) =aS" +pT'.
(c) Let R: W — X also be a bounded linear operator. Then (TR) =R'T'.

(d) Assume now that X and Y are Banach spaces. Then T is bijective if and only if its
dual operator T' is bijective, and in this case one has (T™!)' = (T")™L.

Proof. [(b)] and|[(c)] This can be checked by straightforward computations.
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5. TOPOLOGIES IN FUNCTIONAL ANALYSIS

[@) Linearity of T’ from the definition of the vector space operations on dual spaces.
Moreover, for each y’ € Y’ one has | T'y'|| = |y’ T|| = I T1l||y'||. This proves that T" is
bounded and satisfies || T’|| <\TI.

Lecture 19

To show the converse inequality, choose a sequence (x;) in X that satisfies || x,|| < 1 (,'\cdo’t 29 J;’r’]‘ﬂ
starts wi e

for all nand | Tx,ll — [ Tll. According to Corollary(2.4.9)we can find, for each index pro0f of the

n, an functional y), € Y’ such that | y,,|| < 1 and [{¥},, Txx)| = | Tx» . Hence, i“ne’(ﬁuality .
T =TI In
1T = 7'yl = |yn Tl = |ynTxnl = [(¥h Txn}| = 1 Txall = I T, o sl

which proves || T’|| =|T|.

[(d)] Let X, Y be Banach spaces. First assume that T: X — Y is bijective. Then Tl v—>
X is also continuous by the continuous inverse theorem (Corollary[2.3.4). Observe
that T': Y' — X' and (T™1)’: X' — Y’ Foreveryx' € X' onehas T'(T"Y)'x' = T'(xX'T™!) =
x'T1T=x",s0 T"(T™!)" =idx. By a similar computation one can readily check that
(T~Y'T' =idy'. So T' is indeed bijective with inverse (T~')".

The converse implication, i.e. that bijectivity of T’ implies bijectivity of T, will be
discussed on Homework Sheet 11. O

Example 5.3.3 (Dual operators in finite dimensions). Consider a matrix A € K%*¢ as a
linear map K¢ — K. We identify linear functionals on K% with row vectors in K!*% and
likewise for K°. Let Tz: K¢ — K4, T,y := y' by the linear map that identifies K¢ with
its dual space K'*¢, and define T, in the same way. For each y € K¢ one then has

AT y=Ay" =yTA= ATy =T.Ay.

In other words, A’ acts as A" if we identify K¢ and K¢ with their dual spaces, respec-
tively, by transposing column vectors into row vectors. More formally speaking, one can
say that A’ and A" are intertwined by the canonical isomorphisms T, : K¢ — K1*¢ and
Ty K4 —K!x4,

For every normed space X the dual space X’ is also a normed space (even a Banach
space), so it also has a dual space (X’)’ which we simply denote as X" and call the bidual
space or the second dual of X.

Proposition 5.3.4 (Embedding into the bidual). Let X be a normed space. For each x € X
let € X" denote the functional given by

(%,x"):=(x,x).

Then % is indeed a bounded linear functional on X' and ||| = | x|l. The map Jx: X — X",
X — X is a linear isometry and is called the canonical embedding of X into X".

Proof. Let x € X. Linearity of the map %: X’ — K follows immediately from the definition
of the vector space structure on X’ = £(X;K). The norm equality ||X]| = ||x|| is precisely
the formula for % in Corollary (so |X]l = llx|l is a consequence of the Hahn-Banach
extension theorem).
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5.3. Dual operators and the weak* topology

The linearity of the map J follows from the definition of the vector space structure
on X" = £(X';K) and from the fact that all elements of X’ are linear. The fact that J is
isometric is simply a rephrasing of the inequality || X|| = || x| for all x € X. O

By the previous proposition we can consider every normed vector spaces a vector
subspace of its bidual.

Example 5.3.5 (The embedding of ¢y into its bidual space £°°). Abbreviate ¢y := ¢y (\;K),
1= 01 (N\;K), and ¢%° = ¢*°(N;K). Consider the maps ®: ¢! — (cp)’ and W: £° — (¢1)’
given by

<q>(g) f Z gnfn and \P(h) g Z hngn

forall f € ¢y, g€ ¢!, and h € £ and let I := ¢y — ¢ be the inclusion map.

(a) The maps ® and ¥ are isometric isomorphisms of Banach spaces, and hence so is
the map ®’: (cy)” — (¢!)’ according to Proposition

(b) The map (®')~"!W: £*° — (¢y)” is an isomorphism of Banach spaces, and the com-
position (®)"'WT: ¢y — (c)” is the canonical embedding J, from Proposition

Proof. [(@)] The fact that ® and ¥ are isometric isomorphisms of Banach spaces can be
proved by similar arguments as we used for ¢” in the case p € (1,00) (Example
and Theorem|1.2.6).

[(b) Since @' and ¥ are isometric isomorphisms, so is (®')~'W. To prove that (&)1 ¥] =
J¢,» first note that both operators map from ¢ to (co)”. Let f € ¢y and ¢ € (co)'. Since
@ is bijective there exists a sequence g € ¢! such that ®g = ¢. We have

Uad-0) = (0.0 =(08.1)= 3. gats = (VI 8)= (V1,07 9)= (@) ¥iL,0).

So indeed J,, f = (@ 1)'WIf for every f € ¢y and hence, J,, = (@)W1 = (@) 1],
where the last equality follows from Proposition[5.3.2] O

We phrased Example[5.3.5|very precisely, by explicitly writing down all isomorphisms.
In practice one usually ignores those isomorphisms and just identifies (cy)’ with ¢! and
(¢Y)’ with £*°. Thus, one considers £ as the bidual space of cy and Example says
precisely that the inclusion map ¢y — ¢°° then becomes the canonical embedding of ¢
into its bidual.

Definition 5.3.6 (The weak* topology). Let X be a normed space. The weak*-topology
on the dual space X' is the initial topology of the family (%) yex in X”.

Let us start our study of the weak* topology by listing some elementary properties in
the following proposition.

77



Lecture 20
(Th, 02 July)
starts with

Examples

5. TOPOLOGIES IN FUNCTIONAL ANALYSIS

Proposition 5.3.7. Let X be a normed space and let w* denote the weak*-topology on the
dual space X'

(@ Letx'eX'. A net(x;.) in X' converges to x' with respect to w* if and only if<x}, x> —
(x',x) holds for each x € X.

(b) With respect to the weak* topology w*, the dual space X' is a Hausdorff topological
vector space (and is thus T3 according to Example|5.2.4(b)).

(c) The identity mapidy is continuous from (X', |- ||) to (X', w*).
Proof. [(@) This is a general property of initial topologies, see Proposition (iv)

[(b)] It is straightforward to check that X’ is a topological vector space with respect to
the weak* topology. To show the Hausdorff property it suffices to show that weak*
limits of nets are unique (Proposition. So let (x;.) jes beanetin X’ that weak*
converges to two points x’,y’ € X. For each x € X one has <x},x> — (x',x) and
<x},x> — (x/,x). Since K is Hausdorff, we conclude that (x’,x) = (), x) for all
x € X and hence, x' = y'.

Let (x}) jes be a net in X’ that converges with respect to the norm topology to a
point x’ € X'. For every x € X one than has

() = ()| = | |

o) x} — x' with respect to the weak* topology. O

lxl — 0,

Theorem 5.3.8 (Banach-Alaoglu). Let X be a normed space. Then the closed unit ball
B<1(0) € X' in the dual space is compact with respect to the weak* topology.

Proof. Let (x;.) be a universal net in B<1(0) € X'. We need to show that it converges to a
point in B<; (0).
For each x € X it follows from Exercise 9.5(a) on Homework Sheet 9 that (<x}, x>) =

(<5¢, x;>) in a universal net in the compact set B< x| (0) € C, so it converges to a complex

number ¢(x) of modulus |¢(x)| < [l x||. Clearly, the map ¢: X — K is linear and since it is
bounded with norm |[|¢|| < 1. Hence, x':= ¢ € B<1(0) < X'. The very definition of x’ = ¢
implies that (x;) is weak*-convergent to x. O

Let us discuss the weak* topology on two concrete sequence spaces. In the following
we identify (cp)’ with £ and (¢1)" with ¢°° — in contrast to Example we no longer
write down the isomorphisms between these spaces explicitly.

Examples 5.3.9 (The weak* topology on sequence spaces). As in Example abbre-
viate co = co(N;K), €1 := 1 (N;K), and £ := £°(N;K).
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(a) Let (hj)jes be abounded netin ¢*° and let h € £°°. Then h; — h with respect to the

weak*-topology on ¢ = (¢!}’ if and only if (hj)k EA hy for each ke N.

(b) Let (g))jes be a bounded net in ¢! and let g € ¢'. The gj — g with respect to the
weak* topology on 0! = (¢p) if and only if (g7)k ER gx for each ke N.

Proof.

[(@) “=” Assume htat hj — h wit respect to the weak* topology and let k € N. For the
k-th canonical unit vector ey € ¢! one then gets (k) = (hj, ex) L (h, ey = hy.
(Note that we did not need the boundedness of the net (k;) for this implication.

“<=“ Assume that (h;) EA hy for each ke N and let g € /. Lete>0. Weset M =
sup e || )|, < oo and note that also || alle < M. Since g € £, there exists ko € N
such that MZZ‘lkOH lgk| <e.

Moreover, there exists an index jo € J such that |(hj)r — hi||gk| < €/ko for all
J = jo. For each such j we thus obtain

k() o0

Khig)—(hg)| = 2 [(hpe—he|lgel+ X [(hpe—hil[gx| <3e.
P S A (v
Tk _

[(b)] This can be shown by similar arguments as O

For what follows we need the following result from linear algebra. To focus further
on the topological aspects of the theory, we do not prove the lemma in the lecture. Inter-
ested readers can find the proof in Appendix[5.5/in Lemmal5.5.1

Lemma 5.3.10. Let V be a vector space over K, let n € N and let ¢, ¢;,...,¢n: V — K be
linear. One has @ € span{p;,...,@,} ifand only if p vanishes onker¢p N---nkerg,.

The following proposition gives two ways to identify which elements x” in the bidual
of a normed spaces X are in the range of the canonical embedding Jx: X — X”.

Proposition 5.3.11 (Weak*-continuity of functionals). Let X be a normed space and let
J: X — X" be its canonical embedding into its bidual. Let x" € X". The following asser-
tions are equivalent:

(i) There exists a point x € X such that Jx = x".
(i) The map x": X' — C is continuous with respect to the weak* topoloy w* on X'.

(iii) There exists a number c € [0,00) and finitely many points x,..., X, € X such that

[(x",x")| < ¢ max (x',xk)|  forallx'e X'
<K=n
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Proof. f)]=[G)]" Lethold and let x € X such that Jx = x". If (x;.) is a net in X’ that
weak* converges to a point x’ € X', then

I / / / U /
<x ,xj> = <xj,x> —(x',x)=(x",x"),
so x”": X' — K is indeed convergent with respect to the weak* topology.

fil =[Gl Let m hold. Then U := (x")~1(BY,(0)) € X’ is a weak*-open neighbour-
hood of 0 € X'. It follows from the characterisation of initial topologies in Proposi-
tion[4.2.17ii)| there exists points xy,..., X, € X and open sets Vj,..., V, € K for which
onehas0e (Jx) '(VD)Nn---nUxp) Y (V,) cU. In particular, 0 € V1 n---N V}, so there
exists a number 6 > 0 such that BE& ocsvin---nV,.

Now consider an arbitrary point x’ € X'. If y > max; <x<, |{x’, x|, then ’<%x’,xk>’ <

6 for each k € {1,..., n}, then gx’ € Jx) ') n---n(Jxp) "1 (V) € U and thus one
"o,

has |<x X >

<1,s0 |(x",6x")| <y. This proves that

1
|(x", )| = 5 max |(x', %)l

1<k<

as claimed.

=@ Lethold. Thenker(Jx;)N---nker(Jx,) < kerx”, so Lemma implies

that x” is a linear combination of Jxi,..., Jx,, and is thus in the range of J. O
We conclude this section with the following theorem and its subsequent corollary.

Theorem 5.3.12 (Goldstine: Weak* density in the bidual unit ball). Let X be a normed
space and let Jx : X — X" denote the canonical embedding. Then ] XB;"1 (0) is weak* dense
in BX (0).

The proof of Theorem [5.3.12| also uses Lemma |5.3.10} It is not extremely difficult,
but not very short either, so we outsource the proof for the interested reader into Adden-
dum[G.5lwhere it can be found in Theorem[5.5.2

Corollary 5.3.13. Let X be a normed space and let Jx: X — X" be the canonical embed-
ding. Then JxX is weak* dense in X" .

Proof. Let x" € X". If x" = 0, there is nothing to prove, so let x”" # 0. By Goldstine’s

Theorem |5.3.12 there exists a net (x;) in X such that Jxx; — ﬁ with respect to the

weak* topology. Hence Jx (|| x'[| x;) — x” with respect to the weak* topology. O

From a theory building point of view, it is actually a bit odd to first discuss Goldstine’s
theorem and then derived Corollary[5.3.13as a consequence: in fact, Corollary[5.3.13|can
be proved directly by using a similar but simpler proof strategy as Goldstine’s theorem.
Anyway, to keep the rest of this section brief we chose to take the path above.
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5.4. The weak topology and reflexive spaces

5.4 The weak topology and reflexive spaces

Let X be a normed space. In the previous section we defined the weak* topology in a
dual space X’ as the initial topology of the point evaluations at all x € X. Similarly, we
will now define a topology on X as the initial topology of all functionals x" € X'.

Definition 5.4.1 (The weak topology). Let X be a normed space. The weak topology
w on X is the initial topology of the family (x)ycx of all bounded linear functionals
X' X - K.

Proposition 5.4.2. Let X be a normed space and let w denote the weak-topology on X.

(a) Letx € X. Anet(x;) in X converges to x with respect to w if and only if (x',x;) —
(x',x) holds for each x' € X'.

(b) With respect to the weak topology, the space X is a Hausdorff topological vector
space (and is thus T3 according to Example[5.2.3(b)).

(c) The identity mapidy is continuous from (X, |- ) to (X, w).

Proof. The proof is almost the same as for the weak* topology (Proposition[5.3.7), so we
omit the details. O

Theorem 5.4.3 (Weak closedness of convex sets). Let X be a normed space and let C < X
be convex.

(@) ThesetC is closed in the norm topology if and only if it is closed in the weak topology.

(b) The closures of C in the norm topology and in the weak topology coincide, i.e. one

Proof.

“>” Let C be norm closed. For every x € CU it follows from the Hahn-Banach
y
separation theorem for closed and compact sets that there exists a functional
x). € X' and a number y, € R such that

Re(x}, c) <yx <Re(xl, x).
This implies that

C= (N &) (A eC| ReA=y,)).

xeCt

Since each x/, is continuous with respect to the weak topology on X, it follows
that C is closed in the weak topology.

“<“ Thisimplication is clear (and holds for general sets, not only for convex ones)
since norm convergence implies weak convergence.
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[®)] It is not difficult to check that both closures EH . and C" are convex.
“c” Since every weakly closed set is also norm closed, the norm closure is an in-
tersection of more sets than the weak closure.

Il ” _” ° ” . o, . .
2” The norm closure C* " is, of course, norm closed, and it is not difficult to
check that it is also convex. Hence it is even weakly closed according to[(a)] So

"' cimpliesc' ' 2C". O

Proposition 5.4.4 (Topologies on the dual space). Let X be a normed space. On the dual
space X', consider the norm topology, the weak topology w and the weak* topology w*.
Then the maps

X102 06 w) 2 (x, w)
are continuous.

Proof. The continuity of the first map follows from Proposition [5.4.2(c)] applied to the
normed space space X'. To show that continuity of the second map, let (x;.) be a net in

X' that converges weakly to a point x’ € X’. Then one has <x” ,x;.> — (x",x") for each
x"" € X". So in particular, for each x € X,

<X}, x> = <]Xx, x3> - <]XX, x’) = (x',x),
which shows that x} — x' with respect to the weak* topology. O

Definition 5.4.5 (Reflexive spaces). Anormed space X is called reflexive if the canonical
embedding Jx: X — X" is surjective.

Recall that the dual space X’ of a normed space X’ is always a Banach space (by
Proposition , and hence so is the bidual space X”. Since the canonical embed-
ding Jx: X — X" is linear and isometric for every normed space X (Proposition [5.3.4),
it follows that Jx is an isometric isomorphism of normed spaces if X is reflexive. Hence,
every reflexive normed spaces X is isometrically isomorphic to the Banach space X" and
is thus itself a Banach space.

Theorem 5.4.6 (Characterisation of reflexive spaces). Let X be a Banach space. The fol-
lowing assertions are equivalent:

(i) X is reflexive.
(ii) The closed unit ball B<;(0) in X is compact with respect to the weak topology on X.
(iii) On the dual space X' the weak*-topology and the weak topology coincide.

(iv) The dual space X' is reflexive.
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Proof. Let Jx: X — X" denote the canonical embedding. We first make the following
preliminary observation: A net (x;) in X converges weakly to a point x € X if and only
if (Jxx;) is weak* convergent to Jxx. In particular, Jx is continuous from (X, w) to
(X", w).

=[@I" Let[@)|hold, i.e. Jx: X — X" is bijective. According to the preliminary obser-
vation, Jx is then a homeomorphism from (X, w) to (X", w*). Since Bglﬂ (0) is weak*
compact by the Banach-Alaoglu Theorem ‘ the set ])_(l (Bé(l” (0)) is weakly com-

pactin X; but the latter set is precisely Bé(l (0) since Jx is a linear isometry.

=@ Lethold. Since Jy is continuous from (X, w) to (X", w*) according to the
preliminary observation at the beginning of the proof, if follows that Jx (Bé(1 (0)) c
X" is weak* compact and thus, in particular, weak* closed. But at the same time it
is a weak* dense subset of Bg (0) according to Goldstine’s Theoremm Hence,
Jx(BZX,(0)) = BX| (0), which implies that Jx is surjective.

=[{ii)]” The weak* topology on X' is by definition the initial topology of the family
(JxX)xex on X', and the weak topology on X’ is by definition the initial topology of
the family (x") yrexr. If X is reflexive and Jx is thus surjective, both families contain
the same maps.

fGi)] = [Gv)]” Let hold The dual unit ball Bé({ (0) is weak* compact by the Banach—
Alaoglu Theorem and is thus weakly compact according to We can now
apply the implication which we aleady proved, to the space X' to conclude
that X is reflexive.

=@ Lethold. In addition to Jx: X — X" we also consider its dual operator
J: X" — X' as well as the canonical embedding /x': X' — X". A brief computation
shows that J% Jx': X' — X' is just the identity map idx'. Since Jx- is surjective accord-
ing to it follows that J 3( is injective. Thus, Jx has (norm) dense range according
to Exercise 12.2(a) on Homework Sheet 12.

But Jx is isometric and X is a Banach space, so the range of Jx is complete and thus
closed in X"”. Therefore, JxX = X". O

Examples 5.4.7.
(a) The space sequence spaces ¢y, ', and ¢* are not reflexive.
(b) Let p € (1,00). The sequence space ¢7 is reflexive.

(c) More generally, let p € (1,00) and let (Q, A, 1) be a measure space. The space L? :=
LP(Q, A, 11;K) is reflexive.

Moreover, let p’ € (1,00) be such that % + % = 1. Then the linear isometry
®: P —(LP), g~ (f*’f fgdu)
Q
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from Exercise 2.3 on Homework Sheet 2 is surjective, and is thus an isometric iso-
morphism of Banach spaces.

Proof. [(@) Asobserved in Example[5.3.5} the bidual space (¢y)” can be identified with £°°,
and the canonical embedding J., then simply become the inclusion map cy — £°°.
Hence, J, is not surjective, so ¢ is not reflexive.

It thus follows from Theorem that the dual space (cp)’, which can be identified
with ¢!, is not reflexive, either.

[(B)] Choose p’ € (1,00) such that % + < = 1. Then the dual space (¢”) can be identified

with ¢7' according to Theorem ‘ and the same theorem applied to the space ¢ 4
shows that the dual space (¢”')’ can be identified with ¢7. Hence, (¢P)" is isometri-
cally isomorphic to £”. The same argument as in the proof of Example shows
that, under those identifications, the canonical embedding J,» becomes the identity
map on ¢” and is thus surjective.

We do not show the details of the arguments here, but we sketch two different options
how one can prove the claimed properties:

Option 1: One first shows that @ is surjective and then argues as in[(b)]
The main challenge in this method is to obtain the surjectivity of ®, which uses
the Radon-Nikodym theorem from Analysis 3 [6, Theorem 2.6.10] (which we did,
however, not prove there). Afterwards one uses that (LP)" ~ (LPY =~ LP and
checks that, via those identifications, the canonical embedding L? — (LP)" is
just the identify map on L? and is thus surjective; so L” is reflexive.

Option 2: One uses geometric properties of the norm on L? together with more ab-
stract non-sense from Banach space theory.

More specifically, one shows that the norm || || p satisfies the so-called Clarkson
inequalities, which in turn implies that L” has, since p € (1,00), a properties
called uniform convexityﬁ And one can show by general Banach space theory
(i.e. without using the specific structure of LP-spaces) that all uniformly convex
Banach spaces are reflexive.

One can then obtain the surjectivity of ® from the reflexivity of L” and L" as
follows: Since L”' is complete and @ is isometric, it follows that the range of ® is
closed. Assume towards a contradiction that ® is not surjective. By the Hahn-
Banach extension theorem — more precisely, by Exercise 12.1(a) on Homework
Sheet 12 - find a functional 0 # ¢ € (L”)” that vanishes on ®(L"). Since L” is
reflexive there exists f € LP such that ¢ = J1» f. Hence,

<q3(g),f> = <<P,q>(g)> =0

forallge LP', which can easily be checked to be false by choosing an appropriate
function g € L”". O

6These concepts were introduced in the article [2] about 90 years ago.
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5.5. Addendum: Proof of Goldstine’s theorem

One reason why reflexivity is a very useful property is the existence of proxima:

Definition 5.4.8 (Proxima). Let X be a normed space, let S€ X and x € X. Apoint s € S
is called a proximum of x in S if

dist(x,S) = | x — soll.
Equivalently, || x — sl = [|x— soll forall s€ S.

Theorem 5.4.9 (Proxima in reflexive spaces). Let X be a reflexive Banach space and let
K < X be convex and closed. Then every x € X has a proximum in K.

Proof. We may assume that x = 0, since otherwise we can shift the entire situation by —x.
Choose a number r > dist(0, K) and set K, := K n B<,(0)). Then dist(0, K) = dist(0, K).
Since K, < K it hence suffices to show that 0 has a proximum in K,. The set K, is also
convex and closed, and hence it is weakly closed according to Theorem/5.4.3] But at the
same time Kp is contained in the set B<,(0) = r B<;(0) which is weakly compact due to
the reflexivity of X (Theorem. Hence, Ky itself is weakly compact (Exercise 10.1(b)
on Prdasenzblatt 10).

Since the map | - || is norm continuous and convey, its restriction to the weakly com-
pact convex set K, has a global minimal point according to Exercise 12.3 on Homework-
sheet 12. In other words, there exists a point sy € K such that

lso =0l < lisoll = Isll = lls—Oll

for all s € K}, i.e. sg is a proximum of 0 in K. O

5.5 Addendum: Proof of Goldstine’s theorem

In this addendum we provide a proof of Lemma|5.3.10|and a proof of Goldstine’s Theo-
rem(5.3.12| Let us state the lemma again and then prove it:

Lemma 5.5.1. Let V be a vector space over K, let n € N and let ¢, ¢,...,¢,: V — K be
linear. One has @ € span{p;,...,@,} ifand only if p vanishes onkerp; N---nkerg,.

Proof. “=” This implication is clear.
“=*“ Assume that ¢ vanishes on ker¢; n---nker ;. We proceed in two steps.

Step 1: We first prove the claim under the additional assumption that kerg; n---nN
ker g, = {0}.
If V = {0} then ¢ = 0, so there is nothing to prove, so assume that V # {0}. Con-
sider thelinearmap T: V — K", v— (¢1(v),.. .,(pn(n))T, Onehasker T = ker¢g;n
---nkerg, = {0}, so T is injective, and thus V is finite-dimensional with m :=
dimV < n. We may, and shall, identify V with K’ and T with a matrix in K"**".
Hence, every linear functional on K" is a row vector in IK!*””* and the functionals
¥1,...,9, are then the rows of T.
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The injectivity of T implies that the column rank of T is dim7V = dimV = m.
Since the column rank of every matrix coincides with its row rank, it follows
that the span span{¢p;,...,p,} < iK™ has dimension m and thus coincides with
K™ Inparticular, the functional ¢ € K!*" is alinear combination of (¢1,...,¢,).

Step 2: We prove the claim in the general case.

So assume that ¢ vanishes on W :=ker¢; n---nker¢,. Since all the functionals
@i vanish on W, they induce well-defined linear functionals (¢¢),: V/IW — K,
v+ W — @i(v) for ke {l,...,n}. Since ¢ also vanishes on W (this is where we use
the assumption!), we also obtain a well-defined linear functional ¢,: V/W — K,
v+ W — (V).

One has ker(¢p1); Nn---nker(py); =0in V/W, so it follows from Step 1 that there
exist scalars ay,..., @, € K such that ¢, = Z’klzl ax(py);. For each v € V we thus
obtain

n n

W) =@, w+W)=) arlpr),v+W)=) arpr),
k=1 k=1

SO ¢ =Y.}, Py, as claimed. O

The proof seems to come a bit more transparent if one state the result separately for

the open and the closed unit balls.

Theorem 5.5.2 (Goldstine: Weak* density in the bidual unit ball). Let X be a normed
space and let J: X — X" denote the canonical embedding

(@) JBX,(0) is weak* dense in BX, (0).

(b) JBX,(0) is weak* dense in BX] (0).

Proof. [@) Let x” € X", || x""|| < 1. We proceed in two steps.
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Step 1: Let V < X’ a finite-dimensional vector subspace. We show that there exists a

vector xy € X of norm |lxy |l <1 such that (x”,v") = (v',xy ) forall v’ € V.

If V = {0} we can choose x = 0, so let n:= dim V € N. Choose a basis (v}, ..., ;) of
V. The map

(v1,x)

T: X —-K", X—

(v )

is surjective, since otherwise we could find a non-zero vector « € IK1*" such that
a! vanishes on TX and hence a; vi +---+a,v), =0, which contradicts the linear
. . . . T

independence of (v},...,v}). Since T is surjective, ((x",v}),...,(x",v},)) € K"

isin its range, so there exists a point x € X such that (x”, v') = (¢/, x) forall v’ € V.



5.6. Addendum: Sequential weak and weak* compactness

We are now going to modify x to obtain a vector that has the same property but
also satisfies || x|| < 1. To this end, consider the closed vector subspace

W= () kerv' =kerv; n---nker v,
VeV

of X. It suffices to show that dist(x, W) < 1: then, there exists a point w € W such
that xy := x — w has norm ||xy| < 1, and one has (x",v") = (V/,x) = (v', xy) for
all v e V.

To prove that dist(x, W) < 1, consider the quotient map g: X — X/W and recall
that || q|| < 1. According to Corollarythere exists a functional y' € (X/W)’
of norm ||y/|| = 1 such that [(y/,x+ W)| = [lx+ W||,. The functional x':= y'oq €

X' has norm < 1, satisfies |<x’,x>| = |lx+ W], and vanishes on W. It follows
from Lemma|5.3.10| that x’ is a linear combination (v}, ...,v},) and thus x’ € V',
Therefore,

dist(x, W) = lx+ Wi, = [{x, x)| = [(x", x| < | x"|| < 1,

as claimed.

Step 2: We construct a net in JB<;(0) X that weak*-converges to x".

Let V denote the set of all finite-dimensional vector subspaces of X’. Then V
is directed by set inclusion as V1 + V, € V for all V;,V, € V. For each V € V let
xy € B<1(0)X be a vector whose existence we prove in Step 1. Then ( J xV)VeV is
anetin JB<1(0) X. This net is weak*-convergent to x” since, for each x’ € X', Jxy
coincides with x” on span{x'} for all V 2 span{x'}.

[(b)] For the closed balls one has Bf” (0) 2 JBX (0) since J is isometric. Thus,
<1 <1

" w* wk — w* "
BX (m=2JBX 0 =2JBX©0) 2BX© 2BX0),
where the first first inclusion holds since Bg (0) is weak*-closed (as follows, for in-
stance, from the Banach-Alaoglu Theorem [5.3.8), the second inclusion is clear, the
third inclusion follows from and the fourth inclusion follows from the weak*-
continuity of scalar multiplication (Proposition[5.3.74(b)). O

Goldstine’s Theorem [5.5.2]is actually a special case of a much more general result
from the duality theory of topological vector spaces, the so-called bipolar theorem; see
for instance [10} Section IV.1, pp. 123-126] for a discussion of this theorem.

5.6 Addendum: Sequential weak and weak* compactness

As we have seen in Chapter [4} sequences are not sufficient to study general topological
spaces — one needs the more general concept of nets. On the other hand, in some cases
it is very convenient to work with sequences instead, in particular if one wants to use
results from measure theory as those typically work for sequences only.
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Remarkably, there are two important results which show that it is sometimes suffi-
cient to work with sequences instead of nets when one is dealing with the weak* and
the weak topology. For the convenience of readers who might need those results — for
instance in a course on partial differential equations — we include them here without
proofs.

Theorem 5.6.1 (Metrizability of the weak* topology on the dual ball). Let X be a Banach
space and assume that X is separable. Then there exists a metric on the dual unit ball
B' = Bé’ (0) that induces the weak* topology on B. In particular, B' is weak* sequentially
compact, i.e. every sequence in B has a subsequence that converges to a point in B'.

Proof. As X is separable, the weak* topology on B’ is metrizable - see for instance (3]
Theorem V.5.1] for the proof. Moreover, we know that B’ is weak* compact by the Banach-
Alaoglu theorem|5.3.8} and every compact metric space is sequentially compact. O

More surprisingly, it turns out that (relative) weak compactness in a Banach space
X is also equivalent to (relative) weak sequential compactness — even if the space is not
separable:

Theorem 5.6.2 (Eberlein-Smulian). Let X be a Banach space and K < X.

(@) The set K is compact with respect to the weak topology if and only if it is weakly
sequentially compact, which means that every sequence in K has a subsequence
that converges weakly to a point in K.

(b) The set K is relatively compact with respect to the weak topology if and only if it is
relatively weakly sequentially compact, which means that every sequence in K has
a subsequence that converges weakly to a point in X.

Proof. See for instance [12, Theorem VIII.6.1]. O
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Chapter 6

Hilbert Spaces

Hilbert spaces constitute a class of Banach spaces that is particularly well-behaved. The
idea is to consider norms that are induced by so-called inner productd|which has nice
properties and helps a lot in analysing those spaces. There is a strong geometric aspect
of Hilbert space theory since inner products are closely related to angles between vectors
(you might already know this on the finite dimensional space R?).

6.1 Inner products and Hilbert spaces
Introductory questions.
(a) Do you remember how the standard inner product on R% is defined?

(b) What does one even care about the standard inner product on R%?2

Definition 6.1.1 (Sesquilinear forms). Let X, Y be vector spaces over K.
(a) Amap ¢: X - Y is called anti-linear if ¢(x; + x2) = @(x1) + @(x2) for all x1,x2 € X
and @p(Ax) = A@(x) forall x€ X and all A € K.
Note that in the case K = R, the properties linear and anti-linear are equivalent.
(b) Amap a: X x X — K is called a sesquilinear form if a(x, -): X — KK is linear for
each xe X and a(-,y): X — K is anti-linear for each y € XE]

If K =R, a sesquilinear form is also called a bilinear form.

1In German the notion Skalarprodukt is more common that inneres Produkt.

280 here we use the convention that sesquilinear forms are antilinear in the first argument and linear in
the second argument. This convention is very common in physics, while it is more common in the mathe-
matical literature to define it the other way round. The reason why we use the physical convention rather
than the mathematical one is that...well...the physicists are right.

More seriously speaking, with the physical convention the standard inner product on c?is (x, ) — v ¥y
rather than xT3, which leads to much easier, clearer, and less confusing notation when working with rank-
one projections on c4.
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(c) A sesquilinear form a: X x X — K is called Hermitian if a(x,y) = a(y, x) for all
x,y€X.

A very useful property of a sesquilinear form a is that, if the scalar field is complex or
ifits is real and a is Hermitian, then the values of a on the diagonal {(x,x) | x€ X} € Xx X
determine the values of a on the entire product. In other words, if we know a(x, x) for all
x € X, then we automatically know a(x, y) for all x, y € X. This is the main point of the
following proposition.

Proposition 6.1.2 (Polarisation identity). Let X be a vector space over K and let a: X x
X — K be a sesquilinear form.

(@ IfK=C, thena(x,y)=1Y3_,i*a(i*x+y, i*x+y) forallx,y € X

(b) IfK =R and a is Hermitian, then a(x, y) = %(a(x+ vx+y)—alx—-y,x— y)) for all
x,y€X.

Proof. These formulas can be checked by straightforward computations. O
Definition 6.1.3 (Inner products and Hilbert spaces). Let H be a vector space over K.

(a) A semi inner product on H is a sesquilinear from (- | -) : H x H — K that satisfies
the following two additional properties:

(D The sesquilinear form (- | -) is Hermitian, i.e. one has (x| y) = (y| x) for all
X,y € H.

(II) Forall xe Honehas (x|x)=0.

The semi inner product (- | -) is called an inner product it it satisfies the following
stronger version of

(III) For all x € H\ {0} one has (x| x) > 0.

(b) If (- |-): Hx H— K is a (semi) inner product on H; then we define the induced
(semi) norm |- || : H— [0,00) by [lx]| := v/ (x| x) for all x € H.
(We will show in Proposition|[6.1.4]below that this is indeed as (semi)norm.)

(c) A pre-Hilbert space is a pair (H,(-|-)), where H is a vector space over K and

(-1+): Hx H— K is an inner product on H. Unless otherwise stated we always
endow a Hilbert space with the norm induced by the inner product.

A pre-Hilbert space is called a Hilbert space if it is complete with respect to the
norm induced by its inner product.

31If one uses the mathematical convention that sesquilinear forms are anti-linear in their second argu-
ment, then the formula reads instead a(x, y) = i Z?c:() ika(x + iky, X+ iky).
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6.1. Inner products and Hilbert spaces

Let us make the following observation that is frequently useful for semi inner prod-
ucts (- | -) on real or complex vector spaces H: for all x, y € H one has

(x1y)+(yIx)=2Re(x]y)
due to the symmetry of (- | -). We will tacitly use this throughout

Proposition 6.1.4 (Cauchy-Schwarz inequality). Let H be a vector space overlK, let (- | -) : Hx
H — K a semi inner product, and || - || : H— [0,00) the induced seminorm.
(@) Forallx,y € H the Cauchy-Schwarz inequality |(x | y)| < | x|l ||| hold.
If(- | -) is even an inner product, then the Cauchy-Schwarz inequality is an equality

if and only if the pair (x, y) is linearly dependent.

(b) Theinduced seminorm ||-|| is indeed a seminorm; it is a norm if and only if (- | -) is
an inner product.

Proof. [([@) Let x,y € H. Choose a scalar u € K of modulus |p| =1 such that u(x|y) =
|(x1y)]|. For every ¢ € (0,00) one has

0= [lx—tuyl|* = (x—tpy | x—tuy) = Ix1® = ¢ (x| py) — £ (py | ) + 2 | gy
2
=yl

= 1xl1? + 2 | y|* ~2¢Re (x | ) = Il + 2 | y|* — 2¢| (x 1 )]

and thus
1
2|(x1y)] = < Ixl®+ ely]

If || x|l = 0 or || y|| = 0, this implies that |(x| y)| =0 = llx]l||y|. If lx] #0and | y| #0,
we can choose 7:= || x|/ || y|| and thus obtain 2|(x | y)| = 2l x]l ||y, as claimed.

Finally, let (- | -) be an inner product and assume that the equality | (x| y)| < IlxI | y||
holds. If x = 0 or y = 0, then (x, y) is linearly dependent, so assume no that x # 0
and y # 0. Then [ x| >0 and | y|| > 0 since (- | -) is an inner product, so the above

computations show, for the choice ¢:= [l x|l / || y||, that actually 0 = || x — ruy||*. Hence,
x— tupy =0, which shows that (x, y) is linearly dependent.

[(b)] The positive (semi)definiteness is clear from the definition of a (semi) inner product.
Moreover, one has

IAx1? = Ax | Ax) = AN (x | x) = [A1? | x]|?

and thus [|Ax] = |A| ||l x|| forall x € H and all A € K[

“4In fact, we had already tacitly used this in the proof of
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6. HILBERT SPACES

It remains to show the triangle inequality. Let x,y € H. Then the Cauchy-Schwarz
inequality gives

lx+yI* = 1x0% + | y]|* +2Re (x 1) < Il + | y])* + 2| (x 1 y)]
< lxl®+ ||y |> + 2%l | y] = Qxll + |y )%,
and thus ||x+y| < I+ y]- O
Examples 6.1.5 (Some (pre-)Hilbert spaces).

(a) The space K¢ with the standard inner product given by (xly)= x! y is a Hilbert
space. The norm induced by this inner product is the Euclidean norm.

(b) Let (Q, A, 1) be a measure space. The space L? := L?(Q, A, i;K) is a Hilbert space
with respect to the inner product given by (f 18):=Jq ?g du forall f, g € L%. Note
that this integrand f g is indeed integrable as a consequence of Hélder’s inequality
for p = 2. The norm induced by the inner product is precisely the usual 2-norm on
L2,

(c) As a special case of the sequence space ¢2 is a Hilbert spaces with respect
to the inner product given by (f | g) == f’:lﬁgk for all f, g € ¢?, where the sum
converges absolutely (since it converges as a Lebesgue integral with respect to the
counting measure).

6.2 Optimal approximation and orthogonality
For the proof of the following theorem we use the so-called paralleogram identity
2 2 2
[+ y 7+ =y = 2117 + |y

that holds for all elements x, y of a pre-Hilbert space H; this is discussed in detail on
Prasenzblatt 13.

Theorem 6.2.1 (Proxima in (pre-)Hilbert spaces). Let C & H be a convex set in a pre-
Hilbert space H and let x € H.

(@) The point x has at most one proximum in C.

(b) IfH is a Hilbert space and C is non-empty and closed, then x has precisely one prox-
imuminC.

Proof. Throughout the proof we may, and shall, assume that x = 0 (otherwise, shift the
entire situation by —x). We make the following preliminary observation: if two points in
C are almost as close to 0 as is possible within C, then those two points are close to each
other. More precisely, for all 6 > 0 and ¢, d € C one has the implication

lel?, I1dI? < dist(0, C)? + 62 = lc—d|l <26.
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6.2. Optimal approximation and orthogonality

Indeed, the premise of the implication yields

—d|J? d|? —d|?
dist(0, )2 + |4 < || &= ¢ 6.2.1)
2 2 2
1 1
=3 lell? + 5 ld|I? < dist(0, C)? + 62, (6.2.2)

where the first inequality follows from % € Csince C is convex, and the equality follows

from the parallelogram identity; hence, ||c — d|l <20, as claimed.
Now we can prove the assertions of the theorem.

[(@) Let ¢, d € C by proxima of x = 0. Then | c|l = ||d| = dist(0, C), so it follows from (6.2.1)
that |lc — d|l <26 for every 6 > 0 and hence, c = d.

[(b)] Let H be complete and assume that C is non-empty and closed. Choose a sequence
(cn) in C such that ||c, || converges to dist(0, C) sufficiently fast to ensure that ||c, [|* <
dist(0, C)? + -%; for each n € N. For all indices 1 < m < n it then follows from (6.2.1)
that

lem—cnll = —.
m

So (cp) is a Cauchy sequence in H and thus converges to a point ¢ € H due to the
completeness of H. As C is closed, we have c € C. Clearly | c|| = lim, ||c, || = dist(0, C),
so ¢ is a proximum of 0 in C. O

Definition 6.2.2 (Orthogonality and orthogonal complements). Let H be a pre-Hilbert
space.

(a) Two elements x,y € H are called orthogonal or perpendicular if (x | y) =0. We
write x L y to say that x and y are orthogonal.

(b) For a subset S < H the set
Sti= {xe H| x Lsforall se S}
is called the orthogonal complement of S.

Let us list a few simple properties of orthogonality and orthogonal complements in
the following proposition.

Proposition 6.2.3. Let H be a pre-Hilbert space.

(a) Orthogonality is a symmetric relation, i.e. for all x,y € H one has x 1 y if and only
ifyLx.

(b) Foreach S < H the orthogonal complement S* is a closed vector subspace of H.

(©) Ifx,y€ H are orthogonal, then Pythagoras’ theorem || x + y||° = | x> + ||y || holds.
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6. HILBERT SPACES

Proof. Those properties are easy consequences of the definition of inner products and
orthogonal complements. For the closedness of S* one needs the continuity of the inner
product, which in turn follows from the Cauchy-Schwarz inequality. O

You will discuss a few further useful properties of orthogonal complements in the ex-
ercises. Orthogonality is closely related to proxima in vector subspaces, as the following
proposition shows.

Proposition 6.2.4 (Proxima in vector subspaces). Let H be a pre-Hilbert spaceand V < H
a vector subspace. Let x € H and v € V. The following are equivalent:

(i) The vector v is a (and thus the) proximum ofx in V.
(i) The difference v — x is orthogonal to all elements of V.

Proof. fi)l=[@)]" Let[(i)]hold. For every w € V the vector w — v is then orthogonal to
v — x, which implies by Pythagoras’ theorem

2 2 2 2 2
lw—-xlI"=l(w-v)+@W-2)"=llw-vI“+llv-xI"=lv-x|,
so v isindeed a proximum of x in V.
fDl=[G)]" Let[@]hold. For every u € V one has v+ u € V and thus
2 2 _ 2 2
lv—xI"<llv+u-xl"=llv-xlI"+2Re(v—x| u) + | ul

and hence 0 < 2Re (v — x| u) + ||u[?>. Note that the first summand scales linearly in
u while the second summand scales quadratically in u. So by replycing u with fu
for t € (0,00), dividing by ¢ and finally letting ¢ | 0, we obtain 0 < Re (v — x| u) for all
uev.

But then, this also holds if we replace © with —u and hence, 0 = Re (v — x | u) = 0 for all
u € V. Finally, let u € V and choose p € K of modulus |u| =1lsuchthatp(v—-x|u) =
[(v—x]|u)|. Then

[(v—xlwl=Re(u(w-xlw)=Re(v-x|uu)=0
since uu € V. So v — x is indeed perpendicular to each u € V. O

Corollary 6.2.5. Let H be a Hilbert space and let V < H be a closed vector subspace. Then
H=VeoV™t

Proof. We first show that V n V+ = {0}. Indeed, let x € VN V*. Then x L x, so [|x]?> =
(x| x) =0, which implies x = 0.

It remains to show that H = V + V1, so let x € H. Since V is closed and convex,
Theorem|6.2.1](b)|shows that x has a proximum v in V. According to Proposition[[D)] v — x
is orthogonal to all elements of V,i.e. v —x € V. Hence,

x=v+(x—v)€V+Vl,

as claimed. O
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6.2. Optimal approximation and orthogonality

If H is a pre-Hilbert space and y € H, then the map (y|-): H — K is linear and
continuous, i.e. an element of the dual space H'. Indeed, the linearity holds since the
inner product is sesquilinear by definition, and the continuous follows easily from the
Cauchy-Schwarz inequality. The following theorem shows that, if H is a Hilbert space,
all elements of H’ are of this form.

Theorem 6.2.6 (Riesz—Fréchet representation theorem: the dual of a Hilbert space). Let
H be a Hilbert space. The mapping

Dy:H—H, y—(yl")
is an antilinear isometric bijection. It is called the Riesz—Fréchet isomorphismE]

Note that the RieFréchet isomorphism Dy : H— H' from Theorem satisfies, by
its very definition,

(y1x)=(Duy,x) andhence  (D3'y |x)=(y, x) (6.2.3)
forall x,ye Hand all y' € H'.

Proof of Theorem[6.2.6, Antilinearity: The fact that Dy is antilinear follows from the an-
tilinearity of the inner product in its first argument.

Isometry: To show that Dy is isometric, let y € H. For y=0one has Dgy =0, solet y #0.
For every x € H one has

[(Duy. )| =[(y12)| = [y] 1=l

where the inequality is the Cauchy-Schwarz inequality. Hence, |Dguy| < |y|. On
the other hand,

y y
Dyl = (D ) =[5 )| =
Iyl Iyl
so Dy is indeed isometric.
Surjectivity: Let 0 # x' € H'. Corollary[6.2.5|shows that H = ker x’ & (ker x')*. Since x' is a
non-zero linear functional, this implies that (ker x’ )1 is one-dimensional and is thus

spanned by a vector 0 # x € (kerx')*. Observe that 0 # || x]|*> = (x| x), so x ¢ ker x'. By
replacing x with an appropriate multiple we may thus assume that (x’,x) = 1.

We claim that (W | ) = x'. Indeed, both functional vanish on ker x’, and they both

map x to W’ so the coincide on ker x’ & span{x} = H. So DHW =x' O

Observe that the completeness of H in Theorem is only need for the proof of the
surjectivity of Dy. If H is only a pre-Hilbert space, Dy is still antilinear and isometric.

5Observe that, if K = R then Dy is an isometric of isomorphism of Banach spaces. If, however K = C
then Dy has all properties of an isometric isomorphism of Banach spaces except that it is antilinear rather
than linear.
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6. HILBERT SPACES

Examples 6.2.7 (The Riesz-Fréchet isomorphism in concrete spaces).

(a) Endow K¢ with its standard inner product given by (x| y) = X'y for all x,y € K¢
and recall that this inner product induces the Euclidean norm. As usual we identify
the dual space (K%)’ with the space K!*¢ of row vector.s Then the Riesz—Fréchet
isomorphism Dy : K4 — K'*4 is given by

Dyax=(x|)=x%"
for all x € K.
(b) Let (Q, A, u) be a measure space. Since % + % the space I2:=12(Q,A, 1w K) is, ac-
cording to Example ‘ isomorphic to its own dual space (LZ)' via the map
pa, g-(F- [ gfdu).

On the other hand, the Riest-Fréchet isomorphism D;: is given by

Dpo: [P — (1%, gHVHLyw)

So both isomorphisms coincide in the real case, but they do not coincide in the
complex case (which is no surprise since Dy is antilinear rather than linear).

Corollary 6.2.8. Every Hilbert space is reflexive.

Proof. We show that the Riesz-Fréchet isomorphism Dy : H — H' is a homeomorphism
from (H, w) to (H', w*). Since Dy maps Bgl (0) bijectively to Bg{ (0), it then follows from
the Banach-Alaoglu theorem that Bgl (0) is weakly compact; hence, H is reflexive
according to Theorem Solet (x;) be anetin H and let x € H. One has

xj— x weakly

(v, xj)—(y',x) forally' e H'
(Duy,xj)—(Dny,x) forallye H
(yIx;)—(y1x) forallyeH
(xj1y)—(xly) forallyeH
(Duxj,y)—(Dpx,y) forallye H

U I I

Dyxj— Dgx weak®,

so Dy is indeed a homeomorphism from (H, w) to (H', w™). O

6.3 Operators on Hilbert spaces
Introductory questions.

. . . . —T
(a) For a matrix A€ C%*¢, why does one sometimes consider AT and sometimes A 2
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6.3. Operators on Hilbert spaces

(b) Which matrices is C?*¢ are diagonalizable by a unitary transformation matrix?

Definition 6.3.1 (Adjoint operators). Let H;, H, be Hilbert spaces over K. For each k €
{1,2}let Dy, : Hi — H]’C be the Riesz-Fréchet isomorphism For each bounded linear op-
erator T: H, — H, the operator

T*:=Dy T'Dy,: H, — H,
is called the adjoint operator of T.

Proposition 6.3.2 (Properties of adjoint operators). Let Hy, H», Hs be Hilbert spaces over
K andletT € L(Hy; Hy) and S € L(Hy; H3).

(@) OnehasT* € L(Ho; Hy) with||T*|=1TI.

(b) One has (y|Tx) = (T*y|x) forall x€ Hy and all y € Hy, and T* is the only map
H, — H with this property.

Similarly, one has (x| T*y) = (Tx|y) for all x € Hy and all y € Hy, and T* is the
only map from H, to Hy with this property.

(c) Onehas(T*)* =T and (ST)* = T*S*.

(d) The map L(Hy; Ho) — L(Hy; Hy), S — S* is antilinear and bijective (and isometric
due to[(a))).

(e) Onehas||TI>=IT*TI=ITT*|.

Proof. [(@)] Since DI_{} and Dy, are anti-linear and T is linear, it follows that 7™ is linear.
Since the maps Dﬁ} and Dg, are bijective and isometric one has

Il = "l =nr,
where the second equality holds according to Proposition[5.3.2@)]

[(b)] Let x, y € H. We use the formula (6.2.3) for the Riesz-Fréchet isomorphism and thus
obtain

(1*y1x) = (DA T'Di,y 1 x) = (T'Dryyx) = (Diyy, Tx) = (v 1 T),
as claimed. The second equality follows by taking complex conjugates and both
sides.
The uniqueness are a simple consequence of Exercise 13.3(a) on Homework Sheet 13.
[(c)] and[(d)] The equality (ST)* = T*S* and the anti-linearity of S — S* follow from the

analogous properties of dual operators in Proposition[5.3.2] The equality (T*)* fol-
lows from|(b)} for all x, y € H one has

(Y1 Tx)=(T"ylx)=(y1(T")"x).

You will see on Homework Sheet 13 that this implies T = (T*)*. So the map S— S* is
self-inverse and thus bijective.
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6. HILBERT SPACES

[(€)] We first show the equality on the left. One has |T*T|| < | T*|| | T|l = || T||? due to
On the other hand, for each x € H it follows from the Cauchy-Schwarz inequality
that

ITxI? = |(T*Tx | x)| < || T* Tx| lxll < | T* T| I x1*

and thus | T2 < | T*T|. So indeed | T||2 = | T* T].

To also obtain the equality || TI? = | TT*|, apply the equality that we just shows to
the operator T* and use|(a)|and[(c)} O

Property[(e)] in Proposition [(e)} as harmless as it looks, is an essentially property of
the operator norm on Hilbert spaces and is closely related to many important properties
in operator theory on Hilbert spaces. It s, in fact, one the defining properties of so-called
C*-algebras, which you might learn about in the course Functional Analysis 1.

Example 6.3.3 (Adjoint operators in finite dimensions). Endow C¢ and C? with the stan-
dard inner product and consider a matrix A € C**¢ as a linear operator C¢ — C%. Then

A*=A".
Proof. Let x€ C€ and y € C%. Then
= —T
(y1Ax)=7'Ax=Ay x= (A ylx).
It thus follows from Proposition|6.3. 4 that A* = 4. O

Definition 6.3.4 (Self-adjoint, skew-adjoint and normal operators). Let H be a Hilbert
space and A € L(H).

(a) The operator A is called self-adjoint or Hermitian if A* = A. It is called skew-
adjoint if A* = —A.

(b) The operator A is called normal if A commutes with A, i.e. if AA* = A* A.
Observe that every self-adjoint and every skew-adjoint operator is normal.

Proposition 6.3.5 (The norm of a normal operator). Let H be a Hilbert space and let
A€ L(H) be normal. Then || Al|? = ||A2 ||

Proof. We first prove the claim under the stronger assumption that A be self-adjoint. In
this case it follows from Propositionthat IAI? = | A* Al = || A2

Now let A be, more generally, normal. Observe that the operator A* A is self-adjoint;
by applying again Proposition|6.3.2{(e)|and the fact that we have already shown the claim
for self-adjoint operator, we obtain

(1) = (4 1) = a7 = a2 = |2,
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6.3. Operators on Hilbert spaces

where the third equality follows from the normality of AE] O

We close this section by briefly orthogonal projections and rank-1 operators in Hilbert
spaces.

Definition 6.3.6 (Orthogonal projection). Let H be a Hilbert space. An orthogonal pro-
jection on H is a projection P € L(H) such that x | yforall xekerP andall ye PH.

The proof of the following nice characterization of self-adjoint projections is Exer-
cise 14.5 in Homework Sheet 14.

Proposition 6.3.7 (Characterization of orthogonal projections). Let H be a Hilbert space
and let P € L(H) be a projection. The following assertions are equivalent:

(i) P is an orthogonal projection.
(ii) P isself-adjoint.
(iii) P is normal.
(iv) [IPl=1.

The following ideas are similar to what you have already seen on general normed
spaces in Definition and Proposition - the main difference is that we do not
work with elements of the dual space but only with elements from the Hilbert space itself
now!’|

Definition 6.3.8 (Hilbert space notation for operators of rank at most one). Let Hy, H»
be Hilbert spacesﬂ and let x; € Hj, x, € Hy. We define the operator x, ® x; € L(H;; H») by

(X2 ® X1)X:= X2 (x1 | X) for all x € H;.
Example 6.3.9. Endow C¢ and C¢ with the standard inner product. As usual we identify

linear operators in L£(C;C%) with matrices in C?*¢. Let x; € C% and x, € C%. Then one
has x, ® x1 = xgx_lT.

60bserve that one could also show the claim directly, without consider self-adjoint operators first: for
normal A one has

(1 = (1A =t o = ] <

where the third equality follows from the normality and each of the other three equalities uses Proposi-
tion This is essentially the same argument, but one might look a bit more arbitrary and thus more
difficult to remember than considering the simpler special case of self-adjoint A first.

“In view of the Riesz-Fréchet representation theorem (Theorem this is, of course, possible. The
main point here is that, in the Hilbert space seting, it is also quite natural and efficient to stay within the
space rather than employing its dual space.

8This definition also makes sense on pre-Hilbert spaces, but we stick to Hilbert spaces throughout the
rest of Section|6.3|since we discussed adjoint operators only in the Hilbert-space setting.
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Proof. For each x € C° one has
_ =T _ (. —T
(2 ® x1)x = X2 (X1 | X) = x2(x1" X) = (x2%17) X,
so indeed x, ® x; = xzx_lT. O

In the situation of Definition [6.3.8| we can also express the operator x; ® x; in the
notation from Definition if we use the functional (x; | -) € H;. One then has

X2®X1:=X2®(x1]+).

It follows from this observation and from the Riesz-Fréchet representation theorem (The-
orem|[6.2.6) that the results from Proposition 3.2.8|hold analogously for the operator no-
tation introduced in Definition[6.3.8] What makes the Hilbert space situation special is
that one can now talk about adjoint operators, too:

Proposition 6.3.10 (Rank-1 operators). Let H, Hy, H», H3 be Hilbert spaces.
(@) Letx) € Hy, x2,y2 € Hy and y3 € Hs. Then (y3® y2) (X2 ® x1) = (y2 | x2) (3 ® x1).
(b) Letxy € Hy and x; € Hy. Then (xo® x1)* = x1 ® Xo.

(c) Letue H be normalized, i.e. |ull = 1. Then u® u is a self-adjoint projection.

Conversely, every orthogonal projection on H of rank-1 is of this form.
Proof. [(@)] This follows by a straightforward computation.
[(b)] Forall y, € Hy and y; € H; one has

((2@x1))* y2131) = (y2 | 2@ x)¥1) = (¥2 | x2 (%1 1 1))
=(x1ly) (21 x2) = (x1 (21 32) | 31) = (1 @ x2) y2 | 31) -

This implies that (x, ® x1)* = x; ® x, (Exercise 13.3(a) on Homework Sheet 1).

Let u € H be of norm 1. It follows from [(a)] that u ® u is a projection and from [(b)]
that u ® u is self-adjoint. So u ® u is an orthogonal projection according to Proposi-

tion[6.3.71

Conversely, let P € L(H) be an orthogonal rank-1 projection. It follows from Proposi-
tion|3.2.8(b)|and from the Riesz—Fréchet representation theorem that there are vec-
tors v, w € H\{0} such that P = v® w. Moreover, P is self-adjoint according to Propo-
sition |6.3.7} so it follows from ()| that P = v ® w = w ® v. This implies that v is a
multiple of w, i.e. there exists a scalar a such that v = awﬂ Since P is a projection,
one can readily check that 1 = (w | v) = a||v||%. So a € (0,00) and by setting u := v/ || v||
one gets

1
P=a(ve® v)=W(v® v)=u®u,
v

as claimed. O

9Can you give the details of this argument?
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In the following example we discuss how the unitary diagonalisation of normal ma-
trices that you know from linear algebra, can be interpreted in three different ways, and
how this is related to orthogonal rank-1 projections discussed in Proposition [6.3.10(c)
above.

Example 6.3.11 (Unitary diagnonalisation of matrices). Endow C¢ with the standard in-
ner product and let A € C%*d pe normal, i.e. A*A = AA* (see Definition and
Example[6.3.3). From your linear algebra course you know that this implies (and is in
fact equivalent to) A being unitary diagonalisability.

The latter property can be thought of in three different ways:

(1) Algebraically: There exists a unitary matrix U € C?*? (i.e. U is invertible and U~ =
U*) and a diagonal matrix D € C%*¢ such that A= UDU*.

Recall that the diagonall entries D;; of D are the eigenvalues of A and that the
columns of U are corresponding eigenvectors.

(2) Geometrically: There exists a coordinate system of C% with pairwise orthogonal
axes, such that A only acts in the direction of each axis.

(3) In terms of orthogonal rank-1 projections: Observe that one has

1 0 0
0 0 0

=eey,
00 ... 0

and likewise for diaogonal matrices that have the entry 1 only once at other posi-
tions on the diagonal.

For every k € {1,...,d} the vector uy := Uey is the kth column of U and is thus an
eigenvector for the eigenvalue Dy of A. Note that u,uj = (U*U)y; = idy; for all
k,je({l,...,d}, so all the columns uy are pairwise orthogonal and have Euclidean
norm 1@]

Since D = Zzzl Dkkekez, the diagonalisation formula A= UDU™ implies

d d d
A=U Z DkkekeZU* = Z Dkkuku}'c‘ = Z Dy (up ® ug);
k=1 k=1 k=1

for the last equality we used Example So every normal matrix A can be writ-
ten as a sum over orthogonal projections onto the eigenspaces of A, weighted with
the corresponding eigenvalues.

10According to Definition below this means that (u,..., ug) is an orthonormal system in c4; for
dimension reasons, it is even an orthonormal basis of C¥.
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6.4 Orthonormal bases

Introductory questions.
(a) When you think of a basis of R?, how does it look like?

(b) When is a matrix U € R?*? called orthogonal? Can you give several reasons why
such matrices are important?

Definition 6.4.1 (Orthonormal systems and bases). Let H be a pre-Hilbert space and
consider a family of vectors (u;) jey in H.

(@) The family (u;) je; is called an orthonormal system if it is an orthogonal system
and each vector u; has norm 1.

(b) The family (u;) jej is called an orthonormal basis of H if it is an orthonormal sys-
tem and its span span{u; | j € J} is dense in H.

Note that a family (u;) je; of vectors in a pre-Hilbert space H is an orthonormal sys-
temifand onlyif (u; | ui) = & ji forall j, k € J, where § ;. denotes the so-called Kronecker
symbol that is defined as

1=k
V0 ifj £k

Proposition 6.4.2 (Existence of an orthonormal basis). In every Hilbert space there exists
an orthonormal basis.

Proof. Let H be a Hilbert space. Let £ be the set of all those subsets E of the unit sphere
0B<1(0) in H whose elements are pairwise orthogonal. For every non-empty chainC < &
one can readily check that Uccc C € &, so C has an upper bound in £. Hence, £ contains
a maximal element E according to Zorn's lemma|2.4.7

The maximality of E implies that E+ = {0}, so it follows from Exercise 14.1(f) on
Homework Sheet 14 that spanE is dense in H.(This is the only point in the argument
where we use the completeness of H!). So (e).cr is an orthonormal basis of H. O

According to Example the space ¢?(N;K) is a Hilbert space when endowed
with the innner product given by (f | g) := 52, (fi | g¢) for all f, g € £2(N;K). This can
easily be generalized to more general index sets: for each set J the space 2(J:K) is a
Hilbert space when endowed with the inner product given by

(f18)=2 figj

jel

forall f,ge 2 (J:K). Part of the following theorem shows that actually every Hilbert
space is isometrically isomorphic to a space of the form ¢2(J;K).

Theorem 6.4.3 (Properties of orthonormal basis). Let H be a Hilbert space over K and let
(u;) jey be an orthonormal basis of H.
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6.4. Orthonormal bases

(@) Let F denote the set of all finite subsets of ], directed by set inclusion. Then the net
(X jeFuUj®u j) peF consists of orthogonal projections and converges strongly toidy.

(b) ForeachxeHonehasx:ZjE]uj(uj | x) and || x||? =Zi€]|(uj | x)|2

Lecture 26

(Th, 23 July)
(c) Forallx,ye€ H one has (x | J’) = Zje] (x | uj) (uj | y)' start253wlijt?1/ The-

orem
(d) One has the Fischer-Riesz representation theorem for H: the map

U: H— (*(J;K),
x = ((uj1%)) e
is an isometric isomorphism of Banach spaces.
(e) The index set ] is finite if and only if H is finite-dimensional, and in this case #] =
dim H.

The index set ] is countable if and only if H is separable.
For the proof of the theorem we use the following two lemmas.

Lemma 6.4.4 (Convergence on total subsets). Let X, Y be normed spaces overlK, let (T}) jej
be a bounded netin L(X;Y) and T € L(X;Y). Let D < X be such thatspan D is dense in X.
IfTix— Tx forallxe D, theneven Tjx — Tx forall x € X (i.e. Tj — T strongly).

Proof. Tt is clear that Tjx — Tx for all x € spanD. Now let x € X and let (xx)ren be a
sequence in span D that converges to x. Set M := || T|| vsup ¢, || T; || and note that M < co
by assumption.

Let £ > 0. There exists k € N such that M || x; — x|l < € and there exists jj € J such that
|| Tjxi— Txk” <eforall j = jy. For each j = j, one thus gets

” zj— Tx|| = ” zj— zjk” + ” zjk_ Txk|| + ||Txk— Tx|
< Mllx—xll + || Tjxi — Txe| + Mllxe — x|l < 3¢,

which proves that claim. O

Lemma 6.4.5 (Isometries between Hilbert spaces preserve the inner product). Let Hy, Hy
be Hilbert spaces over K and let S € L(Hy; Hy). The operator S is isometric if and only if
(Sx1Sy)=(x1y) forallx,y€ H,.

Proof. “<=*“ This implication is clear.

“=” Assume S is isometric. Consider the map a: Hx H — K, a(x,y) := (Sx| Sy). Then a
and (- | -) are Hermitian sesquilinear forms on H, and they coincide on the diagonal
of H x H since

a(x,x) = (Sx | Sx) = 1Sx|* = [ x* = (x] )

for all x € H. So it follows from the polarisation identity (Proposition ifkK=C
and Proposition|6.1.2{(a)|[if K =R) that a = (- | -). O

HRecall that the sum symbols here denote limits of unconditional series.
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6. HILBERT SPACES

Proof of Theorem[6.4.3 [[@)] For each F € F we set Pp =} jep uj ® uj. Let us first show
that each such Pr is indeed an orthogonal projection. To this end it suffices to show
that Py is a self-adjoint projection (Proposition[6.3.7). By Proposition [6.3.10[(c)| Pr is
a sum of self-adjoint rank-1 projections, so Pr is indeed self-adjoint. To see that Pr
is also a projection, we compute

P%=Z Y wieupureu) =Y, > (ujlux)uj®ur) =) ujeuj="Pp,
jeF keF ]EFkEFT’ jeF
=5t

where the second equality follows from Proposition

It remains to show that the net (Pr) £ converges strongly to idy. Since every or-
thogonal projection has norm at most 1 (Proposition|6.3.7), the net (Pf) .. - is bounded.
Moreover, for each k € J and each F € F with {k} € F one has

Pruy = Z (uj@uju = Z uj (u]' | uk) = Uy.

jeF JEF S~
=8k

This implies that Pruy £ ug. Since (i) jey is an orthonormal basis of H, the span
of those vectors is, by definition, dense in H, so Lemma implies that Pr — idy
strongly.

[(b)] The equality x =Y jes Uj (u il x) for all x € H is just a notation for the assertion of
(see Definition[L.3.6(d)).

To show the norm equality, let x € H. For each F € F one has

2 2
1Prxl® =Y (ujoupx|| =|Y uj(u;lx) :(Z(ujlx)ujIZ(uklx)uk
JEF JjeF JjeF keF
=2 X (1) Cage 120 (L) = 3 | (g 1)
JEF keF ~—— j€eF

=51

Since || -||2: H — [0,00) is continuous, it follows from|(a)| that
2

—hmIIPFxII2 —hmz |(u; |x)| —]XE:]KuJ | x)| .

2_
llxl

hm Prx

[(@)] 1t follows from [(b)] that U indeed maps H to ¢2(J;K) and is isometric. To prove that
U is surjective, first a € £2(J;KK) be an element that vanishes on all but finitely many
indices, i.e. @ € cgp(J;K). Then x = ZjE] ajujis an element of H and Ux = « since

U2k = (ug | 0) = ) aj(ur | uj) = ax
jeJ
for all k € J. Hence, the range UH contains cyo(/;K). Similarly as in the proof of
Example one can show that cyo(J;KK) is dense in #?(J;K). Hence, U H is dense

in £2(J;K). On the other hand, since J is isometric on H is complete, the range JH is
also complete and thus closed. Therefore, U H = ¢%(J;K).
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6.4. Orthonormal bases

Since the map U from is isometric, it preserves the inner product according to
Lemmal[6.4.5

[(e)] The first part of the claim follows from since £2(J;K) is finite-dimensional if and
only if J is finite, and in this case dim 2(:K) =#].
The second part also follows from[(d)} if J is countable, then it is finite or in bijection
to N, so 2(J;K) is separable according to Example On the other hand, if J
is uncountable, then the family (e;) je; if canonical unit vectors consists of uncount-
ably many vectors that all have mutual distance V2, which implies that 02(J;KK) is not
separable (see the argument in the proof of Example[I.1.7(c)|or Bonus Exercise 1.7(a)
on Homework Sheet 1). O

Corollary 6.4.6 (Separable Hilbert spaces). All separable infinite-dimensional Hilbert
spaces over K are isometrically isomorphic.

Proof. If Hy, H, are two such spaces, then they are both isometrically isomorphic to

¢%(N; K) according to Theorem O

Here is one of the most classical example of an orthonormal basis of a Hilbert spaces.
We present it in two different versions: on the complex unit circle and on the interval
[0,27] (but the proof will show that both versions essentially say the same thing).

Examples 6.4.7 (Fourier series). For each k € Z, let e: [0,27] — C, s — e¥*. Then the
family (\/%71 &1) kez is an orthonormal basis of L? := L?([0,27], B([0,27]),A;;C).
For every f € L? one thus has, according to Theorem
1

271
7 — ~ —iks d )
f kgzek_—m /0 e f(s)dpu(s)

where the sum denotes the L2-limit of the corresponding unconditional series. This for-

mula called the Fourier series expansion of f. The numbers \/%Tz f02n e~ ks £(s)duls) are
called the Fourier coefficients of f.

Proof. Letj, ke Z. If j =k, then

1 1 1 —
—é-l—ék):—[ eikse!™ da(s) = 1.
(\/271 " Ven 2 Jio2m) > :

On the other hand, if j # k, then

1 1 1 —
—é'|—ék)=—f elise'™ dA;(s)
(\/271 I Ven 27 Joo,2m

2 .. Lo s=2
:i el(k*])sdsz : 1 : el(k*])s s 7[20.
21 Jo 2mi(k— j) s=0
—————
=1-1=0

So (\/%7[ ér)kez is indeed an orthonormal system. The density of its span is proved in
Exercise 14.5(d) on Homework Sheet 14. O
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Appendix A

An Overview over Important Banach
Spaces

A.l

Finite dimensional spaces

Every finite-dimensional normed space X has the following properties:

(a)

(b)

(©

(d)

(e

(9

Completness: X is a Banach space (Proposition|1.0.6).

Compactness properties: A subset S < K¢ is compact if and only if it is closed;
this follows from [5, Theorems 1.3.10 and 1.7.2]. In particular, the closed unit ball
B-((1) is compact.

Conversely, if the closed unit ball in a normed space is compact, then the space is
finite dimensional (add reference...).

Properties of the norm: Any two norms on X are equivalent (this follows from [5}
Theorem 1.7.2]).

Norm convergence: If X = K%, then norm convergence in X (of sequences or nets)
is equivalent to componentwise convergence [5, Theorem 1.3.13] F_-]

Dual space: If X = K%, then the dual space (K%)’ can be identified with the space
K!*? of row vectors.
If p, p’ € [1,00] such that % + % =1 and K9 is endowed with || - | p» then the operator

norm of every functional x' € K* is ||x'[| = | ()T|| - This can be shown by the
same arguments as in Example and in Exercise 2.2 on Homework Sheet 2.

Weak and weak*-convergence, reflexivity: One can show (although we have not
done so in this course) that, on a finite-dimensional vector space over K, all Haus-
dorff topologies that turn the space into a topological vector space, coincide.

11n this reference this is only shown for sequences, but the proof for nets is the same.
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A. AN OVERVIEW OVER IMPORTANT BANACH SPACES

In particular, norm convergence and weak convergence on X coincide.

Each finite-dimensional Banach space X is reflexive (this follows, for instance, by
using that each finite-dimensional normed space has has the same dimension as
its dual space) and is thus the dual space of its dual space. So X carries a weak*
topology w*, and w* also coincides with the norm topology.

(g) Dense subspaces: X does not have dense vector subspaces except for itself (since
every vector subspace of X is finite-dimensional and thus closed according to Ex-

ample(1.1.2).
(h) Separability: X is separable. This follows from Proposition since X has a

finite basis and the span of the basis is equal to X.
A.2 Sequence spaces

Let p € [1,00]. We abbreviate £7 := ¢P(N;KK). Note that £7 = LP (N, 2N, #K) (Examples|1.0.7(c)
and|L.1.7(c)). Properties of £7:

(a) Completeness: ¢ is a Banach space (Examples|1.0.7(c)|and|1.1.7(c)).

(b) Compactness properties: For p € [1,00) a set K < ¢? is relatively compact if and
only if K is bounded and

o0
sup Z |xj|p —0 asn—oo.
xEKj:n
See Exercisee 11.4 on Homework Sheet 11.

(c) Properties of the norm: The triangle inequality for the norm on ¢” is not obvious,
but is a consequence of Holder’s inequality; see [6, Theorem 3.2.2(e) and (d)].
For 1 < p < g < oo one has the inclusionsﬂ 01 € ¢P c ¢9 c ¢* and the inclusion
maps have norm 1. Hence,
[xlloo < llxllg = llxllp < lxIly
for every sequence x = (x)zen in K (Where some or all of those values can be co).
(d) Norm convergence: Norm convergence (of sequences or nets) implies componen-
twise convergence, but the converse is not true, in general.

Counterexample for the converse implication: The sequence (e""”) ,cn of canonical
unit vectors.

2Here is an easy way to remember the direction of these inclusions: (i) remember that the inclu-
sions point in the same direction on the entire £P-scale; (i) observe that ! < ¢ (since every absolutely
summable sequence converges to 0 and is thus bounded).
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A.2. Sequence spaces

(e) Dual space: For p € [1,00) one has (¢/7) = [”/, where p’ € (1,00] satisfies % + % =1.

For p € (1,00) (and hence also p’ € (1,00)) this is proved an Exampleand The-
orem|[1.2.6] For p =1 (and hence p’ = co) precisely the same proof works.

However, the situation is different for p = co: The dual space of £*° isometrically
contains ¢! (same proof as for other values of p), but the (¢*°)’ is larger than ¢ 1
(Bonus Exercise 2.7 on Homework Sheet 2).
(f) Weak and weak*-convergence, reflexivity: Let p’ € [1,00] with % + # =1.
(i) Let p € (1,00) (equivalently, p’ € (1,00).
A bounded net (x;) in £ converges weakly (equilvalently, weak*, as £7 is re-
flexive) to a point x € £7 if and only if it converges componentwise to x.

(ii) End points of the ¢”-scale:

The space cg, ¢! and ¢* are not reflexiv (Example|5.4.7(a)).

Abounded net (x;) in ¢o converges weakly to a point x € ¢g ifand only if it con-
verges componentwise to x. This can be shown similarly as Example[5.3.9a)|
- or it can be derived from that example by using the canonical embedding
co — (co)" = €.

A bounded net (x;) in ¢ ! converges weak* to a point x € ¢! if and only if it
converges componentwise to x (Example[5.3.9(b)). Weak convergence of nets
in ¢! is not so easy to characterize[]

A bounded net (x;) in £°° converges weak* to a point x € £ if and only if it

converges pointwise to x (Example|5.3.9(a)).

The characterizations of weak or weak*-convergence that we just listed do
not remain true for unbounded nets.

Warning: The above description of weak*-convergence in ¢! holds if one identifies
¢ with the dual space of ¢ in the usual way. However, there are also Banach spaces
X that are not isomorphic to ¢y but whose dual space is isomorphic to ¢!. If we
identify ¢! with X’ for such a Banach space X, then the weak* topology on ¢! is
different.

(g) Dense subspaces: The space ¢y of all sequences that have only finitely many non-
zero components, is dense in £7 if p € [1,00) (see the proof of Example, but not
in £°°,

The closure of ¢y in ¢°° is the space ¢; of all sequences that converge to 0.

(h) Separability: The space ¢7 is separable if p € [1,00) and not separable if p = co
(Example|[L.1.6(a)and[(b)).

3Fun fact: But weak convergence of nets sequences () in ¢! can be characterized: it is equivalent to
norm convergence! This is called the Schur propeerty of oL
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A. AN OVERVIEW OVER IMPORTANT BANACH SPACES

A.3 LP-spaces

Let p € [1,00], let (Q, A, u) be a measure space and let L := LP(Q, A, ;K). The space
is endowed with the norm || - Iy if p € [1,00) and with the essential supremum norm
[ lless,co- See Examples and for a more detailed description of how those
spaces and norms are defined.

(a) Completeness: The space L? is complete with respect to |- |l ,; for p € [1,00) we
proved this in Analysis 3 [6} Theorem 3.2.16]. For p = co a similar argument can be
used.

(b) Compactness properties: For p € [1,00) and the particular measure space (Q2, 4, u) =
(R%, B(RY), Aa), relative compactness in L is characterized by the so-called Kolo-
mogorov compactness criterion (which we have not discussed in this course).

(c) Properties of the norm: The triangle inequality for the norm on L” is a conse-
quence of Holder’s inequality; see [6, Theorem 3.2.2(e) and (d)].

If the measure y is finite - i.e. u(Q2) <oco-and 1 < p < g < oo, one has the inclu-
sions{ﬂ L' D[P >[92 [* and the inclusion maps are continuous; their norms can
be explicitly estimate by using Hélder’s inequality.

If 1 is even a probability measure, it follows from Hélder’s inequality that the in-
clusion maps have norm 1, so

Il =171 =171, 2171,

for every measurable f: Q — K in this case.

(d) Norm convergence: Norm convergence is related to (but in general not equivalent
to) almost everywhere convergence by Lebesgue’s dominated convergence theo-
rem and its partial converse (Section[B.2)in Appendix[B).

(e) Dual space: Let p’ €€ [1,00] such that % + # =1.

If p € (1,00) (equivalently, p’ € (1,00), then (LP)" = v (Example .
If the measure space (,.A4, i) is o-finite, one can also show that (L!)" =~ L® (via

essentially the same isomorphism an in the case p € (1,00)). This is, however, no
longer true for general measure spaces.

(f) Weak and weak*-convergence, reflexivity:

If p € (1,00), then L” is reflexive (Example|[5.4.7(c)).

One can show that the spaces L! and L™ are never reflexive unless they are finite-
dimensional (for L' over a particular measure space this has been done in Ex-
ericse 13.2(d) on Homework Shet 13).

4To remember the direction of these inclusions: (i) remember that the inclusions point in the same di-
rection on the entire LP-scale; (i) observe that L! 2 L, as every bounded measurable function is obviously
integrable on a finite measure space.
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A.4. Spaces of continuous functions

(8

(h)

A4

Dense subspaces: If u is finite, Q is endowed with a metric and A is the Borel o-
algebra B(Q) on Q, then

{f| f: Q—Kis continuous and bounded }

is dense in L? (Bonus Exercise 2.8(e) on Homework Sheet 2).

For o-finite (rather than finite) measures one can sometimes show similar results.
For instance, let Q < R be open and endow it with the Borel o-algebra and the
Lebesgue measure. Then

{f| f: Q— K is continuous and 3K < Q compact such that flo\x = 0}
is dense in LP.
Separability: If p € [1,00), the measure u is o-finite, and the o-Algebra 4 has a
countable generator, then L7 is separable.

For finite measures p this was proved in Bonus Exercise 2.8(c) on Homework Sheet 2.
The o-finite case can be reduced to the finite case: If u is o-finite, one can show
that LP(Q, A, 11;K) is isometrically isomorphic to L”(Q, A, v;K) for the finite mea-
sure v: A — [0,00] given by dv = h” du for a function h € LP(Q, A, 1;K) that is
strictly positive u-almost everywhere. This is called a change of density argument.

Spaces of continuous functions

In this section, let M be a compact topological Hausdorff space. We consider the space
C(M;K) of continuous functions M — K, endowed with the norm || - || -

(@)

(b)

(©

(d)

Completeness: The space C(M;K) is a Banach space. (For a discussion of the
proof, see e.g. Exercise B.25 on the addition exercise sheet B; in the exercise only
the special case M = [0, 1] is considered, but the proofis the same for general com-
pact M.)

Compactness properties: Relative compactness of subsets of C(M;K) is charac-
terized by the Arzela—Ascoli Theorem (Theorem 5.2.11).

Properties of the norm: The norm on C(M;K) interacts well with the pointwise
multiplication of functions; for instance, one has || fs ||OO < ||f ”oo ” g ||oo and ”f " ||oo
| £I|Z forall f, g e C(M;R) and all n € N.

Norm convergence: Coincides with the notions uniform convergence that you
have first seen in your Analysis 1 course.

Dini’s theorem says that pointwise convergence of an increasing (or decreasing)
net in C(M;R) implies norm convergence if the limit is also continuous. The the-
orem was proved in Exercise 1.2 on Homework Sheet 1 for the special case where
M is a metric space and where the net is a sequence; but the proof remains liter-
ally the same of M is a compact topological space and if one considers even nets
instead of sequences.
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(e)

69

(€24)

(h)

114

Dual space: If the compact space M is a metric space, the dual space of C(M;R)
consists of all finite signed measures on the Borel o-algebra 5(M). This is dis-
cussed in detail in the Addendum in Section[1.4

If the topology on M does not stem from a metric, the situation is a bit subtler:
then C(M;R)’ consists only of those signed Borel measures that satisfy a certain
additional regularity property; we do not discuss this in detail here.

When the scalar field is C one has to consider C-valued measures instead of signed
measures only.

Weak and weak*-convergence, reflexivity: A sequence (f;) in C(M;K) converges
weakly to a function f € C(M;K) if and only if it is bounded and converges point-
wise to f.

The implication “=" follows from the uniform boundedness principle and by test-
ing against point evaluations. The converse implication “<” follows from the fact
that every functional ¢ € C(M;K)’ can be represented as a [K-valued measure (see
the previous point) together with a version of dominated convergence theorem for
integrals with respect to K-valued measures.

One can prove that C(M;K) is not reflexive unless M is finite (equivalently, C(M;[K)
is finite-dimensional).

For special cases such as e.g. M = [0,1] this is not difficult to see: one can then
easily find a sequence (f3;) in the unit ball of C(M;K) that do not have a weakly
convergent subnet.

Dense subspaces: The Stone-Weierstrald appromimation theorems give sufficient
(but not necessary) criteria for a vector subspace of C(M;K) to be dense. You have
seen three versions of the theorem:

The lattice version for real scalars (Theorem 1.1.8), the algebra version for real
scalars (Theorem 1.1.9), and the algebra version for complex scalars (Exercise 14.5(a)
in Homework Sheet 15).

Separability: If the topology on M is induced by a metric, then C(M;K) is sepa-
rable (for K = R this is Corollary 1.1.10; the complex case can be derived from the
real case).

One can show that the converse implication is also true, i.e. C(M;R) is separable if
and only if the topology on M is induced by a metric.



Appendix B

Some Results from Measure Theory

B.1 The monotone convergence theorem and Fatou’s lemma

In this section we briefly recall two results from Analysis 3, but we formulate them for
almost everywhere pointwise convergence rather than pointwise convergence.

Theorem B.1.1 (Monotone convergence theorem). Let (2,4, 1) be a measure space. Let
frfn:Q — [0,00] be measurable for all n € N. Assume that for every n € N one has f, <
fn+1 almost everywhere and that f, — f pointwise almost everywhere as n — co. Then

Jo fdu=limy_c fo frdp.

Proof. By assumption we can find measurable sets M, N1, Ny, --- € Q of measure 0 such
that fy;(w) < fu+1(w) for all n € N and all w € Q\ Ny, and such that f;;(w) — f(w) for all
w€Q\ M. Set

N:=Mu | Np.

neN

Then N is also measurable and p(N) =0, and for all w € Q\ N one has
fr) = fuy1w) forallmeN and fn(w) nze fw).

So it follows from the pointwise version of the monotone convergence theorem [6, The-
orem 2.2.3(b)] that

fond#:fon]lNC d#*fgf]lwc du=fod;u,

which proves the claim. O

Lemma B.1.2 (Fatou). Let (Q2, A, 1) be a measure space. Let f,f, : Q — [0,00] be mea-
surable for all n e N. Assume that f = liminf,_., f,, pointwise almost everywhere. Then

Jo fdu <liminf, o [ frdpy.

Proof. This follows from the pointwise version of Fatou’s lemma [6] Lemma 2.2.6] by a
similar argument as the one that we used to derive Theorem follows from the point-
wise version of the monotone convergence theorem. O
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B.2 The dominated convergence theorem and its partial
converse

Just as the monotone convergence theorem and Fatous’ lemma, the dominated conver-
gence theorem also holds in a version for almost everywhere convergence:

Theorem B.2.1 (Dominated convergence theorem). Let (Q, A, 1) be a measure space. Let
[ fn: Q — K be measurable for all n € N and let h: Q — [0,00] be integrable. Assume
that for every n € N one has | fn| < h almost everywhere and that f, — f pointwise al-
most everywhere as n — oco. Then each f, is integrable, f is integrable, and [, fdu =

limy, oo fo frdp.

Proof. Note that the integrability of 2 implies that h(w) < oo for almost all w € Q2. One can
now derive theorem from the pointwise version of the dominated convergence theorem
(6, Theorem 2.3.8] by a similar argument as in the proof of Theorem above. O

A nice consequence of the dominated convergence theorem is the result about norm
convergence in L”-spaces.

Corollary B.2.2. Let (Q, A, 1) be a measure space and let p € [1,00). Let ( fn) be a sequence
in LP .= LP(Q, A, i;K) and f,h € LP. Assume that f,, — f pointwise almost everywhere
and that for every n €N, | f,,| < h almost everywhere. Then f, — f with respect to || - | p-

Proof. This is proved in Exercise 6.2 on Prasenzblatt 6. O

The converse of Corollary is not true, in general. However, at least a partial
converse does indeed hold — one only needs to choose an appropriate subsequence:

Theorem B.2.3 (Partial converse to the dominated convergence theorem). Let (Q, A, )
be a measure space and let p € [1,00). Let (f,) be a sequence in LP := LP(Q, A, ;K) that
converges to a vector f € LP with respect to || - | p-

Then there exists h € LP and a subsequence (fy,,) of (fn) such that for every k, | f,,| < h
almost everywhere and such that f,, — [ pointwise almost everywhere.

For the proof we need the following auxiliary result:

Lemma B.2.4 (Functions that decrease to 0). Let (Q, A, u) be a measure space and let p €
[1,00). Let (§,) be a sequence in LP = LP(Q, A, ; R) such that, for everyn €N, gu+1 < gn
almost everywhere. If §, — 0 with respect to || - || ,, then g, = 0 almost everywhere for every
neN and g, — 0 almost everywhere as n — oco.

Proof. After modifying all functions on a null set we may assume that the sequence (g;)
is pointwise decreasing. Then the sequence (g;,) of negative parts is pointwise increas-
ing. For all m, n € N with m < n we thus have so g;, < g, < |g»| and thus

lgmll, =< llgnlll, = ll&nll,

so g,, = 0 almost everywhere and hence, g,,; = 0 almost everywhere.
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B.2. The dominated convergence theorem and its partial converse

After modifying, again, all functions on a null set we may thus assume now that, in
addition, g, = 0 pointwise for every n € N. So the sequence (g;) in pointwise decreas-
ing and bounded below by 0; hence, it converges pointwise to a measurable function
g: Q — [0,00). It only remains to show that g = 0 almost everywhere. Fatou’s lemma
(Lemma|B.1.2) implies

Il = [ & du=timint [ g du=timint]ga; =0

SO || g|| p= 0 and hence g = 0 almost everywhere, as claimed. O

Proof of Theorem[B.2.3, There is a subsequence (fn,) of (f») such that || fu, - f| , < 3¢ for
all ke N. Set hy := | f, — f| for each k € N. Then

_ |
Ml = =71, = 22

for each k € N. So we can define g = Z‘J’.‘;k flj € LP for each k € N, where the series is
absolutely convergent and thus convergent in L. Note that || &x || p—0as k — oo. For all

k € Nwe have g = g1 + Ry, and hence gk = 8k+1 + hi almost everywhere. This shows
that g = gy+1 almost everywhere. Therefore, Lemma|B.2.4|implies that g — 0 pointwise
almost everywhere as k — oo and that, for every k, g = 0 almost everywhere. For each k
one has

| fux = f| = B < hic + k1 = 8k

where the inequality holds almost everywhere. We thus conclude that | fu—f | — 0 al-
most everywhere as k — oco. O
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