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Vorwort:

Ich habe dieses Skript zur Vorlesung Funktionalanalysis an der Universitat
Ulm nach meinem besten Wissen und Gewissen geschrieben. Mit Sicherheit
schlichen sich jedoch Druckfehler oder gar mathematische Ungenauigkeiten ein,
die man beim ersten Schreiben eines Skripts nicht vermeiden kann. Moge man
mir diese Fehler verzeihen.

Obwohl die Vorlesung auf Deutsch gehalten wird, habe ich mich entschieden,
dieses Skript auf Englisch zu verfassen. Auf diese Weise wird eine Briicke
zwischen der Vorlesung und der (meist englischsprachigen) Literatur geschla-
gen. Mathematik sollte jedenfalls unabhangig von der Sprache sein in der sie
prasentiert wird.

Fiir Verbesserungen bin ich sehr dankbar.
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CHAPTER 1

Some problems related to functional analysis

Ordinary differential equations

Let f : D — RY be continuous on a domain D C R and let (¢, y0) € D.
A basic problem in the theory of ordinary differential equations is to find a
solution y of the initial value problem

y(t) = f(ty@),  ylto) = vo-

What is meant by a solution? Does a solution exist? Is it unique? How to
prove existence and uniqueness?

Integral equations

Now let &k : [0,1] x [0,1] = R and ¢ : [0,1] — R be continuous functions. A
problem is to find a solution y of the integral equation

y(t) = g(t) +/0 k(t,s)y(s)ds, te][0,1].

The questions asked for the ordinary differential equation above can also be
asked for this integral equation.

Optimisation

Let j : [0,1] x R — R be a continuous, convex (in the second variable)
function (which is bounded below). Find a function u € C, where C' is a
convenient convex set of real valued functions on the interval [0, 1] (e.g. the set
of all continuous functions v : [0, 1] — R such that fol v = 1), which minimizes
the functional J defined by

Does such a minimizer u exist?

Partial differential equations

Let Q € RY be an open bounded set, and let f : 2 — R be continuous and
bounded. Find a solution u of the partial differential equation

u(z) — Au(x) = f(x), z€Q,

where u satisfies in addition the boundary condition that u = 0 on the boundary
0f). Here A stands for the Laplace operator:

N o2
Au(z) = Wu(a:)
i=1 i

5



6 1. SOME PROBLEMS RELATED TO FUNCTIONAL ANALYSIS

Again we ask what is meant by a solution, how one can prove existence and
uniqueness of a solution?



CHAPTER 2

Primary on topology

It is the purpose of this introductory chapter to recall some basic facts about
metric spaces, sequences in metric spaces, compact metric spaces, and contin-
uous functions between metric spaces. Most of the material should be known,
and if it is not known in the context of metric spaces, it has certainly been intro-
duced on RY. The generalization to metric spaces should be straightforward,
but it is nevertheless worthwhile to spend some time on the examples.

We also introduce some further notions from topology which may be new;
see e.g. the definitions of density or of completion of a metric space.

1. Metric spaces

DEFINITION 1.1. Let M be a set. We call a functiond : M x M — R, a
metric or a distance on M if for every x, y, 2 € M
(i) d(z,y) = 0 if and only if x =y,
(ii) d(z,y) = d(y,z) (symmetry), and
(iii) d(x,y) < d(z,z) + d(z,y) (triangle inequality).
A pair (M, d) of a set M and a metric d on M is called a metric space.

It will be convenient to write only M instead of (M, d) if the metric d on
M is known, and to speak of a metric space M.

EXAMPLE 1.2. (1) Let M C RY and

N
d(z,y) = Z |z — yil
i=1

or

d(z,y) = <Z |z — yi|2> :

i=1
Then (M, d) is a metric space. The second metric is called the euclidean
metric. Often, if the metric on RY is not explicitly given, we mean the
euclidean metric.
(2) Let M C C([0,1]), the space of all continuous functions on the interval
[0, 1] and
d(f,g) = sup |f(x) —g(z)].

z€[0,1]
Then (M, d) is a metric space.
7



2. PRIMARY ON TOPOLOGY

(3) Let M be any set and
0 ifx=uy,
d(z,y) =
(@9) { 1 otherwise.

Then (M,d) is a metric space. The metric d is called the discrete

metric.
(4) Let (M,d) be a metric space. Then
d(z, y)
dy(w,y) = —— )
) T )
and

dy(x, y) := min{d(z,y), 1}
define also metrics on M.
(5) Let M = C(R), the space of all continuous functions on R, and let
du(f,g) = sup ]\f(fr) —g(@)| (neN)

zE€[—n,n

and

—n_dn(f.9)
d(f,g) =Y 2 Gt g
HGZN 1+ dn(f,9)
Then (M,d) is a metric space. Note that the functions d,, are not
metrics for any n € N! .
(6) Let (M,d) be a metric space. Then any subset M C M is a metric
space for the induced metric

d(z,y) =d(z,y), z,ye M.
We may sometimes say that M is a subspace of M, i.e. a subset and
a metric space, but certainly this is not to be understood in the linear
sense of vector spaces (M need not be a vector space).

(7) Let (M,,d,) be metric spaces (n € N). Then the cartesian product
M = @),y My is a metric space for the metric

d(z,y) = Z 27" min{d, (zn, yn), 1}.
neN
Clearly, in a similar way, every finite cartesian product of metric spaces
is a metric space.

DEFINITION 1.3. Let (M, d) be a metric space.

(a) For every x € M and every r > 0 we define the open ball B(z,r) :=
{y € M : d(x,y) < r} with center z and radius r.

(b) A set O C M is called open if for every x € O there exists some r > 0
such that B(z,r) C O.

(c) A set AC M is called closed if its complement A° = M \ A is open.

(d) A set U C M is called a neighbourhood of = € M if there exists r > 0
such that B(z,r) C U.
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REMARK 1.4. (a) The notions open, closed, neighbourhood depend on the
set M!! For example, M is always closed and open in M. The set QQ is not
closed in R (for the euclidean metric), but it is closed in Q for the induced
metric! Therefore, one should always say in which metric space some given set
is open or closed.

(b) Clearly, a set O C M is open (in M) if and only if it is a neighbourhood of
every of its elements.

LEMMA 1.5. Let (M,d) be a metric space. The following are true:

(1) Arbitrary unions of open sets are open. Le.: if (O;)icr is an arbitrary
family of open sets (no restrictions on the index set I), then |J,.; O;
is open.

(i1) Arbitrary intersections of closed sets are closed. I.e.: if (A;)ier is an
arbitrary family of closed sets, then (\,c; Ai is closed.

(i) Finite intersections of open sets are open.
(iv) Finite unions of closed sets are closed.

PRrROOF. (i) Let (O;);er be an arbitrary family of open sets and let O :=
Uic; Os- If € O, then x € O, for some i € I, and since O; is open, B(x,r) C O;
for some r > 0. This implies that B(z,r) C O, and therefore O is open.

(iii) Next let (O;)ier be a finite family of open sets and let O := (,.; O;. If
x € O, then x € O; for every ¢ € I. Since the O; are open, there exist r; such
that B(z,r;) C O;. Let r := min;e;r; which is positive since I is finite. By
construction, B(x,r) C O; for every i € I, and therefore B(z,r) C O, i.e. O is
open.

The proofs for closed sets are similar or follow just from the definition of
closed sets and the above two assertions. 0

EXERCISE 1.6. Determine all the open sets (closed sets) of a metric space
(M, d), where d is the discrete metric.

EXERCISE 1.7. Show that a ball B(z,r) in a metric space M is always open.
Show also that
B(z,r) :={y € M :d(z,y) <r}
is always closed.

DEFINITION 1.8 (Closure, interior, boundary). Let (M, d) be a metric space
and let S C M be a subset. Then the set S := (\{A: A C M is closed and
S C A} is called the closure of S. The set S° := |J{O : O C M is open and
O C S} is called the interior of S. Finally, we call S = {x € M : Ve >
0B(z,e) NS # () and B(x,e) NS¢ # O} the boundary of S.

By Lemma 1.5, the closure of a set S is always closed (arbitrary intersections
of closed sets are closed). By definition, S is the smallest closed set which
contains S. Similarly, the interior of a set S is always open, and by definition
it is the largest open set which is contained in .S. Note that the interior might
be empty.
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EXERCISE 1.9. Give an example of a metric space M and some x € M to
show that B(x,r) need not coincide with the closure of B(x,r).

EXERCISE 1.10. Let (M, d) be a metric space and consider the metrics d;
and dy from Example 1.2 (4). Show that the set of all open subsets, closed
subsets or neighbourhoods of M is the same for the three given metrics.

The set of all open subsets is also called the topology of M. The three
metrics d, d; and dy thus induce the same topology. Sometimes it is good to
know that one can pass from a given metric d to a finite metric (d; and d5 take
only values between 0 and 1) without changing the topology.

2. Sequences, convergence

Throughout the following, sequences will be denoted by (z,). Only when
it is necessary, we precise the index n; usually, n > 0 or n > 1, but sometimes
we will also consider finite sequences or sequences indexed by Z.

DEFINITION 2.1. Let (M, d) be a metric space.

(a) We call a sequence (z,) C M a Cauchy sequence if for every ¢ > 0
there exists ng such that for every n, m > ng one has d(z,, z,,) < €.

(b) We say that a sequence (z,,) C M converges to some element x € M
if for every € > 0 there exists ng such that for every n > ng one has
d(x,,x) < e. If (z,) converges to x, we also write lim,_ x, = = or
T, — T asn — oo.

EXERCISE 2.2. Let C([0,1]) be the metric space from Example 1.2 (2).
Show that a sequence (f,) C C([0,1]) converges to some f for the metric d
if and only if it converges uniformly. We say that the metric d induces the
topology of uniform convergence.

Show also that a sequence (f,,) C C(R) (Example 1.2 (5)) converges to some
f for the metric d if and only if it converges uniformly on compact subsets of R.
In this example, we say that the metric d induces the topology of local uniform
convergence.

EXERCISE 2.3. Determine all Cauchy sequences and all convergent se-
quences in a discrete metric space.

LEMMA 2.4. Let M be a metric space and (x,) C M be a sequence. Then:
(1) limy,— ooz, = x for some element x € M if and only if for every
netghbourhood U of x there exists ny such that for every n > ng one
has z,, € U.
(2) (Uniqueness of the limit) If lim,, .o z, = = and lim, .o ©,, = vy, then
x=1y.

LEMMA 2.5. A set A C M 1is closed if and only if for every sequence (x,) C
A which converges to some x € M one has x € A.
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PROOF. Assume first that A is closed and let (z,,) C A be convergent to
x € M. If x does not belong to A, then it belongs to A¢ which is open. By
definition, there exists € > 0 such that B(x,e) C A°. Given this ¢, there exists
no such that z,, € B(x,¢) for every n > ng, a contradiction to the assumption
that z,, € A. Hence, x € A.

On the other hand, assume that lim, ., x, = x € A for every convergent
(x,) C A and assume in addition that A is not closed or, equivalently, that
A€ is not open. Then there exists € A° such that for every n € N the set
B(z,~) N A is nonempty. From this one can construct a sequence (z,) C A
which converges to x, which is a contradiction because x € A°. 0

LEMMA 2.6. Let (M,d) be a metric space, and let S C M be a subset. Then
S = {zeM:3(x,)CS st limax,=z}

n—oo

= {zeM:d(z,S) = infd(z,y) = 0}.
yeS

PROOF. Let
A={xeM:3(z,) C Sst. lim x, =z}

and
B:={zxeM:dx,>S):= irelgd(x,y) = 0}.
Y

These two sets are clearly equal by the definition of the inf and the definition of
convergence. Moreover, the set B is closed by the following argument. Assume
that (x,) C B is convergent to x € M. By definition of B, for every n there
exists y € S such that d(z,,y,) < 1/n. Hence,
limsup d(z, y,) < limsup d(z, z,) + lim sup d(z,, y,) = 0,
n—oo n—oo n—oo
so that z € B.

Clearly, B contains S, and since B is closed, B contains S. It remains to
show that B C S. If this is not true, then there exists x € B\ S. Since the
complement of S is open in M, there exists r > 0 such that B(z,r)NS =0, a
contradiction to the definition of B. U

DEFINITION 2.7. A metric space (M, d) is called complete if every Cauchy
sequence converges.

EXERCISE 2.8. Show that the spaces RY, C([0,1]) and C(R) are complete.
Show also that any discrete metric space is complete.

LEMMA 2.9. A subspace N C M of a complete metric space is complete if
and only if it is closed in M.

PROOF. Assume that N C M is closed, and let (z,) be a Cauchy sequence
in N. By the assumption that M is complete, (z,) is convergent to some
element x € M. Since N is closed, x € N.
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Assume on the other hand that N is complete, and let (z,) C N be con-
vergent to some element x € M. Clearly, every convergent sequence is also
a Cauchy sequence, and since N is complete, (z,) converges to some element
y € N. By uniqueness of the limit, x = y € N. Hence, N is closed. 0

3. Compactness

DEFINITION 3.1. We say that a metric space (M, d) is compact if for every
open covering there exists a finite subcovering, i.e. whenever (O;);c; is a family
of open sets (no restrictions on the index set ) such that M = J,_; O;, then
there exists a finite subset Iy C I such that M = {J;.; O;.

i€l

LEMMA 3.2. A metric space (M,d) is compact if and only if it is sequen-
tially compact, i.e. if and only if every sequence (x,,) C M has a convergent
subsequence.

PROOF. Assume that M is compact and let (x,) C M. Assume that (z,)
does not have a convergent subsequence. Then for every x € M there exists
g, > 0 such that B(z,e,) contains only finitely many elements of {x,}. Note
that (B(x,e,))zenm is an open covering of M so that by the compactness of M
there exists a finite subset N C M such that M = (J,.y B(x,e;). But this
means that (z,) takes only finitely many values, and hence there exists even a
constant subsequence which is in particular also convergent; a contradiction to
the assumption on (x,,).

On the other hand, assume that M is sequentially compact and let (O;);es
be an open covering of M. We first show that there exists ¢ > 0 such that
for every « € M there exists i, € [ with B(z,e) C O;,. If this were not
true, then for every n € N there exists z,, such that B(z,,+) ¢ O; for every
i € I. Passing to a subsequence, we may assume that (x,) is convergent to
some x € M. There exists some ¢, € I such that = € O,,, and since O, is
open, we find some ¢ > 0 such that B(z,e) C O;,. Let ny be such that % < 5.
By the triangle inequality, for every n > ng we have B(w,,, =) C B(z,¢) C Oy,
a contradiction to the construction of the sequence (z,,).

Next we show that M = J;_, B(x;,¢) for a finite family of z; € M. Choose
any x1 € M. If B(xy,e) = M, then we are already done. Otherwise we find
xg € M\ B(xy,¢). If B(xy,e)UB(x9,¢) # M, then we even find 3 € M which
does not belong to B(x1,e) U B(xa,¢), and so on. If |J;_, B(w;,¢) is never
all of M, then we find actually a sequence (x;) such that d(z;, x)) > ¢ for all
j # k. This sequence can not have a convergent subsequence, a contradiction
to sequential compactness.

Since every of the B(x;, €) is a subset of OZ-I], for some ., € I, we have proved

that M = UJ]_, Oi,,, L.e. the open covering (O;) admits a finite subcovering.
The proof is complete. 0J

LEMMA 3.3. Any compact metric space is complete.
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PROOF. Let (z,) be a Cauchy sequence in M. By the preceeding lemma,
there exists a subsequence which converges to some x € M. If a subsequence
of a Cauchy sequence converges, then the sequence itself converges, too. 0

4. Continuity

DEFINITION 4.1. Let (Mj,d;), (Ms,ds) be two metric spaces, and let f :
M, — Ms be a function.

(a) We say that f is continuous in some point x € My if
Ve > 030 > 0Vy € B(x,0) : dao f(), f(y)) < e.

(b) We say that f is continuous if it is continuous in every point.
(c) We say that f is uniformly continuous if

Ve > 035 > 0Vz, y € My : di(x,y) <0 = dao( f(2), f(y)) < e.
(d) We say that f is Lipschitz continuous if
AL > 0Vz, y € M : do(f(2), f(y)) < Ldi(z,y).

LEMMA 4.2. A function f : My — My between two metric spaces is con-
tinuous in some point x € My if and only if it is sequentially continuous in z,
i.e. if and only if for every sequence (x,) C My which converges to x one has

lim, o f(x,) = f(2x).

PROOF. Assume that f is continuous in = € M; and let (z,) be convergent
to x. Let € > 0. There exists § > 0 such that for every y € B(z,d) one has
f(y) € B(f(x),e). By definition of convergence, there exists ny such that for
every n > ng one has z,, € B(x,0). For this ng and every n > ngy one has
f(zn) € B(f(x),e). Hence, lim,,_. f(x,) = f(z).

Assume on the other hand that f is sequentially continuous in z. If f was
not continuous in x then there exists ¢ > 0 such that for every n € N there exists
T, € B(z, L) with f(z,) & B(f(x),¢). By construction, lim,_.. 2, = x. Since
f is sequentially continuous, lim,, ., f(x,) = f(z). But this is a contradiction
to f(x,) € B(f(x),¢), and therefore f is continuous. O

LEMMA 4.3. A function [ : My — M,y between two metric spaces is contin-
wous if and only if pretimages of open sets are open, i.e. if and only if for every
open set O C My the preimage f~1(O) is open in M;.

PRrOOF. Let f : M; — Ms; be continuous and let O C Ms be open. Let
z € f71(0). Since O is open, there exists € > 0 such that B(f(z),e) C O.
Since f is continuous, there exists 6 > 0 such that for every y € B(z,d) one
has f(y) € B(f(x),e). Hence, B(z,0) C f~(O) so that f~!(0O) is open.

On the other hand, if the preimage of every open set is open, then for every
x € M, and every ¢ > 0 the preimage f~!(B(f(x),¢)) is open. Clearly, =
belongs to this preimage, and therefore there exists § > 0 such that B(x,d) C
F~YB(f(x),e)). This proves continuity. O
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LEMMA 4.4. Let f : K — M be a continuous function from a compact
metric space K into a metric space M. Then

(1) The image f(K) is compact.

(2) The function f is uniformly continuous.

PRrROOF. (1) Let (O;);cr be an open covering of f(K'). Since f is continuous,
f7HO;) is open in K. Moreover, (f~1(0;))ier is an open covering of K. Since
K is compact, there exists a finite subcovering: K = {J,¢;, f~'(0;) for some
finite Iy C I. Hence, (O;);er, is a finite subcovering of f(K).

(2) Let € > 0. Since f is continuous, for every x € K there exists d, > 0
such that for all y € B(z,d,) one has f(y) € B(f(z),e). By compactness,
there exists a finite family (x;)1<i<, C K such that K = ., B(z;,0,,/2).
Let 6 = min{d,,/2 : 1 < i < n} and let z, y € K such that d(z,y) < §.
Since x € B(x;,6,,/2) for some 1 < i < n, we find that y € B(z;,0,,). By
construction, f(z), f(y) € B(f(x;),e) so that the triangle inequality implies
A(f(z), £(9) < 2e. .

LEMMA 4.5. Any Lipschitz continuous function f : My — My between two
metric spaces is uniformly continuous.

PrROOF. Let L > 0 be a Lipschitz constant for f and let € > 0. Define
d :=¢/L. Then, for every x, y € M such that d,(x,y) < J one has

d2(f(£)> f(y)) < Ldl(x’y) <eg,

and therefore f is uniformly continuous. 0

5. Completion of a metric space

DEFINITION 5.1. A subset D C M of a metric space (M, d) is called dense
i M if D = M. Equivalently, D is dense in M if for every x € M there exists
(x,) C D such that lim, ., x, = .

LEMMA 5.2 (Completion). Let (M, d) be a metric space. Then there exists

a complete metric space (M d) and a continuous, injective j : M — M such
that

d(w,y) = d(j(2),j(y)), @ ye M,
and such that the image j(M) is dense in M.

DEFINITION 5.3. Let (M, d) be a metric space. A complete metric space
(M, d) fulfilling the properties from Lemma 5.2 is called a completion of M.

PROOF OF LEMMA 5.2. Let
M :={(x,) C M : (z,) is a Cauchy sequence}.

We say that two Cauchy sequences (1,,), (y,) C M are equivalent (and we write
(2n) ~ (Yn)) if limy, o0 d(2,y,) = 0. Clearly, ~ is an equivalence relation on
M.



5. COMPLETION OF A METRIC SPACE 15

We denote by [(z,,)] the equivalence class in M of a Cauchy sequence (z,,),
and we let K - B
M= M/ ~={[(zn)] : (za) € M}
be the set of all equivalence classes. If we define

dA([(xn)]’ [(yn)]) = nh_{go d(xm yn)>

then d is well defined (the definition is independent of the choice of representa-
tives) and it is a metric on M. The fact that d is a metric and also that (M, d)
is a complete metric space are left as exercises.

One also easily verifies that j : M — M defined by j(z) = [(z)] (the
equivalence class of the constant sequence (z)) is continuous, injective and in

fact isometric, i.e. A
d(z,y) = d(j(z),j(y))
for every x, y € M. The proof is here complete. O

LEMMA 5.4. Let (M;,d;) (i = 1, 2) be two completions of a metric space
(M,d). Then there exists a bijection b : My — My such that for every x, y € M,

dAl (.T, y) = dAQ(b(x)’ b(y))

Lemma 5.4 shows that up to isometric bijections there exists only one com-
pletion of a given metric space and it allows us to speak of the completion of a
metric space.

LEMMA 5.5. Let f : M; — M2 be a uniformly (!) continuous function
between two metric spaces. Let M, and My be the completions of M1 and Mg,
respectively. Then there exists a unique continuous extension f M, — M, of

f.

PROOF. Since f is uniformly continuous, it maps equivalent Cauchy se-
quences into equivalent Cauchy sequences (equivalence of Cauchy sequences is

defined as in the proof of Lemma 5.2). Hence, the function f([(z,)]) := [(f(xn))]

is well defined. It is easy to check that f is an extension of f and that f is
continuous (even uniformly continuous). U

The assumption of uniform continuity in Lemma 5.5 is necessary in general.
The functions f(x) = sin(1/x) and f(z) = 1/x on the open interval (0, 1) do not
admit continuous extensions to the closed interval [0, 1] (which is the completion
of (0,1)).






CHAPTER 3

Banach spaces and bounded linear operators

Throughout, let K € {R, C}.

1. Normed spaces

DEFINITION 1.1. Let X be a vector space over K. A function ||-]| : X — R,
is called a norm if for every z, y € X and every A € K

(i) |||l = 0 if and only if z = 0,
(i) [[Az]| = [A] [|z[|, and
(iti) ||z +yl| < ||lz]| + ||ly|| (triangle inequality).

A pair (X, || -||) of a vector space X and a norm || - || is called a normed space.

Often, we will speak of a normed space X if it is clear which norm is given
on X.

EXAMPLE 1.2. (1) (Finite dimensional spaces) Let X = K. Then

N 1/p
||IHP = (Z |x2‘p> ; 1 S p < o0,
=1

and

[2]loo := sup |z
1<i<N

are norms on X.
(2) (Sequence spaces) Let 1 < p < oo, and let

P.={(r,) CK: Z |z, |P < oo}

1/p
[zl := (Z |$n|p> :

Then ({*, - ||,) is a normed space.

with norm

17
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(3) (Sequence spaces) Let X be one of the spaces

1 = {(z,) CK:suplz,| < oo},
c = {(x,) C nlirgo T, exists}, or
co = {(zn) C nll_{go x, = 0}, or
coo = {(z,) CK:theset {n:z, # 0} is finite},
and let
l#lloo = sup [
Then (X, || - ||oo) is a normed space.

(4) (Function spaces: continuous functions) Let C([a,b]) be the space of
all continuous, K-valued functions on a compact interval [a,b] C R.

Then
1/p
17l = (/ frds) L 1sp<o
and
| flloe :== sup |f(z)|
z€[a,b]

are norms on C(|a, b]).

(5) (Function spaces: continuous functions) Let K be a compact metric
space and let C'(K') be the space of all continuous, K-valued functions
on K. Then

[[f]loe := sup [ f(x)]
reK

is a norm on C'(K).
(6) (Function spaces: integrable functions) Let (€, A, ) be a measure
space and let X, = LP(Q) (1 < p < 00). Let

1/p
£, = (/ Iflpdu) Cl<p<oo
Q

[ flloo := ess sup|f(2)| := inf{c € Ry : p({|f] > c}) = O}.

Then (X, | - ||,) is a normed space.
(7) (Function spaces: differentiable functions) Let

C'([a,b]) :== {f € C([a,b]) : f is continuously differentiable}.
Then || - ||c and

or

1fller = 1 lloo + 11 Moo

are norms on C'([a, b]).

We will see more examples in the sequel.
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LEMMA 1.3. Every normed space is a metric space for the metric
d($7y> = ||I_yH7 xvyeX‘

By the above lemma, also every subset of a normed space becomes a metric
space in a natural way. Moreover, it is natural to speak of closed or open
subsets (or linear subspaces!) of normed spaces, or of closures and interiors of
subsets.

EXERCISE 1.4. Shgw that in a normed space X, for every x € X and every
r > 0 the closed ball B(z,r) coincides with closure B(z,r) of the open ball.

Also the notion of continuity of functions between normed spaces (or be-
tween a metric space and a normed space) makes sense. The following is a first
example of a continuous function.

LEMMA 1.5. Given a normed space, the norm is a continuous function.
This lemma is a consequence of the following lemma.

LEMMA 1.6 (Triangle inequality below). Let X be a normed space. Then,
for everyx, y € X,
lz = yll = [llzll = llyll]-
ProOF. The triangle inequality implies
lzll = llz—y+yll
< e =yl + lyll,
so that
]l = llyll < fle =yl
Changing the role of z and y implies
Iyl = ll=ll < lly — [l = [l — yll,
and the claim follows. U

A notion which can not really be defined in metric spaces but in normed
spaces is the following.

DEFINITION 1.7. A subset B of a normed space X is called bounded if
sup{||z|| : * € B} < 0.

It is easy to check that if X is a normed space, and M is a metric space, then
the set C'(M; X) of all continuous functions from M into X is a vector space
for the obvious addition and scalar mutliplication. If M is in addition compact,
then f(M) C X is also compact for every such function, and hence f(M) is
necessarily bounded (every compact subset of a normed space is bounded!). So
we can define a new example of a normed space.
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EXAMPLE 1.8. (8) (Function spaces: vector-valued continuous func-
tions) Let (X, ||-||) be a normed space and let K be a compact metric
space. Let E = C(K;X) be the space of all X-valued continuous
functions on K. Then

[/ lloo := sup [ f(x)]
zeEK

is a norm on C'(K; X).

Also the notions of Cauchy sequences and convergent sequences make sense
in normed spaces. In particular, one can speak of a complete normed space,
i.e. a normed space in which every Cauchy sequence converges.

DEFINITION 1.9. A complete normed space is called a Banach space.

ExAMPLE 1.10. The finite dimensional spaces, the sequence spaces 7 (1 <
p < 00), ¢, and ¢, and the function spaces (C([a, b)), || - [|oo), (LP(2),] - ||,) are
Banach spaces.

The spaces (coo, || - ||o); (C([a,b]),]|-]l,) (1 < p < co0) are no Banach spaces.

It is not too difficult to check that if X is a Banach space, then also
(C(K;X),]| - |lo) is a Banach space.

DEFINITION 1.11. We say that two norms || - ||; and || - |2 on a real or
complex vector space X are equivalent if there exist two constants ¢, C' > 0
such that for every x € X

cllzll < llzfls < -

LEMMA 1.12. Let || - ||1, || - |2 be two norms on a vector space X (over K).
The following are equivalent:
(1) The norms || - ||1, || - |2 are equivalent.
(2) A set O C X is open for the norm || - |1 if and only if it is open for
the norm || - ||2 (and similarly for closed sets).
(3) A sequence (x,) C X converges to 0 for the norm || - ||y if and only if
it converges to 0 for the norm || - ||2.
In other words, if two norms || - |1, || - ||2 on a vector space X are equivalent,

then the open sets, the closed sets and the null sequences are the same. We also
say that the two norms define the same topology. In particular, if X is a Banach
space for one norm then it is also a Banach space for the other (equivalent)
norm.

EXERCISE 1.13. The norms || - ||« and || - ||, are not equivalent on C([0, 1]).

THEOREM 1.14. Any two norms on a finite dimensional real or complex
vector space are equivalent.
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PROOF. We may without loss of generality consider K. Let ||-|| be a norm
on KV and let (¢;)1<;<ny be the canonical basis of K. For every z € KV

N
| Zﬂfz‘ez‘H
=1

=l =
N
< >l el
i=1
< Cllzl,
where C' := sup,<;<y |le;]| and || - ||; is the norm from Example (1). By the

triangle inequality from below, for every z, y € KV,
izl =yl < lz —yll < Cllz =yl

Hence, the norm || - || : (K¥, || - |l1) — R is continuous (on K¥ equipped with
the norm || - |[;). If S := {z € KV : ||z||; = 1} denotes the unit sphere for the
norm || - ||, then S is compact and

c:=inf{||z| :z €S} >0,
since the infimum is attained by the continuity of || - ||. This implies
c|lz|y < ||z|| for every z € KV,

We have proved that every norm on K¥ is equivalent to the norm |- ||;. Hence,
any two norms on K"V are equivalent.

COROLLARY 1.15. Any finite dimensional normed space is complete. Any
finite dimensional subspace of a normed space is closed.

PROOF. The space (KM, || - ||1) is complete (exercise!). If || - || is a second
norm on KV and if (z,) is a Cauchy sequence for that norm, then it is also
a Cauchy sequence in (K¥ || - ||;) (use that the norms || - ||; and | - || are
equivalent), and therefore convergent in (KV, || - ||;). By equivalence of norms
again, the sequence (z,,) is also convergent in (K, |- ||), and therefore (K, ||-||)
is complete.

Let Y be a finite dimensional subspace of a normed space X, and let (x,,) C
Y be a convergent sequence with x = lim, ., x, € X. Since (z,) is also a
Cauchy sequence, and since Y is complete, we find (by uniqueness of the limit)
that z € Y, and therefore Y is closed (Lemma 2.5). O

DEFINITION 1.16. Let (z,) be a sequence in a normed space X. We say
that the series ) x, is convergent if the sequence (3., x;) of partial sums is
convergent. We say that the series ), is absolutely convergentif ) |z, | <
0.

LEMMA 1.17. Let (x,) be a sequence in a normed space X. If the series
> o Zn is convergent, then necessarily lim,_,o x, = 0.
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Note that in a normed space not every absolutely convergent series is con-
vergent. In fact, the following is true.

LEMMA 1.18. A normed space X is a Banach space if and only if every
absolutely convergent series converges.

PROOF. Assume that X is a Banach space, and let ) =z, be absolutely
convergent. It follows easily from the triangle inequality that the corresponding
sequence of partial sums is a Cauchy sequence, and since X is complete, the
series ), is convergent.

On the other hand, assume that every absolutely convergent series is con-
vergent. Let (2,),>1 C X be a Cauchy sequence. From this Cauchy sequence,
one can extract a subsequence (&, )r>1 such that |2, ,, — @[ <275 k > 1.
Let yo = n, and yp = @y, ., — Tp,, k > 1. Then the series > k>0 Yk s abso-
lutely convergent. By assumption, it is also convergent. But by construction,
(Zf:o Y1) = (%, ), so that (z,,) is convergent. Hence, we have extracted a
subsequence of the Cauchy sequence (z,) which converges. As a consequence,
(x,) is convergent, and since (x,) was an arbitrary Cauchy sequence, X is
complete. O

LEMMA 1.19 (Riesz). Let X be a normed space and let Y C X be a closed
linear subspace. If Y # X, then for every 6 > 0 there exists v € X \'Y such
that ||z|| = 1 and

dist (2,Y) = inf{||z —y[:y € Y} > 1—4.
PROOF. Let z € X \ Y. Since Y is closed,
d:=dist (2,Y) > 0.
Let 6 > 0. By definition of the infimum, there exists y € Y such that

s =yl < 7
—1-4
Let x := ||§:§||' Then x € X \'Y, ||z|| = 1, and for every u € Y
lo—ull = le=yl™ e = @+ llz = ylluw)ll
> Jz=yl™d = 1-34
since (y + ||z — y|lu) € Y. O

THEOREM 1.20. A normed space is finite dimensional if and only if every
closed bounded set is compact.

ProOOF. If the normed space is finite dimensional, then every closed
bounded set is compact by the Theorem of Heine-Borel. Note that by The-
orem 1.14 it is not important which norm on the finite dimensional space is
considered. By Lemma 1.12, the closed and bounded sets do not change.

On the other hand, if the normed space is infinite dimensional, then, by the
Lemma of Riesz, one can construct inductively a sequence (z,,) C X such that
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|z,|| = 1 and dist (2,41, X,,) > 3 for every n € N, where X,, = span {z; : 1 <
i < n} (note that X, is closed by Corollary 1.15). By construction, (z,) belongs
to the closed unit ball, but it can not have a convergent subsequence (even not
a Cauchy subsequence). Hence, the closed unit ball is not compact. Il

LEMMA 1.21 (Completion of a normed space). For every normed space X
there exists a Banach space X and a linear mjective j © X — X such that
17(2)|| = |lz| (x € X) and j(X) is dense in X. Up to isometry, the Banach
space X s unique. It is called the completion of X.

Proor. It suffices to repeat the proof of Lemma 5.2 and to note that the
completion X of X (considered as a metric space) carries in a natural way a
linear structure: addition of - equivalence classes of - Cauchy sequences is their
componentwise addition, and also multiplication of - an equivalence class - of
a Cauchy sequence and a scalar is done componentwise. Moreover, for every
[(z,,)], one defines the norm

[zl = lim [,
Uniqueness of X follows from Lemma 5.4. O

2. Product spaces and quotient spaces

LEMMA 2.1 (Product spaces). Let (X;)ier be a finite (!) family of normed

spaces, and let X := @Q,.; X be the cartesian product. Then

1/p
|z == (Z chilli—i> (1<p<o0),

icl
and

[#]los = sup [|;]
iel
define equivalent norms on X. In particular, the cartesian product is a normed

space.

X;

PROOF. The easy proof is left to the reader. 0

LEMMA 2.2. Let (X;)e; be a finite family of normed spaces, and let X =
&), Xi be the cartesian product equipped with one of the equivalent norms |-,
from Lemma 2.1. Then a sequence (x™) = ((z}');) C X converges (is a Cauchy
sequence) if and only if (x') C X; is convergent (is a Cauchy sequence) for
every 1 € I.

As a consequence, X is a Banach space if and only if all the X; are Banach
spaces.

PROPOSITION 2.3 (Quotient space). Let X be a vector space (!) over K, and
let Y C X be a linear subspace. Define, for every x € X, the affine subspace

r+Y ={z+y:yeY},
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and define the quotient space or factor space
XY ={z+Y :2e X}
Then XY is a vector space for the addition
+Y)+(z4+Y)=(@+2+Y),
and the scalar multiplication
Mz +Y):=0Az+Y).
The neutral element is'Y .

For the definition of quotient spaces, it is not important that we consider
real or complex vector spaces.

Examples of quotient spaces are already known. In fact, L” is such an
example. Usually, one defines

LP(Q, A, 1)

to be the space of all mesurable functions f : @ — K such that [, |f|" du < oo.
Moreover,

N = {f € LA p) : / P =0},

Note that N is a linear subspace of £LP(£2, A, 1), and that N is the space of all
functions f € L£P which vanish almost everywhere. Then

LP(Q, A, p) == LP(Q, A, ) /N.

PROPOSITION 2.4. Let X be a normed space and let Y C X be a linear
subspace. Then

|z + Y| :=inf{llz —yl| : y € Y}
defines a norm on X/Y if and only if Y is closed in X. If X is a Banach space
andY C X closed, then X/Y is also a Banach space.

PRrOOF. We have to check that ||-|| satisfies all properties of a norm. Recall
that Ox,y =Y, and that for all z € X
lz+Y] =0
inf{[lz —yll:y €Y} =0
y,) CY: limy, ==z
(= if Y closed):x €Y
r+Y =Y.

t e T
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Second, for every x € X and every A € K\ {0},
Az + V)| = fJAz+ Y]
= inf{|hz -yl 1y eV}
= inf{|[Az —y)|:y €Y}
= inf{flz -yl -y €Y}
= [Alfle+ Y.
Third, for every z, z € X,

[z +Y)+(+Y)| = [(+2)+Y]
= nf{flz+z—-yl:yeY}
inf{{|z + 2 —y1 — gl s y1, Y2 € Y}
inf{[|lz =yl + |z — w2l : 1, y2 € Y}
inf{[jz —yll:y € Y} +inf{|lz —y| : y € Y}
= e+ Y]+ + Y],
Hence, X/Y is a normed space if Y is closed.

Assume next that X is a Banach space. Let (z,) C X be such that the
series ) -, T, +Y converges absolutely, i.e. 3 -, ||z, +Y|| < co. By definition
of the norm in X/Y, we find (y,) C Y such that ||z, — y,| < ||z, + Y|+ 27"
Replacing (x,,) by (Z,) = (2, — yn), we find that z,, +Y = 2, + Y and that the
series ano T, is absolutely convergent. Since X is complete, by Lemma 1.18,
the limit anl T, = x € X exists. As a consequence,

IA A

n

I +Y) =) (@ +Y)| = &= &) +Y]|

k=1

n
< le=Y @l — o
k=1

i.e. the series 2@1 x, +Y converges. By Lemma 1.18, X/Y is complete. [

3. Bounded linear operators

In the following a linear mapping between two normed spaces X and Y will
also be called a linear operator or just operator. If Y = K, then we call linear
operators also linear functionals. If T : X — Y is a linear operator between
two normed spaces, then we denote by

KerT:={x e X:Tx=0}
its kernel or null space, and by
RgT :={Tz:2 € X}

its range or image. Observe that we simply write Tx instead of T'(x), meaning
that T is applied to x € X. The identity X — X, x + x is denoted by 1.
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LEMMA 3.1. LetT : X — Y be a linear operator between two normed spaces
X and Y. Then the following are equivalent
(1) T is continuous.
) T is continuous in 0.
) T'B is bounded in Y, where B = B(0,1) denotes the unit ball in X.
) There exists a constant C > 0 such that for every x € X

T[] < Cl]].

(2
(3
(4

PRrROOF. The implication (1)=-(2) is trivial.

(2)=(3). If T is continuous in 0, then there exists some > 0 such that
for every x € B(0,d) one has Tx € B(0,1) (so the e from the e-J definition of
continuity is chosen to be 1 here). By linearity, for every z € B = B(0, 1)

1 1
Tz|| = =||T(6 < =
Tzl = SIT02)] < 5.

and this means that T'B is bounded.

(3)=(4). The set T'B being bounded in Y means that there exists some
constant C' > 0 such that for every x € B one has ||Tz|| < C. By linearity, for
every x € X \ {0},

T

1T]] = T =]l < Cl]].

[l
(4)=(1). Let z € X, and assume that lim,_,., =, = . Then
Tz, — Tx|| = |T(z, — x)|| < Cllz, —z|]] = 0 asn — oo,
so that lim,,_o Tz, = Tx. OJ
DEFINITION 3.2. We call a continuous linear operator 7' : X — Y between
two normed spaces X and Y also a bounded operator (since it maps the unit
ball of X to a bounded subset of Y'). The set of all bounded linear operators is
denoted by L£(X,Y). Special cases: If X =Y, then we write L(X, X) =: L(X).
If Y =K, then we write £(X,K) =: X'.

LEMMA 3.3. The set L(X,Y) is a vector space and
(3.1) 1T == inf{C>0:|Tz|| <C|x| for all z € X}
= sup{[|Tz|| : [J«f| <1}
= sup{[|Tz|| : [|z]| = 1}
is a norm on L(X,Y).

Proor. We first show that the three quantities on the right-hand side of
(3.1) are equal. In fact, the equality

sup{[[ Tz « [[«f] <1} = sup{[|T] - |[=]| = 1}
is easy to check so that it remains only to show that

A:=inf{C >0:||Tz| < C|z| for all x € X} = sup{||Tz| : ||z|]| =1} = B.
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If C' > A, then for every x € X \ {0}, [|Tz| < C'||z|| or ||T”7‘””H < C'. Hence,
C > B which implies that A > B. If C' > B, then for every z € X \ {0},
HTﬁH < C, and therefore ||Tz|| < C'||z||. Hence, C' > A which implies that

A< B.
Now we check that ||-|| is a norm on £(X,Y). First, for every T' € L(X,Y),

1T =0 < sup{|[Tz|:[|lz]| <1} =0
& VeeX, ||z <1:||Tx|| =0
< (||-]lisanormon Y)Vr € X, |z <1: Tz =0
< (= linearity of T)Vx € X : Tz =0

< T =0.
Second, for every T' € L(X,Y) and every A € K
AT} = sup{|(AT)z|| - [[«f] <1}
= sup{[A|[[T]| : [lz]| <1}
= AT
Finally, for every T', S € L(X,Y),
1T+ S| = sup{|[(T + S)z| - [|lz]| <1}
< sup{|[T|| + [[Sz| - [[=]] <1}
< [Tl + 5]
The proof is complete. O

REMARK 3.4. (a) Note that the infimum on the right-hand side of (3.1)
in Lemma 3.3 is always attained. Thus, for every operator T' € £(X,Y) and
every r € X,

[T]| < [|T[ ][

This inequality shall be frequently used in the sequel! Note that on the other
hand the suprema on the right-hand side of (3.1) are not always attained. (b)
From Lemma 3.3 we can learn how to show that some operator T': X — Y
is bounded and how to calculate the norm ||7||. Usually (in most cases), one
should prove in the first step some inequality of the form

[Tz| < Cllzll, =€ X,

because this inequality shows on the one hand that T" s bounded, and on the
other hand it shows the estimate || 7| < C. In the second step one should prove
that the estimate C' was optimal by finding some = € X of norm ||z|| = 1 such
that ||[Tz|| = C, or by finding some sequence (x,) C X of norms ||z,|| < 1
such that lim, . ||Tz,|| = C, because this shows that ||T'|| = C. Of course,
the second step only works if one has not lost anything in the estimate of the
first step. There are in fact many examples of bounded operators for which it
is difficult to estimate their norm.
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EXAMPLE 3.5. (1) (Shift-operator). On [?(N) consider the left-shift
operator

Lz = L(z,) = (Tp41).
Then

1/p 1/p
[ L(zn)]lp = (ZI%uV’) < (Z\xn\p> :

n n

so that L is bounded and ||L|| < 1. On the other hand, for
r = (0,1,0,0,...) one computes that |z|[, = 1 and |[Lz|, =
1(1,0,0,...)||, = 1, and one concludes that ||L| = 1.

(2) (Shift-operator). Similarly, one shows that the right-shift operator R
on [?(N) defined by

Rz = R(z,) = (0,x0, 21, ...)

is bounded and ||R|| = 1. Note that actually ||Rz||, = ||z||, for every
xelP.

(3) (Multiplication operator). Let m € [* and consider on [P the multipli-
cation operator

Mz = M(z,) = (mpzy,).

(4) (Functionals on C'). Consider the linear functional ¢ : C(]0,1]) — K
defined by

o= [ ) de
Then )
3 1
PO < [T 1@ do < 31

so that ¢ is bounded and [¢|| < . On the other hand, for the constant
function f =1 one has || f|| = 1 and |p(f)| = 3, so that |¢|| = 3.

LEMMA 3.6. Let X, Y, Z be three Banach spaces, and let T € L(X,Y) and
SeL(Y,Z). Then ST € L(X,Z) and

ST < [ISTIT-

PROOF. The boundedness of ST is clear since compositions of continuous
functions are again continuous. To obtain the bound on ST, we calculate

IST|| = sup [|STz]|
Jall<1
< sup [|S] [T
Jall<1
< [ISTHITI-

LEMMA 3.7. If Y is a Banach space then L(X,Y) is a Banach space.
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PROOF. Assume that Y is a Banach space and let (7},) be a Cauchy se-
quence in £(X,Y’). By the estimate

[Thx = Tzl = [[(Tn = Ton)l| < 1T = Tl | ]],

the sequence (7,z) is a Cauchy sequence in Y for every z € X. Since Y is com-
plete, the limit lim,,_, ., T,,x exists for every x € X. Define Tx := lim,, . T, x.
Clearly, T': X — Y is linear. Moreover, since any Cauchy sequence is bounded,
we find that
| Tz|| < sup || Tx]| < C'fla]]
n

for some constant C' > 0, i.e. T is bounded. Moreover, for every n € N we
have the estimate

\T =T, = sup |[|[Tx— T,x||
l=)|<1
< sup sup |1,z — T,z
|z]|<1m>n
< sup |5, — Tl
m>n

Since that right-hand side of this inequality becomes arbitrarily small for large
n, we see that lim, ., T, = T exists, and so we have proved that £(X,Y) is a
Banach space. U

REMARK 3.8. The converse of the statement in Lemma 3.7 is also true, i.e
if £(X,Y) is a Banach space then necessarily Y is a Banach space. For the
proof, however, one has to know that there are nontrivial operators in £(X,Y)
as soon as Y is nontrivial (i.e. Y # {0}). For this, we need the Theorem of
Hahn-Banach and its consequences discussed in Chapter 5.

COROLLARY 3.9. The space X' = L(X,K) of all bounded linear functionals
on X 1s always a Banach space.

DEFINITION 3.10. Let X, Y be two normed spaces.

(1) We call T € L(X,Y) an isomorphism if T is bijective and T~ €
L(Y, X).

(2) We call T € L(X,Y) an isometry if ||Tz|| = ||z|| for every z € X.

(3) We say that X and Y are isomorphic (and we write X = Y') if there
exists an isomorphism 7" € L(X,Y).

(4) We say that X and Y are isometrically isomorphic if there exists an
isometric isomorphism 7' € L(X,Y).

REMARK 3.11. (1) Two norms || - |1, || - ]2 on a K vector space X are
equivalent if and only if the identity operator I : (X, ||-|l1) — (X, -|2)
is an isomorphism.

(2) Saying that two normed spaces X and Y are isomorphic means that
they are not only ’equal’ as vector spaces (in the sense that we find a
bijective linear operator) but also as normed spaces (i.e. the bijection
is continuous as well as its inverse).
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(3) T e L(X,Y)and S € L(Y, Z) are isomorphisms, then ST € L(X, Z)
is an isomorphism and (ST)" ' =715

(4) Every isometry T' € £(X,Y) is clearly injective. If it is also surjective,
then T is an isometric isomorphism, i.e. the inverse 7! is also bounded
(even isometric).

(5) Clearly, if T' € L(X,Y) is isometric, then it is an isometric isomorphism
from X onto RgT', and we may say that X is isometrically embedded
into Y (via T).

EXAMPLE 3.12. The right-shift operator from Example 3.5 (2) is isometric,
but not surjective. In particular, [? is isometrically isomorphic to a proper
subspace of 7.

EXERCISE 3.13. Show that the spaces (¢, || - ||) of all convergent sequences
and (cg, || - ||oo) of all null sequences are isomorphic.

EXERCISE 3.14. Show that (co, || - ||oo) is (isometrically) isomorphic to a
linear subspace of (C([0,1]), || - [|«), i-e. find an isometry 7" : ¢g — C(]0, 1]).

LEMMA 3.15 (Neumann series). Let X be a Banach space and let T €
L(X) be such that |T|| < 1. Then I — T is boundedly invertible, i.e. it is an
isomorphism. Moreover, (I =T)™" =37 _ T".

PROOF. Since X is a Banach space, £(X) is also a Banach space by Lemma
3.7. By assumption on ||T'[|, the series } ., T™ is absolutely convergent, and
hence, by Lemma 1.18, it is convergent to some element S € £(X). Moreover,

(I-T)S=lim (I -T)) TF= lim (I -T*") =1,
=0 n—odo

and similarly, S(I —T') = I. O

COROLLARY 3.16. Let X and Y be two Banach spaces. Then the set
I(X,Y) of all isomorphisms in L(X,Y) is open, and the mapping T — T~ is
continuous from Z(X,Y) onto Z(Y, X).

PROOF. Let Z C L(X,Y) be the set of all isomorphisms, and assume that

7 is not empty (if it is empty, then it is also open). Let T' € Z. Then for every
S e B(T, ﬁ) we have

S=T+S-T=TUI+T'(S-1T)),

and since |T7H(S —T)|| < IT7'|||S — T|| < 1, the operator I + T71(S —T) €
L(X) is an isomorphism by Lemma 3.15. As a composition of two isomor-
phisms, S € Z, and hence 7 is open. The continuity is also a direct consequence
of the above representation of S (and thus of its inverse), using the Neumann
series. 0
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4. Calculus on Banach spaces

DEFINITION 4.1. Let X, Y be two Banach spaces, and let U C X be open.
A function f: U — Y is called

(a) differentiable in xo € U if there exists a bounded linear operator 17" €
L(X,Y) and some function 7 : X — Y such that

(4.1) f(x) = f(zo) + T(x — mo) + r(xz —20), x €U,
and
el
(4.2) ||llzl||r£l>0 T 0.

(b) differentiable if it is differentiable in every point z¢ € U.
If f is differentiable in a point zy € U, then T € L(X,Y) is uniquely de-
termined. We write Df(xg) := f'(zo) := T and call Df(zy) = f'(xy) the
deriwative of f in xg.
LEMMA 4.2. If a function f: U — Y 1is differentiable in x € U, then it is
continuous in x. In particular, every differentiable function is continuous.

PROOF. Let (z,) C U be convergent to z. By definition (equation (4.1)),

1f(zn) = f@) = f'(@)(x—2n) +r(z— 2]
< I @He = zall + Ir(z —2za) - — 0,

as n — oo (use also (4.2)). O

DEFINITION 4.3. Let X, Y be two Banach spaces, and let U C X be open.
A function f: U — Y is called continuously differentiable if it is differentiable
and if f': U — L(X,Y) is continuous. We denote by

CHU;Y) :={f:U — Y : f differentiable and f' € C(U; L(X,Y))}

the space of all continuously differentiable functions. Moreover, for k > 2, we
denote by

CHMU;Y) :={f:U — Y : f differentiable and f' € C*"Y(U; L(X,Y))}
the space of all k times continuously differentiable functions.

THEOREM 4.4 (Local inverse theorem). Let X, Y be two Banach spaces,
U C X open, f € CHU;Y), and x € U. Suppose that f'(z) € L(X,Y) is an
1somorphism. Then there exists a neighbourhood V-C U of x and a neighbour-

hood W C'Y of f(x) such that the restriction f : V — W is homeomorphic,
i.e. continuous, bijective and the inverse f=1: W — V is also continuous.

DEFINITION 4.5. Let X; (1 < i < n) and Y be Banach spaces. Let U C
&)~ , X; be open. We say that a function f: U — Y isin a = (a;)1<i<n € U
partially differentiably with respect to the i-th coordinate if the function

fozCXZHK xin(al,...,xi,...,an)

is differentiable in a,. We write %(a) = fila) € L(X;,Y).
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THEOREM 4.6 (Implicit function theorem). Let Xy, X5, Y be three Banach
spaces and let U C X| x Xy be open. Let f € CY(U;Y), a = (ay,as) € U, and
suppose that f(a) = 0 and that a%(a) € L(X5,Y) is an isomorphism. Then
there exist neighbourhoods Uy C X1 of a1 and Uy C X5 of as and a function
g € CY(Uy; Xs) such that g(ay) = ay and

{z = (v1,22) € Uy x Uy : f(x) =0} ={(21,9(x1)) : 21 € Up }.
5. * Newton’s method

THEOREM 5.1 (Newton’s method). Let X and Y be two Banach spaces,
U C X an open set. Let f € CYU;Y) and assume that there exists © € U
such that (i) f(z) =0 and (i1) f'(z) € L(X,Y) is an isomorphism. Then there
exists a neighbourhood V- C U of x such that for every o € V the operator
f'(xg) is an isomorphism, the sequence (x,) defined iteratively by
(5.1) Tns1 =T — f(20) " f(@a), 120,
remains in V and lim,_. x, = T.
_ Proor. By Corollary 3.16 and continuity, there exists a neighbourhood
V C U of ¥ such that f'(x) is isomorphic for all z € V. Next, it will be useful
to define the auxiliary function ¢ : V' — X by

o) = f@) @), eV
Since f(Z) = 0, we find that for every z € V
p(@) —¢(@) = o~ f(2)7(flx) - f(7) -7
= -7~ f(x)7(f'(@)(x—7) +r(x - 7)),
so that by the continuity of f/(-)~!
) @l _

N (e

Hence, there exists r > 0 such that V := B(Z,7) C V C U and such that for
every x € V

_ _ 1 _
lpz) = 2] = llp(z) — (@) < 5 lle - 2].
This implies that for every xg € V one has p(zg) € V and if we define iteratively

Tny1 = @(z,) = " (zg), then

1\n
T, — | < (= o — x|l — 0 asn — oo.
lon — 7l < (5



CHAPTER 4

Hilbert spaces

Let H be a vector space over K.

1. Inner product spaces

DEFINITION 1.1. A function (-,-) : H x H — K is called a scalar product
or inner product if for every x, y, 2 € H and every A € K
(i) (x,2) > 0 for every x € H and (z,z) = 0 if and only if z = 0,
(ii) (ZB,y) = (y>$)>
(i) (Ao +y,2) = A(w,2) + (9, 2).
A pair (H, (-, -)) of a vector space over K and a scalar product is called an inner
product space.

EXAMPLE 1.2. (1) On the space H = K¥,

N
= E il
=1

defines a scalar product.
(2) On the space H = I? := {(z,) CK: Y |7,]* < o0},

defines a scalar product.
(3) On the space H = C([0, 1]), the Riemann integral

/ fla
defines a scalar product.
(4) On the space H = L*(Q), the integral

()= [ oo
defines a scalar product.

LEMMA 1.3. Let (-,-) be a scalar product on a vector space H. Then, for
every x, y, z € H and A € K

(iv) (z, \y + 2) = Mz, y) + (z, 2).

33
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PRrROOF.
(m,  y+2) =My +2z,2) =Xy, 2)+ (2,7) = Mz,y) + (2, 2).

In the following, if H is an inner product space, then we put

||| == +/(z,z), x€ H.

LEMMA 1.4 (Cauchy-Schwarz inequality). Let H be an inner product space.
Then, for every x, y € H,

(@, )] < [ flyll,
and equality holds if and only if x and y are colinear.
Proor. Let A € K. Then
0 < (z+ Ay, z+ Ay)
= (z,2) + (My, )

+ (2, Ay) + (A (y,y)
= (z,2) + Nz,y) + Mz, y) + M (y,9),
1l.e.
(1.1) 0 < flz+ Ayll> = |zl + 2Re Az, y) + [ [[y]>.

Assuming that y # 0 (for y = 0 the Cauchy-Schwarz inequality is trivial), we
may put A := —(z,y)/||y|[*. Then

( (z,9) (z,9) )

0 < (xz— Y, T — Y
lyl1? lyI>
2 ‘($7 y) |2
[l R
[yl
which is the Cauchy-Schwarz inequality. The calculation also shows that equal-
ity holds if and only if z = Ay, i.e. if x and y are colinear. 0

LEMMA 1.5. Every inner product space H is a normed linear space for the

norm
||| = v/ (z,2), x€ H.

PROOF. Properties (i) and (ii) in the definition of a norm follow from the
properties (i) and (iii) (together with Lemma 1.3) in the definition of a scalar
product. The only difficulty is to show that ||- || satisfies the triangle inequality.
This, however, follows from putting A = 1 in (1.1) and estimating with the
Cauchy-Schwarz inequality:

lz+ylI* < (]l + [y ])*.
0

DEFINITION 1.6. A complete inner product space is called a Hilbert space.
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EXAMPLE 1.7. The spaces K (with euclidean scalar product), [* and L*()
are Hilbert spaces. More examples are given by the Sobolev spaces defined
below.

LEMMA 1.8 (Completion of an inner product space). Let H be an inner
product space. Then there exists a Hilbert space KK and a bounded linear operator
7 : H — K such that for every xz, y € H

(@, 9)u = (j(2), J () k.
and such that j(H) is dense in K. The Hilbert space K is unique up to isometry.
It is called the completion of H.

LEMMA 1.9 (Parallelogram identity). Let H be an inner product space.
Then for every x, y € H

lz+ylI* + llz = ylI* = 2 (J=]* + [ly]]*)-
PROOF. The parallelogram identity follows immediately from (1.1) by
putting A = £+1 and adding up. U

EXERCISE 1.10 (von Neumann). Show that a norm satisfying the paral-
lelogram identity comes from a scalar product, i.e. the parallelogram identity
characterises inner product spaces.

DEFINITION 1.11. A subset K of a vector space X (over K) is called convex
if for every z, y € K and every ¢ € [0, 1] one has tx + (1 — t)y € K.

THEOREM 1.12. Given a nonempty closed, convex subset K of a Hilbert
space H, and given a point x € H, there exists a unique y € K such that
|x —y|| = inf{||x — z|| : 2 € K}.
PROOF. Let d := inf{||z — z|| : z € K}, and choose (y,) € K such that
(1.2) i ||z — g, | =

Applying the parallelogram identity to (z — y,,)/2 and (z — y,,)/2, we obtain

|z — Yn + Ym
2

Since K is convex, 3= € K and hence ||z — ¥3¥=|2 > g2 Using this
and (1.2), the last identity implies that (y,) is a Cauchy sequence. Since H
is complete, y = lim,,_, o ¥, exists. Since K is closed, y € K. Moreover,
|z —y|| = lim, o || — yn|| = d, so that y is a minimizer for the distance to x.
To see that there is only on such minimizer, suppose that ¢y’ € K is a second
one, and apply the parallelogram identity to x —y and = — ¥/. 0

1 1
12+ 3190 = vnll® = 51l = 9all® + ll& = w1,

DEFINITION 1.13. Let H be an inner product space. We say that two
vectors x, y € H are orthogonal (and we write x L y), if (z,y) = 0. Given a
subset S C H, we define the orthogonal space S* := {y € H : z 1 y for all
r € S}. If S = K is a linear subspace of H, then we call K+ also the orthogonal
complement of K.
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THEOREM 1.14. Let H be a Hilbert space, S C H be a subset and K a
closed linear subspace. Then

(i) St is a closed linear subspace of H,
(ii) K and K+ are complementary subspaces, i.e. every x € H can be
decomposed uniquely as a sum of an xg € K and an x; € K+,
(iii) (K+)* = K and (S*)* =span S.
(iv) span S is dense in H if and only if S = {0}.

PROOF. (i) It follows from the bilinearity of the scalar product that St is
a linear subspace of H. Let (y,) € S* be convergent to some y € H. Then, for
every x € S, by the Cauchy-Schwarz inequality,

(a:,y) = lim (x>yn) = 0,

i.e. y € St and therefore S* is closed.
(i) For every x € H we let o € K be the unique element (Theorem 1.12)
such that

[ = ol = inf{{|z -yl : y € K}

Put 1 = x — x(. For every y € K and every A € K, by the minimum property
of Zo,

lzall* <l = Ayll®

= Jlz1l* = 2Re Mar, y) + AP Iy 1™

This implies that (z1,y) = 0, i.e. x; € K+. Every decomposition z = z¢ + a1
with 7y € K and z; € K+ is unique since z € K N K+ implies (z,2) = 0, i.e
z = 0.

(iii) and (iv) follow immediately from (i) and (ii). O

LEMMA 1.15 (Pythagoras). Let H be an inner product space. Whenever z,
y € H are orthogonal, then

lz +ylI* = [ll* + llyl*
PROOF. The claim follows from (1.1) and putting A = 1. O

DEFINITION 1.16. Let X be a normed space. We call an operator P : X —
X a projection if P2 = P.

LEMMA 1.17. Let X be a normed space and let P € L(X) be a bounded
projection. Then the following are true:
(1) @ =1 — P is a projection.
(2) Either P =0 or ||P| > 1.
(3) The kernel ker P and the range Rg P are closed in X.
(4)

FEvery x € X can be decomposed uniquely as a sum of an xy € ker P
and an r1 € Rg P, and X = ker P ® Rg P.
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PrOOF. (1) Q*=([ - P)*=1-2P+P>*=1—-P=Q.

(2) follows from || P|| = || P?|| < || P|*.

(3) Since {0} is closed in X and since P is continuous, ker P = P~1({0}) is
closed. Similarly, Rg P = ker(I — P) is closed.

(4) For every x € X we can write x = Px+(I—P)x = x;+x9 withx; € Rg P
and x5 € ker P. The decomposition is unique since if x € ker P N Rg P, then
r = Px = 0. This proves that the wector spaces X and ker P & Rg P are
isomorphic. That they are also isomorphic as normed spaces follows from the
continuity of P. 0

LEMMA 1.18. Let H be a Hilbert space and K C H be a closed linear sub-
space. For every x € H we let x1 = Px be the unique element in K which
minimizes the distance to x (Theorem 1.12). Then P : H — H is a bounded
projection satisfying Rg P = K. Moreover, ker P = K+. We call P the orthog-
onal projection onto K.

2. Orthogonal decomposition

DEFINITION 2.1. We call a metric space separable if there exists a countable
dense subset.

EXAMPLE 2.2. The space RY (or C¥) is separable: one may take Q" as an
example of a dense countable subset. It is not too difficult to see that subsets of
separable metric spaces are separable (note, however, that in general the dense
subset has to be constructed carefully), and that finite products of separable
metric spaces are separable.

LEMMA 2.3. A normed space X is separable if and only if there exists a
sequence (x,) C X such that span{x, : n € N} is dense in X (such a sequence
is in general called a total sequence).

PROOF. If X is separable, then there exists a sequence (x,,) C X such that
{z,, : n € N} is dense. In particular, the larger set span{z, : n € N} is dense.
If, one the other hand, there exists a total sequence (z,) C X, , and if we
put D = Q in the case K =R and D = Q+iQ in the case K = C, then the set

m
{Z)\Z[Bm .m EN, )\Z € l)7 T; EN}
i=1
is dense in X (in fact, the closure contains all finite linear combinations of the
Tp, 1.e. it contains span {z, : n € N}). It is an exercise to show that this set is
countable. The claim follows. 4

COROLLARY 2.4. The space (C([0,1]), ] - ||co) @s separable.

PROOF. By Weierstrass’ theorem, the subspace of all polynomials is dense
in C(]0,1]) (every continuous function f : [0, 1] — R can be uniformly approx-
imated by polynomials). The polynomials, however, are the linear span of the
monomials f,(t) = ¢". The claim follows from Lemma 2.3. 4
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COROLLARY 2.5. The space [P s separable if 1 < p < oo. The space cq is
separable.

PROOF. Let e, = (0,x)r € [P be the n-th unit vector in [P (here d,; denotes
the Kronecker symbol: §,, = 1if n = k and 0, = 0 otherwise). Then span{e, :
n € N} = ¢go (the space of all finite sequences) is dense in [P if 1 < p < 0.
The claim for [? follows from Lemma 2.3. The argument for c; is similar. [

LEMMA 2.6. The space [*° is not separable.

PROOF. The set {0, 1} C I°° of all sequences taking only values 0 or 1 is
uncountable. Moreover, whenever x, y € {0, 1}, x # y, then

2 = Ylloo = 1.
Hence, the balls B(z, 5) with centers z € {0,1}" and radius £ are mutually
disjoint. If [*° was separable, i.e. if there exists a dense countable set D C [*°,
then in each B(z, %) there exists at least one element y € D, a contradiction. [

DEFINITION 2.7. Let H be an inner product space. A family (e;);e; C H is
called

(i) an orthogonal system if (e;, ex) = 0 whenever [ # k,
(ii) an orthonormal system if it is an orthogonal system and ||¢;|| = 1 for
every [ € I, and
(iii) an orthonormal basis if it is an orthonormal system and span{e; : [ €
I} is dense in H.

LEMMA 2.8 (Gram-Schmidt process). Let (z,) be a sequence in an inner
product space H. Then there ezists an orthonormal system (e,) such that

span{z, } = span{e,}.

PROOF. Passing to a subsequence, if necessary, we may assume that the
(x,,) are linearly independent.
Let e; := x1/||x1||. Then e; and x; span the same linear subspace. Next,
assume that we have constructed an orthonormal system (ej);<r<, such that
span{xy : 1 <k <n}=span{e;: 1 <k <n}.

Let €, .1 := Tp+1— ) p_1(Tnt1, €x)ex. Since the z,, are linearly independent, we
find e/, ., # 0. Let enq1 := €, /||€),1]|. By construction, for every 1 <k <mn,
(ent1,€r) =0, and

span{zg: 1 <k <n+1} =span{e;: 1 <k <n+1}.
Proceeding inductively, the claim follows. 0

COROLLARY 2.9. Fvery separable inner product space admits an orthonor-
mal basis.

EXAMPLE 2.10. Consider the inner product space C([—1,1]) equiped with
the scalar product (f,g) = fjlf(t)g(t) dt and resulting norm || - ||o. Let
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fu(t) == t" (n > 0), so that span{f,} is the space of all polynomials on
the interval [—1, 1]. Applying the Gram-Schmidt process to the sequence (f,,)
yields a orthonormal sequence (p,,) of polynomials. The p,, are called Legendre
polynomials.

Recall that the space of all polynomials is dense in C'([—1, 1]) by Weierstrass’
theorem (even for the uniform norm; a fortiori also for the norm || - [|2). Hence,
the Legendre polynomials form an orthonormal basis in C'([—1,1]).

LEMMA 2.11 (Bessel’s inequality). Let H be an inner product space,
(en)nen € H an orthonormal system. Then, for every x € H,

DIz en) < Jall?.

neN

PROOF. Let N € N. Put xy = 35—22[:1(957 en)en so that zx L e, for every
1 <n < N. By Pythagoras (Lemma 1.15),

N

lz1* = llenl®+ 1D _(x, en)enl?
n=1

N

= el + > I(z,ea))”
n=1

> Z |(x, en)‘Q'

n=1

Since N was arbitrary, the claim follows. U

LEMMA 2.12. Let H be a (separable) Hilbert space, (en)neny C H an or-
thonormal system. Then:
(i) For every x € H, the series ) _(x,en)e, converges.
() P: H— H, v — ) \(x e,)e, is the orthogonal projection onto
span {e, : n € N}.

PROOF. (i) Let x € H. Since (e,) is an orthonormal system, by Pythagoras
(Lemma 1.15), for every I > k > 1,

l k l
1D (@ en)en =D (zenenl” = || D (@ en)enl
n=1 n=1 n=k+1
l
= > (e
n=k+1

Hence, by Bessel’s inequality, the sequence (Ziz:l(m,en)en) of partial sums
forms a Cauchy sequence. Since H is complete, the series ) _(z,e,)e, con-
verges.

(ii) is an exercise. O
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THEOREM 2.13. Let H be a (separable) Hilbert space, (€,)nen an orthonor-
mal system. Then the following are equivalent:

(1) (en)nen is an orthonormal basis.

)
i) 2 =) (@, en)e, for every x € H.
g (r,y) = > en(@en)(en, y) for every x, y € H.

Izl =D (@, en) .

neN

PROOF. (i)=-(ii) follows from Theorem 1.14.

(ii)=(iii) follows from Lemma 2.12 (i). In fact, let xp = > (2, €n)en
(which exists by Lemma 2.12 (i)). Then (z — xg,e,) = 0 for every n € N, and
by assumption (ii), this implies x = x.

(iii)=(iv) follows when multiplying x scalarly with y, applying also the
Cauchy-Schwarz inequality for the sequences ((z,¢;)), ((e,y)) € 2.

(iv)=(v) follows from putting = = y.

(v)=(i). Let x € span{e, : n € N}t. Then Parseval’s identity implies
|z||> = 0, i.e. * = 0. By Theorem 1.14, span{e,, : n € N} is dense in H, i.e.
(e,) is an orthonormal basis. O

DEFINITION 2.14. A bounded linear operator U € L(H, K) between two
Hilbert spaces is called a unitary operator if it is invertible and for every z,
yeH,

(I7y)H = (va Uy)K

Two Hilbert spaces H and K are unitarily equivalent if there exists a unitary
operator U € L(H, K).

COROLLARY 2.15. Fvery infinite dimensional separable Hilbert space H is
unitarily equivalent to 2.

PROOF. Choose an orthonormal basis (e, )nen of H (which exists by Corol-
lary 2.9), and define U : H — [? by U(z) = ((z,€n))nen. Then (z,y)y =
(U(x),U(y));z by Theorem 2.13; in particular, U is bounded, isometric and
injective. The fact that U is surjective, i.e. that ) c¢,e, converges for every
c = (c,) € I?, follows as in the proof of Lemma 2.12 (i). O

Clearly, if a sequence (e,,) in a Hilbert space H is an orthonormal basis, then
necessarily H is separable by Lemma 2.3. Hence, the equivalent statements of
Theorem 2.13 are only satisfied in separable Hilbert spaces. In most of the
applications (if not all!), we will only deal with separable Hilbert spaces so that
Theorem 2.13 is sufficient for our purposes.

However, what is true in general Hilbert spaces? The following sequence of
results generalizes the preceeding results to arbitrary Hilbert spaces.
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DEFINITION 2.16. Let X be a normed space, (z;);c; be a family. We say
that the series ), z; converges unconditionally if the set Iy :== {i € I : z; # 0}
is countable, and for every bijective ¢ : N — I the series > | Zy(n) converges.

COROLLARY 2.17 (Bessel’s inequality, general case). Let H be an inner
product space, (e))e; C H an orthonormal system. Then, for every x € H, the
set {l € I : (x,e;) # 0} is countable and

(2.1) Dl el < 2.

lel

PROOF. By Bessel’s inequality, the sets {l € I : |(z,¢;)] > 1/n} must be
finite for every n € N. The countability of {{ € I : (x,¢e;) # 0} follows. The
inequality (2.1) is then a direct consequence of Bessel’s inequality. l

LEMMA 2.18. Let H be a Hilbert space, (e;)ic; C H an orthonormal system.
Then:

(i) For every x € H, the series ), (x,e;)e; converges unconditionally.
(i) P: H— H, v — Y (2 e)e is the orthogonal projection onto
span{e : 1 € I}.

COROLLARY 2.19. FEwvery Hilbert space admits an orthonormal basis.

Proor. If H is separable, the claim follows directly from the Gram-Schmidt
process and has already been stated in Corollary 2.9. In general, one may argue
as follows:

The set of all orthonormal systems in H forms a partially ordered set by
inclusion. Given a totally ordered collection of orthonormal systems, the union
of all vectors contained in all systems in this collection forms a supremum. By
Zorn’s lemma, there exists an orthonormal system (e;);c; which is maximal. It
follows from Bessel’s inequality (2.1) that this system is actually an orthonormal
basis. U

Theorem 2.13 remains true for arbitrary Hilbert spaces when replacing the
countable orthonormal system (e,)n,eny by an arbitrary orthonormal system

(el)lel-

3. * Fourier series

In the following we will identify the space L'(0,27) with
2m
Ly (R) := {f : R — C measurable, 27-periodic : / |f| d\ < o0}
0

Similarly, we identify L*(0,27) with L3 (R), and we define
Cor(R) :={f € C(R) : f is 2m-periodic}.
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DEFINITION 3.1. For every f € L'(0,27) = L} (R) and every n € Z we call
R 1 2

f(n) =9 )

the n-th Fourier coefficient of f. The sequence f = (f(n)) is called the Fourier
transform of f. The formal series \/— Y onez f (n)e'™ is called the Fourier series

of f.

LEMMA 3.2. For every f € L'(0,2r) = L. (R) we have f € I°(Z) and
the Fourier transform " : L'(0,27) — [* is a bounded, linear operator. More
precisely,

f(t)e ™ dt

17l < 5= fl, - £ € £0,2m)

PROOF. For every f € L'(0,27) and every n € Z,

:_Mtf_mw<—/|ﬁwt

This proves that f € I and the required bound on ||f||s. Linearity of " is
clear. 0

LEMMA 3.3 (Riemann-Lebesgue). For every f € L'(0,27) = L _(R) we
have f € co(Z), i.e.

T 1) =0
PROOF. Let f € L'(0,27) = L3 _(R) and n € Z, n # 0. Then
R 1 27 i
fln) = o= [ f(t)e™™ dt

0
_ / f 7znt iﬂ'% ) dt

_ ¢ —int —in(t—I) dt
i [ s s

1 2

= 5 U@ = e,

so that .
fodl < 3= [l - e+ D

Hence, if f = 1o € L'(0,27) for some open set O C [0, 27, then f € ¢o(Z) by
Lebesgue dominated convergence theorem. On the other hand, since span {1 :
O C [0,27] open} is dense in L'(0, 27), since the Fourier transform is bounded
with values in [*°(Z) (Lemma 3.2), and since ¢y(Z) is a closed subspace of {*°(Z),

we find that f € ¢o(Z) for every f € L'(0,2m). O
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REMARK 3.4. At the end of the proof of the Lemma of Riemann-Lebesgue,
we used the following general principle: if T € L£(X,Y) is a bounded linear
operator between two normed linear spaces X, Y, and if M C X is dense, then

RgT C T(M). We used in addition that cy(Z) is closed in [*(Z).
THEOREM 3.5. Let f € Co(R) be differentiable in some point s € R. Then

f(s) =3 fmye.

nez

PROOF. Note that for f,(t) := f(s+1),
2 1 2

r 1 —i —in(t— ins £

fs(n) = o i f(s+t)e ™ dt = Py i F()e™ ™= qt = e f(n).
Hence, replacing f by f, if necessary, we may without loss of generality assume
that s = 0. Moreover, replacing f by f — f(0), if necessary, we may without

loss of generality assume that f(0) = 0. We hence have to show that if f is
differentiable in 0 and if f(0) =0, then ) _, f(n) = 0.
Let g(t) := IO Since f is differentiable in 0, f(0) = 0, and since f is

1—eit”

2m-periodic, the function g belongs to Cs,(R). By the Lemma of Riemann-
Lebesgue, § € ¢o(Z). Note that

A 271- . .
Fo) = 5= [ o)1 = e v = glo) = gn ~ ).
Hence,
doftk)y = > glk)—g(k—1)
k=—n k=—n
= g(n)—g(-n—=1) =0  (n—o0).
This is the claim. O

COROLLARY 3.6. For every f € C}_(R) := Co,(R)YNCY(R) and everyt € R
fB) =2 fme™.

nez

REMARK 3.7. We will see that the convergence in the preceeding corollary
is even uniform in t € R.

Throughout the following, we equip the space L?(0,27) = L3 (R) with the
scalar product given by

1 2 _
(F9) =5z [ 1050 dt,
T Jo
which differs from the usual scalar product by the factor --.

2
LEMMA 3.8. The space C3_(R) is dense in L3 _(R).
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PROOF. We first prove that C([0,27]) is dense in L?*(0,27) = L2 (R). For
this, consider first a characteristic function f = 1(,; € L?(0,27). Let (g,) C
C([0,27]) be defined by

1, t € |a,b],
l+n(t—a), tela—1/n,a),
1—n(t—=10), te(bb+1/n],

0, else.

gn(t) =

It is then easy to see that lim, ..o ||f — gullzz = 0, so that f = 1 €

o0, 27 ])ll L2

In the second step, consider a characteristic function f = 14 of an arbitrary
Borel set A € B([0,2n]), and let € > 0. By outer regularity of the Lebesgue
measure, there exists an open set O D A such that A(O \ A) < 2. Recall
that O is the countable union of mutually disjoint intervals. Since O has finite
measure, there exist finitely many (mutually disjoint) intervals (a,,b,) C O
(1 <n < N) such that A(O \ UnNzl(an,bn)) < ¢2. By the preceeding step, for
every 1 < n < N there exists g, € C([0,27]) such that |1, s, — gnll2 < &-
Let g := N g, € C([0,27]). Then

If =gl < HlA—lonJrHlo—lu San b2 F MG () = 2

< e+e+| Z(l(an,bn) — gn)ll2
< e

This proves 14 € C([0,27 ])ML2 for every Borel set A € B([0,27]). Since
span{ls : A € B([0,27])} = L*(0,27), we find that C([0,27]) is dense in
L*(0,27).

It remains to show that C} (R) is dense in C([0,2n]) for the norm || - ||
So let f € C([0,27]) and let € > 0. By Weierstrass’ theorem, there exists a
function gy € C*([0,27]) (even a polynomiall) such that ||f — golloc < €. Let
g1 € C*([0,2]) be such that g,(27) = g1 (27) = 0, g1(0) = go(27) — go(0) and
91(0) = gy(2m) — g4(0) and ||g1]|2 < e. Such a function g; exists: it suffices for
example to consider functions for which the derivative is of the form

90(27T) - 90(0) + Ct7 te [07 h1]7
91(t) = < 90(27) — go(0) + chy +d(t — hy), t € (h1,ha),
0, t e [hg, 2’/’(],

with appropriate constants 0 < h; < hy and ¢, d € C. Having chosen gy, we let
g = go + g1 and we calculate that

If = gll2 < IIf = gollz + llgall2 < 2.
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Since g extends to a function in C}_(R), we have thus proved that C3}_(R) is
dense in L3 _(R). O

REMARK 3.9. An adaptation of the above proof actually shows that for
every 1 < p < oo and every compact interval [a,b] C R, the space C([a,b]) is
dense in LP(a,b). A further application of Weierstrass’ theorem actually shows
that the space of all polynomials is dense in LP(a,b). In particular, we may
obtain the following result.

COROLLARY 3.10. The space LF(a,b) is separable if 1 < p < co. The space
L*>(a,b) is not separable.

COROLLARY 3.11. Let e,(t) :== €™, n € Z, t € R. Then (e,)nez is an
orthonormal basis in L3 (R).

PROOF. The fact that (e,)nez is an orthonormal system in L3 (R) is an
easy calculation. We only have to prove that span{e, : n € Z} is dense in

L2 _(R). Note that f(n) = (f,e,) for every f € L2 (R) and every n € Z. By
Lemma 2.12, we know that for every f € L2 (R)

g = Z f(n)e, exists in L2 _(R).
nez

In particular, a subsequence of (32°__, f(n)e,) converges almost everywhere

to g. But by Corollary 3.6 we know that (Zﬁ:_k f(n)e,) converges pointwise
everywhere to f if f € C1 (R). As a consequence, for every f € C1 (R),

k

so that span {e,, : n € Z} is dense in (C5,(R), [ -||1z ). Since C3,(R) is dense in
L% (R) by Lemma 3.8, we find that (e,),ez is an orthonormal basis in L3 _(R).
4

THEOREM 3.12 (Plancherel). For every f € L2 (R) we have f € 12(Z)
and the Fourier transform” : L% (R) — [*(Z) is an isometric isomorphism.
Moreover, for every f € L3 (R),

Z f(n)en =[fmn L%W(R),
nezZ

i.e. the Fourier series of f converges to f in the L* sense.

ProoOF. By Corollary 3.11, the sequence (e,),ez is an orthonormal basis
in L2 (R). Moreover, recall that for every f € L3 (R) and every n € Z,

f(n) = (f,en). Hence, by Theorem 2.13, fe P(Z), f =,z f(n)e,, and
1fllz = | flli2 (the last property being Parseval’s identity). O
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COROLLARY 3.13. Let f € Cr(R) be such that f € I'(Z). Then
Zf(n)en = f in Cor(R),

nez

i.e. the Fourier series of f converges uniformly to f.

PROOF. Note that for every n € Z, |le,||cc = 1. The assumption fe INZ)
therefore implies that the series ) _, f(n)e, converges absolutely in Cyr(R),

i.e. for the uniform norm || - ||e. Since (Cor(R), || - ||) is complete, the series
Y nez f(n)e, converges uniformly to some element g € C5-(R). By Plancherel,
g=1f. 0J

REMARK 3.14. The assumption f € (*(Z) in Corollary 3.13 is essential.
For general f € Co-(R), the Fourier series ), f(n)e, need not not converge
uniformly. Questions regarding the convergence of Fourier series (which type of
convergence? for which function?) can go deeply into the theory of harmonic
analysis and answers are sometimes quite involved. The L? theory gives in
this context satisfactory answers with relatively easy proofs (see Plancherel’s
theorem). For continuous functions we state the following result without giving
a proof.

THEOREM 3.15 (Féjer). For every f € Car(R) one has

1 K k
lim — YY" f(n)e, = f in Cor(R),

K—oco K
k=1 n=—k
i.e. the Fourier series of f converges in the Césaro mean uniformly to f.

4. Linear functionals on Hilbert spaces

In this section, we start to discuss bounded functionals on Banach spaces
and Hilbert spaces. The case of Hilbert spaces is considerably easy but it has
far reaching consequences.

THEOREM 4.1 (Riesz-Fréchet). Let H be a Hilbert space. Then for every
bounded linear functional ¢ € H' there exists a unique y € H such that

o(z) = (z,y) Vo€ H.
PROOF. Uniqueness. Let y1, yo € H be two elements such that

QO(ZE) - (xuyl) = (37792) Vo € H.
Then (x,y; — y2) = 0 for every € H, in particular also for z = y; — yo. This
implies [|y; — y2|]* = 0, i.e. y1 = yo.
Fxistence. We may assume that ¢ # 0 since the case ¢ = 0 is trivial. Let
7 € (ker o)+ \ {0}. Since H # ker ¢ and since ker ¢ is closed, such a § exists.
Next, let

y = @)/Il71* 7.
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Note that ¢(y) = ||ly||*> = (y,y). Recall that every # € H can be uniquely
written as x = o + Ay with x¢ € ker ¢ and A € K so that \y € (ker ¢)1. Note
that (ker )+ is one-dimensional. Hence, for every z € H,

p(x) = p(zo+\y)
= p(z0) + Ap(y)
= Ap(y)
= Ay, y)

The claim is proved. U

COROLLARY 4.2. Let J : H — H' be the mapping which maps to every
y € H the functional Jy € H' given by Jy(z) = (z,y). Then J is antilinear
(linear in case K = R ), isometric and bijective.

ProOOF. The fact that J is isometric follows from the Cauchy-Schwarz in-
equality. Antilinearity (or linearity in case K = R) follows from the sesquilin-
earity (resp. bilinearity) of the scalar product on H. Since J is isometric, it is
injective. The surjectivity of J follows from Theorem 4.1. U

REMARK 4.3. The theorem of Riesz-Fréchet allows us to identify any (real)
Hilbert space H with its dual space H'. Note, however, that there are situations
in which one does not identify H’ with H. This is for example the case when V
is a second Hilbert space which embeds continuously and densely into H, i.e.
for which there exists a bounded, injective J : V' — H with dense range.

5. Sobolev spaces

5.1. Preparation. Let  C RY be an open set. For every continuous
function ¢ € C'(2) we define the support

supp = {z € Q: p(x) # 0}.
The support is by definition always closed. Next we let
D) :=CF(Q) :=={p € C(Q) : supp ¢ C Q is compact}

be the space of test functions on €2, and
L,.(9) == {f : © — K measurable : / |f| < coVK C € compact}
K

the space of locally integrable functions.
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For every f € L} _(RY) and every ¢ € D(RY) we define the convolution
f*¢ by

fro(r) = . flx—y)e(y) dy

= fy)e(r —y) dy.

RN

LEMMA 5.1. For every f € L} (RY) and every o € D(RY) one has f*¢ €

loc

C>=(RY) and for every 1 <i < N,

0 Op
PROOF. Let e¢; € RY be the i-th unit vector. Then

1 _ 9y
tiny 5 (e (o + hei) — () = 5 -

()

uniformly in # € RY (note that ¢ has compact support). Hence, for every
r € RN

(ol + hes) — [ p(a)

- % . f)(e(z +hei —y) — p(z —y)) dy
- [ fgEa = dy

O

The following theorem is proved in courses on measure theory. We omit the
proof.

THEOREM 5.2 (Young’s inequality). Let f € LP(RY) and ¢ € D(RY). Then
f*pe LP(RY) and
L7 lly < W1l llells-

THEOREM 5.3. For every 1 < p < oo and every open @ C RY the space
D(Q) is dense in LP(S2).

PROOF. The technique of this proof (reqularization and truncation) is im-
portant in the theory of partial differential equations, distributions and Sobolev
spaces. The first step (regularization) is based on Lemma 5.1. The truncation
step is in this case relatively easy.

Regularization. Let ¢ € D(RY) be a positive function such that ||¢||; =
Ja~ ¢ = 1. One may take for example the function

(5.1) (2) ceV/ =12 if ] < 1,
) o(x) =
0 otherwise,
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with an appropriate constant ¢ > 0. Then let ¢, (z) := nNp(nz), so that
l¢nlli = Jan @n =1 for every n € N.

Let f € LP(RY). By Lemma 5.1 and Young’s inequality (Theorem 5.2), for
every n € N, f, = [ * gy € CRY) 0 IP(RY) and | fyll, < ||fll, Hence,
for every n € N the operator T,, : LP(RY) — LP(RY), f — f * ¢, is linear
and bounded and [|T,]| < 1. Moreover, if f = 1; for some bounded interval
I ={(ay,b)) x - x (an,by) C £, then

p

1o fI2 = / [ sto ot dy 10
= / [ e = f@)et) ay] da

< [ ([ ve-D- sl a) a0

as n — oo by Lebesgue’s dominated convergence theorem. In other words,
lim, o [|T0.f — fll, = 0 for every f = 1; with I as above. Since span{1;: 1 C
RY bounded interval} is dense in LP(RY), we find that lim,, . || T5.f — f|l, = 0
for every f from a dense subset M of LP(RY). Since the T, are bounded, we
conclude that T,,f — f in LP(RY) for every f € LP(RY) (see the Lemma 5.4
below). This proves that L? N C*°(RY) is dense in LF(RY).

Truncation. Now we consider a general open set Q C RY and prove the
claim. Let ¢ € D(RY) be a positive test function such that supp o C B(0, 1)
and [,y ¢ = 1 (one may take for example the function from (5.1)). Then let
on(z) == nNp(nx).

For every n € N we let

1. -
K, = {x € Q:dist (z,002) > =} N B(0,n),
n

so that K,, C Q is compact for every n € N.
Now let f € LP(Q) C LP(RY) and ¢ > 0. Let

B f(z) ifx e K,
flK"(x)_{o it 2 € Q\ K.

By Lebesgue’s dominated convergence theorem (since |J,, K, = ),

I = fLe = / P 1 )P — 0 as 1 — oo,
Q

In particular, there exists n € N such that ||f — flg, ||, <e.

For every m > 4n we define g,, = (flg,) * pm € LP N C®°(RY); note
that we here consider LP(Q) as a subspace of LP(RY) by extending functions
in LP(Q) by 0 outside Q2. However, since g,, = 0 outside K5,, we find that
actually g, € D(Q). By the first step (regularisation), there exists m > 4n so
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large that ||gm — flk,|l, < e. For such m we have ||f — gn|l, < 2¢, and the
claim is proved. O

In the proof of the preceeding lemma, we have used the following funda-
mental principle.

LEMMA 5.4. Let X and Y be two normed spaces, let (T,,) € L(X,Y) be a

bounded sequence of bounded operators. Assume that there exists a dense set
M C X such that lim,,_,, T,z exists for everyx € M. Then lim,, .. T,x =: Tx
ezists for everyx € X and T € L(X,Y).

PRrROOF. Define Tz := lim,, ., T« for every x € span M. Then

|1 Tz]} = lim {| T,z < sup || T[] [l]],
n

ie. T :span M — Y is a bounded linear operator. Since M is dense in X, T
admits a unique bounded extension T : X — Y.

Let x € X and € > 0. Since M is dense in X, there exists y € M such that
|z — y|| < e. By assumption, there exists ng such that for every n > ny we
have || T,y — Ty|| < e. Hence, for every n > ny,

|Tue = Tal| < |[Tow — Tuyll + | Ty — Tyl + |7y — Ta]
< sup||Tullllz — yll + = + 7] 1z — ]

and therefore lim,,_.., T,x = T'x. OJ

LEMMA 5.5. Let f € L}, .(Q) be such that

/chp:0 Yo € D(Q).

Then f = 0.

PROOF. We first assume that f € L'(Q) is real and that Q has finite
measure. By Theorem 5.3, for every ¢ > 0 there exists g € D(2) such that
| f — gll1 <e. By assumption, this implies

I/QWI - I/Q(f—g)sOI < clglle Ve € D).

Let Ki :={x € Q:g(x) > e} and Ky := {x € Q: g(x) < —e}. Since g is a
test function, the sets K, Ky are compact. Since they are disjoint and do not
touch the boundary of (2,

inf{lz —y|, |z —z|,ly — 2| :x € K1,y € Ky, z€ 00} =16 > 0.
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Let K? := {x € Q : dist (z, K;) < §/4} (i = 1, 2). Then K? and K3 are two
compact disjoint subsets of €. Let

1 ifre K,
h(z):=<¢ -1 ifz e K3,
0 else,

choose a positive test function ¢ € D(RY) such that fRN @ =1 and supp ¢ C
B(0,6/8), and let ¢ := hx . Then p € D(Q), =1 < <1, =1 on K; and
= —1on Ky. Let K := K; U K5. Then

/|g\=/gws5+/ \gw\sw/ .
K K Q\K Q\K
/Ig\=/\g!+/ \g!§a+2/ gl < =(1+ 29,
Q K O\K O\K

which implies
/\f|S/\f—g|+/|g\§25(1+\9\)-
[9] Q Q

Since ¢ > (0 was arbitrary, we find that f = 0.

The general case can be obtained from the particular case (f € L' and
|2] < 00) by considering first real and imaginary part of f separately, and then
by considering f1p for all closed (compact) balls B C €. 0

Hence,

5.2. Sobolev spaces in one dimension. Recall the fundamental rule of
partial integration: if f, g € C'([a,b]) on some compact interval [a, b], then

/ fd' = f(B)g(b) - f(a)g(a) - / f'g.

In particular, for every f € C'([a,b]) and every ¢ € D(a,b)

o [re[re

since ¢(a) = p(b) = 0.

DEFINITION 5.6 (Sobolev spaces). Let —oo < a < b < oo and 1 <p < 0.
We define

b b
W'?(a,b) := {u € L’(a,b) : 3g € LP(a,b)Vyp € D(a,b) : / up' = —/ g}

The space W1?(a,b) is called (first) Sobolev space. If p = 2, then we also write
H'(a,b) := Wh2(a,b).
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By Lemma 5.5, the function g € L?(a, b) is uniquely determined if it exists.
In the following, we will write v’ := ¢, in accordance with (5.2). We equip
WP (a,b) with the norm

lullwrr == llullp + llu'll,,

and if p = 2, then we define the scalar product

b b
— 5 oy
) T )
(u,v) g / uv+/ u'v
a a

which actually yields the norm ||ulz = (||ul|2 + ||«/||2)2 (which is equivalent
to H . le,2).

LEMMA 5.7. The Sobolev spaces W'P(a,b) are Banach spaces, which are
separable if p # oo. The space H'(a,b) is a separable Hilbert space.

PROOF. The fact that the WP are Banach spaces, or that H'! is a Hilbert
space, is an exercise. Recall that LP(a,b) is separable (Remark 3.9). Hence,
the product space LP(a,b) x LP(a,b) is separable, and also every subspace of
this product space is separable. Now consider the linear mapping

T :W'(a,b) — LP(a,b) x LP(a,b), s (u,u),

which is bounded and even isometric. Hence, WP is isometrically isomomor-
phic to a subspace of LP x LP which is separable. Hence W'? is separable. [J

LEMMA 5.8. Let u € WhP(a,b) be such that u' = 0. Then u is constant.

PROOF. Choose ¢ € D(a,b) such that fab¢ = 1. Then, for every ¢ €
D(a,b), the function ¢ — (f; )1 is the derivative of a test function since fab(go—
(fab ©)1) = 0. Hence, by definition,

o=/abu<so—</abso>w>,

or, with ¢ = fab w) = const,

b
/ (u—c)p=0 Vy € D(a,b).
By Lemma 5.5, u = ¢ almost everywhere. (Il

LEMMA 5.9. Let —o0 < a < b < 0o and let ty € [a,b]. Let g € LP(a,b) and
define

u(t) ::/ g(s)ds, te€]la,b.

to

Then v € W'P(a,b) and u' = g.
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PROOF. Let ¢ € D(a,b). Then, by Fubini’s theorem,

b
/ugp/ = // ) ds'(t) dt
a to
= / / ) dsy'(t dt—i—// s) dsg'(t) dt
to to Jto
= / /gp ) dtg(s ds+// t) dtg(s
to Js

_ _/ o(s)g ()ds—/ o(s)g(s) ds

a to
b
T
O

THEOREM 5.10. Let u € W'P(a,b) (bounded or unbounded interval). Then
there ezists i € C'((a, b)) which is continuous up to the boundary of (a,b), which
coincides with u almost everywhere and such that for every s, t € (a,b)

PRrROOF. Fix ¢y € (a,b) and define v(t) := fti u'(s) ds (t € (a,b)). Clearly,
the function v is continuous. By Lemma 5.9, v € W'?(c, d) for every bounded
interval (¢, d) C (a,b), and v' = «’. By Lemma 5.8, u—v = C for some constant
C' which clearly does not depend on the choice of the interval (¢, d). This proves
that u coincides almost everywhere with the continuous function o = v + C.
By Lemma 5.9,

a(t) —u(s) =v(t) —ov(s) = / u'(r) dr.
U

REMARK 5.11. By Theorem 5.10, we will identify every function v €
WP (a,b) with its continuous representant, and we say that every function
in W'?(a,b) is continuous.

LEMMA 5.12 (Extension lemma). Let u € W'P(a,b). Then there exists
u € WHP(R) such that @ =u on (a,b).

PROOF. Assume first that a and b are finite and define
u'(t) ift € a,b],
u(a) iftefa—1a),
—u(b) ift e (b,b+1],

0 else.

g(t) :=
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Then g € LP(R). Let a(t) := [*__ g(s) ds, so that @ = u on (a,b). By Lemma
5.9, u € WhP(c,d) for every bounded interval (¢,d) € R. However, 4 = 0
outside (a — 1,b + 1) which implies that @ € W1P(R).

The case of a = —o0 or b = oo is treated similarly. 0

LEMMA 5.13. For every 1 < p < oo, the space D(R) is dense in WP(R).

PROOF. Let u € WHP(R).

Regularization: Choose a positive test function ¢ € D(R) such that fR p=1
and put @, (z) = np(nz). Then u, = uxp, € C°NLP(R), u,, = u'*xp, € L’(R)
and

lim |lu — |/, =0 and

lim [|of = ul [, = 0,
n—oo

so that lim, .« [|u — w,|lw1r = 0. This proves that WP(R) N C*(R) is dense
in WhP(R).

Truncation: Choose a sequence (1,) C D(R) such that 0 < ¢, <1, ¢, =1
on [—n,n] and ||¢ ]| < C for all n € N. Let € > 0. Choose v € C* NW!P(R)
such that ||u — v|y1r < € (regularization step). For every n € N, one has
v, € D(R) and it is easy to check that for all n large enough, ||[v—vi), |1 < €.
The claim is proved. U

COROLLARY 5.14. For everyu € WP (a,b) (bounded or unbounded interval,
1 <p < o0)and every e > 0, there exists v € D(R) such that ||u—v|gp|lwier <
€.

PROOF. Given u € W'P(a,b), we first choose an extension u € W'?(R)
(extension lemma 5.12) and then a test function v € D(R) such that ||a —
v|lwirm) < € (Lemma 5.13). Then ||@ — v||wir@p = [|[u — v[lwir@y <& O

COROLLARY 5.15. Fvery function uw € W' (a,b) is continuous and bounded
and there exists a constant C' > 0 such that

ulloo < Cllullwie Yu € WHP(a,b).

PRroOOF. If p = 0o, there is nothing to prove. We first prove the claim for
the case (a,b) = R.

Solet 1 < p < oo and let v € D(R). Then G(v) := |v[P~'v € C}(R) and
G(v) = p|v[P~1'. By Holder’s inequality,

T
|G () ()] :p|/ [P~ < pllollp 1l
—0o0

so that by Young’s inequality (ab < %ap + Z%bp/)

lolloe = 1G@)IZ < Cllollwes.

Since D(R) is dense in W'?(R) by Lemma 5.13, the claim for (a,b) = R follows
by an approximation argument.
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The case (a,b) # R is an exercise. O

THEOREM 5.16 (Product rule, partial integration). Let u, v € W'P(a,b)
(1 <p<o0). Then:

(i) (Product rule). The product uv belongs to WP (a,b) and
(uwv) = v'v +uv'.

(ii) (Partial integration). If —oo < a < b < oo, then

/a " o = u(byo(b) — u(a)ola) - / ",

PROOF. Since every function in W?(a, b) is bounded, we find that uv, u'v+
uv' € LP(a,b). Choose sequences (u,), (v,) C D(R) such that lim,, e tn(ap =
w and lim,, e Up(ap) = v in WP(a, b) (Corollary 5.14). By Corollary 5.15, this
implies also lim,, oo [|tn|(ap) — ©lloo = liMy—oo ||Vn](a,p) — V|le = 0. The classical
product rule implies

(unvy) = ul,v, + uyv;, for every n € N,

and the classical rule of partial integration implies

b b
/ ul, Uy = Uy (D), (b) — up(a)v,(a) — / unv,, for every n € N.
The claim follows upon letting n tend to oc. U

DEFINITION 5.17. For every 1 < p < oo and every k > 2 we define induc-
tively the Sobolev spaces

WhP(a,b) := {u € W"P(a,b) : v’ € W*P(a,b)},

which are Banach spaces for the norms

k
lullwss =D [[uD,.
j=0

We denote H*(a, b) := W¥2(a, b) which is a Hilbert space for the scalar product
k

(U, v) e := Z(u(j), ) .

=0
Finally, we define

Wo(a,b) == D(a.p) """,
i.e. WJP(a,b) is the closure of the test functions in W*P(a,b), and we put
HE(a,b) == WE*(a,b).

THEOREM 5.18. Let —00 < a < b < 0o. A function u € Wy (a,b) if and
only if u € WP(a,b) and u(a) = u(b) = 0.
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THEOREM 5.19. Let —o0 < a < b < co. For every f € L*(a,b) there exists
a unique function u € Hj(a,b) N H*(a,b) such that
{ u—u"=f and

(5:3) u(a) =u(b) =0

PROOF. We first note that if u € H{(a,b) N H?(a,b) is a solution, then, by
partial integration (Theorem 5.16), for every v € H{(a,b)

(5.4) / (w0 + ') = (u,v)gy = / "t

By the Cauchy-Schwarz inequality, the linear functional ¢ € Hj(a,b)" de-
fined by p(v) = fab fv is bounded:

() < NIfll2 vl < W fll2 0l

By the theorem of Riesz-Fréchet, there exists a unique u € H}(a,b) such that
(5.4) holds true for all v € H}(a,b). This proves uniqueness of a solution of
(5.3), and if we prove that in addition u € H?(a,b), then we prove existence,
too. However, (5.4) holds in particular for all v € D(a,b), i.e.

/ab“'“' = —/ab(u — f)v Vo€ D(a,b)

and u — f € L?(a,b) by assumption. Hence, by definition, v’ € H'(a,b), i.e.
u € H*(a,b) and v’ = u— f. Using also Theorem 5.18, the claim is proved. [

5.3. Sobolev spaces in several dimensions. In order to motivate
Sobolev spaces in several space dimensions, we have to recall the partial in-
tegration rule in this case.

THEOREM 5.20 (GauB}). Let Q C RY be open and bounded such that 09 €

C'. Then there exists a measure o on S such that for every u, v € C1(Q) and
every 1 <1 < N
ov / ou
U = uvn; do — | —uw,
o Oz o0 o 0z;

where n(x) = (n;(z))1<i<n denotes the outer normal vector at a point v € €.

In particular, if u € C*(Q) and ¢ € D(Q), then

/u&p __/ ou
Q Or; ani(p'

DEFINITION 5.21 (Sobolev spaces). Let  C RY be any open set and 1 <
p < 0o. We define

WP(Q) = {u € LP(Q) : V1 <i < N3g; € LP(Q)
: Op _
Yo €D /Quaxi a /ngcp}'
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The space WP(Q) is called (first) Sobolev space. If p = 2, then we also write
HY(Q) .= W2(Q).

Let v € W1P(Q). By Lemma 5.5, the functions g; are uniquely determined.

We write % = ¢; and call ‘9“ the partial derivative of u with respect to x;.

As in the one-dimensional case the following holds true.

LEMMA 5.22. The Sobolev spaces WHP(Q2) are Banach spaces for the norms
N Ou
Jullwss =l + 3 ol (1< 5 < o),
i=1 v

and H*(Q) is a Hilbert space for the scalar product

ou Ov

(u,v) g1 = (u,v) 2 +Z (%U %)p

Proor. Exercise. O

Not all properties of Sobolev spaces on intervals carry over to Sobolev spaces
on open sets Q C RY. For example, it is not true that every function u €
WhP(Q) is continuous (without any further restrictions on p and Q)!

DEFINITION 5.23. For every open Q@ C RY, 1 < p < oo and every k > 2 we
define inductively the Sobolev spaces

ou

Xy

WEP(Q) = {u e WH(Q): V1 <i < N : c WHLr(Q)},

which are Banach spaces for the norms

k

ou

lullwss = llull, + > | P
i=0

We denote H*(Q2) := W*2(Q) which is a Hilbert space for the scalar product

(au 81))
<0z, Oz, HEZE

(u, v)gr := (u,v) 2 —|—

Finally, we define
W) == D)

i.e. WiP(Q) is the closure of the test functions in W*?(Q), and we put H¥(Q) :=
Wo*(%).
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6. * Elliptic partial differential equations

Let Q C RY be an open, bounded set, f € L*(€2), and consider the elliptic
partial differential equation

(6.1)

u—Au=f in Q,
u=20 in 0%,

where
N pY
A = —
o) =3 grule)

stands for the Laplace operator.
Ifu € H3(Q)NH?(Q) is a solution of (6.1), then, by definition of the Sobolev
spaces, for every v € D(a,b)

N ou o
(u,v)pgg = /Q<uv+;3xi3xi)

= fv.

Q

By density of the test functions in Hg (), this equality holds actually for all
v € H}(Q). This may justify the following definition of a weak solution.

DEFINITION 6.1. A function u € HJ () is called a weak solution of (6.1) if
for every v € H}(Q)

(6.2) (u, ) :/qu—i—/QVqu:/va,

where Vu = (%u)lSiSN.

THEOREM 6.2. Let Q C RY be an open, bounded set. Then, for every
[ € L*(Q) there exists a unique weak solution uw € H} () of the problem (6.1).

Proor. By the Cauchy-Schwarz inequality, the linear functional ¢ €
H(Q)" defined by ¢(v) = [, fv is bounded:

o) < NIfll2 llvllz < W fll2 0l

By the theorem of Riesz-Fréchet, there exists a unique u € Hg(€2) such that
(6.2) holds true for all v € H{(a,b). The claim is proved. O



CHAPTER 5

Dual spaces

1. The theorem of Hahn-Banach

Given a normed space X, we denote by X’ := L(X,K) the space of all
bounded linear functionals on X. Recall that X’ is always a Banach space by
Corollary 3.9 of Chapter 3.

However, a priori it is not clear whether there exists any bounded linear
functional on a normed space X (apart from the zero functional). This funda-
mental question and the analysis of dual spaces (analysis of functionals) shall
be developed in this chapter.

The existence of nontrivial bounded functionals is guaranteed by the Hahn-
Banach theorem which actually admits several versions. However, before stat-
ing the first version, we need the following definition.

DEFINITION 1.1. Let X be a real or complex vector space. A function
p: X — Ris called sublinear if
(i) p(Ax) = Ap(x) for every A > 0, x € X, and
(ii) p(z +y) < p(z) + p(y) for every z, y € X.

EXAMPLE 1.2. On a normed space X, the norm || - || is sublinear. Every
linear p : X — R is sublinear.

THEOREM 1.3 (Hahn-Banach; version of linear algebra, real case). Let X
be a real vector space, U C X a linear subspace, and p : X — R sublinear. Let
@ : U — R be linear such that

o(x) < p(x) for all x € U.

Then there exists a linear ¢ : X — R such that p(x) = p(x) for every x € U
(i.e. ¢ is an extension of @) and

(1.1) o(x) < p(x) for all z € X.

The following lemma asserts that this version of Hahn-Banach is true in the
special case when X/U has dimension 1. It is an essential step in the proof of
Theorem 1.3.

LEMMA 1.4. Take the assumptions of Theorem 1.3 and assume in addition
that dim X/U = 1. Then the assertion of Theorem 1.3 is true.

59
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PRroOOF. If dim X/U = 1, then there exists o € X \ U such that every
x € X can be uniquely written in the form x = u+ Axg with v € U and A € R.
So we define ¢ : X — R by

P(x) = @(u + Amo) == p(u) + Ar,

where 7 € R is a parameter which has to be chosen such that (1.1) holds, i.e.
such that for every u € U, X € R,

(1.2) o(u) + Ar < p(u+ Axg).

If A = 0, then this condition clearly holds for every u € U by the assumption
on . If A >0, then (1.2) holds for every u € U if and only if

Ar < p(u+ Axg) — p(u) for every u € U
& r< p(% + x9) — gp(%) for every u € U
& < infpv+x0) — p(v).
Similarly, if A < 0, then (1.2) holds for every u € U if and only if
Ar < p(u+ Axg) — p(u) for every u € U
& —r< p(_i/\ —xg) — @(_i/\) for every u € U

& r>sup p(w) — p(w — zo).
welU

So it is possible to find an appropriate » € R in the definition of ¢ if and only
if
o(w) — p(w — x9) < p(v+z0) — p(v) for all v, w € U,
or, equivalently, if
e(w) + pw) < p(v+ x0) + p(w — x0) for all v, w € U.
However, by the assumptions on ¢ and p, for every v, w € U,
p(w)+o(v) = plw+v) < p(w+v) = p(v+z0+W—120) < p(v+20) +p(W —20).
OJ

For the second step in the proof of Theorem 1.3, we need the Lemma of
Zorn.

LEMMA 1.5 (Zorn). Let (M, <) be a ordered set. Assume that every totally
ordered subset T C M (i.e. for every x, y € T one either has x <y ory < x)
admits an upper bound. Then for every x € M there exists a mazimal element
m > x (i.e. an element m such that m < m implies m = m for every m € M ).

PROOF OF THEOREM 1.3. Define the following set
M :={(V,py) : V C X linear subspace,U CV, py : V — R linear, s.t.
o) = pv(@) (v € U) and oy () < p(z) (w € V)},
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and equip it with the order relation < defined by
(Vi,0v,) < (Va, 1) & Vi C Vi and oy, (7) = ¢y, (z) for all z € V.

Then (M, <) is an ordered set. Let T' = ((V}, ¢v;))icr C M be a totally ordered
subset. Then the element (V,py) € M defined by

V= UVi and gy (z) = @y, (z) for z € V]
il
is an upper bound of T'. By the Lemma of Zorn, the set M admits a maximal
element (Xo,¢x,). Assume that Xy # X. Then, by Lemma 1.4, we could
construct an element which is strictly larger than (X, ¢x,), a contradiction to
the maximality of (Xo, ¢x,). Hence, X = Xy, and ¢ := px, is an element we
are looking for. 0

The complex version of the Hahn-Banach theorem reads as follows.

THEOREM 1.6 (Hahn-Banach; version of linear algebra, complex case). Let
X be a complex vector space, U C X a linear subspace, and p : X — R
sublinear. Let ¢ : U — C be linear such that

Rep(z) < p(x) for all x € U.

Then there exists a linear ¢ : X — C such that p(x) = p(x) for every x € U
(i.e. ¢ is an extension of @) and

(1.3) Re@(z) < p(z) for all x € X.

ProoF. We may consider X also as a real vector space. Note that
Y(z) := Rep(w) is an R-linear functional on X. By Theorem 1.3, there exists
an extension ¢ : X — R of 1 satisfying

¥(x) < p(x) for every x € X.

Let
@(x) :=Y(z) —i(iz), =€ X.
It is an exercise to show that ¢ is C-linear, that p(z) = ¢(x) for every x € U

¢
and it is clear from the definition that Re @(z) = ¢(x). Thus, ¢ is a possible
element we are looking for. 0

THEOREM 1.7 (Hahn-Banach; extension of bounded functionals). Let X be
a normed space and U C X a linear subspace. Then for every bounded linear
u' U — K there exists a bounded linear extension o' : X — K (i.e. 2|y =)
such that ||2'|| = ||u/|].

Proor. We first assume that X is a real normed space. The function
p: X — R defined by p(z) := ||u/| [|z|| is sublinear and

u'(z) < p(x) for every x € U.
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By the first Hahn-Banach theorem (Theorem 1.3), there exists a linear 2’ :
X — R extending v’ such that

2 (z) < p(x) = ||| ||z|| for every z € X.
Replacing x by —x, this implies that
|2'(z)| < ||| [|z|| for every z € X.
Hence, 2’ is bounded and ||z’|| < ||«||. On the other hand, one trivially has

[']| = sup ['(z)] = sup |a'(x)] = sup |u'(x)] = [[].
reEX zeU zeU

llz]<1 lz[[ <1 lz[[ <1

If X is a complex normed space, then the second Hahn-Banach theorem (The-
orem 1.6) implies that there exists a linear 2’ : X — C such that

Rex'(z) < p(z) = ||| ||z]| for every x € X.
In particular,

|2’ (z)| = sup Re'(ez) < ||| ||z]|| for every z € X,
0€[0,27]

so that again 2’ is bounded and ||2'|| < ||/||. The inequality ||2|| > ||«'|| follows
as above. O

COROLLARY 1.8. If X is a normed space, then for every x € X \ {0} there
exists ¢’ € X' such that

Il = 1 and 2'(z) = |||

In particular, X' separates the points of X, i.e. for every x1, xo € X, x1 # xa,
there exists ' € X' such that x'(xy) # o' (x3).

PRrROOF. By the Hahn-Banach theorem (Theorem 1.7), there exists an ex-
tension 2/ € X’ of the functional u' : span{z} — K defined by u'(Az) = A||z|
such that ||2'| = ||«/|| = 1.

For the proof of the second assertion, set x := x1 — x». 0

COROLLARY 1.9. If X is a normed space, then for every x € X

(1.4) ol = sup [2'(x)].

z'eX
lz" || <1

PROOF. For every 2/ € X’ with [|2’|| <1 one has
|2 (z)] < 2" ] <l

which proves one of the required inequalities. The other inequality follows from
Corollary 1.8. 0
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REMARK 1.10. The equality (1.4) should be compared to the definition of
the norm of an element 2/ € X"

||| = sup [2(z)].
zeX
lzll<1

From now on, it will be convenient to use the following notation. Given a
normed space X and elements x € X, 2’ € X', we write
(' x) == (2, 2) xrux = 2 (2).
For the bracket (-,-), we note the following properties. The function
() :X'xX — K

(@, z) = (2 2) =2'(2)
is bilinear and for every 2’ € X', x € X,

(2", 2)| < ||| |-

The bracket (-, -) thus appeals to the notion of the scalar product on inner prod-
uct spaces, and the last inequality appeals to the Cauchy-Schwarz inequality,
but note, however, that the bracket is not a scalar product since it is defined on
a pair of two different spaces. Moreover, even if X = H is a complex Hilbert
space, then the bracket differs from the scalar product in that it is bilinear
instead of sesquilinear.

COROLLARY 1.11. Let X be a normed space, U C X a closed linear subspace
and v € X \ U. Then there exists ' € X' such that

z'(x) # 0 and 2’ (u) = 0 for every u € U.
PROOF. Let m : X — X/U be the quotient map (w(z) = = + U). Since

x ¢ U, we have 7(z) # 0. By Corollary 1.8, there exists ¢ € (X/U)’ such that
o(m(z)) # 0. Then 2’ := pom € X’ is a functional we are looking for. O

DEFINITION 1.12. A linear subspace U of a normed space X is called com-
plemented if there exists a projection P € £(X) such that Rg P = U.

REMARK 1.13. If P is a projection (i.e. P> = P), then Q = I — P is also a
projection and Rg P = ker (). Hence, if P is a bounded projection, then Rg P
is necessarily closed. Thus, a necessary condition for U to be complemented is
that U is closed.

COROLLARY 1.14. Fvery finite dimensional subspace of a normed space is
complemented.

PROOF. Let U be a finite dimensional subspace of a normed space X. Let
(bi)1<i<ny be a basis of U. By Corollary 1.11, there exist functionals z; € X’

such that
. 1 ifi =y,
<xi7 bj> -

0 otherwise.
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Let P: X — X be defined by
N
Pz = Z(arg,a:ﬂ)i, z e X.
i=1
Then Pb; = b; for every 1 < i < N, and thus P? = P, i.e. P is a projection.
Moreover, Rg P = U by construction. By the estimate

N
1P| < > Ktz bl
1=1

N
< Ol el ),
=1

the projection P is bounded. ([l

The following lemma which does not depend on the Hahn-Banach theorem
is stated for completeness.

LEMMA 1.15. In a Hilbert space every closed linear subspace is comple-
mented.

ProOF. Take the orthogonal projection onto the closed subspace as a pos-
sible projection. O

COROLLARY 1.16. If X is a normed space such that X' is separable, then
X 1s separable, too.

PROOF. Let D' = {2/, : n € N} be a dense subset of the unit sphere of
X'. For every n € N we choose an element x, € X such that ||z,| < 1 and
(2], z,)| > 1. We claim that D := span{z, : n € N} is dense in X. If
this was not true, i.e. if D # X, then, by Corollary 1.11, we find an element

' € X'\ {0} such that 2'(x,) = 0 for every n € N. We may without loss of

generality assume that ||2|| = 1. Since D’ is dense in the unit sphere of X', we
find ng € N such that |2’ — ), || < ;. But then

1

5 = 1@y o) | = [{an, = 2ao)| < [, =2l |20 | < 7
which is a contradiction. Hence, D = X and X is separable by Lemma 2.3 of
Chapter 4. 0

2. Weak convergence, reflexivity
Given a normed space X, we call X" := (X') = L(X’,K) the bidual of X.
LEMMA 2.1. Let X be a normed space. Then the mapping
J: X — X,
z = (3 (1)),

15 well defined and isometric.
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PROOF. The linearity of 2/ +— (2, ) is clear, and from the inequality
|Ja(a')] = [(2', )| < ||| ||l

follows that Jz € X" (i.e. J is well defined) and || Jz|| < ||z||. The fact that J
is isometric follows from Corollary 1.8. 0l

DEFINITION 2.2. A normed space X is called reflerive if the isometry J
from Lemma 2.1 is surjective, i.e. if JX = X”. In other words: a normed space
X is reflexive if for every z” € X” there exists z € X such that

(", 2"y = (2, x) for all 2’ € X'

REMARK 2.3. If a normed space is reflexive then X and X" are isometrically
isomorphic (via the operator J). Since X" is always complete, a reflexive space
is necessarily a Banach space.

Note that it can happen that X and X” are isomorphic without X being
reflexive (the example of such a Banach space is however quite involved). We
point out that reflexivity means that the special operator J is an isomorphism.

LEMMA 2.4. Every Hilbert space is reflexive.

PROOF. By the Theorem of Riesz-Fréchet, we may identify H with its dual
H’ and thus also H with its bidual H”. The identification is done via the
scalar product. It is an exercise to show that this identification of H with H”
coincides with the mapping J from Lemma 2.1. 0

REMARK 2.5. It should be noted that for complex Hilbert spaces, the iden-
tification of H with its dual H' is only antilinear, but after the second iden-
tification (H' with H”) it turns out that the identification of H with H” is
linear.

LEMMA 2.6. FEvery finite dimensional Banach space is reflexive.
PROOF. It suffices to remark that if X is finite dimensional, then
dim X = dim X’ = dim X" < oo.

Surjectivity of the mapping J (which is always injective) thus follows from
linear algebra. 0

THEOREM 2.7. The space LP(2) is reflezive if 1 < p < oo ((2, A, 1) being
an arbitrary measure space).

We will actually only prove the following special case.
THEOREM 2.8. The spaces [P are reflexive if 1 < p < co.

The proof of Theorem 2.8 is based on the following lemma.



66 5. DUAL SPACES

LEMMA 2.9. Let 1 < p < o0 and let q := ﬁ be the conjugate exponent so
that % + é = 1. Then the operator

T:19 — (P,
(an) = ((wn) Hzanxn)a

is an isometric isomorphism, i.e. (IP)" =19.

PROOF. Linearity of T is obvious. Assume first p > 1, so that ¢ < oo.
Note that for every a := (a,) € 19\ {0} the sequence (z,,) := (cdy,|a,|??)
(¢ = |lally*) belongs to P and

lzlp = llall;¢ ) lan) TP = 1.

n

This particular x € [P shows that
ITallgry 2 ) anen = llall; 7 Y lal® = [|alld®= D7 = [lall,.

n

On the other hand, by Holder’s inequality,
| Tallgy = sup | anza| < llall,,

leflp<1

so that T is isometric in the case p € (1,00). The case p = 1 is very similar
and will be omitted.

In order to show that T is surjective, let ¢ € (I?)". Denote by e, the n-th
unit vector in 7, and let a, := ¢(e,). If p = 1, then (a,) € I* = 1 by the
trivial estimate

|an] = [o(en)] < llell lenllr = llell-
If p > 1, then we may argue as follows. For every N € N,

N N
Z|an|q = Zan A, |an|q_2
n=1 n=1
N

= SO(Z n |an|q_2 en)

n=1

N
1
lell (D lan|@ 7))
n=1
N
= el (D lanl®),
n=1

IN

S =

which is equivalent to

()

SR
Q=

< lleell

_ é\am)
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Since the right-hand side of this inequality does not depend on N € N, we
obtain that a := (a,) € [? and ||a||, < [|¢].
Next, observe that for every x € [P one has

N
x:E Tne, = lim E Tpen,
N—oo
n n=1

the series converging in [P (here we need the restriction p < oo!). Hence, for
every x € [P, by the boundedness of ¢,

N—o0

p(r) = lim @(anen)

N
= lim E TpQ
N—oo nen
n=1

= D_Tatn
= Ta(z).
Hence, T is surjective. U

PROOF OF THEOREM 2.8. By Lemma 2.9, we may identify (I?)" with (4
and, if 1 < p < oo (1), also (I?)” = (19)" with {?. One just has to notice that
this identification of [P with (I?)"” = [P (the identity map on [P) coincides with
the operator J from Lemma 2.1, so that [ is reflexive if 1 < p < o0. U

LEMMA 2.10. The spacesl*, L1(2) (@ C RY) and C([0,1]) are not reflezive.
PRrROOF. For every t € [0, 1], let §; € C(][0, 1])" be defined by

(0, f) = f(t),  feC([0,1)).
Then ||6;|| = 1 and whenever ¢ # s, then
16¢ — 0| = 2.

In particular, the uncountably many balls B(d;,3) (¢ € [0,1]) are mutually
disjoint so that C(]0, 1])" is not separable.

Now, if C(]0, 1]) were reflexive, then C([0,1])” = C([0, 1]) would be separa-
ble (since C(]0, 1]) is separable), and then, by Corollary 1.16, C([0,1])" would
be separable; a contradiction to what has been said before. This proves that
C'([0,1]) is not reflexive.

The cases of [* and L!(Q) are proved similarly. They are separable Banach
spaces with nonseparable dual. 0

THEOREM 2.11. Fvery closed subspace of a reflexive Banach space is reflex-
we.
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PrROOF. Let X be a reflexive Banach space, and let U C X be a closed
subspace. Let u” € U”. Then the mapping z” : X’ — K defined by

<x//7x/> — <u//,x/’U>, x/ 6 X/,

is linear and bounded, i.e. 2" € X”. By reflexivity of X, there exists v € X
such that

(2.1) (@ z) = W" 2 y), o' e X

Assume that € U. Then, by Corollary 1.9, there exists 2’ € X’ such that
2|y = 0 and (o', z) # 0; a contradiction to the last equality. Hence, x € U.
We need to show that

(2.2) (W' )y = (W x),vu' e U'.

However, if v’ € U’, then, by Hahn-Banach we can choose an extension ' € X',
i.e. 2’|y = «'. The equation (2.2) thus follows from (2.1). O

COROLLARY 2.12. The Sobolev spaces WhP(Q) (@ C RN open) are reflexive
ifl<p<oo, keN.

PRrOOF. For example, for k = 1, the operator
T:Wh(Q) — L)Y,
Ju Ju
Uy =y ey =—),
o0xy ory

is isometric, so that we may consider W1P((2) as a closed subspace of LP(£2)
which is reflexive by Theorem 2.7. The claim follows from Theorem 2.11. [

u +—

1+N

COROLLARY 2.13. A Banach space is reflexive if and only if its dual is
reflezive.

PROOF. Assume that the Banach space X is reflexive. Let 2 € X" (the
tridual!). Then the mapping 2’ : X — K defined by

(' x) = (2" Ix(2)), z€X,

is linear and bounded, i.e. 2 € X’ (here Jx denotes the isometry X — X").
Let 2”7 € X" be arbitrary. Since X is reflexive, there exists x € X such that
Jxx = 2”. Hence,

<1_///7x//> — <1_///’ JXZE) — <x/’1_> — <$”,$/>,

which proves that Jx.z' = 2", i.e. the isometry Jy, : X’ — X" is surjective.
Hence, X' is reflexive.

On the other hand, assume that X’ is reflexive. Then X" is reflexive by the
preceeding argument, and therefore X (considered as a closed subspace of X"
via the isometry J) is reflexive by Theorem 2.11. O
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DEeFINITION 2.14. Let X be a normed space. We say that a sequence
(xn) C X converges weakly to some z € X if

lim (2', x,) = («, z) for every 2’ € X'
n—oo

Notations: if (z,) converges weakly to z, then we write z, — =z, w —
lim, oo T, =z, x, — x in o(X, X’), or x, — = weakly.

THEOREM 2.15. In a reflexive Banach space every bounded sequence admits
a weakly convergent subsequence.

PROOF. Let (x,) be a bounded sequence in a reflexive Banach space X.
We first assume that X is separable. Then X" is separable by reflexivity, and
X' is separable by Corollary 1.16. Let (z],) C X’ be a dense sequence.

Since ((x,x,)) is bounded by the boundedness of (z,), there exists a sub-
sequence (Zy,(n)) of (z,) (p1 : N — N is increasing, unbounded) such that

nlgg()(x'l, Ty (n)) €XISts.

Similarly, there exists a subsequence (y,(,)) of (74, (n)) such that
nlgg()(xé, Ty (n)) €XIStS.
Note that for this subsequence, we also have that

. / .
lim (2], Zy,(n)) exists.
n—oo

Iterating this argument, we find a subsequence (2, (n)) of (24, (»)) and finally
for every m € N, m > 2, a subsequence (x,,(n)) of (Z,,_,(n)) such that

lim (2, x,,,(n)) exists for every 1 < j <m.
n—odo

Let (y5) := (24,(n)) be the 'diagonal sequence’. Then (y,) is a subsequence
of (z,) and
lim (x/ ,y,) exists for every m € N.

n—oo

By Lemma 5.4 of Chapter 4, there exists 2”7 € X” such that
lim (2, y,) = (2, 2") for every 2’ € X'.
n—oo

Since X is reflexive, there exists x € X such that Jr = z”. For this x, we have
by definition of J

lim (', y,) = (2, z) exists for every 2/ € X',
n—oo

i.e. (y,) converges weakly to x.

If X is not separable as we first assumed, then one may replace X by
X :=span{z, : n € N} which is separable. By the above, there exists z € X
and a subsequence of (z,) (which we denote again by (z,)) such that for every
e X/,

lim (&', x,) = (¥, ),
n—oo
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ie. (z,) converges weakly in X. If 2/ € X', then 2’|z € X', and it follows
easily that the sequence (x,) also converges weakly in X to the element z. O

3. * Minimization of convex functionals

THEOREM 3.1 (Hahn-Banach; separation of convex sets). Let X be a Ba-
nach space, K C X a closed, nonempty, convez subset, and xo € X \ K. Then
there exists x' € X' and € > 0 such that

Re (2, z) + & < Re(a',x), z€ K.

LEMMA 3.2. Let K be an open, nonempty, convex subset of a Banach space
X such that 0 € K. Define the Minkowski functional p: X — R by

p(a) = inf{\ > 0 : ; € K}.

Then p is sublinear, there exists M > 0 such that
p(z) < M|zl|, =e€X,
and K = {x € X : p(x) < 1}.

PRrROOF. Since B(0,7) C K for some r > 0, we find that
1
p(z) < —||z| for every x € X.
r

The property p(ax) = ap(x) for every a > 0 and every z € X is obvious.
Next, if p(z) < 1, then there exists A € (0,1) such that /A € K. Hence,
by convexity, z = A = A{ + (1 —A)0 € K. On the other hand, if » € K,
then (1 + ¢)z € K, since K is open. Hence, p(z) < (1 +¢)~! < 1, so that
K={zxe X :p(x) <1}
Let finally x, y € X. Then for every € > 0, z/(p(z) +¢) € K and y/(p(y) +
e) € K. In particular, for every t € [0, 1],
t n 1-1¢
e I‘ S
plx)+e ply) +e
Setting t = (p(x) +¢)/(p(z) + p(y) + 2¢), one finds that
Tty c
p(x) + p(y) + 2¢
so that p(z + y) < p(x) + p(y) + 2¢. Since ¢ > 0 was arbitrary, we find
p(x +vy) < p(x) 4+ p(y). The claim is proved. O

ye K

)

PROOF OF THEOREM 3.1. We prove the theorem for the case when X is
a real Banach space. The complex case is proved similarly.

We may without loss of generality assume that 0 € K; it suffices to translate
K and zq for this. Since xqg ¢ K and since K is closed, we find that d :=
dist (zo, K) > 0. Put

Ky :={r e X :dist (z, K) < d/2},
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so that Ky is an open, convex subset such that 0 € K,;. Let p be the corre-
sponding Minkowski functional (see Lemma 3.2).

Define on the one-dimensional subspace U := {Azg : A € R} the functional
u U — R by (v, \xg) = \. Then

(W0 < p(u), wel,
By the Hahn-Banach theorem 1.3, there exists a linear extension 2’ : X — R
such that
(3.1) (' x) <p(x), ze€lX.
In particular, by Lemma 3.2,
(2", 2)| < M ||z,
so that 2/ € X’ and ||2/|| < M. By construction, (z’,z9) = 1. Moreover, by
(3.1) and Lemma 3.2, (2',z) < 1 for every z € K C Ky, so that
(' x) < (2 x0) (=1), =€ Ky
Replacing the above argument with (1 — &’)x, instead of zy (where ¢’ > 0 is
chosen so small that (1 —&’)xg € K ), we find that
(@ x) + (2!, xo) < (2, 20), x€ K C Ky,

and putting € := &’ = &'(2/, xy) > 0 yields the claim. O

COROLLARY 3.3. Let X be a Banach space and K C X a closed, convex

subset (closed for the norm topology). If (z,) C K converges weakly to some
re X, thenx € K.

PROOF. Assume the contrary, i.e. x ¢ K. By the Hahn-Banach theorem
(Theorem 3.1), there exist 2’ € X’ and € > 0 such that

Re (2, x,) + ¢ < Re (2, z) for every n € N,
a contradiction to the assumption that x, — z. O

A function f: K — R on a convex subset K of a Banach space X is called
convez if for every z, y € K, and every t € [0, 1],

(3.2) fltz+ (1 =t)y) <t f(z)+(1—1)f(y).

COROLLARY 3.4. Let X be a Banach space, K C X a closed, convex subset,
and f: K — R a continuous, convex function. If (x,) C K converges weakly
tox € K, then

f(z) < liminf f(z,).

PROOF. For every | € R, the set K; := {x € K : f(x) <} is closed (by
continuity of f) and convex (by convexity of f). After extracting a subsequence,
if necessary, we may assume that [ := liminf, ., f(z,) = lim, . f(z,). Then
for every € > 0 the sequence (z,,) is eventually in K., i.e. except for finitely
many x,, the sequence (z,) lies in K;,.. Hence, by Corollary 3.3, z € K; .,
which means that f(z) <l+e. Since ¢ > 0 was arbitrary, the claim follows. [
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THEOREM 3.5. Let X be a reflexive Banach space, K C X a closed, convex,
nonempty subset, and f : K — R a continuous, convex function such that

“ l%m f(z) = 400 (coercivity).

zeK

Then there exists xo € K such that
f(zo) =inf{f(z) 1z € K} > —oc.

PROOF. Let (x,) C K be such that lim, . f(z,) = inf{f(z) : x € K}.
By the coercivity assumption on f, the sequence (x,) is bounded. Since X
is reflexive, there exists a weakly convergent subsequence (Theorem 2.15); we
denote by xg the limit. By Corollary 3.3, o € K. By Corollary 3.4,

f(w0) < lim f(2,) = inf{f(2) : 2 € K}.
n—odo
The claim is proved. O
REMARK 3.6. Theorem 3.5 remains true if f is only lower semicontinuous,

ie. if

liminf f(z,) > f(z)

n—oo
for every convergent (x,) C K with = limz,. In fact, already Corollary 3.4
remains true if f is only lower semicontinuous (and then Corollary 3.4 says that
lower semicontinuity of a convex function in the norm topology implies lower

semicontinuity in the weak topology). It suffices for example to remark that
the sets K := {f <} (I € R) are closed as soon as f is lower semicontinuous.

4. * The von Neumann minimax theorem

In the following theorem, we call a function f : K — R on a convex subset
K of a Banach space X concave if —f is convex, or, equivalently, if for every
x,y € K and every t € [0, 1],

(4.1) ftz+ (1 —=t)y) >t f(z)+(1—1) f(y).

A function f : K — R is called strictly convex (resp. strictly concave) if for
every z, y € K, x # vy, f(z) = f(y) the inequality in (3.2) (resp. (4.1)) is strict
for t € (0,1).

THEOREM 4.1 (von Neumann). Let K and L be two closed, bounded,
nonempty, convex subsets of reflexive Banach spaces X and Y, respectively.
Let f: K x L — R be a continuous function such that

x— f

(
y = f(

Then there ezists (z,y) € K x L such that
(42) [(@.y) < 1(.9) < [(,9) for every z € K, y € L.

x,y) is strictly convex for everyy € L, and

x,y) is concave for every x € K.
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REMARK 4.2. A point (Z,y) € K x L satisfying (4.2) is called a saddle point
of f.

A saddle point is a point of equilibrium in a two-person zero-sum game in
the following sense: If the player controlling the strategy x modifies his strategy
when the second player plays ¥, he increases his loss; hence, it is his interest to
play z. Similarly, if the player controlling the strategy y modifies his strategy
when the first player plays z, he diminishes his gain; thus it is in his interest
to play y. This property of equilibrium of saddle points justifies their use as a
(reasonable) solution in a two-person zero-sum game ([1]).

PROOF. Define the function F': L — R by F(y) := inf,.cx f(z,y) (y € L).
By Theorem 3.5, for every y € L there exists © € K such that F(y) = f(z,v).
By strict convexity, this element x is uniquely determined. We denote = := ®(y)
and thus obtain

(4.3) F(y) = inf f(z,y) = f(®(y),y), y€L.

zeK

By concavity of the function y — f(x,y) and by the definition of F', for every
y1, y2 € L and every ¢t € [0, 1],

F(tyr + (1 —t)ya) = f(@(tyr + (1 —t)ya), tyr + (1 — t)yo)
tf(@(tyr + (1 = )ya),y1) + (1 —1) f(P(tys + (1 — t)y2), y2)

>
> tF(y1)+ (1 —1t) F(ya),

so that F' is concave. Moreover, F' is upper semicontinuous: let (y,) C L be
convergent to y € L. For every x € K and every n € N one has F(y,) <
f(z,yn), and taking the limes superior on both sides, we obtain, by continuity

of f,
lim sup F(y,) < limsup f(z,y,) = f(z,y).

n—oo n—oo

Since z € K was arbitrary, this inequality implies limsup,, . F'(y.) < F(y),
i.e. F'is upper semicontinuous.

By Theorem 3.5 (applied to —F'; use also Remark 3.6), there exists g € L
such that

f(@(9),y) = F(y) = sup F(y).

yeL

We put z = ®(y) and show that (z,y) is a saddle point. Clearly, for every
r e K,

(4.4) f(@,9) < f(z,9).

Therefore it remains to show that for every y € L,

(4.5) f(z.9) = f(z,y).
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Let y € L be arbitrary and put y, :== (1 — )y + +y and z,, = ®(y,). Then,
by concavity,

> (1= ) (e 9) + - fny)
> (1= D)F() + - f(zy),

or
F(y) > f(zn,y) for every n € N.

Since K is bounded and closed, the sequence (x,) C K has a weakly convergent
subsequence which converges to some element zq € K (Theorem 2.15 and
Corollary 3.3). By the preceeding inequality and Corollary 3.4,

F(y) = f(zo,y)-
This is just the remaining inequality (4.5) if we can prove that zq = z. By
concavity, for every z € K and every n € N,

f@yn) = f(@n, yn)
> (L= D)) + o (ra,9)

(1= ) f (e d) + ~F).

Letting n — oo in this inequality and using Corollary 3.4 again, we obtain that
for every x € K,

v

f(@.9) = f(z0,9)-
Hence, o = ®(y) =  and the theorem is proved. O



CHAPTER 6

Uniform boundedness, bounded inverse and closed graph

This chapter is devoted to the other fundamental theorems in functional
analysis; other than the Hahn-Banach theorem which has been discussed in the
previous chapter. These fundamental results are

e the uniform boundedness principle or the Banach-Steinhaus theorem,

e the bounded inverse theorem (and the related open mapping theorem),
and

e the closed graph theorem.

All these fundamental results rely on an abstract lemma for metric spaces.

1. The lemma of Baire

LEMMA 1.1 (Baire). Let (M,d) be a complete metric space, and let (O,,) be
a sequence of open and dense subsets of M. Then (), O, is dense in M.

PrROOF. We can assume that M is not empty since the statement is trivial
otherwise. Let 2y € M and € > 0 be arbitrary. We have to prove that [, O,, N
B(zo,€) is not empty.

Since Oy is dense and open in M, the intersection B(zg,e) N Oy is open and
nonempty. Hence, there exists 1 > 0 (w.l.o.g. €1 <&/2) and x; € B(x9,£)NO;
such that

B(I‘l, 61) C B(ZL’(), 6) N O;.

Choosing £ a little bit smaller, if necessary, we can even assume that
B(ZL’l, 61) - B(ZL’(), 6) N 01.

Since Oy is dense and open in M, the intersection B(x,e1) N Oy is open
and nonempty. Hence, there exists e > 0 (w.lo.g. e < €1/2) and xy €
B(x1,e1) N Oy such that

B(.CEQ, 62) C B([Bl,gl) N 02 C B(.To, 6) N 01 N 02.
Proceeding inductively, we can construct sequences (g,) C (0,00) and
(xn) C M such that
(i) en <e,-1/2 and
(i) for every n € N
B(In,én) C B(l’n_l,én_l) no, C B(Io,é) N m Oj.

J=1

75
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In particular, x,, € B(z,,&,) for every m > n and lim,, .., &, = 0. Hence, the
sequence (x,) is a Cauchy sequence in M. Since M is complete, there exists
r = lim, ., x, € M. By the above,

x € B(xy,e,) for every n € N,

or

x € ﬂB(wn,an) C B(zo,e) N ﬂOn.

The claim is proved. UJ

LEMMA 1.2 (Baire). Let (M, d) be a complete, nonempty, metric space, and
let (Ay,) be a sequence of closed subsets in M such that M =, A,. Then there
exists ng € N such that A,,, has nonempty interior.

PROOF. Assume the contrary, i.e. that every A, has empty interior. In
this case, the sets O,, := M \ A, are open and dense. By assumption,

Q):M\UAn:ﬂOm

a contradiction to Lemma 1.1 and the assumption that M is nonempty. O

REMARK 1.3. The assumption in Lemma 1.1 or Lemma 1.2 that M is
complete is necessary in general. For example,

Q= J{=},
zeQ

and this union is countable. Each one point set {z} is closed but in this
example, none of these sets has nonempty interior.

REMARK 1.4. As a corollary to the lemma of Baire one obtains for ex-
ample that there exists a continuous function f € C([0,1]) which is nowhere
differentiable. In fact, the set of such functions is dense in C([0, 1]); see [5].

2. The uniform boundedness principle

THEOREM 2.1 (Uniform boundedness principle; Banach-Steinhaus). Let X,
Y be Banach spaces and let (T;)ic; C L(X,Y) be a family of bounded linear
operators such that
sup | Tiz|| < oo for every x € X.
iel
Then
sup ||T;|| < oo.
iel
REMARK 2.2. Theorem 2.1 is in general not true if X is only a normed
space. For example, let X = cyo(= Y) be the space of all finite sequences
equipped with the supremum norm (or any other reasonable norm). Let
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m if m <n,
Anm =

with

0 ifm>n.

Then sup,, ||7,z|| is finite for every x € X, but ||7,,|| = n is unbounded.

REMARK 2.3. The fact that in Theorem 2.1 we suppose also Y to be a
Banach space is not important. In fact, if ¥ is not complete, then we may
embed Y into its completion Y and consider every operator T} € L(X,Y) also
as an operator in £(X,Y).

PROOF OF THEOREM 2.1. Let A, := {x € X : sup,.; || Tiz|| < n}. Since
arbitrary intersections of closed sets are closed, and by the boundedness of the
T;, the sets A,, are closed for every n € N. By assumption, X = J, A,.

Hence, by the lemma of Baire (Lemma 1.2), there exists ng € N such that
A, has nonempty interior, i.e. there exist ng € N, 2y € X and € > 0 such that

sup || Tiz|| < ng for every x € B(xo,¢),
icl

or, in other words, there exists ng € N, g € X and € > 0 such that
| Ti(zo + ex)|| < ng for every z € B(0,1), i € 1.
This implies, by the triangle inequality,
e | Tiz|| < no + ||Tizol| < 2ng for every x € B(0,1),4 € I.
The claim is proved. U

COROLLARY 2.4. Let X, Y be Banach spaces and let (T,) C L(X,Y) be a
strongly convergent sequence of bounded linear operators, 1i.e.

Tx := lim T,x exists for every x € X.
n—oo

Then sup,ey [|Th]| =2 M < 0o and T € L(X,Y).

PROOF. Linearity of T is clear. Since (T,) is strongly convergent, the se-
quence (T,x) is bounded for every x € X. By the uniform bounded principle
(Theorem 2.1), sup,,ey ||Tn]] =8 M < co. As a consequence, for every = € X,

|Ta]| = lim [T,z < M ],
so that T is bounded. O

COROLLARY 2.5. FEvery weakly convergent sequence in a Banach space is
bounded.

PRrROOF. Let X be a Banach space and (z,) C X be weakly convergent.
Considering the x,, as elements in X” = £(X’,K) by the embedding J : X —
X", the claim follows from Corollary 2.4. O
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3. Open mapping theorem, bounded inverse theorem

THEOREM 3.1 (Open mapping theorem). Let X, Y be two Banach spaces
and let T € L(X,Y) be surjective. Then there exists r > 0 such that

(3.1) TBx(0,1) D By(0,r).
PROOF. First step: We show that there exists » > 0 such that
(3.2) B(0,2r) Cc TB(0,1).

For this, we remark first that by surjectivity,
Y =TX = JTB(0,n) = JTB(0,n).

By the Lemma of Baire, there exists ny such that T'B(0,nq) has nonempty
interior, i.e. there exist © € TB(0,ny) and € > 0 such that

Blz,e) c TBO, ng).
By symmetry,

B(—xz,e) C TB(0,ny),
and adding both 'inequalities’ together, we obtain

B(0,e) € TB(0,n),

which implies the required inclusion (3.2) if we put r = TR

Second step: We prove (3.1). Let y € B(0,r), where r > 0 is as in (3.2)
from the first step. Then, by (3.2), for every € > 0 there exists € B(0, 1)
such that ||y — Tx|| < e. In particular, if we choose ¢ = Z, then there exists
z1 € B(0,1) such that ||y — Taq|| < 5.

Similarly, since y — Tz; € B(0,%), there exists 5 € B(0,3) such that
|(y = Twy) — Tyl < . Iterating this construction, we find a sequence ()
such that x,, € B(0,27") and such that |ly — Y7 Ta,|| < 27"r. Since X is
complete and since ) x, is absolutely convergent with ) ||z, || < 1, the limit
r =) x,exists and z € B(0,1). By the preceeding estimates, ||y — Tz|| =0
or Tz = y. Thus we have proved (3.1). O

REMARK 3.2. It is not difficult to prove that if an operator 7' € L(X,Y)
satisfies (3.1), then T'O is open for every open O C X. A function which maps
open sets into open sets is called open; whence the name of the open mapping
theorem.

r
29

COROLLARY 3.3 (Bounded inverse theorem). Let X, Y be two Banach
spaces and let T € L(X,Y) be bijective. Then T~ € L(Y, X).

PROOF. Linearity of 7! is clear. By the open mapping theorem (Theorem
3.1), we have

1
T_IBY(Ou ]-) - BX(Ou ;)

for some r > 0. Hence, T! is bounded. O
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COROLLARY 3.4. Let ||- ||y and ||-||2 be two norms on a vector space X such
that (X, | - |l1) and (X,| - ||2) are complete. If there exists a constant C > 0
such that

|lzl|e < C|z||y for every x € X,

then the two morms are equivalent.
PrOOF. It suffices to consider the identity I : (X, || - |l1) — (X, | - ||l2). It
is bounded by assumption, and clearly it is bijective. By the bounded inverse

theorem (Corollary 3.3), the inverse ' : (X, || - |l2) — (X, || - ||1) is bounded,
i.e. there exists ¢ > 0 such that

|z]|1 < ¢||x||2 for every x € X.

4. Closed graph theorem

DEFINITION 4.1. Let X, Y be two Banach spaces, and let D(T) C X be a
linear subspace. A linear operator T : D(T) — Y is called a closed operator if
the graph

GraphT :={(z,Tx) : x € D(T)}
is closed in X x Y.

LEMMA 4.2. A linear operator T : X D D(T) — Y is closed if and only if

D(T) >z, — z in X and
(4.1) . = z2€D(T)and Tz =y.
Tr, —yinY
PrROOF. Exercise. ]

LEMMA 4.3. Every bounded linear operator T' € L(X,Y) (X, Y Banach
spaces) is closed.

PRrooF. This is an immediate consequence of Lemma 4.2. U

LEMMA 4.4. A linear operator T : X D D(T) — Y is closed if and only if

the space D(T) equipped with the graph norm
|zl = ll=llx + | Tzlly, ze€X,
18 complete.

PROOF. = Assume that 7T is closed. Let (x,) be a Cauchy sequence in
(D(T), || - llpery)- Then () is a Cauchy sequence in X and (T'z,) is a Cauchy
sequence in Y. Since X and Y are complete, there exist x € X and y € Y such
that z, — x and Tz,, — y. Since T is closed, and by Lemma 4.2, this implies
x € D(T) and Tx = y. Moreover,

|20 — 2l Dy = ll2n — zllx + [ T2y — T([y — 0,

so that (z,,) converges in (D(T'), ||-||p(r)). Hence, D(T') euipped with the graph
norm is complete.



80 6. UNIFORM BOUNDEDNESS, BOUNDED INVERSE AND CLOSED GRAPH

< Assume that (D(T), | - ||per)) is complete. Assume that D(T') > x,, —
r € X and Tz, — y € Y. Then (z,) and (T'z,) are Cauchy sequences in X
and Y, respectively. By the definition of || - ||p¢r), this implies that (z,) is a
Cauchy sequence in (D(T), || - ||p¢r)). By completeness, there exists z € D(T)
such that z,, — & in D(T") (with respect to the graph norm). Since convergence
of (x,) in D(T) implies the convergence of (x,) in X, and since (z,) converges
to x in X, we find z = & € D(T) by the uniqueness of the limit. Moreover,
since T' is always bounded from D(T') (when equipped with the graph norm)
into Y, we have Tx = lim,, ., T'x,, = y. Hence, by Lemma 4.2, T" is closed. [

EXAMPLE 4.5. Let X =Y = C(|0,1]) be equipped with the supremum
norm, and let D(T) := C'([0,1]) C X. Let T'f := f' for f € D(T). Then T is
a closed operator. In fact, the graph norm || - || p(r) coincides with the canonical
norm on C*([0,1]), i.e.

1fller == 1[flloo + 1 lloo,
and (C'([0,1]),] - |[¢1) is complete.

THEOREM 4.6 (Closed graph theorem). Let X, Y be two Banach spaces
and let T : X — Y be a closed operator. Then T is bounded.

REMARK 4.7. The important assumption in Theorem 4.6, besides the as-
sumption that T is closed, is the assumption that D(T) = X! The Example 4.5
shows that closed operators need not be bounded in general; when considered
from (D(T),] - ||x) with values in Y. Note that in Example 4.5, D(T') is not
complete when equipped with the norm coming from X.

PROOF OF THEOREM 4.6. By assumption (X, || - ||x) is a Banach space,
and by closedness of 7" and Lemma 4.4, also (X, || - ||p(r)) is a Banach space,
where | - || p(ry denotes the graph norm. Moreover, trivially,

|z||x < ||IHD(T) for every z € X.

By Corollary 3.4, the two norms || - ||x and || - | p¢r) are equivalent, i.e. there
exists a constant C' > 0 such that

|zl x + | Tz|ly < C|z||x for every z € X.
As a consequence, T' is bounded. 0

EXAMPLE 4.8 (Sobolev embedding). Let —oco < a < b < oo. Then the
embedding

J:Wh(a,b) — C([a,b]),
u —
is well defined and bounded, i.e. there exists a constant C' > 0 such that
u]loo < C |Jullwre for every u € W'P(a, b).

Recall that this embedding is well defined since every function u € WP(a, b)
is continuous on [a, b] by Theorem 5.10 of Chapter 4.
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In order to see that J is also bounded, we apply the closed graph theorem
together with the characterization in Lemma 4.2: let (u,) C W'P(a,b) be
such that u = lim, . u, exists in W1?(a,b) and such that v = lim,_ Uy,
exists in C([a,b]). The convergence in W'? C LP implies that u,, — u almost
everywhere if we extract a subsequence. The convergence in C' implies that
u, — v everywhere. Hence u = v almost everyhwere, and since both functions
are continuous, we obtain © = v. Hence, the embedding is closed. By the closed
graph theorem, the embedding W'? — (' is bounded.

EXERCISE 4.9. Let T': X D D(T) — Y be a closed, injective operator.
Define

D(T™) = RgT ={Tx:x€D(T)}CY,
T 'y := x where x € D(T) is the unique element such that Tz = y.

Then 77! is a closed operator.
If in addition T is surjective, then 771 : Y — X is bounded.

5. * Vector-valued analytic functions
Let X be a complex Banach space and let €2 C C be an open subset.

DEFINITION 5.1. We say that a function f : Q — X is analytic (or: holo-
morphic) if

o) it L) = FC)

220 zZ— 20

exists for every zy € €.

We say that f: Q — X is weakly analytic (or: weakly holomorphic) if 2’ o f :
2 — C is analytic for every 2’ € X',

THEOREM 5.2. A function [ : Q — X is analytic if and only if it is weakly
analytic.

Proor. Cleary, if f is analytic, then f is weakly analytic. So we only have
to prove the other direction.

By considering X as a closed subspace of X” (via the embedding J), and
by replacing then X by X” (so that the function f becomes X"-valued), we
can assume that X is a dual space. But doing this, we no longer assume that f
is weakly analytic. The assertion which we have to prove is then the following:

Let X be a complex Banach space, and let X’ be its dual. Let f: Q — X’
be such that (f,z) : 2 — C is analytic for every z € X. Then f is analytic.

In fact, it suffices to prove that for fixed zy € ) there exists M > 0 such
that for every y, z € Q\ {20} ’close’ to zo,

f(z) = f(=0) _ fy) = f(=)

Z—Z0 Yy—=z0

(5.1) < M|z -yl

Let K := B(zo,7) \ {20}, where r > 0 is chosen so small that K C €. Let

K=(KxK)\{(z,2) : z € K}
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be the cartesian product of K and K from which we take out the ’diagonal’.
By assumption, for every x € X, the function (f, x) is analytic. Hence, for
every x € X we have

f(z)=f(z0) _ fy)—f(20)
Sup < z—20 Y—20 ,x>

< O0.
(y,2)eK y—=z

By the uniform boundedness principle, this implies
f()=f(z0) _ f¥)—f(20)

z—20 Y—20

y—z

= M < o0,

sup
(y,2)eK

which actually implies (5.1) for every y, z € K. O

By Theorem 5.2, many important properties of ’classical’ analytic functions
) — C carry over to vector-valued analytic functions {2 — X. For example:

e Every analytic function f : € — X is infinitely many times differen-
tiable.

e Every analytic function f : € — X can be locally developed into
a power series of the form > 7 ja,(z — 29)" with a, € X. In fact:
an = 5 ™ (z).

e Cauchy’s integral formula f(z) = ﬁ , ﬁ %2 dy holds true for appro-
priate paths . Note, however, that we have not yet defined integrals
of vector-valued functions.

An important example of a vector-valued analytic function will be the resolvent
of an operator T' € L(X); see the following Chapter 7.



CHAPTER 7

Compact operators and spectral theory

1. Compact operators

DEFINITION 1.1 (Compact operator). Let X, Y be Banach spaces. A linear
operator T' : X — Y is called a compact operator if TB(0,1) is relatively
compact in Y. The set of all compact linear operators from X into Y is denoted
by K(X,Y). We denote (X)) := (X, X).

REMARK 1.2. A linear operator T : X — Y is compact if and only if for
every sequence (x,) C B(0,1) there exists a subsequence (again denoted by
(xy,)) such that (T'z,,) is convergent (or Cauchy).

Since relatively compact subsets of Banach spaces are necessarily bounded,
every compact operator is bounded.

LEMMA 1.3. Let X, Y, Z be Banach spaces. Then:

(a) The set K(X,Y) is a closed linear subspace of L(X,Y).
(b) If T e K(X,Y) and S € L(Y, Z), then ST € K(X, Z).
(c) If T € L(X,Y) and S € K(Y, Z), then ST € K(X, Z).
(d) The set K(X) is a two-sided ideal in L(X).

ProOOF. (a) If T, S € K(X,Y), A € K, then clearly AT € K(X,Y). Moreo-
ever, if (z,,) C B(0, 1) is any sequence, then we can choose a subsequence (again
denoted by (z,)) such that (7'z,) converges. From this subsequence, we extract
another subsequence (again denoted by (x,,)) such that (Sx,) converges. Then
(T'z,, + Sx,,) converges, and therefore T+ S € K(X,Y). Hence, K(X,Y) is a
linear subspace of £L(X,Y).

In order to see that (X, Y) is closed in £(X,Y), let (T},) C K(X,Y") be con-
vergent to some element in 7' € L(X,Y). Let (z;) C B(0,1) be any sequence.
A diagonal sequence argument implies that we can choose a subsequence (again
denoted by (z;)) such that

lim T),z; exists for every n € N.
j—00

Let ¢ > 0 be arbitrary, and choose n € N so large such that ||T'— T,| < e.
Choose jo € N so large that ||T,,z; — T,,xi| < € for every j, k > jo. Then, for
every j? k > jO?
| Tx; — Tay|| < |[|Tx; — Toxjl| + [|Thr; — Thakll + || Toxr — Ty < 3e.
83
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Hence, (T'z;) is a Cauchy sequence. Since Y is complete, (7'z;) is convergent.
As a consequence, for every sequence (z;) C B(0, 1) we have extracted a sub-
sequence (again denoted by (z;)) such that (T'z;) converges. This means that
T e K(X,Y). Hence, K(X,Y) is closed in L(X,Y).

(b), (c) Let T € L(X,Y)and S € L(Y, Z). If T is compact, then TB(0, 1) is
relatively compact, and since S is continuous, ST'B(0, 1) is relatively compact
in Z by Lemma 4.4 of chapter 2. Hence, ST € (X, Z). If on the other hand T’
is only bounded and S is compact, then T'B(0, 1) is bounded in Y, and therefore
STB(0,1) is relatively compact in Z, i.e. ST € K(X, Z).

(d) This is an immediate consequence of (b) and (c). O

LEMMA 1.4. Let X, Y be Banach spaces. Then:
(a) If T € L(X,Y) has finite rank, i.e. if dimRgT < oo, then T €
K(X,Y).
(b) If (T),) € K(X,Y) is a uniformly convergent sequence of finite rank
operators, then T := lim,, . T,, € K(X,Y).

PROOF. Assertion (a) follows from the Theorem of Heine-Borel, while (b)
is a consequence of Lemma 1.3. 0

LEMMA 1.5. A Banach space X is finite dimensional if and only if the
identity operator I € L(X) is compact.

Proor. This is an immediate consequence of Theorem 1.20 of Chapter 3
which itself was a consequence of the Lemma of Riesz (Lemma 1.19). O

A difficult problem is in general to decide which operators are compact.
By the very definition of compact operators, it is thus important to know
which subsets of (infinite dimensional) Banach spaces are relatively compact.
Boundedness of the subset alone does not suffice as the Lemma of Riesz shows
(see also the preceeding lemma). In the case when the underlying Banach space
is C(K) (K a compact metric space) there is a satisfactory characterization of
relatively compact subsets.

A subset M C C(K) is called equicontinuous in some point z € K if for
every € > 0 there exists a 6 > 0 such that

(1.1) Vye KVfeM: dz,y)<d = |f(z)—fly)]<e.
The same subset M is called equicontinuous if
Vedd > 0Vx,ye KVfeM: dz,y)<d = |f(z)—fly)]<e.

It is not too difficult to show that M C C(K) is equicontinuous if and only if
it is equicontinuous in every point x € K. Moreover, if M is equicontinuous,
then the closure M is also equicontinuous.

THEOREM 1.6 (Arzela-Ascoli). Let K be a compact metric space. A subset
M of C(K) is relatively compact if and only if it is bounded and equicontinuous.
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Proor. We first note that every compact metric space K is separable. In
fact, for every n € N the open covering (B(z,+)),ex of K admits a finite
subcovering (B(2",1))1<j<m,. Then the set

n
J'n
D:={rf:neN 1<j<m,}

is countable and dense in K.

Assume now that K is a compact metric space, and let M C C(K) be
bounded and equicontinuous. Let D C K be dense and countable.

Let (f,) C M. Since M is bounded, a diagonal sequence argument implies
that there exists a subsequence (again denoted by (f,,)) such that

lim f,(x) exists for every x € D.
n—odo

We show that this subsequence converges already uniformly on K. Actually,
we only show that this subsequence (f,,) is a Cauchy sequence (this suffices
since C'(K) is complete). Let € > 0 be arbitrary. By equicontinuity of (f,),
there exists § > 0 such that (1.1) holds. By compactness of K and the density
of D in K there exist (2;)i1<j<x C D such that K = J,, o, B(x;,9). Since the
family (z;) is finite, there exists ny € N such that

| fr(xj) = fin(z;)] < e for every n, m > mng, 1 < j <k.

Let z € K be arbitrary. Then there exists j € {1, ..., k} such that x € B(z;,J).
Hence, for every n, m > ny,

|fu(@) = f@)| < [fa(2) = ful@y)| + | falzs) — (x| + (@) — finl2)] < 3e.
Since the ng does not depend on z € K, we have thus proved
| fro = fimlloo < 3¢ for every n,m > ny.

Hence, every sequence in M admits a convergent subsequence. Therefore, M
is relatively compact.
The other direction is left as an exercise. U

ExAMPLE 1.7 (Sobolev embedding). Consider the embedding J :
WhP(a,b) — C([a,b]) from Example 4.8 of Chapter 6. The closed graph theo-
rem showed that J is bounded, i.e. there exists C' > 0 such that

[ulloo < Clluflwrs, ue WP(a,b).
We can show in addition that the embedding is compact if p > 1. Let
M = {u € W' (a,b) : ||ul|y, < 1} = JB(0,1) C C([a, b])

be the image of the unit ball under J. By boundedness of J, M is bounded
in C([a,b]). Moreover, by Holder’s inequality (we assume p > 1), for every t,
s € [a,b] (t > s)and every u € M,

—1 p—1

Ju(t) — u(s)| = | / W (r) dr| < / ()] dr < el (¢ — )57 < (t - 5)"F
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This implies that M is equicontinuous if p > 1 (choose for every ¢ > 0 the &

equal to €71 in order to see that (1.1) holds).

By Arzela-Ascoli, M is relatively compact in C([a,b]), and therefore the
embedding W'?(a,b) — C([a,b]) is compact if p > 1.

EXERCISE 1.8. (Sobolev embedding) Show that the embedding W!(a, b)
— (C([a, b]) is not compact.

EXERCISE 1.9 (Multiplication operators in sequence spaces). Let X = [P
(1 <p<oo)orlet X =c¢p. Let m € [° and define the associated multiplication
operator M € L(X) by
Mz = M(z,) = (myx,), =€ X.
Show that M is compact if and only if m € .
Hint: Use Lemma 1.4.

EXERCISE 1.10 (Kernel operators). Let 2 C R"™ be a compact (!) set. Let
ke C(2 xQ), and define the associated kernel operator K € L(C(2)) by

Kf(1) =/k:(t, O f(s)ds, teQ, feC(Q).
Q
Then K is compact.

DEFINITION 1.11. Let X, Y be two Banach spaces, T' € L(X,Y). For every
y" € Y’ the linear mapping X — K, z — (y/, Tx) is bounded on X. This linear
mapping is denoted by 7"y’ € X'. The resulting operator 77 : Y’ — X' is called
the adjoint of T'. For every x € X and every 3/ € V',

(y/, Tx) = (T, ).

LEMMA 1.12. For every T € L(X,Y), the adjoint T' : Y' — X' is bounded
and || T = [[T"]].

PROOF. For every ¢y € Y’,

1Tl = sup [{T"y',z)| = sup [y, Tx)| < [|T|ly']],
llzll<1 lzll<1
which proves that 7" is bounded and that ||7]] < ||T'||. On the other hand, by
Hahn-Banach (Corollary 1.9 of Chapter 5),
1T’ = sup [T
lly'lI<1

= sup sup [(T"Y,z)|

l/lI<1 =<1

= sup sup [(y,T7)]

=<1 fly'[<1

= sup ||Tz||

Jall<1
= Tl

and the claim is proved. O
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THEOREM 1.13 (Schauder). An operator T € L(X,Y) is compact if and
only if T" € L(Y', X") is compact.

PROOF. Assume that T € K(X,Y), and let K := TBx(0,1) C Y. Then
K is compact. Let M := By/(0,1) be considered as a subset of C'(K). Then
clearly M is bounded, and it is not difficult to see that M is also equicontinuous.
By the theorem of Arzela-Ascoli, M is relatively compact in C(K). This means
that for every sequence (y!,) € By/(0,1) there exists a convergent subsequence
(convergent in C(K)!). If we denote this subsequence again by (y/,), then we
obtain

0= Tim |y, —ynllog > lim sup [{y, =y, To)| = lim [T, =T"y,[lx,

n,mM—00 | p11<1 n,Mm—00

which just means that 7" is compact.

Assume on the other hand that 77 € K(Y’, X’). By what we have just
proved, this implies 7" € IC(X”,Y"”). Hence, if (z,,) € Bx(0, 1) is any sequence,
then there exists a subsequence (again denoted by (z,)) such that (7"z,) is
convergent in Y (note that we have considered (z,) also as a sequence in X"
via the embedding J). However, 7"z, = Tx,, and the claim is proved. O

2. Spectrum of bounded operators

DEFINITION 2.1. Let X be a Banach space and let A : X D D(4) — X
be a linear operator. For every A € K we write A\ — A := A\ — A, and we
write A € o(A) (the resolvent set of A) if A — A : D(A) — X is bijective and
the inverse (A — A)~! is bounded on X. For every A € o(A) we denote by
R(\, A) :== (A — A)~! the resolvent of A in .

The set 0(A) := C\ o(A) is called the spectrum of A. Moreover, we define
the point spectrum, the approrimative point spectrum and the residual spectrum,
respectively, by

op,(A) = {AeC:3xe X\ {0} st Az =z}
op(A) = {AeC:3(x,) CX, |z.]| =1, s.t. (A—A)x, — 0} and
o-(A) = {AeC:Rg(A— A)is not dense in X}.
LEMMA 2.2 (Resolvent identity). For every A\, u € o(A) one has
PROOF. For every A, u € g(A)
A= (= A) = (A= A).
Multiplying both sides by R(u, A) and R(\, A), one obtains the claim. O

In what follows, we will always consider bounded linear operators 71" on
complex Banach spaces X.

LEMMA 2.3. The set o(T) is open in C and the function o(T) — L(X),
A — R(A\,T) is analytic (= differentiable).
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PROOF. Let A € o(T') and pu € C. Then

and the right-hand side is invertible if | — A| < 1/||R(A, T')|| by the Neumann
series. Hence, o is open in C. The Neumann series precisely yields

o0

R(u.T) = 3 (~1)"ROLT)™ (= A",

n=0

so that the function A — R(A, A) can be locally developped into a power series.
As a consequence, this function is analytic. O

REMARK 2.4. One may also employ the resolvent identity in order to prove
that the function A — R(A,T') is analytic; but in this case one should at least
prove continuity of R(-,T).

LEMMA 2.5. One has
{Ae C:A[> [T} C oT),
and
o0 Tn’
n=0
PrROOF. Use the identity

T
A=T=X\I—-—

(-3

and the Neumann series. O

REMARK 2.6. In fact, A € o(7T') as soon as
(A > lim inf 17" =: r(T).
The number r(7") > 0 is called the spectral radius of T.
LEMMA 2.7. For every T € L(X) and every A € o(T),
IR, T = dist (A, o (7))~

PROOF. As we have seen in the proof of Lemma 2.3, for A € o(T) the
condition

= AR T <1
implies 1 € (7). The claim follows. O

LEMMA 2.8. For everyT € L(X), X # {0}, the spectrum o(T) is nonempty
and compact.



3. SPECTRUM OF COMPACT OPERATORS, FREDHOLM ALTERNATIVE 89

PRrROOF. The compactness of o(T") follows Lemma 2.3 and 2.5. If ¢(7T") was
empty, then, by Lemma 2.3, the function A — R(\,T) is entire. On the other
hand, by Lemma 2.5,

Jim [|RO,T)| = 0.

By Liouville’s theorem, this implies R(A,T') = 0 which is only possible if X =
{0} is the trivial space. O

LEMMA 2.9. For every T € L(X),
0o(T') C 04(T).
PRrROOF. If A € 0o(T), then there exists (\,) C o(T) such that lim,, ., A, =

A. By Lemma 2.7, lim,,_ || R(\,, T)|| = co. By the definition of the operator
norm, there exists a sequence (y,) C X, ||yn|| = 1, such that

lim ||R(An, T)yn|| = oc.

R(An,T)yn
Put z,, := m, so that ||z, || = 1. Then
Ny — Ty = (A—An)xﬁm 0 (n— o).
As a consequence, A € o,,(T). O

LEMMA 2.10. For every T € L(X) one has o(T) = o(T"). For every
A € o(T) one has
R\, T) = R\, T).
PROOF. For every 2/ € X’ and every z € X we have
(RNT)YAN=T"a',2) = (A=T"2', R\, T)x)
= (', AN=T)R\,T)z)
= (2, z),
and
(A=T"YR\,T)2',2) = (R\T)2',(A\—T)z)
= (', RA,T)A—T)x)
= (2, 2).
Hence, RINT)AN=T")=A=T)R\,T) =1,or R\, T) = R\T). O
3. Spectrum of compact operators, Fredholm alternative

Let X be a Banach space and X’ its dual. For every subset M C X we
define the annihilator

M+ ={2' e X': (2/,2) =0Vx € M}.
For every subset M’ C X', we define the preannihilator
M, ={reX: (' z) =0V € M'}.
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It is easy to show that M+ and M/ are closed linear subspaces of X’ and X,
respectively.
LEMMA 3.1. Let X be a Banach space and let T € L(X). Then:
(a) (RgT)* =ker T".
(b) RgT = (kerT"), .
(c) (kerT)* D RgT’
(d) kerT'= (RgT"),.
PROOF. In order to prove (a), we observe
€ (RgT)r & VoeeX: (/,Tr)=0
& VeeX: (T, z)=0
& T =0
& 1 eker T
(b) If x € RgT, v = Ty, and if 2’ € ker 7", then
(2 2) = (¢/, Ty) = (I"2",y) = 0.
Hence, RgT C (ker T"),, and since the latter space is closed, we obtain RgT C
(ker T") ;. Assume that the inclusion is strict. Then there exists zo € (ker T")

which does not belong to Rg7T". By Hahn-Banach (Theorem 3.1 of Chapter 5),
there exist 2 € X’ and € > 0 such that

(3.1) Re (2, z) + ¢ <Re(2',z0), x € RgT.

Since RgT is a subspace of X, in particular z € RgT implies \x € RgT for
every A € K, we deduce from this inequality that (', z) = 0 for every x € RgT.
Hence, by (a), 2’ € ker T". But then (2, z) = 0, too, and this is a contradiction
to (3.1). Hence, we have proved (b).
(c) f 2’ € RgT’, o’ =T"y', and if x € ker T', then
(o xy = (T, x) =y, Tx) = 0.
This implies Rg7” C (ker T')*, and since the latter space is closed, we obtain

(c).

(d) Similarly as in (a), we observe
rekerT & Tr=0
& Vo' eX': (2, Tz) =0
s Vo' e X' (T z) =0
& xe (RgT'),.

O

THEOREM 3.2 (Fredholm alternative). Let X be a Banach space, T € K(X).
Then:
(a) ker(I —T) is finite dimensional.
(b) Rg(I —T) is closed and Rg (I —T) =ker(I —T"),.
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(c) ker(I —T) = {0} if and only if Rg(I = T) = X.
(d) dim ker(I — T') = dim ker(I — 7") = dim (X/Rg (I — T)).

REMARK 3.3. Fredholm’s alternative says the following for the equation
(3.2) x—Tx =y,

where y € X is given and T' € K(X). Either for every y there exists a solution
x of this equation, and in this case the solution x is unique, or the homogeneous
equation

r—Tr=0

has a a finite number of linearly independent solutions (z;)1<;<, and the equa-
tion (3.2) has a solution if and only if y satisfies n equations of orthogonality
(x},y) = 0, where the x} € ker(I — T") are linearly independent.

REMARK 3.4. If T € K(X), then, by property (c), I — T is injective if
and only if I — T is surjective. In finite dimensions, this property of linear
mappings is well-known. This property of operators of the form I — T with
T compact is however not shared by arbitrary bounded operators on infinite-
dimensional Banach spaces. For example, the left-shift L on [P(N) defined by
Lz = L(z,) := (x,41) is surjective but not injective.

REMARK 3.5. An operator S € L£(X,Y) such that ker S is finite dimensional
and such that RgS is closed and has finite codimension (i.e. dim (X/RgS) <
o0) is called a Fredholm operator, and

ind S := dim ker S — dim (X/Rg.S)

is called the index of S. By Theorem 3.2, S =1 —T € £(X) is a Fredholm
operator of index 0 if 7' € K(X).

PROOF OF THEOREM 3.2. (a) On ker(I — T') we have T'= I, and since T
is compact, ker(I — T') must be finite dimensional.

(b) Let (z,) C X be such that u, =z, — Tz, — u € X. We have to show
that u € Rg (I — T). Since ker(I — T') is finite dimensional, for every n € N
there exists y,, € ker(I — T') such that

dist (x,, ker( — 1)) = ||z, — ynl|-

We show that the sequence (z, — y,) is bounded. Otherwise, after extracting
a subsequence, we may assume that lim, . ||z, — yn|| = co. Putting w,, :=
IIi::zy/:H’ we find that w, — Tw, = u,/||x, — ya|| — 0. After extracting a
subsequence, we may assume that Tw,, — z (T is compact). But then w,, — z,

too, and therefore z € ker(I — T'). On the other hand,
dist (z,,, ker(I — T))
120 — Yall

a contradiction. Hence, the sequence (z,, — y,) is bounded.

dist (wy,, ker(I = T)) =

=1,
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But then, by compactness of 7', we can extract a subsequence (again denoted
by (x, — y,)) such that T(x, — y,) — v. Hence,

xn_yn:un+T(xn_yn)—>u+U'

We deduce that T'(u+v) = v, or u = (u+v) —T(u+v), so that u € Rg (I —T).
Hence, Rg (I — 7)) is closed.

Since the equality Rg (I —T) = ker(I — T"), always holds true (Lemma
3.1), we have thus proved (b).

(c) Assume first that I — T is injective, i.e. ker(/ —T') = {0}. Assume that
X;:=Rg(I-T) # X, ie. Xjisaclosed (by (b)) proper subspace of X. Then
T|x, € K(X1), so that, by (b) again, Xo = (I — T)X; is a closed subspace of
Xi. Since I — T is injective, Xo # X;. Iterating this argument and putting
X, = (I —T)"X, we obtain a decreasing sequence (X,,) of closed subspaces of
X such that X, # X,,. By the Lemma of Riesz, for every n > 1 there exists
T, € X, such that ||z,| = 1 and dist(z,, X,,4+1) > 1. For every n > m we have

Tx, —Try = —(v, — Txy) + (X0 — Txp) + 3, — 24y
and
—(xy — Txp) + (T — Tx) + 25 € Xina1-

Hence, || Tz, — Tz, || > & whenever n # m, a contradiction to the assumption
that 7" is compact. Hence, Rg (I —T) = X.

Assume now on the other hand that Rg(/ — 7)) = X. Then, by Lemma
3.1, ker(I —T") = {0}. Since T" is compact by Schauder’s theorem, this implies
Rg (I —T") = X' by the preceeding step. By Lemma 3.1, ker({ — T") = {0}.

(d) For every closed subspace U of X the dual (X/U)’ is isomorphic to U,
In particular, for U = Rg (I — T') one obtains (using Lemma 3.1)

ker(I = T") = (Rg(I = T))* = (X/Rg (I = T)) = X/Rg (I - T).

The last isomorphy holds since we know by the first isomorphy that (X/Rg (I —
T))" is finite dimensional. In particular,

dim ker(I — 7") = dim X/Rg (I — T),

so that we have proved the second inequality.
It remains to prove that

dim X/Rg (I —T) = dim ker(I —T).

Since Tx = x for every x € ker(I —T'), we see that T leaves ker(/ —T') invariant.
In particular, the operator

T:X/ker(I =T) — X/ker(I —T),
x+ker(I—T) — Tz+ker(I—-T),

is well-defined and one easily checks that T is compact since T" is compact. By
construction, ker(/ —T') = {0} so that, by (¢), Rg({ —T) = X/ker(I —T).
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This means that for every y € X there exists z € X and zy € ker(I — T') such
that

(I —T)x =y — xo,
or
y:([—T).Z’—i—.CL"O =: T + Zo.

In particular, every y € X can be written as a sum x; + xy of an element
x1 € Rg(I —T) and an element xy € ker(/ — T'). Hence,

dim ker(/ = 7") = dim X/Rg (/ — T) < dim ker(I — T).
Replacing T' by 7" (which is compact by Schauder’s theorem), we obtain
dim ker(I —T") < dim ker(I — T") < dim ker(I — T).
On the other hand, since I —T"” extends I — T, one trivially has
dim ker(I — T') < dim ker(I —T").
The claim is proved U

THEOREM 3.6 (Spectrum of a compact operator). Let X be an infinite
dimensional Banach space and let T € KC(X). Then:

(a) 0 € o(T).

(b) o(T)\ {0} = 0,(T) \ {0}

(c) Fither o(T) is finite or o(T) \ {0} = {\, : n € N} for some sequence
(M) C C such that lim,,_, o A\, = 0.

PROOF. (a) If 0 € o(T), then T~! exists and is bounded. Hence, I =TT !
is compact; a contradiction to the assumption that X is infinite dimensional.

(b) Let A € o(T) \ {0}. If X & 0,(T), then ker(A —T') = {0}. By the
Fredholm alternative, this implies Rg (A —7') = X so that A — T is bijective; a
contradiction to the assumption A € (7).

(c) It suffices to prove that o(T) N {A € C : |\| > R} is finite for every
R > 0. If this was not the case, then we find a sequence (\,) C o(T) \ {0}
such that A\, # A, for n # m and |\,| > R > 0. By (b), for every n € N
there exists z,, € X \ {0} such that A\,z,, — T'z,, = 0. Note that the family (x,,)
are linearly independent. Otherwise, we find a smallest n € N such that the
family (x;)1<i<y is linearly independent, but z,41 = Y., a;z; for some scalars
«;. Then

Z QA1 = A1 Tl = TTpqq = Z ATy,
i=1 =1

and this implies a;(A,y1 — A;) = 0 for every 1 < ¢ < m. Since \,.1 # \; for
1 <i < n, we obtain «; = 0; a contradiction to z,41 # 0. Let X,, := span{x; :
1 <i<n}. Then (X,) is an increasing sequence of closed subspaces of X such
that X, # X,41 (the latter by linear independence of the vectors x,). By the
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Lemma of Riesz, for every n > 2 there exists y,, € X,, such that ||y,|| =1 and
dist (Y, Xpn_1) > % Then, for every n > m > 2,

Z dlSt()\nyn, anl)
> Mo B
- 2 - 2

This is a contradiction to the compactness of T, and hence (c) is proved. O

4. Spectral theorem for self-adjoint compact operators

DEFINITION 4.1. Let H, K be two Hilbert spaces, T' € L(H, K). For every
y € K the mapping H — K, x — (Tz,y)k is a bounded linear functional on
H which admits a unique representation by 7"y € H such that

(Tx,y) i = (x,T*y)g, =€ H.

The resulting linear operator T : K — H is called the (Hilbert space) adjoint
of T.

DEFINITION 4.2. Let H be a complex Hilbert space. An operator T' € L(H)
is called self-adjoint if T'=T™, or, equivalently, if for every x, y € H,

(Tx,y) = (2, Ty).

REMARK 4.3. Let A be a complex Banach algebra. A mapping *: A — A
is called an nvolution if for every a, b € A, \ € C,

(a4 b)* =a* +b*, (ab)* = b*a*, (\a)* = \a*, (a*)* = a.
If a complex Banach algebra A admits an involution * such that for every
a€ A,
la*a]l = Jlal®,

then A is called a C*-algebra.

If H is a Hilbert space, then £(H) is a C*-algebra for the involution T — T*,
where T* is the (Hilbert space) adjoint of T'. Note that

|T*T| = sup ||T"Tz||

=<1

= sup sup }(T*Tm,y)}
lzll<1 Jlyl<1

= sup sup }(Tm,Ty)‘
lzll<1 Jlyl<1

> sup |(Tz,Tz)|
=<1

= sup ||Tz|?
lel<1

= 7%,
while the inequality | 7T < ||T*|| ||T]| = ||T||* is trivial.



4. SPECTRAL THEOREM FOR SELF-ADJOINT COMPACT OPERATORS 95

The simplest C*-algebra is C (the involution being the complex conjuga-
tion). In every C*-algebra A one can define that an element a is self-adjoint
if a = a*. The self-adjoint elements of 4 = C are the real numbers. The
self-adjoint elements of CN*V are the hermitian matrices, i.e. the matrices A
for which A = Af.

THEOREM 4.4 (Hellinger-Toeplitz). Let T': H — H be linear and symmet-
ric, i.e.
(Tz,y) = (z,Ty) for every z, y € H.
Then T is bounded.

PRrROOF. Let (z,) C H be convergent to x € H and such that (T'z,) con-
verges to y € H. Then, for every z € H,

(Tz,2) = (x,Tz) = Lngo(xn,Tz) = lim (Tz,, 2) = (y, 2).

n n—~o0

Hence, T'x = y. This means that T is closed, and by the closed graph theorem,
T is bounded. O

LEMMA 4.5. Let T' € L(H) be a self-adjoint operator on a complex Hilbert
space. Then

(4.1) o(T)Cc W(T) CR.
where
(4.2) W(T) :={(Tz,z) : ||z|| = 1}.

ProoF. Since (Tz,z) = (z,Tz) = (Tx,xz) by symmetry, we obtain
W(T) C R.

Let A € C be such that d := dist (A, W(T')) > 0. Then, for every z € H
such that ||z] = 1,

d=dllz]| < A= (Tz,z)| = |((A =Tz, x)| < |(A=T)z].

This estimate implies that A — 7" is injective and that Rg (A — T) is closed. If
Rg (A —T) # H, then there exists 2y € (Rg (A — T))* such that ||| = 1. For
this xg we have

0= (()\ — T)[BQ,[BQ) =\ — (T[BQ,[BQ) Z d > 0,

a contradiction. Hence, A — T is invertible, or A € o(T'). Thus we have proved
also the first inclusion in (4.1). O

LEMMA 4.6. Let T' € L(H) be a self-adjoint operator on a complex Hilbert
space. Then

supW(T) € o(T) and inf W(T') € o(T),
where W (T) is defined as in (4.2).
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PROOF. Let A := sup W(T). By definition of W(T), the form a(x,y) :=
Az, y)— (T, y) is sesquilinear in the case of a complex Hilbert space or bilinear
and symmetric in the case of a real Hilbert space. Moreover, this form is positive
semidefinite, i.e. a(x,z) > 0 for every x € H.

By the Cauchy-Schwarz inequality applied to the form a(x,y), for every z,
yeH,

(e = Ta,y)| < (Ao = T, 2)2 Oy — Ty, )%
This inequality implies that there exists a constant C' > 0 such that for every
r e H,
| Az — Tz|| < C(\x — T, x)%.
Let (z,) C H, ||z,|| = 1 be such that (T'z,,x,) — A. Then the preceeding
inequality implies that lim,, . || Az, — Tz, || = 0. Hence, X € 0,,(T) C o(T).
The proof that inf W(T') € o(T) is similar. O

LEMMA 4.7. Let T € L(H) be a self-adjoint operator on a complex Hilbert
space, and let x, y € H be two eigenvectors corresponding to two distinct eigen-
values A\, 1 € o,(T"). Then (z,y) = 0.

PROOF. Since T is self-adjoint and A\, 4 € R (Lemma 4.5),

Az,y) = (Ar,y) = (Ta,y) = (2, Ty) = (2, py) = pz,y).
This equality can only hold if (z,y) = 0. O

THEOREM 4.8 (Spectral theorem for self-adjoint compact operators). Let
H be a complex Hilbert space, and let T € K(H) be an injective, self-adjoint,
compact operator. Then there exists an orthonormal basis (e,) C H and a
sequence (\,) such that lim,_,. A\, = 0 such that

Ten = /\neru
i.e. (en) is an orthonormal basis consisting only of eigenvectors of T

REMARK 4.9. If T € K(H) is self-adjoint, compact, but not injective, then
H = kerT @ (ker T')*, and there exists a orthonormal basis (e,) C (ker T')+
consisting only of eigenvectors of 7T'. This follows from applying Theorem 4.8
to the restriction of T to (ker T')* (which is invariant under 7).

PROOF OF THEOREM 4.8. Let (u,) be the sequence of all nonzero eigen-
values of T' (tty, # ptm if n # m) and let d,, = dim ker(u,, —T') be the multiplicity
of p,. Let (\,) be the sequence of all nonzero eigenvalues of T' counted with
their finite multiplicity d,, i.e. A\ = p1, ..., Aay, = M1, Agy+1 = M2, .-,
Ady+dy = M2, €te.

Let (f')1<i<q, be an orthonormal basis of ker(u, — T'), and let (e,) be

the family which is obtained by taking successively the union over all f7) i.e.

€1 = f117 N fc%la €di+1 = f127 cooy Cdi4dy = f§27 etc.

The family (e,) is orthonormal by Lemma 4.7. Moreover, by construction,
Te, = \ne, for every n € N. It remains only to show that span {e, : n € N} =:
Hy is dense in H.
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Let H, := Hy . For every z € H; and every n € N, since T is self-adjoint,
(Tz,e,) = (z,Te,) = (2, \nen) = Aul,e,) = 0.
Hence, THy, C Hy, or, equivalently, T} := T'|g, € K(H;). Since all eigenvectors
of T (for nonzero eigenvalues) are contained in Hy, 7} does not have any nonzero
eigenvalue. In other words, o(77) = {0}. By Lemma 4.6, this implies (T\z,z) =
0 for every x € H;. But then, for every x, y € Hy,
2Re(Tha,y) = (Ti(z +y), v +y) — (Thz,x) — (Thy,y) = 0,

so that T} = 0. But this means that ker T" contains H;. Since T is injective, we
obtain H; = {0}, or, in other words, Hy is dense in H. The claim is proved. [

5. * Elliptic partial differential equations

Let Q C RY be open and bounded, A € C, and consider the elliptic partial
differential equation
A—Au=f in §,

(5.1) .
u=>0 in 092,
where A stands for the Laplace operator and f € L?(Q).
Recall from Chapter 4 that a function u € Hj () is a weak solution of (5.1)
if for every ¢ € H}(f2) one has

)\/ngo—l—/QVquo:/Qfgp.
Let H := L*(Q) and define
(5.2) D(A) = {ue Hyj(Q):3f € L*(V) Vo € HY () :

/ VuTp = / 1)
Au = f,

so that A : D(A) — L*(Q) is a linear operator on L?(Q2). By definition,
u € D(A) and —Au = f if and only if u is a weak solution of (5.1) for A = 0.
Moreover, a function u € HJ(f2) is a weak solution of (5.1) if and only if

(5.3) u € D(A) and \u — Au = f.

In this sense, we may say that A is the realization of the Laplace operator
with Dirichlet boundary conditions. The problem (5.3) is a functional analytic
reformulation of (5.1). Instead of solving a partial differential equation we now
have to solve an algebraic equation. Clearly, the operator A is linear.

THEOREM 5.1. There exists an orthonormal basis (e,) of L*(Q) and a se-
quence (A,) C R_ such that lim, . A\, = —00 and for every n € N

en € D(A) and \,e, — Ae, = 0.
Moreover, 0(A) = 0,(A) = {\, :n € N}.
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REMARK 5.2. Theorem 5.1 gives also a description of the spectrum of the
Dirichlet-Laplace operator A. Every spectral value is an eigenvalue. Every
eigenspace is finite dimensional and there exists an orthonormal basis consisting
only of eigenvectors. For every A € o(A) and every f € L?(Q) there exists a
unique weak solution u € H}(Q2) of (5.1).

Theorem 5.1 also implies that the Dirichlet-Laplace operator is unitarily
equivalent to a multiplication operator on an [? space, i.e. the Dirichlet-Laplace
operator is diagonalizable.

In order to prove Theorem 5.1, we need the following theorem which will
not be proved here. We only remark that in the case when €2 C R is a bounded
interval we have given a proof in Example 1.7. For a proof for general €2, see
[3].

THEOREM 5.3 (Rellich-Kondrachov). Let Q C RY be open and bounded.
Then the embedding

HY Q) — L2(Q), uu,
18 compact.

PROOF OF THEOREM 5.1. Let u, v € D(A). Then,

(Au,v)2 = /Auv = /Vqu
= /VUVU = /Avu

= (Av,u): = (u, Av).

This equality means that A is symmetric.

By Theorem 6.2 of Chapter 4, for every f € L%*() there exists a unique weak
solution u € H}(2) of (5.1) with A\ = 1. This means that I — A: D(A) — H
is bijective. Let J:= (I — A)~!': H — D(A) C H be the inverse. For every u,
v€E€H, u=wu — Auy, v =1v; — Avy, by the symmetry of A,

(Ju,v) = (u1,v; — Avy) = (ug — Aug,v1) = (u,v1) = (u, Jo).

Hence, J is symmetric. By the Theorem of Hellinger-Toeplitz (Theorem 4.4),
J : H — H is bounded, and thus also self-adjoint. Since J is also a linear
operator from H into H}(Q), and since J is closed when considered as such an
operator, we obtain in fact that J : H — H}(Q) is bounded by the closed graph
theorem. Since the embedding Hj(Q2) — L*(2) is compact by the Rellich-
Kondrachov theorem, we obtain that J € K(H).

By the spectral theorem for self-adjoint compact operators, there exists an
orthonormal basis (e,) of H = L*(Q2) and a sequence (u,) C R such that
lim,, o pt, = 0 and

fnen = Je, for every n € N.
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Since Rg J = D(A), we obtain also that e, € D(A) for every n € N. Multiply-
ing the above equation by I — A, we obtain

Anen, — Ae, = 0 for every n € N,

with A\, := “” L € R. Since, by Theorem 6.2 of Chapter 4, A — A is invertible

for every )\ > 0 we obtain A, € R_. Clearly, the sequence (\,) is unbounded
since p, — 0.

Now let A & {\, : n € N}, and let f € L*(Q). If A =1 (or even A > 0),

then we have seen above that the operator A — A : D(A) — H is bijective.

So we can assume that A # 1. Then 5 € o(J) and we can define u :=

T
R(1,A)R(, J)% Clearly, u € D(A), and an easy calculation shows that

A — Au = f. Moreover, every solution of \u — Au = f is of the form above,
and thus A — A is bijective.
The claim is proved. U

COROLLARY 5.4. The operator A is closed and
D(A) ={u e L*(Q) : (\(u,e,)) € I°}.

PRrOOF. If an operator A : X D D(A) — X on a Banach space X has
nonempty resolvent set, then A is necessarily closed. In fact, (A — A)7! is
bounded for some A € g(A) # 0; in particular, (A — A)~! is closed, and thus
A — A is closed.

Note that the Dirichlet-Laplace operator A defined above has nonempty
resolvent set by Theorem 5.1, and thus A is closed.

The remaining claim follows easily from the fact that, by Theorem 5.1, A
is unitarily equivalent to the (unbounded) multiplication operator

D(M) = {(z,) €1*: (\zn) € I?},
M(z,) = (Anzn),
where the unitary operator is given by
U:L*Q) — P,
u = ((u,en)),

ie. A=U"TMU. U

6. * The heat equation
Let  C RY be open and bounded, and consider the heat equation
—Au=0 in R, x €,
(6.1) u=>0 in R, x 09,
u(0,2) = ug(x) in €,

where A denotes the Laplace operator, and ug € L*().
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We call a function v € C'(R,; L*(2)) a mild solution of (6.1) if u(0) = ug and
if for every ¢ € D(A) the function ¢ — (u, )2 is continuously differentiable

and if
d

dt
Here, A is the realization of the Dirichlet-Laplace operator on L?() defined in
(5.2).

(u, )2 = (u, Ap)re.

THEOREM 6.1. For every ug € L*(2) there exists a unique mild solution u
of (6.1).

PROOF. Let A be the realization of the Dirichlet-Laplace operator as de-
fined in the previous section. By Theorem 5.1, there exists an orthonormal
basis (e,) and an unbounded sequence (\,) C R_ such that for every n € N
one has \,e, = Ae,.

Assume that u is a mild solution of the heat equation (6.1). Then, for every
n €N,

d

—(u(t), en)r2 = (ult), Aen)r2 = A (ult), e,) 2.
dt
This implies

(u(t), en) 2 = ™ (ug, en)r2, t>0.

Hence, since (e,,) is an orthonormal basis,

(6.2) u(t) = Z e (ug, e)p2 €, t>0.

neN

This proves uniqueness of mild solutions.
On the other hand, let uy € L*(2) and define u(t) as in (6.2). Since |e*t| <
1 for every t > 0 and since ¢ — e*»! is continuous, u(t) € L?(2) for every t > 0,
and the function ¢ — u(t), R, — L?*(€) is continuous. Moreover, u(0) = wuq.
Let ¢ € D(A). By Corollary 5.4, (A\.(p,¢e,)) € [>. As a consequence,
t — (u, )2 is continuously differentiable and, by the symmetry of A,

d
g(u, ©)2 = Z A€ (U, en) 12 (€n, ©) 12
neN
= Z 6)\nt(u07 6n)L2 (Aerw QO)LQ
neN
= Z e (ug, en) 2 (en, Ap) 2
neN
= (u,Ap)r2, t>0.
This proves existence of mild solutions. 0

REMARK 6.2. The concrete form (6.2) of the solution u of the heat equation
(6.1) allows us to prove that in fact

u e C=((0,00); L*(2)),
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or even
u € C((0,00); D(A")) for every k > 1,

where D(A*) is the domain of A* equipped with the graph norm. The heat
equation thus has a regularizing effect in space and time; even if ug belongs
‘only” to L2(£2), then u(t) belongs already to D(A¥) for every k > 1. Moreover,
the solution is C* with values in D(A*) for every k > 1.

7. * The wave equation

Let 2 € RY be open and bounded, and consider the wave equation
uy — Au =10 in Ry x §,
u=>0 in R, x 09,
u(0,z) = up(x) in £,
u(0,2) = uy(x) in Q,
where A denotes the Laplace operator, ug € H} (), and u; € L*(Q).
We call a function u € C(Ry; H}(Q)) N CYR,y; L3(2)) a mild solution of

(7.1) if w(0) = ug, us(0) = uy, if for every p € Hg(Q2) the function t — (u, )2
is twice continuously differentiable and if

j—;(u(t), ©)rz + /QVu(t)V—go =0.

(7.1)

THEOREM 7.1. For every ug € H}(Q2) and every u; € L*(Q) there exists a
unique mild solution of (7.1).

For the proof of Theorem 7.1, we need the following result which we shall
not prove here; compare with Corollary 5.4.

LEMMA 7.2. Let A be the Dirichlet-Laplace operator as defined in (5.2), and
let (e,) and (\,) be as in Theorem 5.1. Then

H3(Q) ={uec L*(Q): (v/=Mu(u,e,)) € I*}.

PrROOF OF THEOREM 7.1. Let A be the realization of the Dirichlet-
Laplace operator as defined in Section 5. By Theorem 5.1, there exists an
orthonormal basis (e,) and an unbounded sequence ()\,) C R_ such that for
every n € N one has )\, e, = Ae,.

Assume that u is a mild solution of the wave equation (7.1). Then, for every
n €N,

d2
@(u(t), en)r2 = (u(t), Aep) e = A (u(t), e,) e.

Setting a,, := \/—\,, this implies

1
(u(t), en)rz = cos(ant)(ug, €,) 2 + — sin(a,t)(ug, e,)rz, t>0.
a

n
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Hence, since (e,) is an orthonormal basis,

(7.2) wu(t) = Z cos(at)(ug, €n)r2 € + Z O[i sin(apt)(uy, en)r2 €, t>0.

neN neN "

This proves uniqueness of mild solutions.

On the other hand, let vy € H}(Q) and u; € L*(Q), and define u(t) as
in (7.2). Since |cos(a,t)| < 1 and |sin(a,t)] < 1 for every ¢ > 0 and since
cos and sin are continuous, by Lemma 7.2, u(t) € Hj () for every t > 0, and
the function ¢ — wu(t), Ry — Hj(f2) is continuous. Moreover, u(0) = ug. By
the same reasons, t — u(t), R, — L*(Q) is continuously differentiable and
u(0) = uy.

Let ¢ € H}(Q). By Lemma 7.2, (a,(p,e,)) € 2. As a consequence,
t — (u, ) is twice continuously differentiable and, by the symmetry of A,

d2
pwe) = - > " A cos(ant)(uo, €n) 12 (€n, )2 —
neN

— Z oy sin(apt)(uq, en)r2 (en, )2
neN

= — Zcos(ant)(uo, en)r2 (Aen, )2 —

neN

1
— Z - sin(a,t)(uy, e,)r2 (Aey, @) 12

neN "

= —Zcos(ant)(uo,en)p /VenV<p—
Q

neN

1
- Z — sin(a,t)(u, e,) 2 / Ve,V
Q

neN n
= —/Vchp, t>0.
Q

This proves existence of mild solutions. O

REMARK 7.3. The concrete form (7.2) of the solution u of the wave equation
(7.1) shows that it can be uniquely extended to a solution w defined on R.
However, for the wave equation (7.1) there is no regularizing effect as for the
heat equation (6.1).

8. * The Schrodinger equation
Let © € RY be open and bounded, and consider the Schrodinger equation
ug —tAu =0 in Ry x
(8.1) u=>0 in Ry x 09,
u(0,x) = up(x) in 2,
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where A denotes the Laplace operator, i = /—1 is the complex unity, and
Ug € L2(Q)

We call a function v € C'(R,; L*(2)) a mild solution of (8.1) if u(0) = ug and
if for every ¢ € D(A) the function ¢ — (u, )2 is continuously differentiable
and if

d

%(u,@)Lzzi(u,Agp)Lz, tz()

Here, A is the realization of the Dirichlet-Laplace operator on L?(2) defined in
(5.2).

THEOREM 8.1. For every ug € L*(Q2) there exists a unique mild solution u

of (8.1).

PROOF. Let A be the realization of the Dirichlet-Laplace operator as de-
fined in (5.2). By Theorem 5.1, there exists an orthonormal basis (e,) and an
unbounded sequence (A,) C R_ such that for every n € N one has A\, e, = Ae,.

Assume that u is a mild solution of the Schrédinger equation (8.1). Then,
for every n € N,

d . .
E(u(t), en)rz =i (u(t), Aey) e = i\, (u(t), en) 2.
This implies
(u(t), en) 2 = € (ug, en) 2, t>0.

Hence, since (e,,) is an orthonormal basis,

(8.2) u(t) = Z et (ug, en) 2 €n, > 0.

neN

This proves uniqueness of mild solutions.
On the other hand, let ug € L?(€2) and define u(t) as in (8.2). Since |e?!| <
1 for every ¢t > 0 and since t + e**»! is continuous, u(t) € L*(Q) for every t > 0,
and the function ¢ — u(t), R, — L*() is continuous. Moreover, u(0) = uq.
Let ¢ € D(A). By Corollary 5.4, (M\,(p,e,)) € [*. As a consequence,
t — (u, )2 is continuously differentiable and, by the symmetry of A,

d

@(%@)B = Zi/\nei’\”t(uo,en)p (€n, ©) 12

neN

= 4 Z ei)‘”t(uo, en)rz (Aen, @) 2

neN

= 4 Z e (ug, en) 2 (n, Ap) 12

neN
= i(u,Ap)rz, t>0.

This proves existence of mild solutions. l
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REMARK 8.2. The concrete form (8.2) of the solution u of the Schrodinger
equation (8.1) shows that it can be uniquely extended to a solution u defined
on R. However, similarly as for the wave equation (7.1), there is no regularizing
effect for the Schrodinger equation (8.1).

9. * Spectral theorem for unbounded self-adjoint operators

In the preceeding two sections, we have actually proved more than just
solvability of an elliptic and a hyperbolic partial differential equation. We have
proved that the Dirichlet-Laplace operator is self-adjoint, that it has a compact
resolvent, and that therefore it is diagonalisable. In this last section, we dis-
cuss the spectral theorem for unbounded self-adjoint operators with compact
resolvent.

DEFINITION 9.1. Let H be a complex Hilbert space, and let A : H D
D(A) — H be a densely defined (i.e. D(A) is dense in H) and linear operator.
We define

D(AY) = {g€H:JyeHVze€ D(A): (Az,2)g = (2,9)u},
Az = .

The operator (A*, D(A*)) is called the (Hilbert space) adjoint of A. For every
x € D(A), y € D(A*) one has

(Az,y) = (z, A"y).

REMARK 9.2. The adjoint A* is well-defined in the sense that the element
y € H is uniquely determined (use that D(A) is dense in H).

LEMMA 9.3. Let A: D(A) — H be a densely defined, linear operator. Then
A*: D(A*) — H is closed.

PROOF. Let (x,) C D(A*) be convergent to some z € H and such that
(A*x,,) converges to y € H. Then, for every z € D(A),
(z,y) = lim(z, A*z,)

n—oo

= lim (Az, z,)

= (Az,x).

By definition of A* this implies x € D(A*) and A*x = y. Hence, A* is closed.
O

DEFINITION 9.4. Let H be a complex Hilbert space, and let A : H D
D(A) — H be a densely defined, linear operator. We say that A is symmetric
if for every x, y € D(A),

(Az,y) = (2, Ay).
We say that A is self-adjoint it A = A*.
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REMARK 9.5. Saying that A is self-adjoint, i.e. that A = A* means that
D(A) = D(A*) and A = A*. By Lemma 9.3, every self-adjoint operator is
necessarily closed. Note, however, that a symmetric closed linear operator A
need in general not be self-adjoint! However, if D(A) = H, then symmetric
implies self-adjoint by the Theorem of Hellinger-Toeplitz (Theorem 4.4).

REMARK 9.6. If A : H — H (D(A) = H!) is self-adjoint in the sense
of Definition 9.1, then A is self-adjoint in the sense of Definition 4.2 and vice
versa.

LEMMA 9.7. Let A : D(A) — H be densely defined and symmetric. Then
the following are equivalent:
(i) A is self-adjoint.
(ii) A is closed and ker(A* £+ 1) = {0}.
(ii) Rg (A +1) = H.

PROOF. (i)=-(ii). By Lemma 9.3, A* is closed, and therefore A is closed.
Let x € H be such that (A* —i)x = 0. Since A* is symmetric,

illz|* = (iz, ) = (A"z,2) = (v, A"z) = —i[z.

Hence, z = 0. Similarly, one proves ker(A* + i) = {0}.
(ii)=-(iii). Similarly as in Lemma 3.1 one proves that

ker(A* — i) = (Rg (A +i))*,

where | now means the Hilbert space orthogonal. Hence, if ker(A* —i) = {0},
then Rg (A + i) is dense in H. We prove that Rg (A + i) is also closed. Since
A is symmetric, we have (Az,z) € R for every x € D(A). Hence, for every
x € D(A),

A+l = [[Az]* + [[z]* + 2Re (Az, iz)
= [[Azl® +[l=]* = Jal*.

Let (xz,) € D(A) be such that lim, (A + i)z, = y € H exists. By the
preceeding inequality, this implies that (x,,) is a Cauchy sequence in H. Hence,
x = lim, oz, € H exists. Since A + i is closed, we obtain x € D(A) and
(A+ i)z =y. Hence, Rg (A + 1) is closed. Similarly, Rg (A — ) is closed.
(iii)=-(i). Since A is symmetric, D(A) C D(A*) and Az = A*x for every
x € D(A). It remains to show that D(A*) C D(A). Let y € D(A*). Since
Rg (A + i) = H, there exists x € D(A) such that (A* — i)y = (A+1i)x. By
symmetry of A, (A+ i)z = (A* — i)z = (A* —¢)y. Since Rg(A+1i) = H
implies ker(A* — i) = {0} (compare again with Lemma 3.1), this implies =
y € D(A). O

EXERCISE 9.8. The Dirichlet-Laplace operator A defined in (5.2) is self-
adjoint.
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LEMMA 9.9. Let A : D(A) — H be densely defined and closed. Then, for
every A € o(A) one has \ € o(A*) and

R(\, A)* = R(\, AY).
PROOF. For every x € D(A) and every y € D(A*) one has

(ZL‘, R(/\v A)*(S‘ - A*)y) = (R(/\v A):E, (5‘ - A*)y)
= (A=A)R\ A)z,y)

= (z,9)
and
(z, (A= AR\ A)y) = (A= Az, R\, A)"y)
= (B A)A = A)z,y)
= (z,9)
so that A — A* is invertible and R(\, A*) = R(\, A)*. O

THEOREM 9.10 (Spectral mapping theorem). Let A : D(A) — H be densely
defined, closed. Assume that o(A) is not empty. Then, for every A € o(A),

(A =o(A) ™ =a((A=A4)7)\ {0},
ProOOF. The proof is an exercise. O

THEOREM 9.11 (Spectral theorem for unbounded self-adjoint operators with
compact resolvent). Let A : D(A) — H be densely defined, self-adjoint, such
that R(A\,A) € K(H) for some A\ € o(A) (for example for X = +i). Then
there exists an orthonormal basis (e,,) C H and a sequence (\,) C R such that
lim,, o0 | An| = 00,

e, € D(A) and Ae,, = \e, for everyn € N.
Moreover, 0(A) = 0,(A) = {\, : n € N}.
PROOF. Let A € p(A) be such that R(\, A) € K(H). By Theorem 3.6,

o(R(A, A)) is countable. Hence, by Theorem 9.10, (A) is countable. In par-
ticular, there exists u € o(A) NR. Let J := R(u, A). By the resolvent identity

so that R(u, A) is compact, too. Moreover, since u € R, for every x, y € H,
(Ja,y) = (Ja, (0 — A)Jy) = (b — A)Jx, Jy) = (, Jy),

so that J is self-adjoint. By the spectral theorem for self-adjoint compact
operators, there exists an orthonormal basis (e,,) and a sequence (u,,) C R\ {0}
such that lim,, . p, = 0 and such that

fnen = Je, for every n € N.
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This equation implies on the one hand that e,, € D(A) and on the other hand,
when we multiply by u — A,

An€n = Ae, for every n € N,
with \, = u — “in Clearly, lim,, .., |\,] = oo, and by the spectral mapping

theorem (Theorem 9.10), 0(A) = 0,(A) = {\, : n € N}. The claim is proved.
U
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