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|Chapter I

Preliminary Material

In functional analysis many different fields of mathematics come together. The objects
we look at are vector spaces and linear operators. Hence you need to some basic linear
algebra in general vector spaces. I assume your knowledge of that is sufficient. Second
we will need some basic set theory. In particular, many theorems depend on the axiom
of choice. We briefly discuss that most controversial axiom of set theory and some
equivalent statements. In addition to the algebraic structure on a vector space, we will
look at topologies on them. Of course, these topologies should be compatible with the
algebraic structure. This means that addition and multiplication by scalars should be
continuous with respect to the topology. We will only look at one class of such spaces,
namely normed spaces which are naturally metric spaces. Hence it is essential you
know the basics of metric spaces, and we provide a self contained introduction of what
we need in the course.

1 The Axiom of Choice and Zorn’s Lemma

Suppose that A is a set, and that for each @ € A there is a set X,. We call (X,),c, @
family of sets indexed by A. The set A may be finite, countable or uncountable. We
then consider the Cartesian product of the sets X :

[ x.

a€A

consisting of all “collections” (x,),c,, Where x, € X,,. More formally, [] ., X, is the
set of functions

x: A—>UXa

such that x(a) € X, for all « € A. We write x, for x(a) and (x,),c, or simply (x,)
for a given such function x. Suppose now that A # @ and X, # @ for all @« € A. Then
there is a fundamental question:

[ Is [],c4 X, nonempty in general? J

Here some brief history about the problem, showing how basic and difficult it is:
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e Zermelo (1904) (see [ 14]) observed that it is not obvious from the existing axioms
of set theory that there is a procedure to select a single x,, from each X, in general.
As a consequence he introduced what we call the axiom of choice, asserting that
I1,c4 X, # 9 whenever A # @ and X, # @ for all a € A.

It remained open whether his axiom of choice could be derived from the other
axioms of set theory. There was an even more fundamental question on whether
the axiom is consistent with the other axioms!

e Godel (1938) (see [8]) proved that the axiom of choice is consistent with the other
axioms of set theory. The open question remaining was whether it is independent
of the other axioms.

e PJ. Cohen (1963/1964) (see [4, 5]) finally showed that the axiom of choice is in
fact independent of the other axioms of set theory, that is, it cannot be derived
from them.

The majority of mathematicians accept the axiom of choice, but there is a minority
which does not. Many very basic and important theorems in functional analysis cannot
be proved without the axiom of choice.

[We accept the axiom of choice. J

There are some non-trivial equivalent formulations of the axiom of choice which are
useful for our purposes. Given two sets X and Y recall that a relation from X to Y is
simply a subset of the Cartesian product X XY . We now explore some special relations,
namely order relations.

1.1 Definition (partial ordering) A relation < on a set X is called a partial ordering
of X if

e x < x forall x € X (reflexivity);
e x <yandy < zimply x < z (transitivity);
e x < yand y < x imply x = y (anti-symmetry).
We also write x > y for y < x. We call (X, <) a partially ordered set.

1.2 Examples (a) The usual ordering < on R is a partial ordering on R.

(b) Suppose S is a collection of subsets of a set X. Then inclusion is a partial
ordering. More precisely, if S, 7 € Sthen S < T if and only if S C T. We say S is
partially ordered by inclusion.

(c) Every subset of a partially ordered set is a partially ordered set by the induced
partial order.

There are more expressions appearing in connection with partially ordered sets.

1.3 Definition Suppose that (X, <) is a partially ordered set. Then
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(a) m € X is called a maximal element in X if for all x € X with x > m we have
x < m

(b) m € X is called an upper bound for S C X if x < mforall x € §;
(c) Asubset C C X iscalledachainin X if x < yory < x forall x,y € C;
(d) If a partially ordered set (X, <) is a chain we call it a fotally ordered set.

(e) If (X, <) is partially ordered and x, € X is such that x, < x for all x € X, then
we call x, a first element.

There is a special class of partially ordered sets playing a particularly important role in
relation to the axiom of choice as we will see later.

1.4 Definition (well ordered set) A partially ordered set (X, <) is called a well or-
dered set if every subset has a first element.

1.5 Examples (a) N is a well ordered set, but Z or R are not well ordered with the
usual order.
(b) Z and R are totally ordered with the usual order.

1.6 Remark Well ordered sets are always totally ordered. To see this assume (X, <)
is well ordered. Given x,y € X we consider the subset {x, y} of X. By definition of
a well ordered set we have either x < y or y < x, which shows that (X, <) is totally
ordered. The converse is not true as the example of Z given above shows.

There is another, highly non-obvious but very useful statement appearing in connection
with partially ordered sets:

1.7 Zorn’s Lemma Suppose that (X, <) is a partially ordered set such that each chain
in X has an upper bound. Then X has a maximal element.

There is a non-trivial connection between all the apparently different topics we dis-
cussed so far. We state it without proof (see for instance [7]).

1.8 Theorem The following assertions are equivalent
(1) The axiom of choice;
(i1) Zorn’s Lemma;

(iii) Every set can be well ordered.

The axiom of choice may seem “obvious” at the first instance. However, the other two
equivalent statements are certainly not. For instance take X = R, which we know is not
well ordered with the usual order. If we accept the axiom of choice then it follows from
the above theorem that there exists a partial ordering making R into a well ordered
set. This is a typical “existence proof” based on the axiom of choice. It does not
give us any hint on how fto find a partial ordering making R into a well ordered set.
This reflects Zermelo’s observation that it is not obvious how to choose precisely one
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element from each set when given an arbitrary collection of sets. Because of the non-
constructive nature of the axiom of choice and its equivalent counterparts, there are
some mathematicians rejecting the axiom. These mathematicians have the point of
view that everything should be “constructible,” at least in principle, by some means
(see for instance [2]).

2 Metric Spaces

Metric spaces are sets in which we can measure distances between points. We expect
such a “distance function,” called a metric, to have some obvious properties, which we
postulate in the following definition.

2.1 Definition (Metric Space) Suppose X isaset. Amapd: X XX — Riscalleda
metric on X if the following properties hold:

(1) d(x,y) >0forall x,y € x;
(i) d(x,y) =0if and only if x = y;
(ii1) d(x,y) =d(y,x) forall x,y € X.
(iv) d(x,y) <d(x,z)+d(z,y) for all x,y,z € X (triangle inequality).

We call (X, d) a metric space. If it is clear what metric is being used we simply say X
is a metric space.

2.2 Example The simplest example of a metric space is R with d(x,y) = |x — y|.
The standard metric used in R" is the Euclidean metric given by

dx,y) =[x -yl, :=

forall x,y € RV.

2.3 Remark If (X, d) is a metric space, then every subset Y C X is a metric space
with the metric restricted to Y. We say the metric on Y is induced by the metric on X.

2.4 Definition (Open and Closed Ball) Let (X, d) be a metric space. For r > 0 we
call
B(x,r) :={ye X:dx,y)<r}

the open ball about x with radius r. Likewise we call
B(x,r) :={ye X :d(x,y)<r}

the closed ball about x with radius r.

Using open balls we now define a “topology” on a metric space.
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2.5 Definition (Open and Closed Set) Let (X, d) be a metric space. A subset U C X
is called open if for every x € X there exists r > 0 such that B(x,r) C U. A set U is
called closed if its complement X \ U is open.

2.6 Remark For every x € X and r > 0 the open ball B(x,r) in a metric space is
open. To prove this fix y € B(x, r). We have to show that there exists € > 0 such that
B(y,e) C B(x,r). To do so note that by definition d(x, y) < r. Hence we can choose
€ € Rsuchthat 0 < € < r—d(x, y). Thus, by property (iv) of a metric, for z € B(y, €)
we have d(x,z) < d(x,y)+d(y,z) < d(x,y)+r—d(x,y) = r. Therefore z € B(x,r),
showing that B(y, ) C B(x,r).

Next we collect some fundamental properties of open sets.

2.7 Theorem Open sets in a metric space (X, d) have the following properties.
(1) X, @ are open sets;
(11) arbitrary unions of open sets are open;
(iii) finite intersections of open sets are open.

Proof. Property (i) is obvious. To prove (ii) let U,, @ € A be an arbitrary family of
opensetsin X. If x € |J,., U, then x € U, for some f € A. As U is open there exists
r > 0 such that B(x,r) € Uy. Hence also B(x,r) € |J,c4 U, showing that | J ., U,
is open. To prove (iii) let U,, i = 1,...,n be open sets. If x € ﬂle U, then x € U, for
alli =1,...,n. Asthe sets U, are open there exist r;, > 0 such that B(x, r;) C U, for all
i=1,...,n. If wesetr :=min_, _,r, then obviously r > 0 and B(x,r) C ("_, U,
proving (iii). [

2.8 Remark There is a more general concept than that of a metric space, namely that
of a “topological space.” A collection 7 of subsets of a set X is called a fopology if the
following conditions are satisfied

(i) X,0eT;
(ii) arbitrary unions of sets in 7 are in T ;
(iii) finite intersections of sets in 7 are in 7T .

The elements of 7 are called open sets, and (X, T) a topological space. Hence the
open sets in a metric space form a topology on X.

2.9 Definition (Neighbourhood) Suppose that (X, d) is a metric space (or more gen-
erally a topological space). We call a set U a neighbourhood of x € X if there exists
anopenset V C U withx € V.

Now we define some sets associated with a given subset of a metric space.

2.10 Definition (Interior, Closure, Boundary) Suppose that U is a subset of a metric
space (X, d) (or more generally a topological space). A point x € U is called an interior
point of U if U is a neighbourhood of x. We call
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() U :=Int(U) := {x € U : x interior point of U } the interior of U,
() U :={xeX:UNV %@ for every neighbourhood V' of x} the closure of U;
(iii) oU := U \ Int(U) the boundary of U.

2.11 Remark A set is open if and only if U = U and closed if and only if U = U.
Moreover, 0U =U N X \ U.

Sometimes it is convenient to look at products of a (finite) number of metric spaces.
It is possible to define a metric on such a product as well.

2.12 Proposition Suppose that (X,,d,), i = 1,...,n are metric spaces. Then X =

1

X, X X, X -+ X X, becomes a metric space with the metric d defined by

d(x,y) i= ) di(x;,y)
i=1

forallx = (x,...,x,)and y = (y,,...,y,) in X.

Proof. Obviously, d(x,y) > 0 and d(x,y) = d(y, x) for all x,y € X. Moreover, as
d(x;,y;) > 0 we have d(x,y) = 0 if and only if d,(x;,y;) =0 foralli =1, ...,n. Asd,
are metrics we get x; = y, forall i = 1, ..., n. For the triangle inequality note that

d(x,y) = ) d(x,y) < ) (d(x;, z) + d(z,, y,)
i=1 i=1

=Y d(x,z)+ ) d(z,y) =d(x,y) +d(z,)
i=1 i=1

forall x,y,z € X. |

2.13 Definition (Product space) The space and metric introduced in Proposition 2.12
is called a product space and a product metric, respectively.

3 Limits

Once we have a notion of “closeness” we can discuss the asymptotics of sequences and
continuity of functions.

3.1 Definition (Limit) Suppose (x,),cy 1S @ sequence in a metric space (X, d), or more
generally a topological space. We say x,, is a limit of (x,) if for every neighbourhood
U of x, there exists n, € N such that x, € U for all n > n,. We write

X, = lim x, or X, = Xasn — oo.

n—>0oo

If the sequence has a limit we say it is convergent, otherwise we say it is divergent.
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3.2 Remark Let (x,) be a sequence in a metric space (X, d) and x, € X. Then the
following statements are equivalent:

(1) lim x, = x,;

n—0o0

(2) forevery € > 0 there exists n, € N such that d(x,, x,) < € for all n > n,.

Proof. Clearly (1) implies (2) by choosing neighbourhoods of the form B(x,¢). If
(2) holds and U is an arbitrary neighbourhood of x, we can choose € > 0 such that
B(x,, e) € U. By assumption there exists n, € N such that d(x,, x,) < € forall n > n,,
that is, x, € B(x,,€) C U for all n > n,. Therefore, x, = x, as n = oo. |

3.3 Proposition A sequence in a metric space (X, d) has at most one limit.

Proof.  Suppose that (x,) is a sequence in (X, d) and that x and y are limits of that
sequence. Fix € > 0 arbitrary. Since x is a limit there exists n; € N such that d(x,,, x) <
€/2 for all n > n,. Similarly, since y is a limit there exists n, € N such that d(x,, y) <
g/2 for all n > n,. Hence d(x,y) < d(x,x,) +d(x,,y) < €/2+¢/2 = ¢ for all
n > max{n,,n,}. Since € > 0 was arbitrary it follows that d(x,y) = 0, and so by
definition of a metric x = y. Thus (x,) has at most one limit. |

We can characterise the closure of sets by using sequences.

3.4 Theorem Let U be a subset of the metric space (X, d) then x € U if and only if
there exists a sequence (x,) in U such that x, — x as n — oo.

Proof. LetU C X and x € U. Hence B(x,e)nU) # @Pforalle > 0. Foralln € N we
can therefore choose x, € U with d(x, x,) < 1/n. By construction x, — x as n — oo.
If (x,) is a sequence in U converging to x then for every € > 0 there exists n, € N such
that x, € B(x,¢) for all n > n,. In particular, B(x,e) N U # @ for all ¢ > 0, implying
that x € U as required. |

There is another concept closely related to convergence of sequences.

3.5 Definition (Cauchy Sequence) Suppose (x,) is a sequence in the metric space
(X, d). We call (x,) a Cauchy sequence if for every € > 0 there exists n, € N such that
d(x,,x,) < & forall m,n > n,.

Some sequences may not converge, but they accumulate at certain points.

3.6 Definition (Point of Accumulation) Suppose that (x,) is a sequence in a metric
space (X, d) or more generally in a topological space. We say that x, is a point of
accumulation of (x,) if for every neighbourhood U of x,, and every n, € N there exists
n > nysuch that x, € U.

3.7 Remark Equivalently we may say x,, is an accumulation point of (x,) if for every
€ > 0 and every n, € N there exists n > n,, such that d(x,, x,) < €. Note that it follows
from the definition that every neighbourhood of x, contains infinitely many elements
of the sequence (x,).



3.8 Proposition Suppose that (X,d) is a metric space and (x,) a sequence in that
space. Then x € X is a point of accumulation of (x,) if and only if

xe(1x;:j >k} (3.1)

k=1

Proof. Suppose that x € (;_, {x;: j > k}. Then x € {x,: j >k} forall k € N.
By Theorem 3.4 we can choose for every k € N an element x, € {x;:j = k} such
that d(x, ,x) <1 /k. By construction x, — X as k — oo, showing that x is a point
of accumulation of (x,). If x is a point of accumulation of (x,) then for all £k € N
there exists n, > k such that d(x, ,x) < 1/k. Clearly x, — x as k — oo, so that

x € {xnj:jzk}forallkeN. As{xnj: J 2k} C{x;:j2k}forall k € Nwe
obtain (3.1). [ |

In the following theorem we establish a connection between Cauchy sequences and
converging sequences.

3.9 Theorem Let (X,d) be a metric space. Then every convergent sequence is a
Cauchy sequence. Moreover, if a Cauchy sequence (x,) has an accumulation point
X, then (x,) is a convergent sequence with limit x,,.

Proof. Suppose that (x,) is a convergent sequence with limit x,,. Then for every € > 0
there exists n, € N such that d(x,,, x,) < €/2 for all n > n,. Now

ahmwgamﬂw+a%ww=amjw+ﬂMﬁ@<§+§=g

for all n,m > n,, showing that (x,) is a Cauchy sequence. Now assume that (x,) is a
Cauchy sequence, and that x, € X is an accumulation point of (x,,). Fix € > 0 arbitrary.
Then by definition of a Cauchy sequence there exists n, € N such that d(x,, x,,) < €/2
for all n, m > n,. Moreover, since x,, is an accumulation point there exists m, > n, such
that d(x,, , x,) < £/2. Hence

£ €
d(x,, %) < d(x, %) + d(X,, %) < sty =¢E
for all n > n,. Hence by Remark 3.2 x, is the limit of (x,). m

In a general metric space not all Cauchy sequences have necessarily a limit, hence the
following definition.

3.10 Definition (Complete Metric Space) A metric space is called complete if every
Cauchy sequence in that space has a limit.

One property of the real numbers is that the intersection of a nested sequence of closed
bounded intervals whose lengths shrinks to zero have a non-empty intersection. This
property is in fact equivalent to the “‘completeness” of the real number system. We now
prove a counterpart of that fact for metric spaces. There are no intervals in general
metric spaces, so we look at a sequence of nested closed sets whose diameter goes to
zero. The diameter of a set K in a metric space (X, d) is defined by

diam(K) := sup d(x,Y).

x,yeK



3.11 Theorem (Cantor’s Intersection Theorem) Let (X, d) be a metric space. Then
the following two assertions are equivalent:

(1) (X,d) is complete;
(i1) For every sequence of closed sets K, € X with K, € K, foralln € N

diam(K,) := sup d(x,y) =0

x,yeK,
as n — oo we have (), K, # 9.

Proof. First assume that X is complete and let K, be as in (i1). For every n € N we
choose x, € K, and show that (x,) is a Cauchy sequence. By assumption K, ; C K,
for all n € N, implying that x,, € K,, C K, for all m > n. Since x,,, x, € K, we have

d(x,,x,) < sup d(x,y) = diam(K,)

x,y€K,

for all m > n. Since diam(K,) — 0 as n — oo, given € > 0 there exists n, € N such
that diam(K,, ) < €. Hence, since K,, € K, € K, we have

d(x,,x,) < diam(K,) < diam(KnO) <Ee€

for all m > n > n,, showing that (x,) is a Cauchy sequence. By completenes of .S,
the sequence (x,) converges to some x € X. We know from above that x,, € K|, for
all m > n. As K, is closed x € K,,. Since this is true for all » € N we conclude that
x € [),en K,» so the intersection is non-empty as claimed.

Assume now that (ii) is true and let (x,) be a Cauchy sequence in (X, d). Hence
there exists n, € X such that d(xno, x,) < 1/2 for all n > n,. Similarly, there exists
ny > ny such that d(x, ,x,) <1/ 22 for all n > n,. Continuing that way we construct a
sequence (1;) in N such that for every k € N we have n,,; > n, and d(x,, ,x,) < 1/2+!

for all n > n,. We now set K, := B(x,,27%)). If x € K, ,, then since n,, |, > n,

1 1 1
d(x, ,x) <d(x Y+d(x, ,x)< T + T = 5

X
R Ay Mit1

Hence x € K,, showing that K, ., C K, for all k € N. By assumption (ii) we have
Nken Ki # 0, s0 choose x € [,y Ky # 0. Then x € K, forall k € N, so d(x, , x) <
1/2* for all k € N. Hence x, — xas k — oo. By Theorem 3.9 the Cauchy sequence
(x,) converges, proing (i). [ |

We finally look at product spaces defined in Definition 2.13. The rather simple
proof of the following proposition is left to the reader.

3.12 Proposition Suppose that (X,,d,), i =1, ...,n are complete metric spaces. Then
the corresponding product space is complete with respect to the product metric.
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4 Compactness

We start by introducing some additional concepts, and show that they are all equivalent
in a metric space. They are all generalisations of “finiteness” of a set.

4.1 Definition (Open Cover, Compactness) Let (X, d) be a metric space. We call a
collection of open sets (U,),c4 an open cover of X if X ¢ |J ., U,. The space X
is called compact if for every open cover (U,),, there exist finitely many o; € A,
i =1,...,msuch that (U,),_, _, is an open cover of X. We talk about a finite sub-
cover of X. l

4.2 Definition (Sequential Compactness) We call a metric space (X, d) sequentially
compact if every sequence in X has an point of accumulation.

4.3 Definition (Total Boundedness) We call a metric space X fotally bounded if for
every € > 0 there exist finitely many points x; € X,i =1, ..., m, such that (B(x;, €)),_,
is an open cover of X.

.....

It turns out that all the above definitions are equivalent, at least in metric spaces (but
not in general topological spaces).

4.4 Theorem For a metric space (X, d) the following statements are equivalent:
(1) X is compact;
(i) X is sequentially compact;

(ii1)) X is complete and totally bounded.

Proof. To prove that (1) implies (i1) assume that X is compact and that (x,,) is a sequence
inX. WesetC, :={x;: j>n}and U, := X \ C,. Then U,, is open for all n € N as
C, is closed. By Proposition 3.8 the sequence (x,) has a point of accumulation if

ﬂcn;éﬂ,

neN

which is equivalent to

Uuv.=Jx\¢,=x\[Nc, #x

neN neN neN

Clearly C, D C, D - D C, # @ for all n € N. Hence every finite intersection of
sets C,, is nonempty. Equivalently, every finite union of sets U, is strictly smaller than
X, so that X cannot be covered by finitely many of the sets U,. As X is compact it
is impossible that | J,_ U, = X as otherwise a finite number would cover X already,
contradicting what we just proved. Hence (x,) must have a point of accumulation.
Now assume that (i1) holds. If (x,) is a Cauchy sequence it follows from (i1) that it
has a point of accumulation. By Theorem 3.9 we conclude that it has a limit, showing
that X is complete. Suppose now that X is not totally bounded. Then, there exists
€ > 0 such that X cannot be covered by finitely many balls of radius €. If we let x,,
be arbitrary we can therefore choose x; € X such that d(x,, x;) > €. By induction
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we may construct a sequence (x,) such that d(x;,x,) > e forall j = 1,....,n — L
Indeed, suppose we have x,,...,x, € X with d(xj,xn) >eforallj=1,...,n—1.
Assuming that X is not totally bounded U;zl B(x;,e) # X, so we can choose x,,
not in that union. Hence d(x;,x,,,) = € for j = 1,...,n. By construction it follows
that d(x,, x,,) > €/2 for all n,m € N, showing that (x,) does not contain a Cauchy
subsequence, and thus has no point of accumulation. As this contradicts (ii), the space
X must be totally bounded.

Suppose now that (iii) holds, but X is not compact. Then there exists an open cover
(U,)4e4 not having a finite sub-cover. As X is totally bounded, for every n € N there

exist finite sets F,, C X such that

X = U B(x,27"). 4.1)

x€F,

Assuming that (U,),c, does not have a finite sub-cover, there exists x; € F; such
that B(x;,27") and thus K, := B(x,,3 - 27!) cannot be covered by finitely many U,.
By (4.1) it follows that there exists x, € F, such that B(x,,27!) n B(x,,27%) and
therefore K, := B(x,,3-272) is not finitely covered by (U,)
this way and choose x,,; € F,,, such that B(x,,27™") N B(x
K

«ca- We can continue
wi1> 27Dy and therefore
w1 = B(x,,3-2-*D) is not finitely covered by (U,),c,4. Note that B(x,,27") N
B(x,,;,27"V) # ( since otherwise the intersection is finitely covered by (U,)

Hence if x € K, , then

aEA"

1 1 3 6 3
A0 ) < Ay Xg) A0 ) S o0 b 5T+ 5T = 2 T

implying that x € K,. Also diamK, < 3 -2"! — 0. Since X is complete, by
Cantor’s intersection Theorem 3.11 there exists x € [,y K,- As (U,) is a cover of
X we have x € U, for some a, € A. Since U, is open there exists € > 0 such that
B(x,€e) € U,,. Choose now n such that 6/2" < £ and fix y € K,. Since x € K, we
have d(x,y) < d(x,x,) +d(x,,y) < 6/2" < e. Hence K, C B(x,¢) C U, , showing
that K,, is covered by U, . However, by construction K, cannot be covered by finitely
many U, so we have a contradiction. Hence X is compact, completing the proof of the

theorem. u

The last part of the proof is modelled on the usual proof of the Heine-Borel theorem
asserting that bounded and closed sets are the compact sets in R"Y. Hence it is not a
surprise that the Heine-Borel theorem easily follows from the above characterisations
of compactness.

4.5 Theorem (Heine-Borel) A subset of RN is compact if and only if it is closed and
bounded.

Proof. Suppose A C RY is compact. By Theorem 4.4 the set A is totally bounded, and
thus may be covered by finitely many balls of radius one. A finite union of such balls
is clearly bounded, so A is bounded. Again by Theorem 4.4, the set A is complete, so
in particular it is closed. Now assume A is closed and bounded. As RY is complete it
follows that A is complete. Next we show that A is totally bounded. We let M be such

11



that A is contained in the cube [-M, M]VN. Given € > 0 the interval [-M, M| can
be covered by m := [2M /€] + 1 closed intervals of length /2 (here [2M /€] is the
integer part of 2M /¢). Hence [-M, M|V can be covered by m" cubes with edges /2
long. Such cubes are contained in open balls of radius &, so we can cover [-M, MY
and thus A by a finite number of balls of radius €. Hence A is complete and totally
bounded. By Theorem 4.4 the set A is compact. |

We can also look at subsets of metric spaces. As they are metric spaces with the metric
induced on them we can talk about compact subsets of a metric space. It follows from
the above theorem that compact subsets of a metric space are always closed (as they are
complete). Often in applications one has sets that are not compact, but their closure is
compact.

4.6 Definition (Relatively Compact Sets) We call a subset of a metric space relatively
compact if its closure is compact.

4.7 Proposition Closed subsets of compact metric spaces are compact.

Proof. Suppose C C X is closed and X is compact. If (U,),c, 1s an open cover of C
then we get an open cover of X if we add the open set X \ C to the U,,. As X is compact
there exists a finite sub-cover of X, and as X \ C N C = @ also a finite sub-cover of C.
Hence C is compact. |

Next we show that finite products of compact metric spaces are compact.

4.8 Proposition Let (X, d;), i = 1,...,n, be compact metric spaces. Then the prod-
uct X 1= X, X -+ X X, is compact with respect to the product metric introduced in
Proposition 2.12.

Proof. By Proposition 3.12 it follows that the product space X is complete. By
Theorem 4.4 is is therefore sufficient to show that X is totally bounded. Fix € > 0.
Since X, is totally bounded there exist x;, € X,, k = 1, ... m; such that X is covered
by the balls B;, of radius £/n and centre x;,. Then X is covered by the balls of ra-
dius € with centres (X, ..., X, ... X, ), where k; = 1,...m;. Indeed, suppose that
X = (X, X,,...,X,) € X is arbitrary. By assumption, for every i = 1, ... n there exist
1 < k; < m; suchthatd(x;, x; ) < €/n. By definition of the product metric the distance
between (x , ..., x,, ) and x is no larger than d(x,, x;; )+---+d(x,, X, ) < ne/n =e.
Hence X is totally bounded and thus X is compact. |

5 Continuous Functions

We give a brief overview on continuous functions between metric spaces. Throughout,
let X = (X, d) denote a metric space. We start with some basic definitions.

5.1 Definition (Continuous Function) A function f: X — Y between two metric
spaces is called continuous at a point x € X if for every neighbourhood V' C Y of f(x)
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there exists a neighbourhood U C X of x such that f(U) C V. Themap f: X - Y
is called continuous if it is continuous at all x € X. Finally we set

C(X,Y):={f: X > Y| fiscontinuous}.
The above is equivalent to the usual £-6 definition.

5.2 Theorem Let X,Y be metric spaces and f . X — Y a function. Then the follow-
ing assertions are equivalent:

(1) f is continuous at x € X;

(i) For every € > O there exists 6 > 0 such that dy(f(x), f(y)) <eforallye X
with dy(x,y) < 6;

(i11) For every sequence (x,) in X with x, — x we have f(x,) = f(x)asn — oo.

Proof. Taking special neighbourhoods V' = B(f(x),¢e) and U := B(x, ) then (ii)
is clearly necessary for f to be continuous. To show the (i) is sufficient let V' be an
arbitrary neighbourhood of f(x). Then there exists € > 0 such that B(f(x),e) C V.
By assumption there exists § > 0 such that dy (f(x), f(»)) < € forall y € X with
dy(x,y) <o, thatis, f(U) CVifweletU := B(x,0). As U is a neighbourhood of x
it follows that f is continuous. Let now f be continuous and (x,,) a sequence in X con-
verging to x. If € > O1is given then there exists 6 > O such thatd, (f(x), f(»)) < e forall
y € X withd(x,y) < 6. As x,, = x there exists n, € N such that d(x, x,) < ¢ for all
n > ny. Henced, (f(x), f(x,)) < eforalln > n,. Ase > 0 wasarbitrary f(x,) = f(x)
as n — oo. Assume now that (ii) does not hold. Then there exists € > 0 such that for
each n € N there exists x, € X with dy(x,x,) < 1/nbut dy(f(x), f(x,)) > € for
all » € N. Hence x, - x in X but f(x,) # f(x)inY, so (iii) does not hold. By
contrapositive (iii) implies (ii), completing the proof of the theorem. [

Next we want to give various equivalent characterisations of continuous maps (without
proof).

5.3 Theorem (Characterisation of Continuity) Ler X,Y be metric spaces. Then the
following statements are equivalent:

i) feCX,Y),
() f7'[0] :={x € X : f(x) € O} is open for every open set O C Y ;
(iii) f~'[C] s closed for every closed set C C Y

(iv) For every x € X and every neighbourhood V- C'Y of f(x) there exists a neigh-
bourhood U C X of x such that f(U) CV;

(v) Foreveryx € X and every € > 0 there exists 6 > 0 such that d, (f(x), f(y)) <e
forally € X withd(x,y) < 6.
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5.4 Definition (Distance to a Set) Let A be a nonempty subset of X. We define the
distance between x € X and A by

dist(x, A) :=inf d(x, a)
acA

5.5 Proposition For every nonempty set A C X the map X — R, x — dist(x, A), is
CONtinUoUs.

Proof. By the properties of a metric d(x,a) < d(x,y) + d(y,a). By first taking
an infimum on the left hand side and then on the right hand side we get dist(x, A) <
d(x,y) + dist(y, A) and thus

dist(x, A) — dist(y, A) < d(x,y)

for all x,y € X. Interchanging the roles of x and y we get dist(y, A) — dist(x, A) <
d(x,y), and thus

dist(x, A) — dist(y, A)| < d(x, ),

implying the continuity of dist(-, A). |
We continue to discuss properties of continuous functions on compact sets.

5.6 Theorem If f € C(X,Y)and X is compact then the image f(X) is compactinY.

Proof.  Suppose that (U,) is an open cover of f(X) then by continuity f -1 [U,] are
open sets, and so (f~'[U,]) is an open cover of X. By the compactness of X it has a
finite sub-cover. Clearly the image of that finite sub-cover is a finite sub-cover of f(X)
by (U,). Hence f(X) is compact. |

From the above theorem we can deduce an important property of real valued continuous
functions.

5.7 Theorem (Extreme value theorem) Suppose that X is a compact metric space
and f € C(X,R). Then f attains its maximum and minimum, that is, there exist
X, Xy € X such that f(x;) =inf{f(x): x € X} and f(x,) =sup{f(x): x € X}.

Proof. By Theorem 5.6 the image of f is compact, and so by the Heine-Borel theorem
(Theorem 4.5) closed and bounded. Hence the image f(X) = { f(x): x € X} contain
its infimum and supremum, that is, x, and x, as required exist. [ |

Continuous functions on compact sets have other nice properties. To discuss these
properties we introduce a stronger notion of continuity.

5.8 Definition (Uniform continuity) We say a function f : X — Y is uniformly con-
tinuous if for all & > 0 there exists 5 > 0 such that dy ( f(x), f(y)) < & forall x,y € X
satisfying d y (x, y) < 6.

The difference to continuity is that 6 does not depend on the point x, but can be chosen
to be the same for all x € X, that is uniformly with respect to x € X. In fact, not all
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functions are uniformly continuous. For instance the function f: R — R given by
f(x) = x? is not uniformly continuous. To see this note that

1f(0) = fFW)] = |x* =yl =[x+ yl|x — y|

for all x,y € R. Hence, no matter how small |x — y| is, | f(x) — f(¥)| can be as big
as we like by choosing |x + y| large enough. However, the above also shows that f is
uniformly continuous on any bounded set of R.

We next show that continuous functions on compact metric spaces are automatically
uniformly continuous. The direct proof based on standard properties of continuous
functions is taken from [6].

5.9 Theorem (Uniform continuity) Ler X, Y be complete metric spaces. If X is com-
pact, then every function f € C(X,Y) is uniformly continuous.

Proof. Firstnote that the function F : XXX — Rgivenby F(x,y) :=d, ( f(x), f (y))
is continuous with respect to the product metric on X X X. Fix € > 0 and consider the
inverse image

A, ::F_l[[e,oo)] = {(x,y)eXxX: F(x,y)Ze}.

As F is continuous and [g, ) is closed, A, is closed by Theorem 5.3. By Proposi-
tion 4.8 X X X is compact and so by Proposition 4.7 A, is compact. Assume now that
A, # (. Because the real valued function (x, y) = d(x, y) is continuous on X X X it
attains a minimum at some point (x,, ¥,) € A,; see Theorem 5.7. In particular,

5 = dX(xo, yo) S d)((x7 J’)

for all (x,y) € A,. We have 6 > 0 as otherwise x, = y, and hence (x,, y,) € A, by
definition of A,. Furthermore, if dy(x, y) < 6, then (x, y) € A¢ and therefore

dy(, ) <6 = dy(f(), f() = F(x,y) <e. GRY)

This is exactly what is required for uniform continuity. If A, = @, then (5.1) holds for
every 6 > 0. As the arguments work for every choice of € > 0 this proves the uniform
continuity of f. |

One could give an alternative proof of the above theorem using the covering property
of compact sets, or a contradiction proof based on the sequential compactness.
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oo 11

Banach Spaces

The purpose of this chapter is to introduce a class of vector spaces modelled on R,
Besides the algebraic properties we have a “norm” on R" allowing us to measure dis-
tances between points. We generalise the concept of a norm to general vector spaces and
prove some properties of these “normed spaces.” We will see that all finite dimensional
normed spaces are essentially RN or CV. The situation becomes more complicated if
the spaces are infinite dimensional. Functional analysis mainly deals with infinite di-
mensional vector spaces.

6 Normed Spaces

We consider a class of vector spaces with an additional topological structure. The
underlying field is always R or C. Most of the theory is developed simultaneously for
vector spaces over the two fields. Throughout, K will be one of the two fields.

6.1 Definition (Normed space) Let E be a vector space. Amap E — R, x — ||x]| is
called a norm on E if

(1) ||x]| = O forall x € E and ||x|| = 0 if and only if x = 0;
(i) |lax]|| = |a]|||x]|| forall x € E and a € K
(i) [|x+ y|l £ lIx]| + ||y|| for all x, y € E (triangle inequality).
We call (E, ||-]|) or simply E a normed space.

There is a useful consequence of the above definition.

6.2 Proposition (Reversed triangle inequality) Ler (E, ||-||) be a normed space. Then,
forall x,y € E,

Il =yl > [l = Iyl

Proof. By the triangle inequality ||x|| = ||lx —y + || < ||lx = |l + lI¥ll, so ||x — y|| >

x|l = |l¥l|- Interchanging the roles of x and y and applying (ii) we get ||x — y|| =
| = 1[(=D(x =wI = [ly — x|l = [I¥ll = llx]|. Combining the two inequalities, the
assertion of the proposition follows. |
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6.3 Lemma Let (E, ||-||) be a normed space and define

d(x,y) =[x =yl
forall x,y € E. Then (E,d) is a metric space.

Proof. By (i) d(x,y) =||lx —y|| > O0forall x € E and d(x,y) = ||x — y| = 0 if and
only if x — y = 0, that is, x = y. By (ii) we have d(x,y) = ||x = y|| = |(-D(y —x)|| =
| = 1||ly — x|l = |ly — x|| = d(y, x) for all x,y € E. Finally, for x, y, z it follows from
(iii) that d(x, y) = |lx = yll = [[x = z+ z=yl| < |lx =zl + [[z= yll = d(x,2) +d(z, y),
proving that d(-, -) satisfies the axioms of a metric (see Definition 2.1). |

We will always equip a normed space with the topology of E generated by the metric
induced by the norm. Hence it makes sense to talk about continuity of functions. It
turns out the that topology is compatible with the vector space structure as the following
theorem shows.

6.4 Theorem Given a normed space (E, ||-||), the following maps are continuous (with
respect to the product topologies).

(1) E - R, x — ||x|| (continuity of the norm);
(2) EXE — E, (x,y) = x + y (continuity of addition);
3) KX E — E, (a, x) — ax (continuity of multiplication by scalars).

Proof. (1) By the reversed triangle inequality )||x|| = y||‘ < ||x = y||, implying that
I¥Il = |l¥l| as x — y (thatis, d(x,y) = ||x — y|| = 0). Hence the norm is continuous
as a map from E to R.

D) Ifx,y,a,b € Ethen ||(x+y)—(a+b)|| = [[(x—a)+(y-D)I| < ||x—all+|ly-bll -
Oasx - aand y — b, showing that x + y - a+ b as x — a and y — b. This proves
the continuity of the addition.

(3) For a,¢ € K and a, x € E we have, by using the properties of a norm,

I16x — aall = [1£(x — a) + (S — a)al|
<G =l + 1€ — a)x|l = |€llx — all + 1€ — allx]|.

As the last expression goes to zero as x — a in E and £ — « in K we have also proved
the continuity of the multiplication by scalars. |

When looking at metric spaces we discussed a rather important class of metric
spaces, namely complete spaces. Similarly, complete spaces play a special role in func-
tional analysis.

6.5 Definition (Banach space) A normed space which is complete with respect to the
metric induced by the norm is called a Banach space.

6.6 Example The simplest example of a Banach space is R" or CV with the Euclidean
norm.
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We give a characterisation of Banach spaces in terms of properties of series. We recall
the following definition.

6.7 Definition (absolute convergence) A series ). " a, in E is called absolutely con-
vergent if 3" |la,|| converges.

6.8 Theorem A normed space E is complete if and only every absolutely convergent
series in E converges.

Proof. Suppose that E is complete. Let Z:’:O a, an absolutely convergent series in E,
that is, Z;‘;o lla,|| converges. By the Cauchy criterion for the convergence of a series
in R, for every € > O there exists n, € N such that

n

D llgli<e

k=m+1
for all n > m > n;. (This simply means that the sequence of partial sums ZZ=O lla,ll,
n € N is a Cauchy sequence.) Therefore, by the triangle inequality

n m n
|Zae-Zal=] X al< X i<
k=0 k=0 fe=m+1 k=

m+1

for all n > m > n,y. Hence the sequence of partial sums Y7, _ a,, n € N is a Cauchy
sequence in E. Since E is complete,

e n

E a, = lim E a,
n—oo

k=0 k=0

exists. Hence if E is complete, every absolutely convergent series converges in E. Next
assume that every absolutely convergent series converges. We have to show that every
Cauchy sequence (x,,) in E converges. By Theorem 3.9 it is sufficient to show that (x,,)
has a convergent subsequence. Since (x,) is a Cauchy sequence, for every k € N there

exists m, € N such that ||x, — x,, || < 27* for all n,m > m,. Now setn, := m; + 1.
Then inductively choose n, such that n,, > n, > m, for all kK € N. Then by the above
I%,,,, = %l < ¢

M1 L7 2k

for all k € N. Now observe that
k=1

x"k - x"l = Z(x"j-H - x"j)

J=1

for all k € N. Hence (x,, ) converges if and only the series Z;’;l (x
By choice of n, we have

M xnj) converges.

2, =, 1l < i% =1 <.

Hence Zj‘;l (x,,j+1 - x,,/_) is absolutely convergent. By assumption every absolutely con-
vergent series converges and therefore (x, ) converges, completing the proof of the
theorem. |
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7 Examples of Banach Spaces

In this section we give examples of Banach spaces. They will be used throughout the
course. We start by elementary inequalities and a family of norms in K. They serve
as a model for more general spaces of sequences or functions.

7.1 Elementary Inequalities

In this section we discuss inequalities arising when looking at a family of norms on

KY. For 1 < p < oo we define the p-norms of x := (x,,...,xy) € RY by
N 1/p
<Z|xi|p> if 1 <p< oo,
|x], :=4 Vi (7.1)
i:l,.a..),(N [x;] if p = 0.

At this stage we do not know whether ||, is a norm. We now prove that the p-norms are
norms, and derive some relationships between them. First we need Young’s inequality.

7.1 Lemma (Young’s inequality) Let p,p’ € (1, 00) such that

1 + l, =1. (7.2)
p D
Then
1 1.
ab < =a’ + —,b”
p P

foralla,b> 0.

Proof. The inequality is obvious if a = 0 or b = 0, so we assume that a,b > 0. As In
is concave we get from (7.2) that

In(ab) =Ina+1Inb = llna"’+ l,lnbp/ < ln<la”+ l,bp/>.
p p p p

Hence, as exp is increasing we have

ab = exp(In(ab)) < eXp(ln(la” + l/b”')) = lal’ + l,bp”
p p p p
proving our claim. |

The relationship (7.2) is rather important and appears very often. We say that p’ is the
exponent dual to p. If p=1we set p’ := co andif p = co we set p’ := 1.
From Young’s inequality we get Holder’s inequality.

7.2 Proposition Let 1 < p < oo and p' the exponent dual to p. Then for all x,y € KV
N
D 1xlyl < Ixl, 1yl
i=1
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Proof. If x = 0 or y = 0 then the inequality is obvious. Alsoif p =1 or p = oo then
the inequality is also rather obvious. Hence assume that x,y # 0 and 1 < p < c0. By
Young’s inequality (Lemma 7.1) we have

/

S Dl '|'yy|’ <3G )

i=1 |y|p’

from which the required inequality readily follows. [
Now we prove the main properties of the p-norms.

7.3 Theorem Let1 < p < co. Then |-|p is anorm on KN. Moreover, if1 <p <q < o
then

|x], < |x], < N |x], (7.3)

forall x € KN. (We set (¢ — p)/pq := 1/pif ¢ = 0.) Finally, the above inequalities
are optimal.

Proof. We first prove that |-|, is a norm. The cases p = 1, co are easy, and left to the
reader. Hence assume that 1 < p < co. By definition |x|, > 0 and |x|, = 0 if and only
if |x;] =0foralli=1,..., N, thatis, if x = 0. Also, if a € K, then

N N
1/p 1/p
jaxl, = (X laxr) = (X lallxl?) = lallax],
i=1 i=1

Thus it remains to prove the triangle inequality. For x, y € K" we have, using Holder’s
inequality (Proposition 7.2), that

e yl2 = Ix + y07 = ) Ix + yllx + vl
i=1 i=1
N

Bl + 3177+ )yl + !
i=1

al e \ 77 al e\ 7
Slxlp(ZIxi+y,~|p p> +|Y|p<2|xi+)’i|p p)
(IxI, +11,) (Z|x +yloor)

21

IA
M=



Now, observe that

so we get from the above that

(p=1/p .
x +y12 < (1x], + ¥, (2|x+y,|f’) = (Ixl, + Iyl,) 1x + ¥~

Hence if x + y # 0 we get the triangle inequality |x + y[, < |x|, + |y|,. The inequality
is obvious if x + y = 0, so ||, is a norm on K*.

Next we show the first inequality in (7.3). Firstlet p < g = oo. If x € KV we pick
the component x; of x such that |x;| = |x|,. Hence |x|, = |x,| = (|xj|”)1/p < Ix[,
proving the first inequality in case ¢ = c0. Assume now that 1 < p < g < oo. If x #0
then |x;|/|x[, < 1 Hence, as 1 < p < g < oo we have

() <)

for all x € KV \ {0}. Therefore,

q N p
|x| _2<|x|) 2<|xi|>1)=|x|p=1
Ixl; SNl =\ xl, |1

for all x € KV \ {0}. Hence |x], < |x], for all x # 0. For x = 0 the inequality is
trivial. To prove the second inequality in (7.3) assume that 1 < p < ¢ < co. We define
s := q/p. The corresponding dual exponent s’ is given by

Applying Holder’s inequality we get

N N s /& N1/ N -
e =Yl 1< (X ) (X 1) = q(2|x|4) = N7 Ixl?
i=1 i=1 i=1

for all x € K", from which the second inequality in (7.3) follows. If 1 < p < g = o0
and x € K" is given we pick x; such that |x;| = |x|. Then

al 1/p al 1/p y 1
x, = (X l7) < (X lr) = Nl = NI

i=1 i=1

covering the last case.

We finally show that (7.3) is optimal. For the first inequality look at the standard
basis of K, for which we have equality. For the second choose x = (1,1, ..., 1) and
observe that |x|, = N'/7. Hence

a=p aep 1 1
N m |x|q =NwnmwNi=Nr= |x|p,

(=, . .
Hence we cannot decrease the constant N » in the inequality. |
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7.2 Spaces of Sequences

Here we discuss spaces of sequences. As most of you have seen this in Metric Spaces
the exposition will be rather brief.

Denote by S the space of all sequences in K, that is, the space of all functions from
N into K. We denote its elements by x = (x,, x;, X,, ... ) = (x,). We define vector space
operations ‘“‘component” wise:

o (x)+ () :=(x;+y)forall (x,),(y;) € S;
o a(x;) :=(ax;) foralla € Kand (x;) € S.

With these operations S becomes a vector space. Given (x;) € Sand 1 < p < co we
define the “p-norms”

- 1/p
<Z|xi|"> if1 <p< oo,
|(x)l, == (7.4)

i=1
Sup;en 1%;1 if p = co.

These p-norms are not finite for all sequences. We define some subspaces of S in the
following way:

o ¢, =t (K :i={xeS: |x|, <o} (1 <p< o)

o ¢y i=¢y(K) :={(x) €S: lim|x,| =0}.

The p-norms for sequences have similar properties as the p-norms in KV, In fact most
properties follow from the finite version given in Section 7.1.

7.4 Proposition (Holder’s inequality) For 1 <p < oo, x € £,and y € £, we have

(e}
X xlyil < Ix1, 11,
i=1

where p' is the exponent dual to p defined by (7.2).

Proof. Apply Proposition 7.2 to partial sums and then pass to the limit. |

7.5 Theorem Let 1 < p < co. Then (£, |-|,) and (cy,, |-|,) are Banach spaces. More-
over, if 1 < p < q < oo then

bﬂlgl’ﬁpgl’ﬁq(—;cogfoo'
Finally, |x|, < |x|,forallx € £, if 1 < p < q < co.

Proof. It readily follows that ||, is a norm by passing to the limit from the finite
dimensional case in Theorem 7.3. In particular it follows that £, ¢, are subspaces of
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S. If |(x))], < oo for some (x;) € S and p < oo then we must have |x;| — 0. Hence
Z,Ccforalll <p<oco.Clearly ¢y & 7. If 1 <p < g < oo then by Theorem 7.3

‘ 1/q z 1/p
sup < (Y hel) < (D)
i=1,...,n i=1 i=1

Passing to the limit on the right hand side and then taking the supremum on the left
hand side we get
|(x1)|oo S |(x1)|q S |(xi)|p’

proving the inclusions and the inequalities. To show that the inclusions are proper we
use the harmonic series

Yoo
P
Clearly (1/i) € ¢, but not in . Similarly, (1/i'/?) € £, for ¢ > p but not in 2.
We finally prove completeness. Suppose that (x,) is a Cauchy sequence in #,. Then
by definition of the p-norm

|xin - ximl < |xn - xmlp

forall i, m, n € N. It follows that (x;,,) is a Cauchy sequence in K for every i € N. Since
[ is complete
x; := lim x,, (7.5)

1
n—->oo
exists for all i € N. We set x := (x;). We need to show that x, — x in £, that is, with
respect to the £,-norm. Let € > 0 be given. By assumption there exists n, € N such
that for all n,m > n,

N
1/p £
<Z|xin_xim|p> < |xn_'xm|p< 5

i=1

if ] <p< ooand

&
t=nlla?(N I‘xin - ximl S |xn - xmloo < 5

if p = oo. For fixed N € N we can let m — oo, so by (7.5) and the continuity of the
absolute value, for all N € N and n > n,

N 1/p
&
(lein_xi|p> S ~
i=1 2

if 1 < p < oo and

max, Ix;, = Xl < 1%, — x| <

i=l...

IR

[o0]

if p = co. Letting N — oo we finally get
€
|x, — x|, < 3 <e€

for all n > n,. Since the above works for every € > 0 it follows that x, — x — 0
in fp as n — oo. Finally, as 7 p i1s a vector space and Xpy» Xpy = X € 4 , we have
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x = x, —(x, —x) € ¢, Hencex, - xin 7, showing that £, is complete for
1 < p £ 0. To show that ¢, is complete we need to show that x € ¢, if x, € ¢, for all
n € N. We know that x, — x in . Hence, given € > 0 there exists n, € N such that
|x, — x|, < ¢&/2forall n > n,. Therefore
£
x| < Ix; _xinol + %, < |‘x—xn0|oo + x| < 5 + [x

ing ing ing |

forall i € N. Since x, € ¢, there exists i, € N such that |x;, | < &/2 for all i > i,.
Hence |x;| < e/2+¢€/2 =€ foralli > iy, so x € ¢, as claimed. This completes the
proof of completeness of £, and . |

7.6 Remark The proof of completeness in many cases follows similar steps as the one
above.

(1) Take a an arbitrary Cauchy sequence (x,) in the normed space E and show that (x,,)
converges not in the norm of E, but in some weaker sense to some x. (In the above
proof it is, “component-wise” convergence, that is x;, converges for each i € N to
some X;,.);

(2) Show that ||x, — x||; = O;

(3) Show that x € E by using that E is a vector space.

7.3 Lebesgue Spaces

The Lebesgue or simply L -spaces are familiar to all those who have taken “Lebesgue
Integration and Fourier Analysis.” We give an outline on the main properties of these
spaces. They are some sort of continuous version of the £ -spaces.

Suppose that X C RY is an open (or simply measurable) set. If u: X — Kisa
measurable function we set

1/p
(/ |u(x)|1’dx> if1<p<oo,
llull, := X _ (7.6)
ess sup |u(x)| if p = c0.
xeX

We then let L,(X, K) = L,(X) be the space of all measurable functions on X for which
||ull, is finite. Two such functions are equal if they are equal almost everywhere.

7.7 Proposition (Holder’s inequality) Ler 1 < p < oo. Ifu € L, (X)andv € L,(X)
then

/X|u||v|dx < lull llell,.

Moreover there are the following facts.

7.8 Theorem Let 1 < p < oo. Then (L,(X), ||-||p) is a Banach space. If X has finite
measure then
Lo (X) € L(X) C L(X)C Li(X)

if 1 < p < gq < oo. If X has infinite measure there are no inclusions between L (X)
and L, (X) for p # q.
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7.4 Spaces of Bounded and Continuous Functions

Suppose that X is a set and E = (E, ||-]|) a normed space. For a functionu: X — E
we let

llull = sup [[u(x)]]
xeX
We define the space of bounded functions by
B(X,E):={u: X - E | ||lu|]l, < o0}.

This space turns out to be a Banach space if E is a Banach space. Completeness of
B(X, E) is equivalent to the fact that the uniform limit of a bounded sequence of func-
tions is bounded. The proof follows the steps outlined in Remark 7.6.

7.9 Theorem If X is a set and E a Banach space, then B(X, E) is a Banach space
with the supremum norm.

Proof. Let (u,) be a Cauchy sequence in B(X, E). As

”un(x) - um(x)”E < ”un - um”oo (77)

for all x € X and m,n € N it follows that (un(x)) is a Cauchy sequence in E for every
x € X. Since E is complete
u(x) 1= lim u,(x)

exists for all x € X. We need to show that u, — u in B(X, E), that is, with respect to
the supremum norm. Let € > 0 be given. Then by assumption there exists n, € N such
that ||u, —u,,||, < €/2 for all m,n > n,. Using (7.7) we get

£

”un(x) - um(x)” < )

for all m,n > n, and x € X. For fixed x € X we can let m — oo, so by the continuity
of the norm .
[, (x) — u()|| < 3

forall x € X and all n > n,,. Hence ||lu,—ul|, < €/2 < e foralln > n,. Since the above
works for every € > 0 it follows that u, —u — 0 in E as n — oo. Finally, as B(X, E)
is a vector space and u,, ,u, —u € B(X, E) we have u = u, — (u, —u) € B(X, E).

Hence u, — uin B(X, E), showing that B(X, E) is complete. |

If X is a metric space we denote the vector space of all continuous functions by C(X, E).
This space does not carry a topology or norm in general. However,

BC(X,E) := B(XX,E)n C(X, E)

becomes a normed space with norm ||-|| .. Note that if X is compact then C(X, E) =
BC(X, E). The space BC(X, E) turns out to be a Banach space if E is a Banach
space. Note that the completeness of BC(X, E) is equivalent to the fact that the uniform
limit of continuous functions is continuous. Hence the language of functional analysis
provides a way to rephrase standard facts from analysis in a concise and unified way.
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7.10 Theorem If X is a metric space and E a Banach space, then BC(X, E) is a
Banach space with the supremum norm.

Proof. Letu, be a Cauchy sequence in BC(X, E). Then it is a Cauchy sequence in
B(X, E). By completeness of that space u, — u in B(X, E), so we only need to show
that u is continuous. Fix x, € X arbitrary. We show that f is continuous at x,. Clearly

llu(x) = ulxo)ll g < NJu(x) =, (| g + [, (%) = u,(xp) ||  + ||, (x0) — ulxp)ll g (7.8)

for all x € X and n € N. Fix now € > 0 arbitrary. Since u, — u in B(X, E) there
exists n, € N such that [|u,(x) — u(x)||; < €/4 for all n > n, and x € X. Hence (7.8)
implies that

lu(x) = u(xo)ll p < §+ 14, () = 4, (x| (7.9)

Since u,, ,, is continuous at x,, there exists 6 > O such that ||u, ,,(xX)—u, ., (x)|lz < €/2
0 0 0

for all x € X with d(x,x,) < 6 and n > n;. Using (7.9) we get |lu(x) — u(xy)|lp <

e/2+€/2if d(x, x,) < 6 and so u is continuous at x,,. As x,, was arbitrary, u € C(X, E)

as claimed. |

Note that the above is a functional analytic reformulation of the fact that a uniformly
convergent sequence of bounded functions is bounded, and similarly that a uniformly
convergent sequence of continuous functions is continuous.

8 Basic Properties of Bounded Linear Operators

One important aim of functional analysis is to gain a deep understanding of properties
of linear operators. We start with some definitions.

8.1 Definition (bounded sets) A subset U of a normed space E is called bounded if
there exists M > 0 such that U C B(0, M).

We next define some classes of linear operators.

8.2 Definition Let E, F be two normed spaces.

(a) We denote by Hom(E, F) the set of all linear operators from E to F. (“Hom”
because linear operators are homomorphisms between vector spaces.) We also set
Hom(E) := Hom(E, E).

(b) We set

L(E,F) :={T € Hom(E, F): T continuous}

and L(F) := L(E,E).
(c) Wecall T € Hom(E, F) bounded if T maps every bounded subset of E onto a
bounded subset of F.

In the following theorem we collect the main properties of continuous and bounded
linear operators. In particular we show that a linear operator is bounded if and only if
it is continuous.
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8.3 Theorem For T € Hom(E, F) the following statements are equivalent:
(1) T is uniformly continuous;
(i) T € L(E, F);

(i11) T is continuous at x = 0;

(iv) T is bounded;
(v) There exists a > 0 such that ||Tx|| < a||x||g forall x € E.

Proof. The implications (i)=>(ii) and (ii)=>(iii) are obvious. Suppose now that 7" is
continuous at x = 0 and that U is an arbitrary bounded subset of E. As T is continuous
at x = 0 there exists 6 > 0 such that || Tx||, < 1 whenever ||x||; < 6. Since U is
bounded M :=sup,.; ||x||z < o0, so for every x € U

o], = g <o

Hence by the linearity of T" and the choice of 6

S, =[r(3)], 1.

showing that
M
T x —
17l <

for all x € U. Therefore, the image of U under T is bounded, showing that (iii) implies
(iv). Suppose now that T" is bounded. Then there exists a > O such that ||Tx|| < «
whenever ||x||; < 1. Hence, using the linearity of T

1
e e = HN@)L Se

for all x € E with x # 0. Since T0 = 0 it follows that || Tx|| < a||x||; for all x € E.
Hence (iv) implies (v). Suppose now that there exists a > 0 such that ||T'x|| » < a||x|| ¢
for all x € E. Then by the linearity of T’

ITx =Tyllp = IITx=»llp < allx =yl

showing the uniform continuity of 7. Hence (v) implies (i), completing the proof of
the theorem. |

Obviously, L(E, F) is a vectors space. We will show that it is a normed space if we
define an appropriate norm.

8.4 Definition (operator norm) For T € L(E, F) we define
TNl o r :=inf{a>0: [|[Tx||p < allx||g forall x € E}

We call ||T|| ;g F) the operator norm of E.
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8.5 Remark We could define ||T||;g f, for all T € Hom(E, F), but Theorem 8.3
shows that T € L(E, F) if and only if || Tz (x ) < 0.

Before proving that the operator norm is in fact a norm, we first give other characteri-
sations.

8.6 Proposition Suppose that T € L(E, F). Then ||Tx|| < ||T||£(E’F)||x||Ef0r all
x € E. Moreover,

ITx|l
TN eery = sup ——=—= sup [|[Tx|lp= sup [|Tx||p= sup [[Tx|s. (8.1)

sei\o) IXlNlE ixle= <1 Il
Proof. FixT € L(E,F)andset A :={a > 0: ||Tx|| < al|x|| forall x € E}. By
definition ||T|| ;g py = inf A. If @ € A, then ||Tx|| < a||x|| for all x € E. Hence,

for every x € E we have || Tx|| < (inf A)||x|| g, proving the first claim. Set now

T x|
xebn(0) 11Xl g

A=

Then, || Tx||z < Allx||g forall x € E, and so A > inf A = ||T'|| ;g ) By the above we
have ||Tx||r < [ITlg %]l and thus

T x|
<NT Ml o r
x|l & ()

for all x € E \ {0}, implying that A < ||T||; ). Combining the inequalities 4 =
T || -, F)» proving the first equality in (8.1). Now by the linearity of T

T x| x
= sup [|[T== |, = sup Il
x€E\{0} x| ¢ x€E\{0} Il x|l g I1F lIxllg=1

proving the second equality in (8.1). To prove the third equality note that

Tx Tx
Tl Tl

p = sup [[Tx|lp < sup

x|l g <1 llx|l p<1 ||x||E x€E\{0} ||x||E

On the other hand, we have for every x € E and € > 0

X
T—H <
H F_'B

Ixllg + €

and thus ||Tx|| < p(||x||z + €) forall e > 0 and x € E. Hence ||Tx|| < f||x]|| 5 for
all x € E, implying that f > 4. Combining the inequalities § = A, which is the third
inequality in (8.1). For the last equality note that || T'x|| p < [|T'|| g p IXNl g £ T |l (k. F)
whenever ||x||; < 1. Hence

sup [[Txllp < ITlleery = sup ITxllp < sup [[Tx]lp,

lIxll g<1 lIxll p=1 lIxllg<1
implying the last inequality. [

We next show that ||-|| L(E,F) 1S a norm.
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8.7 Proposition The space (L(E, F), |||l ;g.r)) is a normed space.

Proof. By definition ||T||;z ) 2 0 forall T € (E, F). Let now ||T'|| ;g ) = 0. Then
by (8.1) we have

T x|
sup =
xee\(0} 1xllg

b

so in particular ||T'x|| = 0 forall x € E. Hence T = 0 is the zero operator. If 1 € K,
then by (8.1)

WAT || £,y = SHP 1ATx||p = sup [A[ITx|x

x|l g=1 llxll g=1

=[] sup [Tx|lz = AT |l 2 F)-

lIxll g=1

If S, T € L(E, F), then again by (8.1)

IS +T|ler = sup [[(S+T)x|p < sup (”Sx”F + ”Tx”F)

lIxllg=1 llxllg=1
< ”Sﬁlpl(”S”g(E,F) + ”TllE(E,F))”x”E = ||S”£(E,F) + ”T||£(E,F)’
X[|g=
completing the proof of the proposition. |

From now on we will always assume that L(E, F) is equipped with the operator norm.
Using the steps outlined in Remark 7.6 we prove that L(E, F) is complete if F is com-
plete.

8.8 Theorem If F is a Banach space, then L(E, F) is a Banach space with respect to
the operator norm.

Proof.  To simplify notation we let ||T|| := ||T||zgF for all T € L(E, F). Sup-
pose that F is a Banach space, and that (7)) is a Cauchy sequence in L(E, F). By
Proposition 8.6 we have

ITx = T,xllp = (T, = T)xllp < T, = T,Illlxll g

forall x € E and n,m € N. As (T, is a Cauchy sequence in L(E, F) it follows that
(T, x) is a Cauchy sequence in F for all x € E. As F is complete

Tx :=1limT,x

n—>oo

exists forall x € E. If x,y € E and A, u € K, then

T,(Ax+py) = AT, x+ uT,y

T(Ax+uy) = ATx+ uTy.

Hence, T : E — F is a linear operator. It remains to show that T € L(E, F) and that
T,— T in L(E, F). As (T,) is a Cauchy sequence, for every € > O there exists n, € N
such that

IT,x = T,xllp < IT, = T, lIxll; < ellxll e
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for all n,m > n; and all x € E. Letting m — oo and using the continuity of the norm
we see that
IT,x —Txl|lp < ellx]lg

forall x € E and n > n,. By definition of the operator norm ||7,—T'|| < e foralln > n,,.
In particular, T, —T € L(E, F) forall n > n,. Since € > 0 was arbitrary, ||T,—-T| — 0
in L(E, F). Finally, since L(E, F) is a vector space and T,.T, -T € L(E,F), we
have T = Tno - (Tno —T) € L(E, F), completing the proof of the theorem. |

9 Equivalent Norms

Depending on the particular problem we look at, it may be convenient to work with
different norms. Some norms generate the same topology as the original norm, others
may generate a different topology. Here are some definitions.

9.1 Definition (Equivalent norms) Suppose that E is a vector space, and that ||-||, and
||-||, are norms on E.

e We say that ||-||, is stronger than ||-||, if there exists a constant C > 0 such that
llxll, < Clixll
for all x € E. In that case we also say that ||-||, is weaker than ||-||,.

e We say that the norms ||-||, and ||-||, are equivalent if there exist two constants
¢, C > 0 such that
cllxlly < llxll, < Clixll,

forall x € E.

9.2 Examples (a) Let ||, denote the p-norms on KV, where 1 < p < o0 as defined in
Section 7.2. We proved in Theorem 7.3 that

qa-p
x|, < Ix], < N w|x],

forall x € KV if 1 < p < g < 0. Hence all p-norms on K" are equivalent.

(b) Consider ¢, for some p € [1, c0). Then by Theorem 7.5 we have |x|, < |x]|, for
allx € 7,if 1 < p < q < co. Hence the p-norm is stronger than the g-norm considered
as a norm on Z,. Note that in contrast to the finite dimensional case considered in (a)
there is no equivalence of norms!

The following worthwhile observations are easily checked.

9.3 Remarks (a) Equivalence of norms is an equivalence relation.

(b) Equivalent norms generate the same topology on a space.

(c) If ||-]|, is stronger than ||-||,, then the topology 7, on E induced by ||-||, is stronger
than the topology 7, induced by ||-||,. This means that 7; 2 7, that is, sets open with
respect to ||-||, are open with respect to ||-||, but not necessarily vice versa.
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(d) Consider the two normed spaces E, := (E, ||-||,) and E, := (E, [|-||,). Clearly
E, = E, = E as sets, but not as normed (or metric) spaces. By Theorem 8.3 it is
obvious that |||, is stronger than ||-||, if and only if the linear map i(x) := xis a
bounded linear operator i € L(E,, E,). If the two norms are equivalent then also
i'=ieL(E,E).

9.4 Lemma If ||-||, and ||-||, are two equivalent norms, then E, := (E,||-||,) is com-
plete if and only if E, 1= (E, ||-||,) is complete.

Proof. Let (x,) be a sequence in E. Since ||-||, and ||-||, are equivalent there exists
¢, C > 0 such that

c”xn - xm”l < ”xn - xm”Z < C”xn - xm”l

for all n,m € N. Hence (x,) is a Cauchy sequence in E, if and only if it is a Cauchy
sequence in E,. Denote by i(x) := x the identity map. If x, — x in E|, then x, — x
in E, since i € L(E|, E,) by Remark 9.3(d). Similarly x, - xin E, if x, — x in E,
since i € L(E,, E)). [

Every linear operator between normed spaces induces a norm on its domain. We show
under what circumstances it is equivalent to the original norm.

9.5 Definition (Graph norm) Suppose that E, F are normed spaces and T" € Hom(E, F).
We call
lully = llullg + 1 Tull

the graph norm on E associated with T'.

Let us now explain the term “graph norm.”

9.6 Remark From the linearity of T it is rather evident that ||-||, is anorm on E. It is
called the “graph norm” because it really is a norm on the graph of T'. The graph of T
is the set

graph(T) :={(u,Tu): ue E} C EXF.

By the linearity of T that graph is a linear subspace of E X F, and ||-|| is a norm,
making graph(T') into a normed space. Hence the name graph norm.

Since ||ul| ; < |lull p+||Tull = ||u||; forallu € E the graph norm of any linear operator
is stronger than the norm on E. We have equivalence if and only if 7" is bounded!

9.7 Proposition Let T € Hom(E, F) and denote by ||-||; the corresponding graph
normon E. Then T € L(E, F) if and only if ||-|| is equivalent to ||-|| .

Proof. YT € L(E, F), then

Nullg < Nlully = llullg + 1 Tullp < llullg + ”Tllﬁ(E,F)”u”E = (1 + ||T||L:(E,F))||“||E

for all u € E, showing that ||-|| and ||-||; are equivalent. Now assume that the two
norms are equivalent. Hence there exists C > 0 such that ||u||; < C||u|| forallu € E.
Therefore,

ITully < llullg + 1 Tull - = lully < Cllull

forallu € E. Hence T' € L(E, F) by Theorem 8.3. |

32



10 Finite Dimensional Normed Spaces

In the previous section we did not make any assumption on the dimension of a vector
space. We prove that all norms on such spaces are equivalent.

10.1 Theorem Suppose that E is a finite dimensional vector space. Then all norms on
E are equivalent. Moreover, E is complete with respect to every norm.

Proof. Suppose that dim E = N. Given a basis (e, ..., ey), for every x € E there
exist unique scalars &, ..., &y € K such that
N

In other words, the map T : KV — E, given by

N
=) &e (10.1)
i=1

for all &€ = (&,,...,&y), is an isomorphism between KV and E. Let now ||| be a
norm on E. Because equivalence of norms is an equivalence relation, it is sufficient
to show that the graph norm of 7~! on E is equivalent to ||-|| ;. By Proposition 9.7
this is the case if T-! € L(E,K"Y). First we show that T € L(K", E). Using the
properties of a norm and the Cauchy-Schwarz inequality for the dot product in KV (see
also Proposition 7.2 for p = g = 2) we get

el = |3 gel] < 2 el < (3 e “let = iz
n=1

n=1

12
for all & € KN if we set C := <Z:’=1 ||ei||%> . Hence, T € L(K",E). By the

continuity of a norm the map & — ||T¢|| is a continuous map from KV to R. In
particular it is continuous on the unit sphere S = {& € KV : |£], = 1}. Clearly S is
a compact subset of K". We know from Theorem 5.7 that continuous functions attain
a minimum on such a set. Hence there exists § € S such that ||Tf||; < ||T¢||; for
all £ € S. Since ||f]|| =1 # 0 and T is an isomorphism, property (i) of a norm (see
Definition 6.1) implies that ¢ := [|Tf||z > 0. If &£ # 0O, then since /||, € S,

: ”T|¢|2”

Now by the linearity of T" and property (ii) of a norm c|&|, < ||T¢||; and therefore
|T~'x|, < c¢7|x|| forall x € E. Hence T~! € L(E,K") as claimed. We finally need
to prove completeness. Given a Cauchy sequence in E with respect to ||| ; we have
from what we just proved that

|T—1xn - T_lxm|2 S C”Xn - xm”E’
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showing that (T~'x,) is a Cauchy sequence in K". By the completeness of K we
have T~'x, — 7 in K¥. By continuity of T proved above we get x, — T7, so (x,)
converges. Since the above arguments work for every norm on E, this shows that E is
complete with respect to every norm. |

There are some useful consequences to the above theorem. The first is concerned with
finite dimensional subspaces of an arbitrary normed space.

10.2 Corollary Every finite dimensional subspace of a normed space E is closed and
complete in E.

Proof. If F is a finite dimensional subspace of E, then F is a normed space with the
norm induced by the norm of E. By the above theorem F is complete with respect to
that norm, so in particular it is closed in E. |

The second shows that any linear operator on a finite dimensional normed space is
continuous.

10.3 Corollary Let E, F be normed spaces and dim E < oo. If T . E — F is linear,
then T is bounded.

Proof. Consider the graph norm ||x||; := ||x||z + ||Tx|| , which is a norm on E. By
Theorem 10.1 that norm is equivalent to ||-|| . Hence by Proposition 9.7 we conclude
that T € L(E, F) as claimed. |

We finally prove a counterpart to the Heine-Borel Theorem (Theorem 4.5) for general
finite dimensional normed spaces. In the next section we will show that the converse
is true as well, providing a topological characterisation of finite dimensional normed
spaces.

10.4 Corollary (General Heine-Borel Theorem) Let E be a finite dimensional normed
space. Then A C E is compact if and only if A is closed and bounded.

Proof. Suppose that dim E = N. Given a basis (e, ..., ey) define T € L(K, E) as
in (10.1). We know from the above that T and T~! are continuous and therefore map
closed sets onto closed sets (see Theorem 5.3). Also T and T~! map bounded sets onto
bounded sets (see Theorem 8.3) and compact sets onto compact sets (see Theorem 5.6).
Hence the assertion of the corollary follows. |

11 Infinite Dimensional Normed Spaces

The purpose of this section is to characterise finite and infinite dimensional vector
spaces by means of fopological properties.

11.1 Theorem (Almost orthogonal elements) Suppose E is a normed space and M
a proper closed subspace of E. Then for every € € (0, 1) there exists x, € E with
x| = 1 and
dist(x,, M) :=inf ||x — x| > 1 —€.
xXEM
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Proof. Fix an arbitrary x € E \ M which exists since M is a proper subspace of E.
As M is closed dist(x, M) := a > 0 as otherwise x € M = M. Lete € (0,1) be
arbitrary and note that (1 — £)~! > 1. Hence by definition of an infimum there exists

m, € M such that
a

|x —m,|| < T (11.1)
We define
X—m,
X, = —.
lIx —m,|l
Then clearly [|x,|| = 1 and by (11.1) we have
—-m| = —m —||x — m + ||[x —m_||m
b= = g = = gl b= )|
1 —¢
> — —
2z — Hx (mg + ||x m6||m)H
forallme M. Asm_ € M and M is a subspace of E we clearly have
m_+||x—m./||me M
for all m € M. Thus by our choice of x
x, —mll > 1 Ea=1-¢
for all m € M. Hence x, is as required in the theorem. |

11.2 Corollary Suppose that E has closed subspaces M,, i € N. If
M, My e M; &M, &M,

for all n € N then there exist m, € M, such that ||m,|| = 1 and dist(m,, M,,_,) > 1/2
forall n € N. Likewise, if

M 2M, 2 M52 2M,2M,,,

forall n € N, then there exist m,, € M, such that ||m,|| = 1 and dist(m,, M, ;) > 1/2
foralln € N.

Proof. Consider the first case. As M,_, is a proper closed subspace of M, we can
apply Theorem 11.1 and select m, € M, such that dist(m,, M,_,) > 1/2. Doing so
inductively for all n € N we get the required sequence (m,). In the second case we
proceed similarly: There exists m; € M, such that dist(m,, M,) > 1/2. Next choose

m, € M, such that dist(m,, M;) > 1/2, and so on. [

With the above we are able to give a topological characterisation of finite and infinite
dimensional spaces.

11.3 Theorem A normed space E is finite dimensional if and only if the unit sphere
={x € E: ||x|| =1} is compact.
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Proof.  First assume that dim E = N < oo. Since the unit sphere is closed and
bounded, by the general Heine-Borel Theorem (Corollary 10.4) it is compact. Now
suppose that E is infinite dimensional. Then there exists a countable linearly indepen-
dent set {e,: n € N}. Weset M, := span{e,: k = 1,...,n}. Clearly dim M, = n
and thus by Corollary 10.2 M, is closed for alln € N M,. Asdim M, > dim M, the
sequence (M) satisfies the assumptions of Corollary 11.2. Hence there exist m, € M,
such that ||m,|| = 1 and dist(m,, M,_,) > 1/2 for all n € N. However, this implies that
|lm, — m,|| > 1/2 whenever n # k, showing that there is a sequence in .S which does
not have a convergent subsequence. Hence .S cannot be compact, completing the proof
of the theorem. |

11.4 Corollary Let E be a normed vector space. Then the following assertions are
equivalent:

(i) dim E < oo;
(i1) The unit sphere in E is compact;
(ii1) The unit ball in E is relatively compact;
(iv) Every closed and bounded set in E is compact.

Proof. Assertions (i) and (ii) are equivalent by Theorem 11.3. Suppose that (ii) is
true. Denote the unit sphere in E by S. Define amap f: [0,1] X .S — E by setting
f(,x) := tx. Then by Theorem 6.4 the map f is continuous and its image is the
closed unit ball in E. By Proposition 4.8 the set [0, 1] X .S is compact. Since the image
of a compact set under a continuous function is compact it follows that the closed unit
ball in E is compact, proving (iii). Now assume that (iii) holds. Let M be an arbitrary
closed and bounded set in E. Then there exists R > 0 such that M C B(0, R). Since
the map x — Rx is continuous on E and the closed unit ball is compact it follows that
B(0, R) is compact. Now M is compact because it is a closed subset of a compact set
(see Proposition 4.7), so (iv) follows. If (iv) holds, then in particular the unit sphere is
compact, so (ii) follows. |

12 Quotient Spaces

Consider a vector space E and a subspace F. We define an equivalence relation ~
between elements x,y in E by x ~ yif and only if x — y € F. Denote by [x] the
equivalence class of x € E and set

E/F :={[x]: x € E}.

As you probably know from Algebra, this is called the quotient space of E modulo F.
That quotient space is a vector space over K if we define the operations

[x]+[y] :=[x+y]
a[x] 1= [ax]
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forall x,y € E and @ € K. It is easily verified that these operations are well defined.
If E is a normed space we would like to show that E/F is a normed space with norm

IxHl g r o= ;rellf: llx =zl . (12.1)

This is a good definition since then ||[x][| gz, < ||x]|; for all x € E, that is, the natural
projection E — E/F, x — [x] is continuous. Geometrically, ||[x]||/F is the distance
of the affine subspace [x] = x+ F from the origin, or equivalently the distance between
the affine spaces F and x + F as Figure 12.1 shows in the situation of two dimensions.
Unfortunately, ||-|| g, is not always a norm, but only if F'is a closed subspace of E.

[x]=x+F

Figure 12.1: Distance between affine subspaces

12.1 Proposition Let E be a normed space. Then E/F is a normed space with norm
(12.1) if and only if F is a closed subspace of E.

Proof.  Clearly ||[x]l|g,r = O for all x € E and ||[x]l|g,r = 0 if [x] = [0], that is,
x € F. Now suppose that ||[x]|| JF = 0. We want to show that then [x] = [0] if and
only if F is closed. First suppose that F is closed. If |[[x]|| z,» = O, then by definition
there exist z, € F with ||x — z,|| = 0. Hence z, — x, and since F is closed x € F.
But then [x] = [0] proving what we want. Suppose now F is not closed. Then there

exists a sequence z, € F with z, = x and x € F. Hence [x] # [0], but
0 < IIix1ll gy < lim [lx = 2, =0,

that is ||[x]||E/F = 0 even though [x] # [0]. Hence (12.1) does not define a norm. The
other properties of a norm are valid no matter whether F is closed or not. First note
thatfora € Kand x € E

lelx]ll g/ r = llax]llg/r < lla(x = 2 g = lalllx = zll

forall z € F. Hence |la[x]||z/r < |all[[x]llg,r with equality if a = 0. If & # O, then
by the above

XUl gy = o™ alxll g p < lal™ llalx]ll gy,
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so llalx1ll /¢ 2 lalllx]l ;- showing that [lalx]ll ./ = lallIx|l /- Finallyletx, y € E
and fix € > 0 arbitrary. By definition of the quotient norm there exist z, w € F such
that [|x — zll; < I[x]ll /- + € and ly — wll; < I[¥]ll /s + €. Hence

||[x]+[J7]||E/F <lx+y—z-wllg < llx=zllg+lly—wlg < ”[x]”E/F+||[J’]||E/F+25-

As e > Owas arbitrary ||[x]+ [yl g/r < [[[x]ll g/ + IV]ll £/ F» sO the triangle inequality
holds. |

The above proposition justifies the following definition.

12.2 Definition (quotient norm) If F is a closed subspace of the normed space E,
then the norm ||| is called the quotient normon E/F.

We next look at completeness properties of quotient spaces.

12.3 Theorem Suppose E is a Banach space and F a closed subspace. Then E/F is
a Banach space with respect to the quotient norm.

Proof. The only thing left to prove is that E/F is complete with respect to the quo-
tient norm. We use the characterisation of completeness of a normed space given in
Theorem 6.8. Hence let Z:; [x,] be an absolutely convergent series in E/F, that is,

D Nx gy < M < oo,

n=1
By definition of the quotient norm, for each n € N there exists z, € F such that

1
lx, = z,llg < lx Mg/ + bTh

Hence,
m

m m 1
Xp = Zullp S xgp+ ) 5o SM+2<00
2, I = 2lle < Pl + 2 5

n=1

for all m € N. This means that ), (x, — z,) is absolutely convergent and therefore
convergent by Theorem 6.8 and the assumption that E be complete. We set

s = ;(xn - z,).

Now by choice of z, and the definition of the quotient norm

[(Zs) -0, = N(Dpsa=2) =19, < (Zese=20) =], =0

as m — oo by choice of s. Hence Zf;l [x,] = [s] converges with respect to the quotient
norm, and so by Theorem 6.8 E/F is complete. |

Next we look at factorisations of bounded linear operators. Given normed spaces E, F
and an operator T € L(E, F) it follows from Theorem 5.3 that kerT := {x €
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E: Tx = 0} is a closed subspace of E. Hence E/ker T is a normed space with
the quotient norm. We then define a linear operator 7' : E/ker T — F by setting

f“[x] =Tx

forall x € E. Itis easily verified that this operator is well defined and linear. Moreover,
if we set z(x) := [x], then by definition of the quotient norm [|z(x)|| z/xerr < 11X £
sor € L(E, E/kerT) with ||7|| (g g/xer ) < 1. Moreover, we have the factorisation

T = Twr,
meaning that the following diagram is commutative.

T
E F

T

~

E/kerT

We summarise the above in the following Theorem.

12.4 Theorem Suppose that E, F are normed spaces and that T € L(E, F). If T,z
are defined as above, then T' € L(E/ker T, F), [Tz r) = 1Tl zg/xerr,F) and we

have the factorisation T = Tox.

Proof. The only thing left to prove is that T € L(E/ker T, F), and that ||T| :=
IT e,y = Tl g jxerr,ry = ¢ IIT']l. First note that

1Tl = TN = 1T = 2)llp < IT X = zll
for all z € ker T. Hence by definition of the quotient norm
1T < IT I g er -

Now by definition of the operator norm IT] < IT|| < o. In particular, TerE /ker T, F).
To show equality of the operator norms observe that

ITxllr = 1TTx e < HT I e < WT X

by definition of the operator and quotient norms. Hence ||T|| < ||T’||, showing that
IT| =17 u

39



40



s L1

Banach algebras and the Stone-Weierstrass
Theorem

13 Banach algebras

Some Banach spaces have an additional structure. For instance if we consider the space
of continuous functions C(K) with K compact, then we can multiply the functions as
well and define

(fe)x) 1= f(x)g(x)
for all x € K. The natural norm on C(K) is the supremum norm, and we easily see
that

Ifglle < NSl llgllcos

which in particular implies that multiplication is continuous. Also, there is a neutral
element for multiplication, namely the constant function with value one. Vector spaces
with this additional multiplicative structure are called algebras. Here we have an addi-
tional topological structure. We introduce the following definition.

13.1 Definition A normed space E is called a (commutative) normed algebra if there
is an operation E X E — FE called multiplication with the following properties:

(1) xy = yx for all x, y € E (commutative law)

(i) x(yz) = (xy)z for all x, y, z € E (associative law);
(i) x(y + z) = xy + xz for all x, y € E (distributive law);
(iv) a(xy) =(ax)yforall x,y € Eand a, f € K;

W) llxyll < [[x[lllyll for all x,y € E.

Wecalle € E aunitif ex = x for all x € E. If E is complete we call E a Banach
algebra.

Note that not every Banach algebra has a unit. For instance L'(R") is a Banach algebra
with multiplication defined as convolution, that is,

(f *gx) = f(x—=ygy)dy.

RN
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Young’s inequality implies that ||/ * g||, < [|f]l;|lgll,, but there is no unity (see

MATH3969). Unity would correspond to the “delta function” which is really a measure,
not a function.

14 The Stone-Weierstrass Theorem

In this section we consider properties of subspaces of the Banach algebra C(K), where
K is a compact set. A classical theorem in real analysis, the Weierstrass approxima-
tion theorem asserts that every continuous function on a compact interval in R can be
uniformly approximated by a sequence of polynomials. In other words, the space of
polynomials on a compact interval I is dence in C(1).

The aim of this section is to prove a generalisation of this theorem to Banach al-
gebras with unity, called the Stone-Weierstrass theorem. It is named after Stone who
published the generalisation in [ 2] in 1948 with a huge success.

The standard proof of the Stone-Weierstrass theorem requires a very special case of
the Weierstrass approximation theorem, namely the fact that the absolute value function
|x| can be uniformly approximated by polynomials in the interval [—1, 1]. To achieve

that we write
[x] = Vx2=+1-(1-x2).

Using the binomial theorem we can write

- 1/2
x| = ;(—1%( . )(1—x2)k (14.1)

which is a power series in t = (1 — x?), converging for |¢| < 1, thatis, x € (=1, 1).
If we can prove that it converges absolutely and uniformly with respect to r € [—1, 1],
then the Weierstrass M -test shows that (14.1) converges absolutely and uniformly with
respectto x € [—1, 1]. Hence the sequence of partial sums of (14.1) provides a uniform
polynomial approximation of |x| on [—1, 1].

14.1 Lemma Let a € (0, 1). Then the binomial series

(1—-1)" = Z(—l)"(Z)t" (14.2)
k=0

converges absolutely and uniformly with respect to t in the closed ball B(0,1) C C.

Proof. We know that (14.2) holds for 7 in the open ball B(0, 1). As a € (0, 1) we have

(%)

for all k > 1. Hence, for ¢t € (0, 1) the series (14.2) can be rewritten in the form

1+ = —i (Z)

k=0

= (1!

a) _al@a—1D...(a—k+1)
k) k!

t*. (14.3)
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Rearranging we obtain

n

2

k=0

tF=1-1-1"<1

04 k a
" <

(<23
forallm e Nand all t € (0, 1). Letting t T 1 we see that

a

k
for all n € N. These are the partial sums of a series with non-negative terms and hence,
22
=0 | \k
converges. The Weierstrass M -Test now implies that (14.2) converges absolutely and
uniformly on B(0, 1). |

n

)

k=0

<1

<1

We now state and prove the main result of this section about the density of sub-
algebras of C(K). A sub-algebra is simply a subspace of C(K) that is also a normed
algebra.

14.2 Theorem (Stone-Weierstrass) Let K be a compact set and suppose that B is a
sub-algebra of C(K) over K satisfying the following conditions:

(1) B contains the constant function 1;

(i) B separates points, that is, for every pair of distinct points x,y € K there exist
f € B such that f(x) # f(y).

(iii) If f € B, then also f € B, where f is the complex conjugate of f.
Then, B is dense in C(K).

Proof. (a) We first assume that K = R. By Lemma 14.1 there exists a sequence of
polynomials p, such that ‘qn(s) - |s|‘ < 1/n*foralln € Nand all s € [-1,1]. We
rescale the inequality and obtain

|na,(5) = Insl| < 1/n

forall» € N and s € [—1, 1]. Note that we can rewrite ng,(s) in the form p,(ns) for
some polynomial p,. Given that q,(s) = a, + a;s + --- + a,,s™, the polynomial

al am m
p,(ns) = nay + n—(ns) + -+ + n—(ns)
n nm

satisfies p,(ns) = nq,(s) for all s € R. In particular, setting t = ns, we have a sequence
of polynomials so that

(1) — |z|‘ <1/n (14.4)
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foralln € Nand all t € [-n,n]. Let f € B. Since B is an algebra p,of € B for all
n € N, and that

(.00 = £ G)I| < 1/m (14.5)

foralln > || f||,, < oo and all x € K. Hence p,of — |f| in C(K), which means that
| f| € Bforall f € B. As a consequence also

max{f,g}=%(f+g+|f—g|) and min{f,g}=%(f+g—|f—g|) (14.6)

are in the closure of B for all f, g € B.
Fixnow f € C(K) and x, y € K with x # y. By assumption (i) there exists g € B
such that g(x) # g(y). We set

g(2) — g(x)

ho(z) 1= FL + (f() - f(x))g(y) mpron

forall z € K. As 1 € B by assumption we have h,, € B and h, (x) = f(x) and
h,,(y) = f(y). Let now £ > 0 be fixed. Using that i, , and f are continuous the sets

U, ={z€K: h(2)< f(2)+¢}
Ve, ={z€K: h(2)> f(2)—¢}

are open in K; see Theorem 5.3. Both sets are non-empty since A, (x) = f(x) and
h,,(y) = f(y) and thus x,y € U,, nV,,. The family (U,,), ,cx is clearly an open
cover of K. Fix now y € K. By the compactness of K there exist finitely many points
x;€K,k=1,...,m,sothat K = U;"zl ijy. Applying (14.6) repeatedly we see that

f, := min

m hxjy € B.

m

By choice of x; it follows that
f(z) < f(z)+¢ forall z € K;

f(2)> f()—¢ forallzeV, =[]V,
j=1

As V, is the intersection of finitely many open sets all containing y it is open and non-

empty. Again by compactness of K we can choose y,, ..., y, such that K = Ule ij.
Again applying (14.6) we see that

h := max fyGE,

j=1,....m

and that
f(z)—e<h(2)< f(z)+¢€

for all z € K. In particular || f — h||, < €. Ash € B and the argument above works
for any € >, we conclude that f € B as well.
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(b) Let us now consider the case of K = C. Given f € C(K,C) = C(K,R) +
iC(K,R), assumption (iii) implies that real and imaginary parts given by

Ref=2(f+/) ad Ref=o(f-))

are both in B. Set By := BN C(K,R). We can apply the real version proved already
to conclude that B = C(K, R). Hence, we also have B = C(K, C). |

We can deduce the Weierstrass approximation theorem as a corollary.

14.3 Theorem (Weierstrass approximation theorem) Ler I be a compact subset of
R. Then the space of polynomials R[x] is dense in C(I).

Proof. The space of polynomials is clearly a sub-algebra containing 1 (the constant
polynomial). It also contains the identity p(x) = x, and therefore separates points. Now
the Stone-Weierstrass theorem 14.2 applies. [

14.4 Remark The Weierstrass approximation theorem does not apply to C(K) if K
is a compact subset of C containing some interior. In fact, polynomials are naturally
analytic funtions and a theorem from complex analysis asserts that the uniform limit
of analytic functions are analytic. Hence it is impossible to approximate an arbitrary
continuous function uniformly by polynomials unless it is analytic. All assumptions of
Theorem 14.2 are fulfilled except for the last, the one on the complex conjugates: if

p(z) is a polynomial, then its complex conjugate p(z) is no longer a polynomial as z
cannot be writen as a polynomial in z.
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oo LV

Hilbert Spaces

Hilbert spaces are in some sense a direct generalisation of finite dimensional Euclidean
spaces, where the norm has some geometric meaning and angles can be defined by
means of the dot product. The dot product can be used to define the norm and prove
many of its properties. Hilbert space theory is doing this in a similar fashion, where an
inner product is a map with properties similar to the dot product in Euclidean space. We
will emphasise the analogies and see how useful they are to find proofs in the general
context of inner product spaces.

15 Inner Product Spaces

Throughout we let E denote a vector space over K.

15.1 Definition (Inner product, inner product space) A function (- | -): EX E —
[K is called an inner product or scalar product it

Q) w|v)=(|u) foru,veE,
(i) (u|u)>0forallu € E and (u | u) = 0 if and only if u = 0.
(i) (au+ pv | w)=au | w)+ (v | w) forall u,v,w € E and a, f € K,
We say that E equipped with (- | -) is an inner product space.

15.2 Remark As an immediate consequence of the above definition, inner products
have the following properties:

(a) By property (i) we have (u | u) = (u | u) and therefore (u | u) € Rforallu € E.
Hence property (i1) makes sense.

(b) Using (i) and (iii) we have

(u | av+ pw) = a(u | v) + flu | w)
forall u,v,w € E and a, f € K. In particular we have
(u | Av) = Au | v)

forall u,v € FE and 1 € K.
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Next we give some examples of Banach and Hilbert spaces.

15.3 Examples (a) The space CV equipped with the Euclidean scalar product given by
x|y =x-y= ) x3

forall x 1= (x;,...,xx),Y := (Jf»...,¥y) € CV is an inner product space. More
generally, if we take a positive definite Hermitian matrix A € CV*V, then
(x| y)y = xTAJ_’

defines an inner product on CV.
(b) An infinite dimensional version is £, defined in Section 7.2. An inner product
is defined by

(x | y) = in}i
i=1

for all (x,), (y;) € ¢,. The series converges by Holder’s inequality (Proposition 7.4).
(c) Foru,v € L,(X) we let

(u| v) :=/u(x)@dx.
X

By Holder’s inequality Proposition 7.7 the integral is finite and easily shown to be an
inner product.

The Euclidean norm on CV is defined by means of the dot product, namely by ||x|| =
\/x - x for x € CV. We make a similar definition in the context of general inner product
spaces.

15.4 Definition (induced norm) If E is an inner product space with inner product (- |

-) we define
lull 2= /(| w (15.1)

forallu € E.

Note that from Remark 15.2 we always have (x | x) > 0, so ||x|| is well defined. We
call ||| a “norm,” but at the moment we do not know whether it really is a norm in the
proper sense of Definition 6.1. We now want to work towards a proof that ||-|| is a norm
on E. On the way we look at some geometric properties of inner products and establish
the Cauchy-Schwarz inequality.

By the algebraic properties of the inner products in a space over R and the definition
of the norm we get

o —ull® = llull® + lloll* = 2(u | v).

On the other hand, by the law of cosines we know that for vectors u, v € R?
2 2 2
lo —ull” = [lull” + [l0ll” = 2||ull||v]| cos 6.

if we form a triangle from u, v and v — u as shown in Figure 15.1. Therefore
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Figure 15.1: Triangle formed by u, v and v — u.

u-v=|ull||lv] cosd

and thus
lu- o] < lullllv]].

The latter inequality has a counterpart in general inner product spaces. We give a proof
inspired by (but not relying on) the geometry in the plane. All arguments used purely
depend on the algebraic properties of an inner product and the definition of the induced
norm.

15.5 Theorem (Cauchy-Schwarz inequality) Ler E be an inner product space with
inner product (- | -). Then
|G [ o) < lullllvll (15.2)

for all u,v € E with equality if and only if u and v are linearly dependent.

Proof. 1f u = 0 or v = 0 the inequality is obvious and u and v are linearly dependent.
Hence assume that # # 0 and v # 0. We can then define

Rap
e

Note that the vector
_ @l
o lul?
is the projection of v in the direction of u, and » is the projection of v orthogonal to u as
shown in Figure 15.2. Using the algebraic rules for the inner product and the definition

u

_ o

[Jull?

Figure 15.2: Geometric interpretation of ».
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of the norm we get

_ywlvwlw @] v)u]v)

2 — .
Ol =02 e g1
llull® [lull* llull®

Therefore |(u | v)|> < |lu||*||v||?, and by taking square roots we find (15.2). Clearly
equality holds if and only if ||n|| = O, that is, if

_wly,
lull

Hence we have equality in (15.2) if and only if u and v are linearly dependent. This
completes the proof of the theorem. |

As a consequence we get a different characterisation of the induced norm.

15.6 Corollary If E is an inner product space and ||-|| the induced norm, then

lull = sup |(u | v)| = sup [(u| V)]

llvll<t llvll=1
forallu € E.
Proof. 1If u = 0 the assertion is obvious, so assume that u # 0. If ||v]| < 1, then
|(u | )] < ||ullllv]l = ||lu|| by the Cauchy-Schwarz inequality. Hence

lull < sup |(u | v)].

loll<1

Choosing v := u/||u|| we have |(u | v)| = |lull*/|lull < |lull, so equality holds in
the above inequality. Since the supremum over ||v|| = 1 is larger or equal to that over
|lv]| < 1, the assertion of the corollary follows. |

Using the Cauchy-Schwarz inequality we can now prove that ||| is in fact a norm.

15.7 Theorem If E is an inner product space, then (15.1) defines a norm on E.

Proof. By property (ii) of an inner product (see Definition 15.1 we have |ju|| =
vV (u | u) > 0 with equality if and only if u = 0. If u € E and A € K, then

Aull = V/(Au | du) = \/ 24 | u) = VAP |lul? = |A]||ull

as required. To prove the triangle inequality let u, v € E. By the algebraic properties
of an inner product and the Cauchy-Schwarz inequality we have

lu+ ol = @+ovluto)=lull>+@| o)+ @] w+ o]
2 2011112 2
< Qull® + 21 [ o) + ol < lull® + 2[lulPlol® + 1lol? = (llull + [loll)".
Taking square roots the triangle inequality follows. Hence ||-|| defines a norm. |

As a matter of convention we always consider inner product spaces as normed spaces.

50



15.8 Convention Since every inner product induces a norm we will always assume that
an inner product space is a normed space with the norm induced by the inner product.

Once we have a norm we can talk about convergence and completeness. Note that not
every inner product space is complete, but those which are play a special role.

15.9 Definition (Hilbert space) An inner product space which is complete with re-
spect to the induced norm is called a Hilbert space.

The inner product is a map on E X E. We show that this map is continuous with respect
to the induced norm.

15.10 Proposition (Continuity of inner product) Let E be an inner product space.
Then the inner product (- | -): E X E — K is continuous with respect to the induced
norm.

Proof. If x, — x and y, — y in E (with respect to the induced norm), then using the
Cauchy-Schwarz inequality

[, [ y) =& I =1x,—x|y)+ &y, —»I
<G, =x [y + 1y, =W Z lx, = x|yl + IxIl]y, =¥l = 0

as n — oo. Note that we also use the continuity of the norm in the above argument to
conclude that ||y, || = ||y|| (see Theorem 6.4). Hence the inner product is continuous.
[ |

The lengths of the diagonals and edges of a parallelogram in the plane satisfy a rela-
tionship. The norm in an inner product space satisfies a similar relationship, called the
parallelogram identity. The identity will play an essential role in the next section.

15.11 Proposition (Parallelogram identity) Let E be an inner product space and ||-||
the induced norm. Then

llu+ 0l + llu = vl* = 2[jull* + 2[|v]? (15.3)
forallu,v € E.

Proof. By definition of the induced norm and the properties of an inner product

llu+0lI” + llu = oll> = lull® + @ | v) + @ | w) + ||v]®
+lull® = @ | v) = (@ [ w) + llol* = 2|ull* + 2|0||?

for all u, v € E as required. |
It turns out that the converse is true as well. More precisely, if a norm satisfies (15.3)
for all u, v € E, then there is an inner product inducing that norm (see [ 13, Section 1.5]

for a proof).
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16 Projections and Orthogonal Complements

In this section we discuss the existence and properties of “nearest point projections”
from a point onto a set, that is, the points that minimise the distance from a closed set
to a given point.

16.1 Definition (Projection) Let E be a normed space and M a non-empty closed
subset. We define the set of projections of x onto M by

P,(x) :={me M : ||x—m| =dist(x, M)}.

The meaning of P,,(x) is illustrated in Figure 16.1 for the Euclidean norm in the plane.
If the set is not convex, P,,(x) can consist of several points, if it is convex, it is precisely
one.

Figure 16.1: The set of nearest point projections P,,(x).

We now look at some example. First we look at subsets of R", and show that then
P,,(x) is never empty.

16.2 Example Suppose that M C R" is non-empty and closed and x € M. If we fix
a > dist(x, M) and x € R", then the set K := M n B(x, a) is a closed and bounded,
and dist(x, M) = dist(x, K). We know from Proposition 5.5 that the distance function
x — dist(x, K) is continuous. Since K is compact by the Heine-Borel theorem, the
continuous map y — d(x, y) attains a minimum on K. Hence there exists y € K such
that d(x, y) = inf ¢ d(y, z) = dist(x, K) = dist(x, M), which means that y € P,,(x).
Hence P,,(x) is non-empty if M C RY. The same applies to any finite dimensional
space.

The argument to prove that P,,(x) is non-empty used above very much depends on the
set K to be compact. In the following example we show that P,,(x) can be empty. Itis
evident that P,,(x) can be empty if E is not complete. It may be more surprising and
counter intuitive that even if E is complete, P,,(x) may be empty! There is no mystery
about this, it just shows how much our intuition relies on bounded and closed sets to be
compact.

16.3 Example Let E := C([0, 1]) with norm ||u|| := |lu||, + ||u|[,- We claim that E
is complete. Clearly ||u||, < ||u|| for allu € E. Also

1 1
ll, =/ ()l dx < ||u||°o/ Ldx = lull,
0 0
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for all x € E. Hence ||-|| is equivalent to the supremum norm [|-||,, so convergence
with respect to ||-|| is uniform convergence. By Section 7.4 and Lemma 9.4 the space
E is complete with respect to the norm ||-||. Now look at the subspace

M ={ueC(0,1]): u(0) =0}.

Since uniform convergence implies pointwise convergence M is closed. (Note that by
closed we mean closed as a subset of the metric space E, not algebraically closed.)
Denote by 1 the constant function with value 1. If u € M, then

T —ull 2 11 —ull, 2 |1 —u©)] =1, (16.1)

sodist(1, M) > 1. If we set u,(x) := \”/;, then0 < 1 —u,(x) = Oforall x € (0, 1], so
by the dominated convergence theorem

1 1
||l—un||=||1—un||oo+/ l—un(x)dx21+/ I —u,(x)dx =1
0 0

as n — oo. Hence dist(1, M) = 1. We show now that P,,(1) = @, that is, there is no
nearest element in M from 1. If u € M, then u(0) = 0 and thus by continuity of u
there exists an interval [0, 6] such that |1 — u(x)| > 1/2 for all x € [0, 6]. Hence for all
u € M we have ||[1 —u||, > 0. Using (16.1) we have

1—ull=11-ull+ 11 —ullf 21T+[1-ull, >1

forallu € M, so P,,(1) is empty.

In the light of the above example it is a non-trivial fact that P,,(x) is not empty in a
Hilbert space, at least if M is closed and convex. By a convex set, as usual, we mean a
subset M such thattx + (1 —t)y € M forall x,y € M and ¢ € [0, 1]. In other words,
if x, y are in M, so is the line segment connecting them. The essential ingredient in the
proof is the parallelogram identity from Proposition 15.11.

16.4 Theorem (Existence and uniqueness of projections) Let H be a Hilbert space
and M C H non-empty, closed and convex. Then P,,(x) contains precisely one ele-
ment which we also denote by P,,(x).

Proof. Let M C H be non-empty, closed and convex. If x € M, then P,,(x) = x, so
there is existence and also uniqueness of an element of P,,(x). Hence we assume that
x & M and set

a :=dist(x, M) = inf ||x — m||.
meM

Since M 1is closed and x € M we have @ > 0. From the parallelogram identity Propo-
sition 15.11 we get

2 2
lm; — m,|I> = [|(m; — x) = (m, = x)|

= 2llm; = x|I> + 2|lm; = x|I> = |0m; = x) + (m, — x)|I>.
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If m;,m, € M, then ||[m, — x|| > a fori = 1,2 and by the convexity of M we have
(m, +m,)/2 € M. Hence

m; +m,
my =)+ (my = | = llm, +my = 2x]| = 2| === = x|| > 2a.
and by using the above
lm, — m,||* < 2||m, — x||* + 2||m, — x||* — 4a*. (16.2)

for all m;, m, € M. We can now prove uniqueness. Given m,, m, € P,,(x) we have by
definition ||m; — x|| = @ (i = 1,2), and so by (16.2)

lm, — m,||* < 4a® — 4a* = 0.

Hence ||m, — m,|| = O, that is, m; = m, proving uniqueness. As a second step we
prove the existence of an element in P,,(x). By definition of an infimum there exists a
sequence (x,) in M such that

l|x, — x|| = a :=dist(x, M).

This obviously implies that (x,) a bounded sequence in H, but since H is not necessar-
ily finite dimensional, we cannot conclude it is converging without further investigation.
We show that (x,) is a Cauchy sequence and therefore converges by the completeness
of H. Fix now € > 0. Since @ < ||x, — x|| = a there exists n, € N such that

a<|lx,—x|| <a+e
for all n > n,,. Hence using (16.2)
lx, + x,|I* < 2lIx, — x||* + 2||x, — x||* — 4a* < 4(a + €)* — 4a* = 4Qa + €)e
for all n, k > n,. Hence (x,,) is a Cauchy sequence as claimed. |

We next derive a geometric characterisation of the projection onto a convex set. If we
look at a convex set M in the plane and the nearest point projection m, from a point
x onto M, then we expect the angle between x — m, and m, — m to be larger or equal
than 7 /2. This means that the inner product (x —m, | m, —m) < 0. We also expect
the converse, that is, if the angle is larger or equal to z /2 for all m € M, then m, is
the projection. Look at Figure 16.2 for an illustration. A similar fact remains true in
an arbitrary Hilbert space, except that we have to be careful in a complex Hilbert space
because (x — m, | m, — m) does not need to be real.

16.5 Theorem Suppose H is a Hilbert space and M C H a non-empty closed and
convex subset. Then for a point m, € M the following assertions are equivalent:

i) m, = Py (x);

(i)) Re(m —m, | x—m,) <Oforallme M.
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Figure 16.2: Projection onto a convex set

Proof. By a translation we can assume that m, = 0. Assuming that m, = 0 = P,,(x)
we prove that Re(m | x) < 0 for all m € M. By definition of P,,(x) we have ||x| =
|Ix = O] =1inf,cp ||x —m][, so ||x]| < [|x —m]| forallm € M. AsO,m € M and M is
convex we have

IxII* < llx — tm]|* = ||x||> + £%||m]||* — 2t Re(m | x)
forallm € M and ¢t € (0, 1]. Hence
t
Re(m | x) < = [Im|’

forallme M andt € (0, 1]. If we fix m € M and let ¢ go to zero, then Re(m | x) <0
as claimed. Now assume that Re(m | x) < 0 for all m € M and that 0 € M. We want
to show that 0 = P,,(x). If m € M we then have

llx = ml* = [Ix|I> + [|m]|* = 2Re(x | m) > ||x|I?
since Re(m | x) < 0 by assumption. As 0 € M we conclude that
Ixll = inf llx = mll,
so 0 = P,,(x) as claimed. |

Every vector subspace M of a Hilbert space is obviously convex. If it is closed, then
the above characterisation of the projection can be applied. Due to the linear structure
of M it simplifies and the projection turns out to be linear. From Figure 16.3 we expect
that (x —m, | m) = 0 for all m € M if m, is the projection of x onto M and vice versa.
The corollary also explains why P,, is called the orthogonal projection onto M .

16.6 Corollary Let M be a closed subspace of the Hilbert space H. Then m,, = Py, (x)
ifand only if m, € M and (x —m, | m) =0 for allm € M. Moreover, P,,: H - M
is linear.

Proof. By the above theorem m, = P,,(x) if and only if Re(m, —x | m—m ) <0
for allm € M. Since M is a subspace m + m, € M for all m € M, so using m + m,
instead of m we get that

Re(m, — x| (m+m,)—m,)=Re(m,—x|m)<0
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Figure 16.3: Projection onto a closed subspace

for all m € M. Replacing m by —m we get —Re(m, — x | m) = Re(m, — x | —m) <0,
so we must have Re(m, — x | m) = 0 for all m € M. Similarly, replacing m = +im if
H is a complex Hilbert space we have

+Im(m, — x | im) = Re(m, —x | +m) <0,

so also Im(m, — x | m) =0 forallm € M. Hence (m, —x | m) =0forallm € M as
claimed. It remains to show that P,, is linear. If x, y € H and 4, y € R, then by what
we just proved

0=A(x = Py (x) [ m) + pu(x = Py (y) | m) = (Ax + puy — (AP (x) + uPy () | m)

for all m € M. Hence again by what we proved P,,(Ax + py) = AP, (x) + uP,,(»),
showing that P, is linear. |

We next connect the projections discussed above with the notion of orthogonal com-
plements.

16.7 Definition (Orthogonal complement) For an arbitrary non-empty subset M of
an inner product space H we set

Mt :={xeH: (x|m=0forallme M}.

We call M+ the orthogonal complement of M in H.

We now establish some elementary but very useful properties of orthogonal comple-
ments.

16.8 Lemma Suppose M is a non-empty subset of the inner product space H. Then
—1 i
MY is a closed subspace of H and M+ = M = (span M) = (span M)*.

Proof. If x,y € M* and A, u € K, then
(Ax +puy | m)=Ax | m)+ u(y | m)=0,

forall m € M, so M* is a subspace of H. If x is from the closure of M*, then there
exist x, € M+ with x, — x. By the continuity of the inner product

(x|m)=Ilim(x,|m)=1m0=0
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for all m € M. Hence x € M+, showing that M+ is closed. We next show that M+ =

ﬁl. Since M C M we have HL C M+ by definition the orthogonal complement.
Fix x € M and m € M. Then there exist m, € M with m, — m. By the continuity
of the inner product

(x| m) = lim(x | m,) = lim 0 = 0.

Hence x € M and thus M~ > M 1, showing that M = M‘. Next we show that
Mt = (span M)*. Clearly (span M)t C¢ M~ since M C span M. Suppose now that
x € M* and m € span M. Then there exist m; € M and 4, € K,i =1,...,n, such
thatm =Y, A,m,. Hence

(x| m)="7, ) (x| m)=0,
i=1

and thus x € (span M)*. Therefore (span M)* D M* and so (span M)t = M*
as claimed. The last assertion of the lemma follows by what we have proved above.

—1 —1 hi
Indeed we know that M+ = M and that M = (span M )*. |

We are now ready to prove the main result on orthogonal projections. It is one of the
most important and useful facts on Hilbert spaces.

16.9 Theorem (orthogonal complements) Suppose that M is a closed subspace of
the Hilbert space H. Then

(i) H=M @ M*;
(ii) Py, is the projection of H onto M parallel to M~ (that is, Py, (M*) = {0})
(iii) Py, € L(H, M) with || Py ||z pr) < 1.

Proof. (1) By Corollary 16.6 we have (x — Py,(x) | m) =0forallx € Handm € M.
Hence x — P,,(x) € M* for all x € H and therefore

x=P,(x)+ - P,)x) €M+ M,

andthus H = M + M*. If x € M n M*, then (x | x) = 0, so x = 0, showing that
H =M @ M*" is a direct sum.

(i1) By Corollary 16.6 the map P,, is linear. Since P,,;(x) = x for x € M we have
Pfl = P,, and P,,(M*) = {0}. Hence P,, is a projection.

(iii) By (i) we have (P,,;(x) | x — Py,(x)) = 0 and so

Ix]1* = | Py (x) + (I = Pp)x)|I*
= |Pyy(Ol* + lIx = Py (0)]1* + 2Re(Py(x) | x = Pyy(x)) = || Py ()]

forall x € H. Hence Py, € L(H, M) with || Py |2z pry < 1 as claimed. u
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16.10 Remark The above theorem in particular implies that for every closed subspace
M of a Hilbert space H there exists a closed subspace N such that H = M @ N.
We call M a complemented subspace. The proof used the existence of a projection.
We know from Example 16.3 that projections onto closed subspaces do not necessarily
exist in a Banach space, so one may not expect every subspace of a Banach space to
be complemented. A rather recent result [9] shows that if every closed subspace of a
Banach space is complemented, then its norm is equivalent to a norm induced by an
inner product! Hence the above theorem provides a unique property of Hilbert spaces.

The above theorem can be used to prove some properties of orthogonal complements.
The first is a very convenient criterion for a subspace of a Hilbert space to be dense.

16.11 Corollary A subspace M of a Hilbert space H is dense in H if and only if
Mt = {0}.

—1
Proof. Since M+ = M by Lemma 16.8 it follows from Theorem 16.9 that
H=M®®M*

for every subspace M of H. Hence if M is densein H, then M = H andso M+ = {0}.
Conversely, if M+ = {0}, then M = H, thatis, M is dense in H. [ |

We finally use Theorem 16.9 to get a characterisation of the second orthogonal com-
plement of a set.

16.12 Corollary Suppose M is a non-empty subset of the Hilbert space H. Then

M = (MYt = span M.

Proof. By Lemma 16.8 we have M+ = (span M)* = (span M ). Hence by replacing
M by span M we can assume without loss of generality that M is a closed subspace of
H. We have to show that M = M+, Since (x | m) = Oforallx € M andm € M+ we
have M ¢ M+, Setnow N := M+ n M*L. Since M is a closed subspace it follows
from Theorem 16.9 that M1+ = M @ N. By definition N ¢ M+ n M+t = {0}, so
N = {0}, showing that M = ML [ |

17 Orthogonal Systems

In RY, the standard basis or any other basis of mutually orthogonal vectors of length
one play a special role. We look at generalisations of such bases. Recall that two u, v
of an inner product space are called orthogonal if (u | v) = 0.

17.1 Definition (orthogonal systems) Let H be an inner product space with inner
product (- | -) and induced norm ||-||. Let M C H be a non-empty subset.

(1) M is called an orthogonal system if (u | v) = 0 for all u,v € M with u # v.
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(ii) M is called an orthonormal system if it is an orthogonal system and ||u|| = 1 for
allue M.

(i11)) M is called a complete orthonormal system or orthonormal basis of H if it is an
orthogonal system and span M = H.

Note that the notion of orthogonal system depends on the particular inner product, so
we always have to say with respect to which inner product it is orthogonal.

17.2 Example (a) The standard basis in KV is a complete orthonormal system in K"
with respect to the usual dot product.
(b) The set
M = {Qx)"?e"™: ne z)

forms an orthonormal system in L,((—z, z), C). Indeed,

”(2ﬂ.) 1/2 mx”2 1 / einxe—inx dx = 2L/ ldx =1

2 ) _,

for all » € N. Moreover, if n # m, then

Leimx> — i/ einxe—imx dx
V2 27 Jn

1 " i(n—m)x 1 1 i(n—m)x | "
= — ! d P —— L = 0
2w /_”e X 27ri(n—m)e -

( 1 inx
—¢€
V2r

since the exponential function is 2zi-periodic. The system is in fact complete. To
see this we use the Stone-Weierstrass Theorem 14.2. Clearly e are continuous func-
tions. The span of these functions is a sub-algebra of C([—x, z]) because the products
e"xeimx — ol"tmx are in the sysem for all n,m € Z. For n = 0 we have the constant
function. Also the family separates points. Hence the span these functions is dense in
C([-r, n]), which in turn is dense in L*((—x, 7)).

(c) The set of real valued functions

— —cosnx Lsmnx neN\ {0}

\/E\f V=

forms an orthonormal system on L,((—x, ), R). Again it turns out that this system is
complete. The proof of the orthogonality is a consequence of the trigonometric identi-
ties

sin mx sin nx = (cos(m —n)x — cos(m + n)x)

COS mX COS nXx = (cos(m —n)x + cos(m + n)x)

=N —= ]~

Sin mx cos nx = (sin(m — n)x + sin(m + n)x)

which easily follow from using the standard addition theorems for sin(m + n)x and
cos(m + n)x
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We next show that orthogonal systems are linearly independent if we remove the zero
element. Recall that by definition an infinite set is linearly independent if every finite
subset is linearly independent. We also prove a generalisation of Pythagoras’ theorem.

17.3 Lemma (Pythagoras theorem) Suppose that H is an inner product space and
M an orthogonal system in H. Then the following assertions are true:

(1) M \ {0} is linearly independent.

(i1) If (x,) is a sequence in M with x, # x,, for n # m and H is complete, then
Yoo Xy converges if and only if 37 ||x, ||* converges. In that case

Hixk”z = i [EA [ (17.1)
k=0 k=0

Proof. (i) We have to show that every finite subset of M \ {0} is linearly independent.
Hence let x, € M \ {0}, kK =1, ..., n be a finite number of distinct elements. Assume
that 4, € K are such that

k=0

If we fix x,,, m € {0, ..., n}, then by the orthogonality

0= (Z Ax,
k=0

Since x,, # 0 it follows that 4,, = 0 for all m € {0, ..., n}, showing that M \ {0} is
linearly independent.

(i1) Let (x,) be a sequence in M with x, # x,. (We only look at the case of
an infinite set because otherwise there are no issues on convergence). We set s, :=

Yo  xand ¢, 1= > |lx.||* the partial sums of the series under consideration. If
1 < m < n, then by the orthogonality

n ) n n
2
”sn_sm” :” Z xk“ :< Z xk‘ Z xj)
k=m+1 k=m+1 Jj=m+1
n n n
2
= > D lxp= D IxdlP =, -1,

k=m+1 j=m+1 k=m+1

%) = D A 15,0 = Ayl I
k=0

Hence (s,) is a Cauchy sequence in H if and only if ¢, is a Cauchy sequence in R,
and by the completeness they either both converge or diverge. The identity (17.1) now
follows by setting m = 0 in the above calculation and then letting n — oo. |

In the case of H = K" and the standard basis e, i=1,...,N,wecall x, = (x| ¢,) the
components of x € K". The Euclidean norm is given by

n n
2 2 2
Il = x> = ) 1Gx el
k=1 k=1
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If we do not sum over the full standard basis we may only get an inequality, namely

m n
Dl el < D1l epl® < ™
k=1 k=1

if m < n. We now prove a similar inequality replacing the standard basis by an arbitrary
orthonormal system M in an inner product space H. From the above reasoning we
expect that

Dl ml? < x|

meM
for all x € M. The definition of an orthonormal system M does not make any assump-
tion on the cardinality of M, so it may be uncountable. However, if M is uncountable,
it is not clear what the series above means. To make sense of the above series we define

Dl Iml? = sup Y (x| m)? (17.2)

meM NCMﬁnitemeN

We now prove the expected inequality.

17.4 Theorem (Bessel’s inequality) Ler H be an inner product space and M an or-
thonormal system in H. Then

Dl ml? < fx|? (17.3)

meM

forall x € H. Moreover, the set {m € M . (x | m) # 0} is at most countable for every
x € H.

Proof. Let N = {m, . k=1,...n} be a finite subset of the orthonormal set M in H.
Then, geometrically,

Z(x | mk)mk
k=1

is the projection of x onto the span of N. By Pythagoras theorem (Lemma 17.3) and
since ||m,|| = 1 we have

|t mom | = 161 mpPlimel> = 3 16 | mP
k=1 k=1 k=1

We expect the norm of the projection to be smaller than the norm of ||x||. To see that
we use the properties of the inner product and the above identity to get

0< [x= Yo tmom | = 12 + || X x| mom, |
k=1 k=1
= ) e ImGx | m) = Y (x| m)(my, | x)
k=1 k=1
=[xl + D 1 [ mlP =2 Y [Gx | m)?
k=1 k=1
= [Ixl? = D 1(x | m)l.
k=1
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Hence we have shown that

Dl m” < 1)

meN

for every finite set N C M. Taking the supremum over all such finite sets (17.3)
follows. To prove the second assertion note that for every given x € H the sets M, :=
{me M : |(x| m)| > 1/n} is finite for every n € N as otherwise (17.3) could not be
true. Since countable unions of finite sets are countable, the set

(me M : (xlm);é0}=UMn
neN

is countable as claimed. [ |

17.5 Remark Since for every x the set {m € M : (x | m) # 0} is countable we
can choose an arbitrary enumeration and write M, := {m € M : (x | m) # 0} =
{m, : k € N}. Since the series 2;0:1 |(x | m,)|* has non-negative terms and every such
sequence is unconditionally convergent we have

DA I mPP =) 16 [ mP?
k=1

meM

no matter which enumeration we take. Recall that unconditionally convergent means
that a series converges, and every rearrangement also converges to the same limit. We
make this more precise in the next section.

18 Abstract Fourier Series

If x is a vector in K" and e; the standard basis, then we know that

Z(x | ek)ek
k=1

is the orthogonal projection of x onto the subspace spanned by e, ..., e, if n < N, and
that

N
X = Z(x | e )e,.
k=1

We might therefore expect that the analogous expression

D e [ mym (18.1)

meM

is the orthogonal projection onto span M if M is an orthonormal system in a Hilbert
space H. However, there are some difficulties. First of all, M does not need to be
countable, so the sum does not necessarily make sense. Since we are not working in R,
we cannot use a definition like (17.2). On the other hand, we know from Theorem 17.4
that the set

M, :={meM: (x| M)+#0} (18.2)
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is at most countable. Hence M is finite or its elements can be enumerated. If M| is
finite (18.1) makes perfectly good sense. Hence let us assume that m,, k € N is an
enumeration of M. Hence, rather than (18.1), we could write

[o0]

D x| mom,.

k=0

This does still not solve all our problems, because the limit of the series may depend
on the particular enumeration chosen. The good news is that this is not the case, and
that the series is unconditionally convergent, that is, the series converges and for every
bijection o : N — N we have

(o] (o]
Z(X | mm, = Z(X | ma(k))ma(k)'
k=0 k=0

Recall that the series on the right hand side is called a rearrangement of the series on
the left. We now show that (18.1) is actually a projection, not onto span M, but onto
its closure.

18.1 Theorem Suppose that M is an orthonormal system in a Hilbert space H and set
N :=span M. Letx € H and my, k € Nan enumerationof M. Then Y, (x | m,)m,
is unconditionally convergent, and

[oo]

Py(x) = ) (x | mom,, (18.3)

k=0
where Py(x) is the orthogonal projection onto N as defined in Section 16.

Proof. Fix x € H. By Theorem 17.4 the set M is either finite or countable. We let
m,, k € N an enumeration of M, setting for convenience m, := 0 for k larger than
the cardinality of M, if M is finite. Again by Theorem 17.4

(]
Dl I m? < llxI1?,
k=0

so by Lemma 17.3 the series

[So]

yi= D | momy

k=0

converges in H since H is complete. We now use the characterisation of projections
from Corollary 16.6 to show that y = Py (x). For m € M we consider

s,(m) 1= (kZ:O(x | m)m, — x|m> = ;)(x | m,)(m, | m) — (x| m).

Since the series is convergent, the continuity of the inner product shows that

(v=x|m)=lims,(m) = Y (x| m)(my | m) = (x | m)
k=0
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exists forallm € M. If m € M, thatis, m = m; for some j € N, then by the
orthogonality

(y—x|m=x][m)—-(x|m)=0
Ifme M\ M_, then (x | m) = (m, | m) =0 for all kK € N by definition of M and the
orthogonality. Hence again (y—x | m) = 0, showing that y—x € M*. By Lemma 16.8

— 1
it follows that y—x € span M . Now Corollary 16.6 implies that y = P, (x) as claimed.
Since we have worked with an arbitrary enumeration of M, and P, (x) is independent
of that enumeration, it follows that the series is unconditionally convergent. [

We have just shown that (18.3) is unconditionally convergent. For this reason we can
make the following definition, giving sense to (18.1).

18.2 Definition (Fourier series) Let M be an orthonormal system in the Hilbert space
H. If x € H we call (x | m), m € M, the Fourier coefficients of x with respectto M.
Given an enumeration m,, k € N of M as defined in (18.2) we set

o

Z (x| mm := Z(x | m,)m,

meM k=0

and call it the Fourier series of x with respect to M. (For convenience here we let
m, = 0 for k larger than the cardinality of M. if it is finite.)

With the above definition, Theorem 18.1 shows that

D G [ mym = Py(x)

meM

forall x € Hif N := span M. As a consequence of the above theorem we get the
following characterisation of complete orthonormal systems.

18.3 Theorem (orthonormal bases) Suppose that M is an orthonormal system in the
Hilbert space H. Then the following assertions are equivalent:

(1) M is complete;

(i) x = 2 (x | m)m for all x € H (Fourier series expansion);
meM

(iii) ||x]|* = Z |(x | m)|* for all x € H (Parseval’s identity).

meM

Proof. (1)=(ii): If M is complete, then by definition N := span M = H and so by
Theorem 18.1
Py(x) = ) (x| mm

meM

for all x € H, proving (ii).
(i1)=(ii): By Lemma 17.3 and since M, is countable we have

Il = | ¥ e tmm| = ¥ I 1 ml?
meM meM
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if (i1) holds, so (iii) follows.
(iii)=(@): Let N := span M and fix x € N*. By assumption, Theorem 16.9
and 18.1 as well as Lemma 17.3 we have

0= 1Pyl = || X et mm| = ¥ 16 | ml? = 1.
meM meM

P— —
Hence x = 0, showing that span M = {0}. By Corollary 16.11 span M = H, that is,
M is complete, proving (i). |

We next provide the connection of the above “abstract Fourier series” to the “classical”
Fourier series you may have seen elsewhere. To do so we look at the expansions with
respect to the orthonormal systems considered in Example 17.2.

18.4 Example (a) Let e, be the standard basis in KV . The Fourier “series” of x € KV
with respect to e; is

N
X = Z(X | e)e,.
i=1
Of course we do not usually call this a “Fourier series” but say x; := (x | e;) are the

components of the vector x and the above sum the representation of x with respect to
the basis e;. The example should just illustrate once more the parallels of Hilbert space
theory to various properties of Euclidean spaces.

(b) The Fourier coefficients of u € L,((—x, zr), C) with respect to the orthonormal
system

1 .
e, neZz,

Vor

are given by

c Yy (x) dx.

1 /”
. e
V2r J-x

Hence the Fourier series of u with respect to the above system is

. 1 T .
u= 2 c,e" = —_— e " u(x) dxe™.
neZ nez \/ 27[ -

This is precisely the complex form of the classical Fourier series of u. As the orthonor-
mal system under considerationis complete, our theory tells us that the series converges
in L,((=x, ), C), but we do not get any information on pointwise or uniform conver-
gence.

(c) We now look at u € L,((—x, r),R) and its expansion with respect to the or-
thonormal system given by
1

Lcosnx,Lsinnx, neN\ {0}.
N VA
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The Fourier coefficients are
1 T
ay = —— u(x)dx
2 J-x

a, = L/ u(x)cosnx dx
7
1 i .

b, = —/ u(x)sinnx dx
N

Hence the Fourier series with respect to the above system is

(9]
u=a,+ Z(an cos nx + b, sinnx),
n=0
which is the classical cosine-sine Fourier series. Again convergence is guaranteed in
L,((—=z, ), R), but not pointwise or uniform. The completeness proof is the same as
in (b) as we just consider a “change of basis” here.

Orthonormal bases in linear algebra come from diagonalising symmetric matrices as-
sociated with a particular problem from applications or otherwise. Similarly, orthog-
onal systems of functions come by solving partial differential equations by separation
of variables. There are many such systems like Legendre and Laguerre polynomials,
spherical Harmonics, Hermite functions, Bessel functions and so on. They all fit into
the framework discussed in this section if we choose the right Hilbert space of functions
with the appropriate inner product. The most difficult issue is to prove the completeness
of a particular system. This is often handled very casually as pointed out in a letter by
Bocher to Lord Rayleigh who extensively worked with orthogonal expansions; see [ 1].

18.5 Remark One can also get orthonormal systems from any finite or countable set of
linearly independent elements of an inner product space by means of the Gram-Schmidt
orghogonalisation process as seen in second year algebra.

We have mentioned the possibility of uncountable orthonormal systems or bases. They
can occur, but in practice all orthogonal bases arising from applications (like partial
differential equations) are countable. Recall that a metric space is separable if it has a
countable dense subset.

18.6 Theorem A Hilbert space is separable if and only if it has a countable orthonor-
mal basis.

Proof. 1f the space H is finite dimensional and e;, i = 1, ... N, is an orthonormal basis
of H, then the set

N
spang{e;,...,ey} i= {z Aert A € @(+i@)}
k=1
is dense in H since Q is dense in R, so every finite dimensional Hilbert space is sep-

arable. Now assume that H is infinite dimensional and that H has a complete count-
able orthonormal system M = {e,: k € N}. Forevery N € N we let Hy :=
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span{e,,...,ey}. Then dim Hy, = N and by what we just proved, H is separable.
Since countable unions of countable sets are countable it follows that countable unions
of separable sets are separable. Hence

span M = U Hy
NeN
is separable. Since M is complete span M is dense. Hence any dense subset of span M
is dense in H as well, proving that H is separable. Assume now that H is a sep-
arable Hilbert space and let D := {x,: k € N} be a dense subset of H. We set
H, := span{x,: k = 1,...,n}. Then H, is a nested sequence of finite dimen-
sional subspaces of H whose union contains D and therefore is dense in H. We have
dim H, < dim H,_,, possibly with equality. We inductively construct a basis for span D
by first choosing a basis of H,. Given a basis for H, we extend it to a basis of H,,
if dim H,, > dim H,, otherwise we keep the basis we had. Doing that inductively
from n = 1 will give a basis for H, for each n € N. The union of all these bases is a
countable linearly independent set spanning span D. Applying the Gram-Schmidt or-
thonormalisation process we can get a countable orthonormal system spanning span D.
Since span D is dense, it follows that H has a complete countable orthonormal system.

Using the above theorem we show that there is, up to an isometric isomorphism, there
is only one separable Hilbert space, namely #,. Hence ¢, plays the same role as K is
isomorphic to an arbitrary N -dimensional space.

18.7 Corollary Every separable infinite dimensional Hilbert space is isometrically
isomorphic to ¢,.

Proof. Let H be a separable Hilbert space. Then by Theorem 18.6 H has a countable
orthonormal basis {e, : kK € N}. We define a linearmap T : H — ¢, by setting

(Tx); 1= (x1e)

for x € H and i € N. (This corresponds to the components of x in case H = KV.) By
Parseval’s identity from Theorem 18.3 we have

o0
2 2 2
Il = ) 1Gx | epl? = |Tx]3
i=1
Hence T is an isometry. Hence it remains to show that T is surjective. Let (&;) € ¢,

and set
o0
X = 2 ke
i=1

Since (&,) € £, we have

(o] [e¢]

2 2 2
D IEPlell? = D 1512 < oo
i=1 i=1

By Lemma 17.3 the series defining x converges in H. Also, by orthogonality, (x | e;) =
&, 50 Tx = (&). Hence T is surjective and thus an isometric isomorphism between H
and Z,. |
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Chapter

Linear Operators

We have discussed basic properties of linear operators already in Section 8. Here we
want to prove some quite unexpected results on bounded linear operator on Banach
spaces. The essential ingredient to prove these results is Baire’s Theorem from topol-

ogy.

19 Baire’s Theorem

To prove some fundamental properties of linear operators on Banach spaces we need
Baire’s theorem on the intersection of dense open sets.

19.1 Theorem (Baire’s Theorem) Suppose that X is a complete metric space and that
O,, n € N, are open dense subsets of X. Then (), O, is dense in X.

Proof. We want to show that for every x € X and & > 0 the ball B(x,€) and (), O,
have non-empty intersection. Fix x € X and € > 0. We show that there exist sequences
(x,)in X and (¢,) in R such that x;, = x, &, = ¢, ¢, = 0 and

B(x,,,,€,41) € B(x,,e,)N0,; (19.1)

n+1°
for all n € N. We prove the existence of such sequences inductively. Fix x € X and
€ >0. Wesetx; :=xande¢; :=min{l,e}. Suppose that we have chosen x, and ¢,
already. Since O, is open and dense in X the set B(x,,, €,) N O, is non-empty and open.
Hence we can choose x,,, € B(x,,€,) and 0 < ¢,,, < min{g,, 1/n} such that (19.1)
is true.

From the construction we have B(x,,,€,,,) € B(x,,€,) foralln € Nand g, —
0. Since X is complete Cantor’s intersection theorem (Theorem 3.11) implies that
,en B(x,, €,) is non-empty and so we can choose y € [,y B(x,,€,). By (19.1) we
have

neN

y € B(x,,,€,,1) € B(x,,¢,) N0,

n+1°

for every n € N and therefore y € O, for all n € N. Hence y € (), O,. By
construction B(x,, €,) C B(x,¢) for all n € N and so y € B(x, €) as well. Since x and
e > 0 were chosen arbitrarily we conclude that [ _ O, is dense in X.. u
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19.2 Remark In Baire’s Theorem it is essential that the sets O, be open in X (or satisfy
a suitable other condition). If we set O, = Q and O, = R\ Q, then O, and O, are
dense subsets of R, but O, N O, = @.

We can also reformulate Baire’s theorem in terms of properties of closed sets.

19.3 Corollary Suppose that X is a non-empty complete metric space and that C,,
n €N, is a family of closed sets in X with X = |, C,. Then there exists n € N such
that C,, has non-empty interior.

Proof. If C, has empty interior for all n € N, then O, := X \ C, is open and dense in
X for all n € N. By Baire’s Theorem the intersection (), O, is dense in X. Hence

Ja =Uxvop=x\(No,)#x.

neN neN neN

Therefore, C,, must have non-empty interior for some n € N. |

20 The Open Mapping Theorem

We know that a map between metric spaces is continuous if and only pre-images of
open sets are open. We do not want to look at pre-images, but the images of open sets
and look at maps for which such images are open.

20.1 Definition (open map) Suppose that X, Y are metric spaces. Wecallamap f : X —
Y open if f maps every open subset of X onto an open subset of Y.

20.2 Remark To be open is a very strong property of a map. Homeomorphisms are
open because the inverse function is continuous. On the other hand, if a continuous
function is not surjective such as the constant function, we do not expect it to be open.
However, even surjective continuous functions are not necessarily open. As an example
consider f(x) := x(x> — 1) which is surjective from R to R. Indeed, f((—1,1)) =
[-2/3 \/5, 2/3 \/5] is closed since the function has a maximum and a minimum in
(-1,1).

Our aim is to show that linear surjective maps are open. We start by proving a charac-
terisation of open linear maps.

20.3 Proposition Suppose E is a Banach space and F a normed space. For T €
L(E, F) the following assertions are equivalent:

(1) T is open;

(i) There exists r > O such that B(0,r) C T(B(O, 1));

(iii) There exists r > 0 such that B(0,r) C T (B(0,1)).
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Proof. ~ We prove (i) implies (ii) and hence also (iii). As B(0, 1) is open, the set
T (B(0,1)) is open in F by (i). Since 0 € T(B(0, 1)) there exists r > 0 such that

B(0,r) CT(B(0,1)) C T(B©,1)) € T(B(0,1)),

so (iii) follows.
We next prove that (iii) implies (ii). This is the most difficult part of the proof.
Assume that there exists » > 0 such that

B(0,r) C T(B(0, 1)).

We show that B(0,r/2) C T(B(0, 1)) which proves (ii). Hence let y € B(0,r/2). Then
2y € B(0,r) and since B(0,r) C T(B(O, 1)) there exists x; € B(0, 1) such that

12y = Tx, [l <

N~

Hence 4y—2Tx, € B(0, r) and by the same argument as before there exists x, € B(0, 1)

such that .

2

Continuing this way we can construct a sequence (x,) in B(0, 1) such that

14y = 2Tx; = Tx,|| <

||2ny _ 2n—1Tx1 —_ e — 2Txn—l — Tx,,|| <

N~

for all » € N. Dividing by 2" we get

—k r
[p- 22 ] < 5
k=1
for all n € N. Hence
y= ) 27",
k=1

Since ||x,|| < 1 for all kK € N we have that

o0 o0
Y2 Hxd < Y2k =1
k=1 k=1
and so the series
o0
X = Z 27 x,
k=1

converges absolutely in E because E is complete. Moreover, ||x|| < 1 and so x €
B(0,1). Because T is continuous we have

Tx = lim T<Z 2_kxk> = lim ¥ 27¥Tx, = y
n—oo k=1 n—oo k=1
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by construction of x. Hence y € T(B(0,1)) and (ii) follows.
We finally prove that (i1) implies (i). By (ii) and the linearity of 7" we have

T(B(0,¢)) = €T (B(0,1))
for every € > 0. Because the map x — e£x is ahomeomorphism on F' the set T’ (B(O, 5))

is a neighbourhood of zero for every € > 0. Letnow U C E be open and y € T(U).
As U is open there exists € > 0 such that

B(x,e) =x+ B(0,e) C U,

where y = T'x. Since z — x + z 1s a homeomorphism and 7' is linear we get

T(B(x,e)) =Tx +T(B(0,¢)) = y+ T (B(0,£)) C T(U).

Hence T'(B(x,¢)) is a neighbourhood of y in T(U). As y was an arbitrary point in
T'(U) it follows that T'(U) is open. |

We next prove a lemma on convex “balanced” sets.

20.4 Lemma Let E be anormed space and S C E convexwith S = -8 :={-x: x €
S}. If S has non-empty interior, then S is a neighbourhood of zero.

Proof. We first show that S is convex. If x,y € S and x,,, y, € S with x, — x and
v, = x,thentx, +(1—1)y, € Sforalln € Nand all r € [0, 1]. Letting n — co we get
tx+(1-1tye S‘_for all € [0, 1], so S is convex. Also, if —x, € —, then passing to

the limit —x € —S. Hence also S = —S. If S has non-empty interior, then there exist
z € S and € > 0 such that B(z,e) C S. Therefore z + h € S whenever ||h|| < & and
since S = —S we also have —(z + h) € S. By the convexity of S we have

y=3(G+m+ (x4 m) €8

whenever ||h|| < . Hence B(0,¢) C S, so S is a neighbourhood of zero. |
We can now prove our main theorem of this section.

20.5 Theorem (open mapping theorem) Suppose that E and F are Banach spaces.
If T € L(E, F) is surjective, then T is open.

Proof. AsT is surjective we have

F=J71(B0O,n)

neN

with T(B(O, n)) closed for all » € N. Since F is complete, by Corollary 19.3 to Baire’s

theorem there exists n € N such that T’ (B(O, n)) has non-empty interior. Since the map
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x — nx is ahomeomorphism and T is linear, the set T’ (B(O, 1)) has non-empty interior
as well. Now B(0, 1) is convex and B(0, 1) = —B(0, 1). The linearity of 7" implies that

T(B(0,1)) = =T (B(0, 1))

is convex as well. Since we already know that T(B(O, 1)) has non-empty interior,

Lemma 20.4 implies that T(B(O, 1)) is a neighbourhood of zero, that is, there exists
r > 0 such that

B(0,r) C T(B(0,1)).

Since E is complete Proposition 20.3 implies that 7" is open. |

20.6 Corollary (bounded inverse theorem) Suppose that E and F are Banach spaces
and that T € L(E, F) is bijective. Then T~! € L(F, E).

Proof. We know that T~': F — E is linear. If U C E is open, then by the open
mapping theorem (T~!)~!'(U) = T(U) is open in F since T is surjective. Hence T~ is
continuous by Theorem 5.3, thatis, T~' € L(F, E). [ |

20.7 Corollary Suppose E is a Banach space with respect to the norms ||-||, and ||||,.
If |||, is stronger than ||-||,, then the two norms are equivalent.

Proof. Let E, := (E,|||l,) and E, := (E,]||-||,). Since [|-]|, is stronger than |||,
the map I : x — x is bounded and bijective from E, into E,. Since E, and E, are
Banach spaces the inverse map I~! : x — x is bounded as well by the bounded inverse
theorem (Corollary 20.6). Hence there exists ¢ > 0 such that ||x|[, < c|[x]|, for all

x € E, proving that the two norms are equivalent. |

21 The Closed Graph Theorem

Suppose that T : E — F is alinear map between the normed spaces E and F. Consider
the graph
GT)={(x,Tx): xe E} CEXF

which is a vector space with norm
1, Tl = llxll + 1T x|l

If T is continuous, then G(T) is closed as a subset of E X F. The question is whether
the converse is true as well. The answer is no in general. An example was given in
Assignment 1. In that example we had E := C!([-1,1]) to F := C([-1,1]) both
with the supremum norm and Tu = u’ was a differential operator. We also saw in
that assignment that E was not complete with respect to the supremum norm. We now
show that this non-completeness makes it possible that an operator with closed graph
is unbounded (discontinuous). We prove that this cannot happen if E is complete! The
proof is based on the open mapping theorem.
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21.1 Theorem (closed graph theorem) Suppose that E and F are Banach spaces and
thatT € Hom(E, F). Then T € L(E, F) if and only if T has closed graph.

Proof. If T € L(E, F) and (x,,Tx,) = (x,y) then by the continuity Tx, — Tx =y,
so (x,y) = (x,Tx) € G(T). This shows that G(T') is closed. Now suppose that G(T)
is closed. We define linear maps

S P
E—GT)— F, xw— (x,Tx)— Tx.

Then obviously
1P TN = I1Tx] p < G TX)l7

Hence P € L(G(T), F). Next we note that S : E — G(T) is an isomorphism because
clearly S is surjective and also injective since Sx = (x, T'x) = (0, 0) implies that x = 0.
Moreover, S~ (x, Tx) = x, and therefore

1S™' G, Tl = lxlly < 16Ty

for all x € E. Hence S~! € L(G(T), E). Since every closed subspace of a Banach
space is a Banach space, G(T') is a Banach space with respect to the graph norm. By
the bounded inverse theorem (Corollary 20.6) S = (S™1)~! € L(E,G(T)) and so
T = PoS € L(E, F) as claimed. |

22 The Uniform Boundedness Principle

We show that pointwise boundedness of a family of bounded linear operators between
Banach spaces implies the boundedness of the operator norms. Virtually all textbooks
give a proof based on Baire’s theorem. We give a short elementary proof which is a
simplified version of the original proof by Hahn and Banach. This proof was published
very recently in [ 1] and does not rely on Baire’s theorem.

22.1 Theorem (uniform boundedness principle) Suppose that E and F are Banach
spaces. Let (T)),c 4 be afamily of linear operators in L(E, F) such that sup,c 4 || T, x| p <
oo forall x € E. Then sup,c, [T, ||z ) < -

Proof. Fix x, € E and r > 0. Then by definition of the operator norm

IThIl = %”T(XO +h) —=T(x,—hl < %(IIT(XO + M+ IT(xo = W)

< max{||T(xo + M. IT(x, — W} < ”Shllllp IT (xo + M|
<r

for all h € E with ||h|| < r. By definition of the operator norm we therefore get

r”THE(E,F):“Shlﬁp IThll < sup [Tyl (22.1)
<r

YEB(x(,r)
Assume now that sup,c, |7,z ) = o0. Choose a sequence a, € A such that

1
17, ey > 25 (22.2)
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Let x, = 0 and use (22.1) to choose x, € E such that

1 21
I =xol <3 and ITx 02 35070
Then by (22.1) it is possible to choose x, € E such that
1 21
lo-xll<g and Tl = S5IT,L
Continuing that way we inductively choose x, € E such that
1 21
- <= d T > =—||T, |
”xn xn—]” 3/1 an ” a"xn” - 33"” an”

The sequence (x,,) is a Cauchy sequence since forn > m > 0

n n
1 1/1 1
I, =%l < ) N = x4 1l < _=_<___>.
k

k=m+1 k=m+1 3 2 3m 3”
By completeness of E that sequence converges, so x, — x in E. Letting n — oo in the

above estimate we get

11
— < -
Il =0l < 55

for all m € N. Hence by construction of x,, and the reversed triangle inequality

IT, xll = I, (x = x,) + T, x,lI

21
> 1T, %l = T, 5 = 5,1l = 35T, 1= T, = x|
21 11 1 2 1 11
> 20T, = 55T = 50T, (5 - 5 ) = 25017, -
33m> m 23m> Om 3m= TmTA3 2 63m= n

Using (22.2) we finally get

IT, 32 ¢(3) = o

as m — co. Hence there exists x € E such thatsup,., ||T,x|| = co. Hence the assertion
of the theorem follows by contrapositive. |

22.2 Remark There are stronger versions of the uniform boundedness theorem: Either
the family is bounded in the operator norm, or it is pointwise unbounded for a rather
large set of points (see [ 10, Theorem 5.8] for a more precise statement).

We can apply the above to countable families of linear operators, and in particular to
sequences which converge pointwise. We prove that the limit operator is bounded if it
is the pointwise limit of bounded linear operators between Banach spaces. Note that in
general, the pointwise limit of continuous functions is not continuous.

22.3 Corollary Suppose that E and F are Banach spaces and that (T)) is a sequence
in L(E, F) such that Tx .= lim T,x exists for all x € E. ThenT € L(E, F) and

n—>o0

TNl eer < liﬂglf T 2 ry < o0 (22.3)
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Proof. T is linear because for x,y € E and A, u € K we have
T(Ax+ py) = im T,(Ax + py) = im (AT, x + uT,y) = ATx + uTy.

By assumption the sequence (7, x) is bounded in F for every x € E. Hence the uniform
boundedness principle (Theorem 22.1) implies that (||T ol F)) is abounded sequence
as well. By definition of the limit inferior we get

ITx|| = lim ||T,x||p = liminf ||T, x| = lim (}(r;f ||Tkx||F)
< }Hg(}gg ”TkHE(E,F))”x”E = (lifgglf ||Tn||£(E,F)) Ixllp < o0
for all x € E. Hence by definition of the operator norm (22.3) follows. |

Note that in the above proof we cannot in general replace the limit inferior by a limit
because we only know that the sequence ||7,|| is bounded.

As an application of the uniform boundedness principles we can prove that there
are Fourier series of continuous functions not converging at a given point, say at zero.

22.4 Example Let C,, ([—x, x], C) be the subspace of u € C([—x, ], C) withu(—x) =
u(x) equipped with the supremum norm. It represents the space of continuous functions
on R that are 2z-periodic. As C,, ([-x, z],C) C L*((—x, z), C) it follows from Exam-
ple 18.4 that the Fourier series of every f € C([—x, ], C) converges in L*>((—x, ), C).
The question about pointwise convergence is much more delicate. We use the uniform
boundedness principle to show that there are continuous functions, where the Fourier
series diverges. To do so let u € C([—nx, z], C) with Fourier series

_ 1 C " —ikt ikx
u(x) = o k;oo [” u(t)e " dte

We will show that the operators 7, : C,,([—x, ], C) — C given by the partial sum

Tu:=u,0) := é Z /” u(t)e ¥ dt (22.4)

k=—n

of the Fourier series evaluated at x = 0 is a bounded linear operator. It turns out that
IT,]| — oo as n — oo, so the family of operators (7)), 1S not bounded. Hence,
by the uniform boundedness principle there must exist u € C,, ([—x, x],C) so that
T,u = u,(0) is not bounded, that is, the Fourier series of u does not converge at x = 0.
One can replace x = 0 by an arbitrary x € [—x, 7]. One can also use Baire’s Theorem
to show that for most u € C,, ([—x, ], C), the Fourier series diverges for instance on
[—7, 7] N Q. We do not do that here, but refer to [ 10, Section 5.11].

We now show determine ||7,|| and show that ||T,|| = o0 as n = oo0. To do so we

set
n

D) := ) &~

k=—n
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We can then write the partial sum of the Fourier series of u in the form

n

u,(x) = Z e = % Z e”‘x/ u()e ™ dt

k=—n k==n
_ L /ﬂu(t) Zn: ek gy = L /”M(I)D (x —1)dt.
2 ). . 2r J_, "

Using the formula for the partial sum of a geometric series we also see that

n

2n
Dn(l‘) — Z okt — it Z(eit)k
k=0

k=—n
o @Gl /20 _ i1/ sin(n + 1/2)t
et —1 eit/2 — g=it/2 ~ sin(t/2)

The 2r-periodic function D,, is called the Dirichlet kernel. To summarise, we obtain

_sin(n+ 1/2)t
D, = T2 (22.5)

with a removable singluarity lim,_, D,(tf) = 2n + 1. Using the Dirichlet kernel we
obtain a closed expression for the partial sum of a Fourier series, namely,

u (x) = i / "wOD, (x — ) dr. (22.6)

T

2n+1

Figure 22.1: The Dirichlet kernel D,,.

The operators T, : C,, ([—x, x], C) — C introduced in (22.4) is hence given by
Tu :=u,0) = 2i/ u(t)D, (1) dt (22.7)
T -
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are bounded since, using (22.6).

1
Tl < 11D, Iyl
T
Hence,
1
T <—I|D.Ull,.
” n” = 271_” n”l

We would like to show equality. If we set u := sign D,, then u(t)D,(¢) = | D, ()| and
thus

1 [ 1
Tul=— D,t)|dt = —||D,l|,-
T = 5= [ 1D,01dr= 00,1,
Unfortunately, u = sign D, is not continous, otherwise the above would imply that
1
I, > 511D, 1, (22.8)
/2

However, we can approximate u pointwise by functions u, € C, ([—x, ], R) with
values in [—1, 1] by putting in a line at every jump of with slope +k as indicated in
Figure 22.2. The dominated convergence theorem then implies that

y sign D,

7

k

1
1
1
1

/

1
T
T t

Figure 22.2: Approximating sign D, by continuous functions.

lim / (D, 1) di = / " sign(D,(0)D (1) di = / Dyl dt = D,

and hence (22.8) is valid. In particular 2z||T, || = || D, ||, for all » € N. We finally need
to show that ||T,|| — oo or equivalently that ||D,||, - o0 as n — 0. As sin(¢/2) <
|t| /2 for all € R we first note that

g g " | sin(n + 1/2)t|
D dr =2 D dr =2 d
/_,f' /Ol dt /0 D, dr /o s/

24/ |sm(n-;—1/2)t| dt =: 41
0

for all n € N. Using the substitution s = (n + 1/2)t we see that

™ | sin(n + 1/2)t /27 1 Gin s =[5 Isins
In=/| ( /)ldt=/ | IdSZZ/ | lds
0 t 0 s (k=Dzx S

k=1

S 1 [ 1w 1
n—>o0
> —/ |sins|ds=—2——>oo
pai kx (k=1)z T4 k

because of the divergence of the harmonic series. Hence, || D, ||, — oo as claimed.
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23 Closed Operators

In this section we look at a class of operators which are not necessarily bounded, but
still sharing many properties with bounded operators.

23.1 Definition (closed operator) Let E, F be Banach spaces. We call A a closed
operator from E to F with domain D(A) if D(A) is a subspace of E and the graph

G(A) :={(x,Ax): x€ D(A)} CEXF
isclosedin E X F. We write A: D(A)C E — F.

23.2 Remark (a) The graph of a linear operator A: D(A) C E — F is closed if and
onlyif x, — xin E and Ax, — yin F imply that x € D(A) and Ax = y. The condition
looks similar to continuity. The difference is that continuity means that x, — x in E
implies that the sequence (Ax,) automatically converges, whereas this is assumed in
case of a closed operator.

(b) Note that A: D(A) — F is always continuous if we consider D(A) with the
graph norm [lx[|, <= [|x|lz + [| Ax]l .

Classical examples of closed but unbounded operators are differential operators. We
demonstrate this with the simplest possible example.

23.3 Example Consider the vector space of continuous functions £ = C([0, 1]). De-
fine the operator Au := u’ with domain

D(A) :=CY[0,1]) := {u: [0,1] = R |« € C([0, 1])}.

We show that A: D(A) C E — E is a closed operator which is not bounded.

A standard result from analysis asserts that if u, — u pointwise and u/ — v uni-
formly, then u is differentiable with &’ = v € C([0, 1]). Suppose that u, — u and
Au, — vin E. Since convergence in the supremum norm is the same as uniform con-
vergence we have in particular that u, — u pointwise and Au, = u/ — v uniformly.
Hence u € C'([0,1]) = D(A) and Au = v’ = v. Hence A is a closed operator. We
next show that A is not bounded. To do so let u,(x) := x". Then |lu,||, = 1 for all
n €N, but [|u ||, =n — oo as n — co. Hence A maps a bounded set of D(A) onto an
unbounded set in E and therefore A is not continuous by Theorem 8.3.

We next prove some basic properties of closed operators:

23.4 Theorem Suppose that E and F are Banach spaces and that A: D(A) C E - F
is an injective closed operator.

(i) Then A~': im(A) C F — E is a closed operator with domain D(A™") = im(A).
(ii) Ifim(A) = F, then A~' € L(F, E) is bounded.

(iii) Ifim(A) = F and A™': im(A) C F — E is bounded, then im(A) = F and
Al € L(F,E).
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Proof. (i) Note that
G(A) = {(x,Ax): x € D(A)} = {(A7'y,y): y € im(A)}

is closed in E X F. Since the map (x,y) — (y, x) is an isometric isomorphism from
E X F to F X E, the graph of A~! is closed in F X E.

(ii) By part (i) the operator A~': im(A) = F — E is closed. Since E, F are
Banach spaces, the closed graph theorem (Theorem 21.1) implies that A=! € L(F, E).

(i1i1) Suppose y € F. Since im(A) is dense there exist y, € im(A) such that y, — y
in F. If we set x, := A~'y,, then by the boundedness of A~! we have ||x, — x,, || <
I A £meay.e) 1V = Yl g for all m,m € N. Since y, — y it follows that (x,,) is a Cauchy
sequence in E, so by completeness of E we have x, = A~!'y — xin E. Since A™!
is closed by (i) we get that y € D(A™') = im(A) and A~'y = x. Since y € F was
arbitrary we get im(A) = F. |

We can also characterise closed operators in terms of properties of the graph norm on
D(A) as introduced in Definition 9.5.

23.5 Proposition Suppose that E and F are Banach spaces. Then, the operator A . D(A) C
E — F is closed if and only if D(A) is a Banach space with respect to the graph norm
x4 2= llxllg + [[Ax]| .

Proof. We first assume that A is closed and show that D(A) is complete with respect
to the graph norm. Let (x,) be a Cauchy sequence in (D(A), ||-|| ,)- Fix € > 0. Then
there exists n, € N such that

||xn - xm”A = ||xn - xm”E + ”Axn - Axm”F <é&

for all m,n > n,. Hence (x,) and (Ax,) are Cauchy sequences in E and F, respectively.
By the completeness of E and F we conclude that x, — x and Ax, — y. Since A is
closed we have x € D(A) and Ax =y, so

lIx, = xll4 = lIx, = xllg + | Ax, = Ax[|p = 0.

Hence, x, — x in (D(A), ||-|| »), proving that (D(A), ||-|| ,) is a Banach space.

Suppose now that (D(A), ||-|| ,) is a Banach space. Suppose that x, — x in E and
Ax, — yin F. Since (x,) is a Cauchy sequence in E and (Ax,) a Cauchy sequence in
F, the definition of the graph norm

”xn - xm”A = ”xn - xm”E + ”Axn - Axm”F

implies that (x,) is a Cauchy sequence with respect to the graph norm in D(A). By the
completeness of D(A) with respect to the graph norm we have x, — x in the graph
norm. By the definition of the graph norm this in particular implies x € D(A) and
Ax, — Ax,so Ax = y. Hence A is closed. |

In the following corollary we look at the relationship between continuous and closed
operators. Continuous means with respect to the norm on D(A) induced by the norm
in E.
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23.6 Corollary Suppose that E, F are Banach spaces and that A: D(A) C E — F is
a linear operator. Then A € L(D(A), F) is closed if and only if D(A) is closed in E.

Proof. Suppose that A € L(D(A), F). By Proposition 9.7, the graph norm on D(A)
is equivalent to the norm of E restricted to D(A). Since A is closed we know from
Proposition 23.5 that D(A) is complete with respect to the graph norm, and therefore
with respect to the norm in E. Hence D(A) is closed in E. Suppose now that D(A)
is closed in E. Since E is a Banach space, also D(A) is a Banach space. Hence, the
closed graph theorem (Theorem 21.1) implies that A € L(D(A), F). |

As a consequence of the above result the domain of a closed and unbounded operator
A: D(A) C E — F isnever a closed subset of E.

24 Closable Operators and Examples

Often operators are initially defined on a relatively small domain with the disadvantage
that they are not closed. We show now that under a suitable assumption there exists a
closed operator extending such a linear operator.

24.1 Definition (extension/closure of a linear operator) (i) Suppose A: D(A) C E —
F is a linear operator. We call the linear operator B : D(B) C E — F and extension of
Aif D(A) € D(B) and Ax = Bx for all x € D(A). We write B D A if that is the case.
(i1) The linear operator A : D(A) C E — F is called closable if there exists a closed
operator B: D(B) C E — F with B D A.
(iii) We call A the closure of A if A is closed, A D A, and B D A for every closed
operator with B D A.

24.2 Theorem (closure of linear operator) Suppose that A: D(A) C E — Fisa
linear operator. Then the following assertions are equivalent:

(1) A is closable.
(1) Ifx, = 0in E and Ax, — yin F, then y = Q.

In that case G(A) = G(A) C E X F is the graph of the closure A, and D(A) = {x €
E: (x,y) € G(A)} its domain.

Proof.  Suppose that (1) is true and that B is a closed operator with B 2 A. If x, €
D(A), x, = 0 and Ax, — y, then x € D(B) and Bx, = Ax, — y as well. Since B is
closed BO = 0 = y, so (ii) follows. L

Suppose now that (ii) holds. We show that G(A) is the graph of a linear operator.
To do so we let (x, y), (x, ¥) € G(A) and show that y = y. By choice of (x, y) there exist
x, € D(A) such that x, — x in E and Ax, — y in F. Similarly there exist z, € D(A)
with z, — xand Az, — y. Thenx,—z, — Oand A(x,—z,) = (y—J). By assumption
(ii) we conclude that y — § = 0, that is, y = 7. Hence we can define an operator A by
setting Ax := y for all (x,y) € G(A). Its domain is given by

D(A) :={x € E: (x,y) € G(A)}
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and its graph by G(A) = G(A). If x, z € D(A), then by the above construction there
exist sequences (x,) and (z,) in D(A) with Ax, — Ax and Az, — Az. Hence

A(Ax, + pz,) = AAx, + uAz, — AAX + nAz

Since Ax, + uz, — Ax + pz, by definition of A we get (Ax + uz, AAx + uAz) € G(A)
and so A(Ax + uz) = AAx + uAz. Hence D(A) is a subspace of E and A is linear.
Because G(A) = G(A) is closed, it follows that A is a closed operator. Moreover, A is
the closure of A because G(A) must be contained in the graph of any closed operator
extending A. |

We can use the above in particular to construct extensions of bounded linear operators
defined on dense subspaces.

24.3 Corollary (Extension of linear operators) Suppose that E, F are Banach spaces,
and that E, is a dense subspace of E. If T, . L(E,, F), then there exists a unique op-
erator T € L(E, F) such that Tx = Tyx for all x € E,. Moreover, [Ty, ) =

1Tl k.-

Proof. 'We consider T, as a linear operator on E with domain D(T})) = E,. Suppose
that x, € E, with x, = 0 and T,x, — y. Since T, is bounded we have ||T;x, ||, <
||T0||£(EO’F)||xn||E — 0, so y = 0. By Theorem 24.2 T;, has a closure which we denote
by T'. We show that D(T') = E and that T" is bounded. If x, € E; and x, — x in E,
then by definition of T'x we have

ITx|| = r}gg I Tox, |l < ||To||z:(E0,F) }1_210 lIx,llz < ”TOHC(EO,F)”x”E'

Hence || Tl ;g ) < IT5ll L(EyF)* Since clearly ||T|| ;g ) 2 [Tl L(EyF)> the equality of
the operator norms follow. Now Corollary 23.6 implies that D(T') is closed in E, and
since E, € D(T) is dense in E we get D(T') = E. |

We complete this section by an example of a closable operator arising in reformulating
a Sturm-Liouville boundary value problem in a Hilbert space setting. The approach
can be used for much more general boundary value problems for partial differential
equations. We need one class of functions to deal with such problems.

24.4 Definition (support/test function) Let Q C RN be anopensetandu: Q — Ka
function. The set

supp(u) := {x € Q: u(x) # 0}

is called the support of u. We let
C*(Q) :={u: Q — K: uhas partial derivatives of all orders}

and
C>2(Q) 1= {u € C*(Q) : supp(u) C Q is compact}.

The elements of C*(€2) are called test functions.
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24.5 Example Let I = [a, b] be acompactinterval, p € C'(I), q € C(I)with p(x) > 0
forall x € I and a;, f; € R with &’ + 7 # 0 (i = 1,2). We want to reformulate the
Sturm-Liouville boundary value problem

—(pu') +qu=f in(a,b),
au(a) — pu'(a) =0 (24.1)
a,u(a) + pu'(a) =0

in a Hilbert space setting as a problem in L,((a, b), R). Functions in L,((a, b), R) are
not generally differentiable, so we first define a linear operator on a smaller domain by
setting
Ay 1= —(pu') + qu
for allu € D(A,), where
D(Ay) :={ue C¥): au(a) — pu'(a) = ayu(a) + Pou'(a) = 0}.

The idea is to deal with the boundary conditions by incorporating them into the defini-
tion of the domain of the differential operator. We note thatif Ayu = f withu € D(A,),
then u is a solution of (24.1).

We would like to deal with a closed operator, but unfortunately, A, is not closed.
We will show that A, is closable as an operator in L,((a, b),R). Clearly D(A,) C
Ly((a, b),R). Moreover, C®((a, b)) C D(A,). Using integration by parts twice we see
that

b b s b
/ PAudx = / uAyp dx + plup’ — gou’)| = / uAyp dx (24.2)

for all u € D(Ay) and ¢ € C((a, b)) because p(a) = @'(a) = p(b) = ¢'(b) = 0.
Suppose now that u, € D(A,) such that u, — 0 in L,((a,b),R) and Ayu, — v in
L,((a, b), R). Using (24.2) we and the Cauchy-Schwarz inequality we get

b
/ Ay, dx| =

as n — oo. Therefore,
b b
/ @Ay, dx — / pvdx =0

for all @ € C*((a,b)). One can show that C*((a, b)) is dense in L,((a,b),R), so
that v = 0 in L,((a,b),R). By Theorem 24.2 the operator A, is closable. Denote
its closure by A with domain D(A). Since C*((a, b)) is dense in L,((a, b), R) and
C>((a, b)) C D(A,) it follows that D(A) is a dense subset of L,((a, b), R).

Instead of (24.1) it is common to study the abstract equation

b
/ Ao dx| < 1| Agepll, = O

Au=f

in L,((a, b), R). The solutions may not be differentiable, but if they are, then they are
solutions to (24.1). We call solutions of the abstract equation generalised solutions of
(24.1). The advantage of that setting is that we can use all the Hilbert space theory
including Fourier series expansions of solutions.
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A

Duality

25 Dual Spaces

In this section we discuss the space of linear operators from a normed space over K into
[K. This is called the “dual space” and plays an important role in many applications.
We give some precise definition and then examples.

25.1 Definition (Dual space) If E is a normed vector space over K, then we call
E' := L(E,K)

the dual space of E. The elements of E’ are often referred to as bounded linear func-
tionals on E. The operator norm on L(E,K) is called the dual norm on E’ and is
denoted by ||-|| . If f € E’, then we define

(fsx) 1= f(x).

25.2 Remark (a) As K (= R or C) is complete it follows from Theorem 8.8 that E’ is
a Banach space, even if E is not complete.
(b) For fixed x € E, the map

E' =K f—(f.x)

is obviously linear. Hence
(-,): EEXE—>K

is a bilinear map. It is called the duality map on E. Despite the similarity in notation,
(-, ) is not an inner product, and we want to use different notation for the two concepts.
(c) By definition of the operator norm, the dual norm is given by

(0 _

lf|lz = sup sup [(f,x)|
xee\{0) x|z pxirgst
and as a consequence
I < NN llxll g

for all f € E’' and x € E. Hence the duality map (-,-) : E’ X E — K is continuous.
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We next give some examples of dual spaces. We also look at specific representations
of dual spaces and the associated duality map, which is useful in many applications.
These representations are often not easy to get.

25.3 Example Let E = KV. Then the dual space is given by all linear maps from K~
to K. Such maps can be represented by a 1 X N matrix. Hence the elements of KV
are column vectors, and the elements of (KV) are row vectors, and the duality map is
simply matrix multiplication. More precisely, if

=0l fnl€e®YY and x=|: |ek",

then

X, N
(foxy=Lfin 1] 8 |= D fixeo
XN k=1
which is almost like the dot product except for the complex conjugate in the second
argument. By identifying the row vector f with the column vector f7 we can identify
the dual of KV with itself.

Note however, that the dual norm depends by definition on the norm of the original
space. We want to compute the dual norm for the above identification by looking at
E, = KN with the p-norm as defined in (7.1). We are going to show that, with the
above identification,

E,:Ep/ <l+l,:1>
? p D
with equal norms. By Holder’s inequality (Proposition 7.2)
I < 1S 1y 1], (25.1)

for all x € KY and 1 < p < co. Hence by definition of the dual norm || /|| 5 < [ £,
P
We show that there is equality for 1 < p < o0, that is,

£ llg, = 1£1y- (25.2)

We do this by choosing a suitable x in (25.1). Let 4, € K such that |4,] = 1 and
| fi| = A, fy- First assume that p € (1, 0]. For k =1, ..., N we set

X = A f V@D if p e (1, 00)
) 4 if p = oo.

Then, noting that p’ = p/(p— 1) if p € (1, 00) and p’ = 1 if p = o0, we have

fix, = fk’lklfkll/(p_l) = |fk|p/(p_l) = |fk|pl if p € (1, ),
CET A= A = 1A if p = oo,

and hence for that choice of x
’ /—1
(fox)= D17 =111 00107
k=1

86



Now if p = co then |£177" = |f]0 = 1,50 Ifllp = If];. If p € (I, 00) then, by
definition of x and since p’ = p/(p — 1), we have

£ 77 = 1417070 = x|

and so

yol Y PN al 1/p
71 = (X e ) = (T wl) =1,
k=1

k=1
Together with (25.1) we conclude that (25.2) istrue if 1 < p < oo0. Incase p = 1 we
let j € {1,..., N} such that | f;| = max,_, n |f;|- Thensetx; := 4, (4; as defined
above) and x, = 0 otherwise. Then

(f.x) = Ajfj = |fj| :k:nllaXlekl = |fle>

so || fllg =|fls if p=1as well.

We next look at an infinite dimensional analogue to the above example, namely the
sequence spaces ¢, from Section 7.2.

25.4 Example For two sequences x = (x,) and y = (y,) in K we set

(X, J’> = Z X Vi
k=0

whenever the series converges. By Holder’s inequality (see Proposition 7.4)

[, 1 < Ixl, 1yl

forall x € £,and y € ¢, where and 1 < p < oo. This means that for every fixed
yer o the linear functional x — (y, x) is bounded, and therefore an element of the
dual space (£,)'. Hence, if we identify y € ¢, with the map x — (y,x), then we
naturally have

tyCe

for 1 < p < . The above identification is essentially the same as the one in the
previous example on finite dimensional spaces. We prove now that

(1) f; = ¢, if 1 < p < co with equal norm;
(ii) ¢, = ¢, with equal norm.

Most of the proof works for (i) and (ii). Given f € ¢ [’) we need to find y € £, such that
(f.x) =Y mx forallx € 7, Wesete, :=(5,) € £,. We define

yi i=(f.e)

and show that y := (y,) € £ . Further we define f, € z,”l’; by

(frnx) 1= Z Vi Xk
k=0
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If we set x” 1= 37 x,e,, then

o) = (£ xe) = Xl fre) = X i = fx) (25.3)
k=0 k=0 k=0

by definition of y, for all n € N. Next note that x* — x in #,. Indeed, if 1 < p < oo
and x € fp, then

[o0]

X —xlp= " =0

k=n+1
asn — oo. If p = o0 and x € ¢, then also

|x(”) —X|, =sup|x,| =0
k>n

as n — o0, s0 x" — x in ¢,. Hence, by definition of y and (25.3) we obtain
DXy = lim(f,.x) = lim (£, x®) = (£, x),
k=0

and so f, — f pointwise and (y,x) = (f,x). By the previous example we know
that |(yg, ---» ¥, = IIf, |l for all » € N. Hence the uniform boundedness principle

(Theorem 22.1) implies that

|y|p’ = Supl(y07"’ ’yn)lp’ = sup”fn”f’ < 0.
neN neN b

The first equality holds since |(yy, ..., y,)|, defines a monotone increasing sequence
with limit |y| ,. In particular we conclude that y € £ .

We next show that |y|, = ||f||fl,]. By Holder’s inequality |(f,x)| = |{(y,x)| <
|¥l,1x],. and so || £l o < |yl,. To prove the reverse inequality choose x € 7,
such that (£, x") = [(yp, ..., y,)|,1x"|,. which is possible by the construction in the
previous example. Thus by definition of the dual norm, |(y,, ..., )|, < ||/ ||fl,, for all
n € N and hence,

Y1y = sup (o, s vl < Sl

neN
as required. Hence (i) and (ii) follow.

We finally mention an even more general version of the above, namely the dual spaces
of the L, spaces. Proofs can be found in [13, Section IV.9].

25.5 Example If Q C R" is an open set we can consider L ,(€2). By Holder’s inequality
we have

|[ rooeax] <7, e,
Q

for 1 < p < 0. Hence, if we identify f € L, (£2) with the linear functional

g / S(x)g(x)dx,
Q
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then we have f € (LP(Q))/. With that identification L, () C (LP(Q))' forl <p<
o0. Using the Radon-Nikodym Theorem from measure theory one can show that

(L@) =L, @

if ] <p< ooand /
Li(©) C (L,(Q)

with proper inclusion.

26 The Hahn-Banach Theorem

We have introduced the dual space to a normed vector space, but do not know how big
it is in general. The Hahn-Banach theorem in particular shows the existence of many
bounded linear functionals on every normed vector space. For the most basic version
for vector spaces over R we do not even need to have a norm on the vector space, but
just a semi-norm.

26.1 Theorem (Hahn-Banach, R-version) Suppose that E is a vector space over R
and that p: E — R is a map satisfying

(1) p(x+y) < p(x)+ p(y) for all x € E (sub-additivity);
(1) p(ax) = ap(x) for all x € E and a > 0 (positive homogeneity).

Let M be a subspace and f, € Hom(M, R) with f,(x) < p(x) for all x € M. Then
there exists an extension f € Hom(E, R) such that f|,, = f, and f(x) < p(x) for all
x € E.

Proof. (a) We first show that f, can be extended as required if M has co-dimension
one. More precisely, let x, € E\ M and assume that span(M U{x,}) = E. Asx, &€ M
we can write every x € E in the form

X =m+ax,

with ¢« € R and m € M uniquely determined by x. Hence for every ¢ € R, the map
/. € Hom(E, R) given by

f.(m+ax) := fy(m) + ca

is well defined, and f,.(m) = f,(m) for all m € M. We want to show that it is possible
to choose ¢ € R such that f.(x) < p(x) for all x € E. Equivalently

Solm) + ca < p(m + ax,)

forallm € M and @ € R. By the positive homogeneity of p and the linearity of f the
above is equivalent to

fo(m/a) + ¢ < p(xy+m/a) ifa>0,
fo(=m/a) —c < p(—x, —m/a) ifa <0.
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Hence we need to show that we can choose ¢ such that
¢ < plxg+m/a) — fo(m/a)
c > —p(—xy—m/a)+ fo(—m/a)

forall m € M and @ € R. Note that +m/a is just an arbitrary element of M, so the
above conditions reduce to

¢ < pxg +m) = fo(m)
¢ 2 —p(=xg +m) + fo(m)

for all m € M. Such a choice of ¢ is therefore possible if

—p(=xy+m)) + fo(m)) < p(xy + m,) — fo(m,)

for all m;, m, € M. By the linearity of f|, this is equivalent to
Solmy +my) = fo(m) + fo(my) < p(=xy + my) + p(xy + m,)
for all m;, m, € M. Using the sub-additivity of p we can verify this condition since
Solmy + my) < p(m; + m,) = p(m; — x5+ m, + xy) < p(m; — x,)) + p(m, + x,))

for all m;, m, € M. Hence ¢ can be chosen as required.

(b) To prove the assertion of the theorem in the general case we use Zorn’s Lemma
discussed in Section 1. We consider the set X of all extensions g of f|, such that g(x) <
p(x) for all x in the domain D(g) of g. We write g, 2 g, if g, an extension g,. Then
C defines a partial ordering of X. Moreover, f, € X, so that X # @J. Suppose now
that C = {g,: a € A} is an arbitrary chain in X and set D(g) := |, D(g,) and
g(x) := g, (x)if x € D(g,). Then g is an upper bound of C in X. By Zorn’s Lemma
(Theorem 1.7) X has a maximal element f with domain D(f). We claim that D(f) =
E. If not, then by part (a) of this proof f has a proper extension in X, so f was not
maximal. Hence D(f) = E, and f is a functional as required. |

We next want to get a version of the Hahn-Banach theorem for vector spaces over C.
To do so we need to strengthen the assumptions on p.

26.2 Definition (semi-norm) Suppose that E is a vector space over K. Amapp: E —
R is called a semi-norm on E if

(1) p(x+y) < p(x)+p(y) forall x,y € E;
(i1) p(ax) = |a|p(x) for all x € E and all @ € K.

26.3 Lemma Let p be a semi-norm on E. Then p(x) > 0 for all x € E and p(0) = 0.
Moreover, |p(x) — p(¥)| < p(x — y) for all x,y € E (reversed triangle inequality).

Proof. Firstly by (ii) we have p(0) = p(0x) = Op(x) = 0 for all x € E, so p(0) = 0. If
x,y € E, then by (1)

p(x) =p(x—y+y < p(x—y)+py),
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so that
p(x) — p(y) < p(x — y).

Interchanging the roles of x and y and using (ii) we also have

p(y) — p(x) < p(y — x) = p(—(x — y)) = p(x — y).

Combining the two inequalities we get |p(x) — p(»)| < p(x — y) for all x,y € E.
Choosing y = 0 we get 0 < |p(x)| < p(x), so p(x) > O forall x € E. [ |

We can now prove a version of the Hahn-Banach Theorem for vector spaces over C.

26.4 Theorem (Hahn-Banach, C-version) Suppose that p is a semi-norm on the vec-
tor space E over K and let M be a subspace of E. If f, € Hom(M, K) is such that
| fo(x)| < p(x) for all x € M, then there exists an extension f € Hom(E, K) such that

fly = foand | f(x)| < p(x) forall x € E

Proof. 1f K = R, then the assertion of the theorem follows from Lemma 26.3 and
Theorem 26.1. Let now E be a vector space over C. We split f, € Hom(M, C) into
real and imaginary parts

Jo(x) 1= go(x) + iho(x)

with g,, h, real valued and gy, h, € Hom(Mpy, R), where M is M considered as a
vector space over R. Due to the linearity of f, we have

0=ifo(x) = folix) = igy(x) — hy(x) — go(ix) — ihy(ix)
= —(go(ix) + ho(x)) + i(go(x) — ho(ix))

for all x € M. In particular, h,(x) = —g,(ix) and so g,(ix) + hy(x) =0 forall x € M.
Therefore,

Jo(x) = go(x) —igy(ix) (26.1)

for all x € M. We now consider E as a vector space over R. We denote that vector
space by E,. We can consider M as a vector subspace of Ey. Now clearly g, €
Hom(Mp, R) and by assumption

8o(x) < [fo(0)] < p(x)

for all x € M. By Theorem 26.1 there exists g € Hom(Eg, R) such that g|,, = g,
and

g(x) < p(x)
for all x € E. We set
f(x) = g(x) = ig(ix)

for all x € Eg, so that f|,, = f, by (26.1). To show that f is linear from E to C we
only need to look at multiplication by i because f is linear over R. We have

f(ix) = g(ix) — ig(i*x) = g(ix) — ig(—x)
= g(ix) +ig(x) = i(g(x) — ig(ix)) = i f(x)
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for all x € E. It remains to show that | f(x)| < p(x). For fixed x € E we choose 41 € C
with |A| = 1 such that 1 f(x) = | f(x)|. Then since | f(x)| € R and using the definition

of f
|f ()] =Af(x) = f(4x) = g(Ax) < p(Ax) = |A|p(x) = p(x).

This completes the proof of the theorem. [

From the above version of the Hahn-Banach theorem we can prove the existence of
bounded linear functionals with various special properties.

26.5 Corollary Suppose that E is a normed space. Then for every x € E, x # 0, there
exists f € E' such that ||fllp = 1 and {f,x) = ||x|| g

Proof. Fix x € E with x # 0 and set M := span{x}. Define f, € Hom(M, K) by
setting ( f,, ax) := a||x||; for all « € K. Setting p(y) := ||y|| we have

[{fo- ax)| = lallix|lg = llax|| z = p(ax)

for all @ € K. By Theorem 26.4 there exists f € Hom(E, K) such that f(ax) = f,(ax)
foralla € Kand [(f,y)| < p(y) = ||y|l forally € E. Hence f € E' and || f||» < 1.
Since [(f,x)| = ||x||; by definition of f we have || f||» = 1, completing the proof of
the corollary. |

26.6 Remark By the above corollary E’ # {0} for all normed spaces E # {0}.

Theorem 26.4 also allows us to get continuous extensions of linear functionals.

26.7 Theorem (extension of linear functionals) Let E be normed space and M C E
a proper subspace. Then for every f, € M’ there exists f € E’ such that f|,, = f,

and || fll g = W foll per-

Proof. The function p: E — R given by p(x) := || fyll ;v ||x|| g defines a semi-norm
on E. Clearly

1< fo> XX < Ml follar llxIl £
for all x € M, so by Theorem 26.4 there exists f € Hom(E, K) with f|,, = f, and

1(/, 01 < p(x) = 1 follar Xl

for all x € E. In particular f € E" and || f || < || foll »s-- Moreover,

Nfllaer = sup I{fox) < sup [{f,00] = 1flgrs
xXEM x€E

lIxll g<1 lIxllg<1

sothat || fll g = Il foll s -

We can use the above theorem to obtain linear functionals with special properties.

26.8 Corollary Let E be a normed space and M C E a proper closed subspace. Then
forevery x, € E\ M there exists f € E’ such that f|,, =0and (f,x,) = 1.
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Proof. Fix x, € E\ M be arbitrary and let M, := M @ span{x,}. Form+ax, € M,
define
(fo-m+axy) :=a.

forall « € K and m € M. Then clearly ( f,,x,) = 1 and (f,,m) =0forallm € M.
Moreover, since M is closed d := dist(x,, M) > 0 and

1

inf ||m+ ax,|| =|a| Inf || —a " m—x,|| = || Inf ||m— x,|| =d|«|.
inf flm -+ axoll = |a| inf | oll = lal inf |lm = x|l = dlal

Hence
[{(fo» m + axp)| = |a| < d‘1||m+ax0||

forallm € M and a € K. Hence f, € M|. Now we can apply Theorem 26.7 to
conclude the proof. |

27 Reflexive Spaces

The dual of a normed space is again a normed space. Hence we can look at the dual of
that space as well. The question is whether or not the second dual coincides with the
original space.

27.1 Definition (Bi-dual space) If E is a normed space we call
EI/ ‘= (EI)I
the Bi-dual or second dual space of E.

We have seen that for every fixed x € E the map f — (f, x) is linear and

[0l < Il lixllg

for all f € E’. Hence we can naturally identify x € E with (-,x) € E”. With that
canonical identification we have E C E” and

1€ 0l er < Hlxll -

By the Hahn-Banach Theorem (Corollary 26.5) there exists f € E’ such that (f, x) =
|| x|, so we have

1€ e = 1%l -

This proves the following proposition. It also turns out that the norms are the same.

27.2 Proposition The map x — (-, x) is an isometric embedding of E into E", that is,
E C E" with equal norms.

For some spaces there is equality.

27.3 Definition (reflexive space) We say that a normed space E is reflexive if E = E”
with the canonical identification x — (-, x).
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27.4 Remark (a) As dual spaces are always complete (see Remark 25.2(a)), every re-
flexive space is a Banach space.

(b) Not every Banach space is reflexive. We have shown in Example 25.4 that
c,=¢and £ =7, so that

¢ =C1=Cy #¢
Other examples of non-reflexive Banach spaces are L,(€2), L_(€2) and BC(£2).

27.5 Examples (a) Every finite dimensional normed space is reflexive.
(b)) 7 » is reflexive for p € (1, o0) as shown in Example 25.4.
(c) L,(€2) is reflexive for p € (1, c0) as shown in Example 25.5.
(d) Every Hilbert space is reflexive as we will show in Section 30.

28 Weak convergence

So far, in a Banach space we have only looked at sequences converging with respect to
the norm in the space. Since we work in infinite dimensions there are more notions of
convergence of a sequence. We introduce one involving dual spaces.

28.1 Definition (weak convergence) Let E be a Banach space and (x,,) a sequence in
E. We say (x,) converges weakly to x in E if

lim(f. x,) = (f.x)
for all f € E’. We write x, — x in that case.

28.2 Remark (a) Clearly, if x, — x with respect to the norm, then x, — x weakly.
(b) The converse is not true, that is, weak convergence does not imply convergence

with respect to the norm. As an example consider the sequence e, := (6;,)ren € €5

Then |e,|, = 1and (f,e,) = f, forall f = (f)en € £, = ¢,. Hence for all f € £

(f.e,) =1, =0

asn — oo, so e, = 0 weakly. However, (e,) does not converge with respect to the
norm.

(c) The weak limit of a sequence is unique. To see this note that if (f,x) = O for
all f € E’, then x = 0 since otherwise the Hahn-Banach Theorem (Corollary 26.5)
implies the existence of f € E’ with (f,x) # 0.

From the example in Remark 28.2 we see thatin general ||x, || / [|x|| if x, = x weakly.
However, we can still get an upper bound for ||x||; using the uniform boundedness
principle.

28.3 Proposition Suppose that E is a Banach space and that x,, — x weakly in E.
Then (x,) is bounded and
Il < Timinf 1x, .
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Proof. We consider x, as an element of E”. By assumption (f, x,) — (f,x) for all
f € E’. Hence by the uniform boundedness principle (Corollary 22.3) and Proposi-
tion 27.2

11l = lIxll g < liminf |Ix,ll v = liminf flx, |l < oo.

as claimed. [ |

29 Dual Operators

For every linear operator T" from a normed space E into a normed space F we can
define an operator from the dual F’ into E’ by composing a linear functional on f with
T to get a linear functional on E.

29.1 Definition Suppose that E and F are Banach spaces and that T € L(E, F). We
define the dual operator T' . F' — E' by

T f := foT
forall f € F'.
Note that for f € F’ and x € E by definition
(T'f,x)=(f.Tx).

The situation is also given in the following diagram:

29.2 Remark We can also look at the second dual of an operator T € L(E, F). Then
T" =(T"Y : E” — F". By definition of T” and the canonical embedding of E C E”
we always haven T”|, = T'. If E and F are reflexive, then 7" =T.

We next show that an operator and its dual have the same norm.
29.3 Theorem Let E and F be normed spaces andT € L(E, F). ThenT' € L(F', E")
and ”T”g(E,F) = ”TI”C(F’,E’)'

Proof. By definition of the dual norm we have

IT"fllp = sup KT'f,x)| = sup [{f,Tx)]

lIxll p<1 lIxllg<1

< sup 1Sl ITxllr = TNl g p I F 1 oo

lIxllp<1
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SO [T o g1y £ T |l 2.y~ For the opposite inequality we use the Hahn-Banach The-
orem (Corollary 26.5) which guarantees that for every x € E there exists f € F’ such
that || || » = 1 and (f, Tx) = ||Tx|| -. Hence, for that choice of f we have

ITxNlp = (f.Tx) =(T"f,x) < IT' fliglixllg
< ”T,llﬁ(F’,E’)”f”F’”x”E = ”T,”E(F/,E/)”x”E-

Hence ||T'|| z¢gr gy 2 IIT |l .y and the assertion of the theorem follows. |
We can use the dual operator to obtain properties of the original linear operator.

29.4 Proposition Let E and F be normed spaces and T € L(E, F). Then the image
of T is dense in F if and only if ker T' = {0}.

Proof. Suppose that im(T") = F and that f € ker T’. Then
0=(T"f,x)=(f.Tx)

for all x € E. Since im(T) is dense in F we conclude that f = 0, soker T/ = {0}. We
prove the converse by contrapositive, assuming that M := im(T) is a proper subspace
of F. By the Hahn-Banach Theorem (Corollary 26.8) there exists f € F' with || f|| ., =
land (f,y) =0forall y € M. In particular

(T'f,x)=(f.Tx)=0
forall x € E. Hence T' f = 0 but f # 0 and so ker T’ # {0} as claimed. [ |

We apply the above to show that the dual of an isomorphism is also an isomorphism.

29.5 Proposition Let E and F be normed spaces and T € L(E, F) is an isomorphism
withT~' € L(F,E). Then T' € L(F', E') is an isomorphism and (T™'Y = (T")~".

Proof. By Proposition 29.4 the dual T" is injective since im(T") = F. For given g € E’
we set f 1= (T~!Yg. Then

(T'f,x)=(f,Tx)=((T"")g,Tx) = (g, T"'Tx) = (g,x)
for all x € E. Hence T' is surjective and (T’)~! = ('Y as claimed. [ |

We can apply the above to “embeddings” of spaces.

29.6 Definition (continuous embedding) Suppose that E and F are normed spaces
and that E C F. If the natural injectioni: E — F, x — i(x) := x is continuous,
then we write E < F. We say E is continuously embedded into F. If in addition E is

dense in F, then we write E Ci F and say E is densely embedded into F.
If E— Fandi € L(E, F) is the natural injection, then the dual is given by
(i"(f)x) = (f,i(x))
forall f € F' and x € E. Hence i’(f) = f| is the restriction of f to E. Hence F’

d
in some sense is a subset of E’. However, i’ is an injection if and only if E < F by
Proposition 29.4. Hence we can prove the following proposition.

96



d

29.7 Proposition Suppose that E < F. Then F' < E'. If E and F are reflexive,
d

then F' — E'.

Proof. The first statement follows from the comments before. If E and F are reflexive,
then i” = i by Remark 29.2. Hence (i’)’ = i is injective, so by Proposition 29.4 i’ has

d
dense range, thatis, F' < E’. [ |

30 Duality in Hilbert Spaces

Suppose now that H is a Hilbert space. By the Cauchy-Schwarz inequality

[ I < Iyl

for all x,y € H. As a consequence

Jy) :=(C¢lyeH
is naturally in the dual space of H and ||J(»)||;» < ||y|| forevery y € H.

30.1 Proposition The map J : H — H' defined above has the following properties:

() J(Ax+puy) = AJ(x)+jaJ () forallx,y € H and A, u € K. We say J is conjugate
linear.

i) 1Tl = Iyl forall y € H.
(iii) J : H — H' is continuous.

Proof. (i) is obvious from the definition of J and the properties of an inner product.
(i1) follows from Corollary 15.6 and the definition of the dual norm. Finally (iii) follows
from (ii) since [|J(x) = Wl g = 1T = Wl = lx =yl - u

We now show that J is bijective, thatis, H = H' if we identify y € H with J(y) € H'.

30.2 Theorem (Riesz representation theorem) The map J : H — H' is a conjugate
linear isometric isomorphism. It is called the Riesz isomorphism.

Proof. By the above proposition, J is a conjugate linear isometry. To show that J
is surjective let f € H' with f # 0. By continuity of f the kernel ker f is a proper
closed subspace of H, and so by Theorem 16.9 we have

H =ker f @ (ker f)*
and there exists z € (ker f)* with ||z|| = 1. Clearly
—(f,x)z+(f,z)x €eker f
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for all x € H. Since z € (ker f) we get

0= (=(f.)z+(f.2)x|z) = ~(/. )z | D+ (. 2)x | 2 = ~(/.x) + (£, 2)(x | 2)
for all x € H. Hence
(fox) = (f.2)x | 2) = (x[(7.2)z)

forall x € H,so J(y) = fifwesety = (f,z)z. |

We use the above to show that Hilbert spaces are reflexive.

30.3 Corollary (reflexivity of Hilbert spaces) If H is a Hilbert space, then H' is a
Hilbert space with inner product (f | &)y 1= (J7g) | J™X(f))y. The latter inner
product induces the the dual norm. Moreover, H is reflexive.

Proof. By the properties of J, (f | &)y := (J7'(g) | J7I(f))y clearly defines an
inner product on H'. Moreover, again by the properties of J
SN D =D IO = 1F115

so H' is a Hilbert space. To prove that H is reflexive let x € H" and denote the Riesz
isomorphisms on H and H' by J,, and J,,, respectively. Then by the definition of the
inner product on H' and J

(fox)y =6 N = F 1INy = T () | I (D =(F I T ()
for all f € H'. Hence by definition of reflexivity H is reflexive. [
Let finally H, and H, be Hilbert spaces and T € L(H,, H,). Moreover, let J, and J,
be the Riesz isomorphisms on H, and H,, respectively. If T’ is the dual operator of T',
then we set

T* =J 'oT'oJ, € L(H,, H)).

The situation is depicted in the commutative diagram below:

l4
o T H
JZ J]

30.4 Definition (adjoint operators) The operator T* € L(H,, H,) as defined above is
called the adjoint operator of T. If H; = H, and T = T*, then T is called self-adjoint,
andif TT* = T*T, then T is called normal.

30.5 Remark If T € L(H,, H,) and T"* its adjoint, then by definition
(Tx | Vg, =1 Ty
forall x € H, and y € H,. To see this we use the definition of T*:
(Tx | )=y | LTx) =y | T'x) = (v | JT'T'Jx) = (y | T*x)
forallx € H, and y € H,.
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31 The Lax-Milgram Theorem

In the previous section we looked at the representation of linear functionals on a Hilbert
space by means of the scalar product. Now we look at sesqui-linear forms.

31.1 Definition (sesqui-linear form) Let H be a Hilbert space over K. Amap b: H X
H — K s called a sesqui-linear form on H if

(1) u+ b(u,v)is linear for all v € H;
(i) v+ b(u,v) is conjugate linear forallu € H.

The sesqui-linear form b(-, -) is called a Hermitian form if

(ii1) b(u,v) = b(v,u) forallu,v € H.

Moreover, the sesqui-linear form b(-, -) is called bounded if there exists M > 0 such
that

[b(u, V)| < M ||ull 40l (3L.1)
for all u, v € H and coercive if there exists ¢ > 0 such that
allul|?, < Reb(u, u) (31.2)
forallu € H.
If A e L(H), then
b(u,v) := (u | Av) (31.3)

defines a bounded sesqui-linear form on H. We next show that the converse is also
true, that is, for every bounded sesqui-linear form there exists a linear operator such
that (31.3) holds forall u,v € H.

31.2 Proposition For every bounded sesqui-linear form b(-,-) there exists a unique
linear operator A € L(H ) suchthat (31.3) holds for allu,v € H. Moreover, || A|| gy <
M, where M is the constant in (31.1).

Proof. By (31.1) it follows that for every fixed v € H the mapu — b(u, v) is a bounded
linear functional on H. The Riesz representation theorem implies that there exists a
unique element Av in H such that (31.3) holds. The map v — Av is linear because

(w | A(Au + pv)) = b(w, Au+ pv) = Ab(w, u) + jib(w, v)
= AMw | Au) + ji(w | Av) = (w | AAu + uAv)

for all u,v,w € H and A, u € [, and so by definition of A we get A(Au + uv) =
AAu + pAv. To show that A is bounded we note that by Corollary 15.6 and (31.1) we
have

lAv|[; = sup [(u]| Av)| = sup |b(u,v)] < sup Mlullyllvll; = Mlvll4

llull =1 llull =1 llull =1

forallv € H. Hence A € L(H) and ||Al[ 5y £ M as claimed. |

We next show that if the form is coercive, then the operator constructed above is in-
vertible.
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31.3 Theorem (Lax-Milgram theorem) Suppose b(-, -) is a bounded coercive sesqui-
linear form and A € L(H) the corresponding operator constructed above. Then A is
invertible and A=' € L(H) with ||A‘1||£(H) < a”!, where a > 0 is the constant from
(31.2).

Proof. By the coercivity of b(-, -) we have
allull}, < Reb(u,u) < |b(u,u)| = | | Auw)| < |lull ;|| Aull

for all u € H. Therefore a|lu|l,;, < ||Au||, for all u € H and so A is injective,
A~ € £L(im(A), H) with [|A7"]| ;;;, < a~'. We next show that im(A) is dense in H by
proving that its orthogonal complement is trivial. If u € (im(A))*, then in particular

0=(u| Au) = b(u,u) > allull?,

by definition of A and the coercivity of b(-, -). Hence u = 0 and so Corollary 16.11 im-
plies that im(A) is dense in H. Since A is in particular a closed operator with bounded
inverse, Theorem 23.4(ii1) implies that im(A) = H. |
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v V11

Spectral Theory

Spectral theory is a generalisation of the theory of eigenvalues and eigenvectors of
matrices to operators on infinite dimensional spaces.

32 Resolvent and Spectrum

Consider an N X N matrix A. The set of A € C for which (A1 — A) is not invertible is
called the set of eigenvalues of A. Due to the fact that dim(im(A)) + dim(ker(A)) = N
the matrix (A1 — A) is only invertible if it has a trivial kernel. It turns out that there are
at most N such A called the eigenvalues of A. We consider a similar set of A for closed
operators on a Banach space E over C.

32.1 Definition (resolvent and spectrum) Let E be a Banach spaceover Cand A : D(A) C
E — E aclosed operator. We call

(i) o(A) := {A € C | (Al —A): D(A) — E is bijective and (Al — A)~' € L(E))
the resolvent set of A;

(ii)) R(A,A) := (Al — A)~! the resolvent of A at A € o(A);
(iii) o(A) :=C \ 0(A) the spectrum of A.

32.2 Remarks (a)If A: D(A) C E — Eisclosed, then (Al — A): D(A)C E - E
is closed as well for all A € K. To see this assume that x, € D(A) with x, — x and
(Al —A)x, —» yin E. Then Ax, = Ax,— (Al — A)x, —» Ax—yin E. Since A is closed
x € D(A) and Ax = Ax — y, thatis, (Al — A)x = y. Hence A1 — A is closed.

(b) The graph norms of (A1 — A) are equivalent for all 4 € K. This follows since
for every x € D(A) and 4 € K

X1 2—a = Xl + 1AL = A)x|| < (1 + [ADAIx]] + [|Ax]]) = (1 + [AD]lx]] 4

and

lIxlly = llxIl + I Ax|l = llx|| + | Ax = (AL = A)x]|
< (4 1ADAIxI + [1(Ax = A)x])) = (4 + [AD x5 4-
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We next get some characterisations of the points in the resolvent set.

32.3 Proposition Let A: D(A) C E — E be a closed operator on the Banach space
E. Then the following assertions are equivalent.

(1) A € o(A);
(i) AI — A: D(A) — E is bijective;
(iii) AI — A is injective, im(Al — A) = E and (AI — A)™' € L(im(Al — A), E).

Proof. By definition of the resolvent set (i) implies (ii). Since Al — A is a closed
operator by the above remark, the equivalence of (i) to (iii) follows from Theorem 23.4.
[ |

We now want to derive properties of R(4, A) = (Al — A)~! as a function of A. If A is
not an operator but a complex number we can use the geometric series to find various

= (4 —a)~!. To get a more precise formulation we need a

series expansions for ]

lemma.
324 Lemma LetT € L(E). Then
r:= lim 7" '/" (32.1)
exists and r < ||T||.
Proof. First note that
Il = NT"T"xl < IT" Tl < IT" T (1]

for all x € E, so by definition of the operator norm

N1 < IT" ™| (32.2)

forall n,m > 0. Fixnowm € N, m > 1. If n > m, then there exist ¢,,r, € N with
n=mgq,+r,and 0 <r, < m. Hence

4, 1( "n> 1
n m n m

as n — oo. From (32.2) we conclude that | T"||'/" < ||T™||%/"||T||"»/" for all n > m.
Hence
liminf | 77"/ < | T/

for all m € N and so

liminf ||7"]|'/" < limsup ||T"||*/" < ||IT]|.

n—00

Hence the limit (32.1) exists, and our proof is complete. |

We now look at an analogue of the “geometric series” for bounded linear operators.
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32.5 Proposition (Neumann series) Let T € L(E) and set
r:= lim T |1/%.
Then the following assertions are true.
(1) Z,;”ZO T* converges absolutely in L(E) if r < 1 and diverges if r > 1.
(i) If ), , T* converges, then ),° T* = (I —=T)™".

Proof. Part (1) is a consequence of the root test for the absolute convergence of a series.
For part (i1) we use a similar argument as in case of the geometric series. Clearly

n+1

(I—T)Zn:T" = zn:Tk(I—T)z iTk— N rh=1-1
k=0 k=0 k=0 =0

for all n € N. Since the series ZZ:O T* converges, in particular 7" — 0 in £L(E) and
therefore

(I—T)iT"x=iTk(I—T)x=x

k=0 k=0
for all x € E. Hence (ii) follows. |

We next use the above to show that the resolvent is analytic on ¢(A). The series expan-
sions we find are very similar to corresponding expansions of (4 — a)~! based on the
geometric series.

32.6 Definition (analytic function) Let E be a Banach space over C and U C C an
open set. Amap f: U — E is called analytic (or holomorphic) if for every A, € U
there exists > 0 and g, € E such that

o

f) =Y a(h= 4t

k=0

forall A € U with |1 = 4,| <.

32.7 Theorem Let E be a Banach space over C and A: D(A) C E — E a closed
operator.

(1) The resolvent set o(A) is open in C and the resolvent R(-, A): o(A) — L(E) is
analytic;

. 1
(i) For all Ay € o(A) we have || R(Ay, D)l ¢y = m.

(ii1) Forall A, u € o(A)
R(4,A) = R(u, A) = (4 — HR(4, A)R(u, A)
(resolvent equation);
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(iv) Forall A, u € o(A)
R(A, A)R(u, A) = R(u, A)R(A, A)
and
AR(4, A)x = R(4, A)Ax = (AR(A, A) — Dx
for all x € D(A).

Proof. (i) If o(A) = @, then o(A) is open. Hence suppose that o(A) # @ and fix
Ay € 0(A). Then
M =A== 1)+ (4,1 - A)

for all A € C. Hence
(A — A) = (Ad — A)(I + (A= A)R(4, A)) (32.3)
for all 4 € C. Now fix r € (0, 1) and suppose that

.
/RN [ —
O IIRUgs Al gy

Then |4 — Ag|||R(Ag, Allozy < 1 and by Proposition 32.5 I + (4 — Ag)R(4,, A) is
invertible and

(I + (A= 29)R(Ay, A))‘1 = Z(—l)"R(AO, AF (A= A~

k=0

Hence by (32.3) the operator (Al — A) : D(A) — E has a bounded inverse and
R(,A) = (A1 — A" = (I + (A= A)R(4y, A)) " R(Ag, A)

= Y (=D*R(4y, AH' (A = 49

k=0

for all A € C with .

I R(Ags Ml ey

Therefore g(A) is open and the map A — R(A, A) analytic on g(A).
(i1) From the proof of (i) we have

1

/Ry [ S—
T IR, Dl

for all A € o(A). Hence

. 1 1
dist(4y,0(A)) = inf |[A— Ay 2 ————.
ist(4y, 6(A)) AéI;(A)l ol | R(Ag, Dl (k)

and so (ii) follows.
(i) If A, u € 0(A), then

Wl —A)=(ULI—-A)+u—-nl.
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If we multiply by R(4, A) from the left and by R(u, A) from the right we get
R(4, A) = R(u, A) + (4 — HR(4, A)R(u, A).

from which our claim follows.
(iv) The first identity follows from (iii) since we can interchange the roles of 4 and
u to get the same result. The last identity follows since

A=l - (Al - A)

by applying R(A, A) from the left and from the right. |

32.8 Remarks (a) Because go(A) is open, the spectrum ¢(A) is always a closed subset
of C.

(b) Part (i1) if the above theorem shows that ¢(A) is the natural domain of the analytic
function given by the resolvent R(-, A). The function is Banach space valued, but
nevertheless all theorems from complex analysis can be applied. In particular, one can
analyse the structure of A near an isolated point of the spectrum by using Laurent series
expansions, see for instance [3].

Next we look at the spectrum of bounded operators.

32.9 Definition Let E be a Banach space and T € L(E). We call
spr(T) :=sup{|A|: A € o(T)}

the spectral radius of T'.

32.10 Theorem Suppose that E is a Banach space and T € L(E). Then o(T) is non-

empty and bounded. Moreover, spr(T) = lim,___ ||T"||'/" < || T
Proof. Using Proposition 32.5 we see that
RGLT) =Gl =Ty = L(1=Lr) 2 3 L 32.4
D= =17 = 5(1-37) =3 50 (24)
if |A| > r :=lim,__ ||T"||'/". The above is the Laurent expansion of R(-,T) about

zero for || large. We know that such an expansion converges in the largest annulus
contained in the domain of the analytic function. Hence r = spr(T) as claimed. We
next prove that o(T') is non-empty. We assume o(7") is empty and derive a contradiction.
If 6(T) = @, then the function

g: C—-C, A (f,R(4,T)x)

is analytic on C for every x € E and f € E’. By (32.4) we get

15 7| 1A e 1l
18D < = 2, sl e llxlle = —7—
| 4] kzzo k||| TETE | 4]
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for all |A| > 2||T||. In particular, g is bounded and therefore by Liouville’s theorem g
is constant. Again from the above g(4) — 0 as |1| — oo, and so that constant must be
zero. Hence

(f,R(4,T)x) =0

forall x € E and f € E’. Hence by the Hahn-Banach theorem (Corollary 26.5)
R(A,T)x = 0forall x € E, which is impossible since R(4,T) is bijective. This proves
that o(T) # @. [ |

Note that AI — A may fail to have a continuous inverse defined on E for several reasons.
We split the spectrum up accordingly.

32.11 Definition Let A: D(A) C E — E be a closed operator. We call
e 0,(A) :={1€C: Al — Anotinjective} the point spectrum of A;

e 0.(A) :={A€C: Al — Ainjective, im(Al — A) = E, (Al — A)~! unbounded}
the continuous spectrum of A;

e 0,(A) := {4 € C: Al — Ainjective, im(Al — A) # E} the residual spectrum
of A;

32.12 Remarks (a) By definition of 6(A) and Proposition 32.3
6(A) =0,(A) Vo (A)VUo,.(A)

is clearly a disjoint union.

(b) The elements of ¢, (A) are called the eigenvalues of A, and the non-zero elements
of ker(AI — A) the corresponding eigenvectors.

(c) If dimE = N < oo the spectrum consists of eigenvalues only. This follows
since dim(im(A1 — A)) + dim(ker(A — A)) = N and therefore A1 — A is not invertible
if and only if it has non-trivial kernel.

33 Projections, Complements and Reductions

In finite dimensions the eigenvalues are used to find basis under which the matrix asso-
ciated with a given linear operator becomes as simple as possible. In particular, to every
eigenvalue there is a maximal invariant subspace, the generalised eigenspace associated
with an eigenvalue of a square matrix. We would like to have something similar in in-
finite dimensions. In this section we develop the concepts to formulate such results.

33.1 Definition (projection) Let E be a vector space and P € Hom(E). We call P a
projection if P?> = P.

We next show that there is a one-to-one correspondence between projections and pairs
of complemented subspaces.
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33.2 Lemma (i) If P € Hom(E) is a projection, then E = im(P) @ ker(P). Moreover,
I — P is a projection and ker(P) = im(I — P).

(1) If E,, E, are subspaces of E with E = E, @ E,, then there exists a unique
projection P € Hom(E) with E;, = im(P) and E, = im(I — P).

Proof. (i) If x € E, then since P> = P
P(I —= P)x = Px — P’x = Px— Px =0,

soim(I — P) C ker(P). On the other hand, if x € ker(P), then (I — P)x = x— Px = x,
so x € im(I — P), so im(I — P) = ker(P). Next note that x = Px + (I — P)x, so
E = im(P) + ker(P) by what we just proved. If x € im(P) nker(P), then there exists
y € E with Py = x. Since P?> = P and x € ker(P) we have x = Py = P>y = Px = 0.
Hence we have E = im(P) @ ker(P). Finally note that (I — P)> = I — 2P + P? =
I—-2P+P=1-P,sol — Pisaprojection as well.

(i1) Given x € E there are unique x; € E,; (i = 1,2) such that x = x, + x,. By the
uniqueness of that decomposition the map Px := x, is linear, and also P>x = Px = x,
for all x € E. Hence P, is a projection. Moreover, x, = x — x; = x — Px, so
E,im(I — P). Hence P is the projection required. [

We call P the projection of E onto E, parallel to E,. Geometrically we have a situation
as in Figure 33.1.

Figure 33.1: Projections onto complementary subspaces

33.3 Proposition Let E,, E, be subspaces of the Banach space E with E = E, @ E,
and P € Hom(E) the associated projection onto E,. Then P € L(E) if and only if E,
and E, are closed.

Proof. By Lemma 33.2 we have E;, = ker({ — P) and E, = ker(P). Hence if
P € L(E), then E| and E, are closed. Assume now that E| and E, are closed. To prove
that P is bounded we show P has closed graph. Hence assume that (x,) is a sequence
in E with x, - x and Px, — yin E. Note that Px, € E, and x, — Px, € E, for all
n € N. Since E, and E, are closed, Px, — yand x, — Px, — y—x € E we conclude
thatx € E,and y —x € E,. Now x = y + (x — y), so Px = y because E = E, @ E,.
Therefore P has closed graph, and the closed graph theorem (Theorem 21.1) implies
that P € L(E). |
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33.4 Definition (topological direct sum) Suppose that E,, E, are subspaces of the normed
space E. We call E = E, @ E, atopological direct sum if the corresponding projection

is bounded. In that case we say E, is a topological complement of E,. Finally, a closed
subspace of E is called complemented if it has a topological complement.

33.5 Remarks (a) By Proposition 33.3 E, and E, mustbe closedif E=E, @ E,isa
topological direct sum.

(b) By Theorem 16.9 every closed subspace of a Hilbert space is complemented. A
rather recent result [9] shows that if every closed subspace of a Banach space is com-
plemented, then its norm is equivalent to a norm induced by an inner product! Hence
in general Banach spaces we do not expect every closed subspace to be complemented.

(c) Using Zorn’s lemma 1.7 one can show that every subspace of a vector space has
an algebraic complement.

We show that certain subspaces are always complemented.

33.6 Lemma Suppose that M is a closed subspace of the Banach space E with finite
co-dimension, that is, dim(E /M) < co. Then M is complemented.

Proof. We know that M has an algebraic complement N, thatis, E = M @ N. Let
P denote the projection onto N. Then we have the following commutative diagram.

P
E N

/)

~»

E/M

Since M is a closed subspace, by Theorem 12.3 E/M is a Banach space and Pis
an isomorphism. Since dim(E/M) < oo the operator P is continuous, and so it is
continuous. Therefore P is continuous as well as a composition of two continuous
operators. Hence we can apply Proposition 33.3 to conclude the proof. |

Suppose now that E is a vector space and E, and E, are subspaces such that £ =
E, @ E,. Denote by P, and P, the corresponding projections. If A € Hom(E), then

Ax = P/Ax + P,Ax = P,A(P,x + P,x) + P,A(P,x + P,x)
= PAP,x + P,AP,x + P,AP,x + P,AP,x

for all x € E. Setting
A;; = PAP,

we have A, € Hom(Ej,Ei). If we identify x € E with (x,,x,) = (P;x, P,x) €
E, X E,, then we can write
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33.7 Definition (complete reduction) We say E = E, @ E, completely reduces A if
A, = A, =0, that s,
A~ lAll 0 ]

If that is the case we set A; := A;; and write A = A, @ A,.

We next characterise the reductions by means of the projections.

33.8 Proposition Suppose that E = E, @ E, and that P, and P, are the corresponding
projections. Let A € Hom(E). Then E = E, @ E, completely reduces A if and only if
P,A=AP,.

Proof. Suppose that E = E, @ E, completely reduces A. Then
P,Ax = P AP,x + PAP,x = P AP, x = P AP,x + P,AP,x = AP,x.

To prove the converse Note that P, P, = P,P, = 0. Hence A, = P AP, = AP,P, =0
and also A,; = P,AP, = P,PLA =0, s0 E = E, @ E, completely reduces A. u

Of course we could replace interchange the roles of P, and P, in the above proposition.

33.9 Proposition Suppose that E = E,; @ E, completely reduces A € Hom(E). Let
A=A, ® A, be this reduction. Then

(1) ker A =ker A, @ ker A,;
(i) imA =1imA, @imA,;
(ii1) A is injective (surjective) if and only if A, and A, are injective (surjective);
(iv) if A is bijective, then E = E, @® E, completely reduces A~ and A~ = Al‘1 @Az‘l.

Proof. (i) If x = x; + x, withx, € E, and x, € E,, then 0 = Ax = A;x; + A,x, if
and only if A;x; = 0 and A,x, = 0. Hence (1) follows.

() Ifx =x,+x,withx, € E;andx, € E,,theny = Ax = A\ x;+ A,x, =y, + ),
if and only if A;x, = y, and A,x, = y,. Hence (ii) follows.

(ii1) follows directly from (i) and (ii), and (iv) follows from the argument given in
the proof of (ii). [ |

We finally look at resolvent and spectrum of the reductions. It turns out that the spectral
properties of A can can be completely described by the operators A, and A,.

33.10 Proposition Suppose that E is a Banach space and that E = E, @ E, a topo-
logical direct sum completely reducing A € L(E). Let A = A, @ A, be this reduction.
Then

(1) A, € L(E) (i=1,2);

(i1) 6(A) =0(A,)VUo(A,);
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(iii) 0,(A) = 0,(A,) Uo,(A,).

Proof. By Proposition 33.3 the projections P, P, associated with E = E, @ E, are
bounded. Hence A; = P,AP, is bounded for i = 1,2. The equality in (ii) follows from
Proposition 33.9(iv) which shows that o(A) = 0(A,) N o(A,). Finally (ii1) follows since
by Proposition 33.9(i) shows that ker(41 — A) = {0} if and only if ker(A1 E ~ A) =
ker(Alp, — A,) = {0}. |

34 The Ascent and Descent of an Operator

Let E be a vector space over K and T € Hom(E). We then consider two nested se-
quences of subspaces:

{0} =kerT° CkerT CkerT?> CkerT? C ...

and
E=imT°2>imT 2imT?>2imT’ D ....

We are interested in » such that there is equality.

34.1 Lemma Ifker T" = ker T"*!, then ker T" = ker T"** for all k € N. Moreover,
ifimT" = im T"*!, then imT" = im T"** for all k € N.

Proof. If k > 1 and x € ker T"*, then 0 = T"*x = T"*(T*"'x) and so T*'x €
ker T". By assumption ker T" = ker T"*! and therefore T"*~!'x = T"(T*'x) = 0.
Hence ker T"** = ker T"**~! for all k > 1 from which the first assertion follows.
The second assertion is proved similarly. If k > 1 and x € imT"**~!, then there
exists y € E with x = T"*1y = T*!(T"y) and so T"y € imT". By assumption
im7T" = imT"*! and therefore there exists z € imT"*! with T"*'z = T"y. Thus
Ttz = THY(T"z) = T=Y(T"y) = T"**~'y = x which implies that im T"**~! =
im T"** for all k > 1. This completes the proof of the lemma. |

The above lemma motivates the following definition.
34.2 Definition (ascent and descent) We call
a(T) :=inf{n >1: ker T" = ker T"*'}
the ascent of T and
8(T) :=inf{n>1: imT" =imT""}
the descent of T

If dim E = N < oo, then ascent and descent are clearly finite and since dim(ker T") +
dim(im(7")) = N forall n € N, ascent and descent are always equal. We now show that
they are equal provided they are both finite. The arguments we use are similar to those
to prove the Jordan decomposition theorem for matrices. The additional complication
is that in infinite dimensions there is no dimension formula.
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34.3 Theorem Suppose that a(T) and 6(T') are both finite. Then a(T) = 6(T). More-
over, if we set n .= a(T) = 6(T), then

E=kerT"®imT"
and the above direct sum completely reduces T.

Proof. Leta := a(T) and 6 := o(T). The plan is to show that

imT* nker T = {0} (34.1)
and that

imT* +kerT° = E (34.2)
for all £ > 1. Choosing k = ¢ in (34.1) and k = « in (34.2) we then get

imT* @kerT° = E. (34.3)

To show that @ = & assume that x € ker T°*!. By (34.3) there is a unique decompo-
sition x = x,; + x, with x;, € imT*% and x, € ker T°. Because ker T° C ker T°*! we
get x, = x — x, € ker T°!. We also have x; € imT*, so by (34.1) we conclude that
x; = 0. Hence x = x, € ker T?, so that ker T° = ker T°*!. By definition of the ascent
we have a < 6. Assuming that a < &, then by definition of the descentim 7% C im T*.
By (34.2) we still have im T + ker T° = E, contradicting (34.3). Hence a = 6.

To prove (34.1) fix k > 1 and let x € imT* N ker T*. Then x = T*y for some
y € Eand 0 = T*x = T***y. As ker T® = ker T*"* we also have x = T%y = 0. To
prove (34.2) fix k > 1 and let x € E. AsimT? = imT°** there exists y € E with
T°x = T°**y. Hence T°(x — T*y) = 0, proving that x — T*y € ker T°. Hence we can
write x = T*y + (x — T*y) from which (34.2) follows.

We finally prove that (34.3) completely reduces T. By definition of n = a = o
we have T'(ker T") C ker T"*! = kerT" and T(imT") C imT"*! = imT". This
completes the proof of the theorem. |

We well apply the above to the operator AI — A, where A is a bounded operator on a
Banach space and 4 € o,(A).

34.4 Definition (algebraic multiplicity) Let E be a Banach space and over C. If A €
L(E) and 4 € 0,(A) is an eigenvalue we call

dimker(Al — A)
the geometric multiplicity of A and
dim(U ker(AI — A)")
neN

the algebraic multiplicity of A. The ascent a(AI — A) is called the Riesz index of the
eigenvalue 4.

Note that the definitions here are consistent with the ones from linear algebra. As
it turns out the algebraic multiplicity of the eigenvalue of a matrix as defined above
coincides with the multiplicity of A as a root of the characteristic polynomial. In infinite
dimensions there is no characteristic polynomial, so we use the above as the algebraic
multiplicity. The only question now is whether there are classes of operators for which
ascent and descent of A1 — A are finite for every or some eigenvalues. It turns out that
such properties are connected to compactness. This is the topic of the next section.
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35 The Spectrum of Compact Operators

We want to study a class of operators appearing frequently in the theory of partial
differential equations and elsewhere. They share many properties with operators on
finite dimensional spaces.

35.1 Definition (compact operator) Let E and F be Banach spaces. ThenT € Hom(E, F)
is called compact if T'(B) is compact for all bounded sets B C E. We set

K(E,F) :={T € Hom(E, F): T is compact}
and K(E) := L(E, E).
35.2 Remark By the linearity 7T is clearly compact if and only if 7' (B(0, 1)) is compact.

35.3 Proposition Let E, F be Banach spaces. Then K(E, F) is a closed subspace of
L(E, F).

Proof. If B C E is bounded, then by assumption the closure of T'(B) is compact, and
therefore bounded. To show that X(E, F) is a subspace of L(E, F)letT,S € K(E, F)
and 4,4 € K. Let B C E be bounded and let (y,) be a sequence in (AT + uS)(B).
Then there exist x, € B with y, = AT'x, + uSx,. Since B is bounded the sequence
(x,) is bounded as well. By the compactness of T there exists a subsequence (xnk) with

T'x, — y. By the compactness of S we can select a further subsequence (xnkj) with

Sx, — z.Hencey, =ATx, +uSx, — Ay+pz. Thisshows thatevery sequence
J J J J

in (AT + uS)(B) has a convergent subsequence, so by Theorem 4.4 the closure of that

set is compact. Hence AT + pu.S' is a compact operator.

Suppose finally that 7, € £(E, F)withT, - T inT € L(E, F). It is sufficient to

show that T'(B) is compact if B = B(0, 1) is the unit ball. We show that T'(B) is totally
bounded. To do so fix € > 0. Since T,, — T there exists n € N such that

£

1 (35.1)

T, = Tllper <

By assumption 7, is compact and so 7,(B) is compact. Therefore there exist y, €
T,B), k=1,...,m,such that

T,(B) C | ) BGw€/4). (35.2)
k=1

If welety € T(B), then y = T'x for some x € B. By (35.2) there exists k € {1,...,m}
such that T, x € B(y,,€/4). By (35.1) and since ||x|| < 1 we get

£ £ £
13 =21l = lly = Tyl + 1T,y = Txll < £ + Sl < &,

so that y € B(y,,£/2). Since y € B was arbitrary this shows that
T(B) C | B.e/2)
k=1
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and therefore

—) - U (yk’g/z) C U B(yy, ).

Since € > 0 was arbitrary T(B) is totally bounded. Since F is complete Theorem 4.4
implies that T'(B) is compact. |

We now look at compositions of operators.

35.4 Proposition Let E, F, G be Banach spaces. If K € K(F,G), then KT € K(E, F)
forall T € L(E, F). Likewise, if K € K(E,F), then TK € K(E,G) forall T €
L(F,G).

Proof. If K € K(F,G), T € L(E, F)and B C E bounded, then T (B) is bounded
in F and therefore KT'(B) is compact in G. Hence KT is compact. If K € K(E, F),
T € L(F,G) and B C E bounded, then K(B) is compact in F. Since T is continuous
T(m) is compact in G, so T K(B) C T(K(B)) is compact. Hence T K is a compact
operator. |

35.5 Remark If we define multiplication of operators in L(E) to be composition of
operators, then L(E) becomes a non-commutative algebra. The above propositions
show that XC(E) is a closed ideal in that algebra.

The next theorem will be useful to characterise the spectrum of compact operators.
35.6 Theorem Let T € K(E) and A € K\ {0}. Then forall k € N

(i) dim(ker(AI —T)*) < o0,

(i1) im(AI — T)* is closed in E.

Proof. Since ker(AI — T)* = ker(] — A7'T)* and im(Al — T)* = im(I — A~'T)* we
can assume without loss of generality that A = 1 by replacing 7" by AT. Also, we can
reduce the proof to the case k = 1 because

I-K)*= ()T =1~ 1! =I1-T
(I-K) Z()() Z()(J)

if wesetT := Zf:l(—l)j‘1 ()T. Note that by Proposition 35.4 the operator T is
compact. ’
(i) If x eker({ —T), then x = Tx and so

S :={xeker(I =T): ||x|| = 1} € T(B(O, 1)).

Since T is compact .S is compact as well. Note that .S is the unit sphere in ker(I — T),
so by Theorem 11.3 the kernel of I — T is finite dimensional.
(i) Set § := I —T. AskerSisclosed M := E/ker S is a Banach space by

Theorem 12.3 with norm [[x||,, := inf o s ||y — x||. Now set F := im(S). Let
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S € L(M, F) be the map induced by S. We show that S~! is bounded on im(S). If
not, then there exist y, € im(.S) such that y, — O but ||S~'y,||,, = 1 for all n € N. By
definition of the quotient norm there exist x, € E with 1 < ||x,||z < 2 such that

S[x,1=x,-Tx, =y, = 0.

Since T is compact there exists a subsequence such that 7'x, — z. Hence from the
above

X, =Y, +Tx, =z
By the continuity of T we have T'x, — T'z, so that z = T'z. Hence z € ker(/ —T) and
[xnk] — [z] = [0] in M. Since ||[x,]|,, = 1 for all n € N this is not possible. Hence
S-! € £(im(S), M) and by Proposition 23.4 it follows that F = im(S) = im(I —T) is
closed. |

We next prove that the ascent and descent of AI —T is finite if T is compact and A # 0.

35.7 Theorem LetT € K(E)and A € K\{0}. Thenn := a(Al-T) = 6(AI-T) < >
and
E =ker(Al —T)'®im(Al —T)"

is a topological direct sum completely reducing ul — T for all u € C.

Proof. Replacing T by AT we can assume without loss of generality that A = 1.
Suppose that @(Al —T) = co. Then N, :=ker(I —T)* is closed in E for every k € N
and

Ny,CN,CcN,CN,C...,

where all inclusions are proper inclusions. By Corollary 11.2 there exist x, € N, such
that

x|l =1 and dist(x,, N,_;) >

N =

for all k > 1. Now

Tx,—Tx,=U-T)x,—I-T)x, +x, —x,
=x,—(x, =T -Dx, +UI -T)x;) =x; — 2,

where z :=x,— (I =T)x, +(I = T)x, €ker(I =T)*! = N,_,if 1 <# < k. Hence
by choice of (x,) we get

ITx, = Txpll = llx, — z|l 2

| =

forall 1 < ¢ < k. Therefore the bounded sequence T'x, does not have a convergent
subsequence, so T is not compact. As a consequence, if T € K(E, F) is compact, then
al —-T) < oo.

The proof for the descent works quite similarly. We assume that 6(/ — T) = oo.
Then by Theorem 35.6 M, :=im(I — T)* is closed in E for every k € N and

MyDM, D>M,D>M;D...,
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where all inclusions are proper inclusions. By Corollary 11.2 there exist x, € M, such
that

x|l =1 and dist(x,, M, ) >

N | =

for all k > 1. Now

=x,— (x, =T =Tx, +U -T)x;) = x, — 2,

where z :=x, —(I = T)x,+ (I = T)x, € im(I = T)*' = M, if | <k < ¢. Hence
by choice of (x,) we get

1T, = Tx,ll = Ilx, — 2l 2

N =

forall 1 < k < . Therefore the bounded sequence T'x, does not have a convergent
subsequence, so T is not compact. As a consequence, if T € K(E, F) is compact, then
oI —T) < o0.

By Theorem 343 n :=a(l —T)=6(I —T)and E =ker(I —T)" @ im(I —T)"
is a direct sum completely reducing I — T and therefore uI — T for all 4 € K. By
Theorem 35.6 the subspaces ker(I — T')" and im(I — T')" are closed, so by 33.3 the
above is a topological direct sum |

As a consequence of the above theorem we prove that compact operators behave quite
similarly to operators on finite dimensional spaces. The following corollary would be
proved by the dimension formula in finite dimensions.

35.8 Corollary Suppose that T € K(E) and A # 0. Then AI — T is injective if and
only if it is surjective.
Proof. If AI — T is injective, then {0} = ker(Al — T) = ker(AI — T)?, and by
Theorem 35.7 we get

E=ker(Al —=T)®im(AIl —T)={0}®im(Al —T)=im(Al —T). (35.3)

On the other hand, if E = im(AI — T), then im(AI — T) = im(Al — T)?, so that
o(AI = T)=1. Hence ker(AI —T) = {0} by Theorem 35.7 and (35.3). |

We finally derive a complete description of the spectrum of closed operators.

35.9 Theorem (Riesz-Schauder) Let E be a Banach space over C and T € K(E)
compact. Then o(T') \ {0} consists of at most countably many isolated eigenvalues of
finite algebraic multiplicity. The only possible accumulation point of these eigenvalues
is zero.

Proof. By Corollary 35.8 and Proposition 32.3 every 4 € o(T) \ {0} is an eigenvalue
of T. By Theorems 35.6 and 35.7 these eigenvalues have finite algebraic multiplicity.
Hence it remains to show that they are isolated. Fix A € o(T') \ {0} and let n its Riesz
index (see Definition 34.4). Then by Theorem 35.7

E =ker(Al -=T)' ®@im(AIl = T)"
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is a topological direct sum completely reducing ul — T for all y € C. We set N :=
ker(AI =T)'and M :=im(Al —=T)". LetT =T, & T,, be the reduction associated
with the above direct sum decomposition. By construction AI — Ty is nilpotent, so by
Theorem 32.10 spr(AI —=T)) = 0. In particular this means that 6(T) = {4}. Moreover,
by construction, AI — T), is injective and so by Proposition 32.3 and Corollary 35.8
A€ o(Ty,). As o(T),,) is open by Theorem 32.7 there exists r > 0 such that B(4,r) C
o(T,,). By Theorem 33.10 o(T') = o(Ty) N o(Ty,), so B(A,r) \ {A} C o(T), showing
that A is an isolated eigenvalue. Since the above works for every A € o(T) \ {0} the
assertion of the theorem follows. |

35.10 Remarks (a) If T € K(FE) and dim E = oo, then 0 € o(T). If not, then by
Proposition 35.4 the identity operator I = TT~! is compact. Hence the unit sphere in
E is compact and so by Theorem 11.3 E is finite dimensional.

(b) The above theorem allows us to decompose a compact operator T € L(E) in
the following way. Let 4, € ¢,(T)\ {0}, k = 1, ..., m, and let n; be the corresponding
Riesz indices. Then set

N, :=ker(Al =T)™

and T :=T|y . Then there exists a closed subspace M C E which is invariant under
T such that
E=N®N,&-&®N, &M

completely reduces T =T, ® T, ® - DT, & T,,. To get this reduction apply Theo-
rem 35.9 inductively.

The above theory is also useful for certain classes of closed operators A: D(A) C
E — E, namely those for which R(4, A) is compact for some 4 € g(A). In that case
the resolvent identity from Theorem 32.7 and Proposition 35.4 imply that R(4, A) is
compact for all A € o(A). Itturns out that 6(A) = o,(A) consist of isolated eigenvalues,
and the only possible point of accumulation is infinity. Examples of such a situation
include boundary value problems for partial differential equations such as the one in
Example 24.5.
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