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Chapter 0
Primer on metric spaces

It is the purpose of this introductory chapter to recall some basic facts about metric
spaces, sequences in metric spaces, compact metric spaces, and continuous func-
tions 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 introduced on R
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
for example the definitions of density or of completion of a metric space.

0.1 Metric spaces

Let M be a set. We call a function d : M x M — R, a metric or a distance on M if
forevery x,y,ze M

(i) d(x,y)=0ifand only if x =y,
(ii) d(x,y)=d(y,x) (symmetry), and
(iii) d(x,y) <d(x,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 from the context, and to speak of a metric space M.

Example 0.1. 1. Let M C R¢ and

d
d(x,y) =Y [xi— il
i=1

or

i=1

d 2
d(x,y) = (Z |xi_)’i2> :
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Then (M, d) is a metric space. The second metric is called the Euclidean metric.
Often, if the metric on R is not explicitly given, we mean the Euclidean metric.
. 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(x)l-

x€[0,1]
Then (M,d) is a metric space.

. Let M be any set and
0 ifx=y,
d(x,y) = .
1 otherwise.

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

__dxy)
di(x,y) = L+d(x,y)

and
dy(x,y) := min{d(x,y), 1}

are metrics on M, too.
. Let M = C(R) be the space of all continuous functions on R, and let

dn(f>8) = sup |f(x)=g(x)| (neN)

XE[—n,n]

and

v o da(fr8)
d(f.8): ng&z 1+d(fr8)

Then (M,d) is a metric space. Note that the functions d,, are not metrics for any
n € N!

. Let (M,d) be a metric space. Then any subset M C M is a metric space for the
induced metric

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

. Let (M,,,d,) be metric spaces (n € N). Then the cartesian product M := @,,cy Mp,
is a metric space for the metric

d(x,y):= Y 27" min{dy(xs,yn),1}.

neN

Clearly, in a similar way, every finite cartesian product of metric spaces is a
metric space.
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Let (M,d) be a metric space. For every x € M and every r > 0 we define the
open ball B(x,r) := {y € M : d(x,y) < r} with center x and radius r. A set O C M
is called open if for every x € O there exists some r > 0 such that B(x,r) C 0. A
set A C M is called closed if its complement A = M \ A is open. A set U C M is
called a neighbourhood of x € M if there exists » > 0 such that B(x,r) C U.

Remark 0.2. (a) The notions open, closed, neighbourhood depend on the set M!!
For example, M is always closed and open in M. The set Q 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 0.3. Let (M, d) be a metric space. The following are true:

(a) Arbitrary unions of open sets are open. That means: if (O;)ies is an arbitrary
Sfamily of open sets (no restrictions on the index set I), then | J;c; O; is open.

(b) Arbitrary intersections of closed sets are closed. That means: if (A;)ier is an
arbitrary family of closed sets, then (;c;A; is closed.

(c) Finite intersections of open sets are open.

(d) Finite unions of closed sets are closed.

Proof. (a) Let (O;)icr be an arbitrary family of open sets and let O := {J;; O;. If
x € 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(x,r) C O, and therefore O is open.

(c) Next let (O;);er be a finite family of open sets and let O :=(;; 0;. If x € O,
then x € O; for every i € I. Since the O; are open, there exist r; such that B(x, r;) C O;.
Let r := min;e; r; which is positive since [ is finite. By construction, B(x,r) C O; for
every i € I, and therefore B(x,r) C O, that is, O is open.

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

Exercise 0.4 Determine all open sets (respectively, all closed sets) of a metric space
(M,d), where d is the discrete metric.

Exercise 0.5 Show that a ball B(x,r) in a metric space M is always open. Show
also that
B(x,r):={yeM:d(xy) <r}
is always closed.
Let (M,d) be a metric space and let S C M be a subset. Then the set
§:=N{A:A C M is closed and S C A} is called the closure of S. The set

S°:=U{0: 0 C Misopenand O C S} is called the interior of S. Finally, we call
dS:={xeM:Ve>0B(x,e)NS # 0 and B(x,e) NS # 0} the boundary of S.

By Lemma(0.3] 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.
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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.

Exercise 0.6 Give an example of a metric space M and some x € M, r > 0, to show
that B(x,r) need not coincide with the closure of B(x,r).

Exercise 0.7 Let (M,d) be a metric space and consider the metrics dy and d, from
Example[0.1)@). Show that the set of all open subsets, closed subsets or neighbour-
hoods 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,
dy and dj 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 d, take only values between 0
and 1) without changing the topology.

0.2 Sequences, convergence

Throughout the following, sequences will be denoted by (x,,). Only when it is nec-
essary, we make precise the index #; usually, n > 0 or n > 1, but sometimes we will
also consider finite sequences or sequences indexed by Z.
Let (M,d) be a metric space. We call a sequence (x,,) C M a Cauchy sequence
if
Ve >03ng € NVn,m € Ny, 0 d(xn,xm) < E.

We say that a sequence (x,) C M converges to some element x € M if
Ve > 03ng € NVn € Nxp, 1 d(xn,x) < €.

If (x,) converges to x, we also write lim,_,c X, = X O X;, — X as 1 — oo,

Exercise 0.8 Let C([0,1]) be the metric space from Example @). 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 @) 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 0.9 Determine all Cauchy sequences and all convergent sequences in a
discrete metric space.
Lemma 0.10. Let M be a metric space and (x,) C M be a sequence. Then:

(@) lim,_ex, = x for some element x € M if and only if for every neighbourhood
U of x there exists ng such that for every n > ng one has x, € U.

(b) (Uniqueness of the limit) If lim,,_s. X, = x and lim,,_so x,, =y, then x = y.
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Lemma 0.11. A set A C M is closed if and only it is sequentially closed, that is, if
for every sequence (x,) C A which converges to some x € M one has x € A.

Proof. Assume first that A is closed and let (x,) 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, &) C A°. Given this €, there exists ng such that x,, € B(x, €) for
every n > ny, a contradiction to the assumption that x,, € 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 x € A° such that for every n € N the set B(x, %) NA is nonempty.
From this one can construct a sequence (x,) C A which converges to x, which is a
contradiction because x € A°.

Lemma 0.12. Let (M,d) be a metric space, and let S C M be a subset. Then
S={xeM:3(x,) CSs.t limx,=x}
n—ro

={xeM:d(x,S):=infd(x,y) = 0}.
yeSs

Proof. Let
A={xeM:3(x,) CSs.t limx,=ux}
n—soo

and
B:={xeM:d(xS):= ingd(x,y) =0}.
ye

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 € §
such that d(x,,y,) < 1/n. Hence,

limsupd(x,y,) < limsupd(x,x,) + limsupd(x,,y,) =0,
n—soo n—yoo n—yoo
so that x € B.

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

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

Exercise 0.13 Show that the spaces R?, C([0, 1]) and C(R) are complete. Show also
that any discrete metric space is complete.

Lemma 0.14. 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 (x,) be a Cauchy sequence in N. By
the assumption that M is complete, (x,) is convergent to some element x € M. Since
N isclosed, x € N.
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Assume on the other hand that N is complete, and let (x,) C N be convergent to
some element x € M. Clearly, every convergent sequence is also a Cauchy sequence,
and since N is complete, (x,) converges to some element y € N. By uniqueness of
the limit, x =y € N. Hence, N is closed.

0.3 Compact spaces

We say that a metric space (M, d) is compact if for every open covering there exists
a finite subcovering, that is, whenever (0;);¢; 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 = Uielo 0;.

Lemma 0.15. A metric space (M,d) is compact if and only if it is sequentially com-
pact, that is, 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 (x,) does not
have a convergent subsequence. Then for every x € M there exists & > 0 such that
B(x, &) contains only finitely many elements of {x, }. Note that (B(x, &))xep 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,cy B(x,&;). But this means that (x,) 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;);c; be an
open covering of M. We first show that there exists € > 0 such that for every x € M
there exists iy € I with B(x,&) C O, . If this were not true, then for every n € N
there exists x, such that B(x,, %) ¢ O, for every i € I. Passing to a subsequence, we
may assume that (x,) is convergent to some x € M. There exists some iy € I such
that x € O;,, and since O;, is open, we find some £ > 0 such that B(x,€) C O;,.
Let ny be such that % < % By the triangle inequality, for every n > ny we have

B(xy, %) C B(x,€) C 0;,, a contradiction to the construction of the sequence (x;).

Next we show that M = J]_, B(x;, €) for a finite family of x; € M. Choose any
x; € M. If B(x1,€) = M, then we are already done. Otherwise we find x, € M\
B(x1,€).If B(x1,€) UB(x2,€) # M, then we even find x3 € M which does not belong
to B(x1,€) UB(x2,€), and so on. If Jj_; B(x;,€) is never all of M, then we find
actually a sequence (x;) such that d(x;,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 OiX/ for some iy; € I, we have proved that

M=}, Oix_, , i.e. the open covering (0;) admits a finite subcovering. The proof is
complete.

Lemma 0.16. Any compact metric space is complete.

Proof. Let (x,) be a Cauchy sequence in M. By the preceeding lemma, there ex-
ists a subsequence which converges to some x € M. If a subsequence of a Cauchy
sequence converges, then the sequence itself converges, too.
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0.4 Continuity

Let (M;,d;), (My,d,) be two metric spaces, and let f : M| — M, be a function. We
say that f is continuous at some point x € M if

Ve >036 >0Vy e B(x,0): da(f(x),f(y)) <e.

We say that f is continuous if it is continuous at every point. We say that f is
uniformly continuous if

Ve > 036 >0Vx,y e M :di(x,y) <8 = da(f(x),f(y)) < €.
We say that f is Lipschitz continuous if
IL>0Vx,y e My : da(f(x),f(y)) < Ld(x,y).

Lemma 0.17. A function f : Mj — M, between two metric spaces is continuous at
some point x € M| if and only if it is sequentially continuous at x, that is, if and only
if for every sequence (x,) C M\ which converges to x one has 1im,_,o. f (x,) = f(x).

Proof. Assume that f is continuous at x € M, and let (x,) be convergent to x. Let
€ > 0. There exists 0 > 0 such that for every y € B(x, §) one has f(y) € B(f(x),€).
By definition of convergence, there exists ng such that for every n > ng one has
Xu € B(x,0). For this ny and every n > ng one has f(x,) € B(f(x),€). Hence,
limy, e f(x,) = f(x).

Assume on the other hand that f is sequentially continuous at x. If f was not con-
tinuous in x then there exists € > 0 such that for every n € N there exists x, € B(x, %)
with f(x,) € B(f(x), €). By construction, lim,,_,. x, = x. Since f is sequentially con-
tinuous, lim,_,« f(x,) = f(x). But this is a contradiction to f(x,) &€ B(f(x),€), and
therefore f is continuous.

Lemma 0.18. A function f : M| — M; between two metric spaces is continuous if
and only if preimages of open sets are open, that is, if and only if for every open set
O C M, the preimage f~'(0) is open in M.

Proof. Let f: M| — M, be continuous and let O C M, be open. Let x € f_l(O).
Since O is open, there exists € > 0 such that B(f(x),€) C O. Since f is continuous,
there exists 6 > 0 such that for every y € B(x,8) one has f(y) € B(f(x), €). Hence,
B(x,8) C f1(0) so that f~1(0) 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, x belongs to
this preimage, and therefore there exists § > 0 such that B(x, 8) C f~'(B(f(x),€)).
This proves continuity.

Lemma 0.19. Ler f : K — M be a continuous function from a compact metric space
K into a metric space M. Then:

(a) The image f(K) is compact.
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(b) The function f is uniformly continuous.

Proof. (a) Let (0;);e; be an open covering of f(K). Since f is continuous, f~!(0;)
is open in K. Moreover, (f~!(0;))es is an open covering of K. Since K is compact,
there exists a finite subcovering: K = U, f ~1(0;) for some finite Iy C I. Hence,
(Oi)ier, is a finite subcovering of f(K).

(b) Let € > 0. Since f is continuous, for every x € K there exists 8, > 0 such that
for all y € B(x, d;) one has f(y) € B(f(x),€). By compactness, there exists a finite
family (x;)1<i<n C K such that K = Ji_; B(x;, 8y, /2). Let 6 =min{é,,/2: 1 <i<n}
and let x, y € K such that d(x,y) < 6. Since x € B(x;, 0y, /2) for some 1 <i <n, we
find that y € B(x;, dy,;). By construction, f(x), f(y) € B(f(xi), €) so that the triangle
inequality implies d(f(x), f(y)) < 2.

Lemma 0.20. Any Lipschitz continuous function f : Mi — M, between two metric
spaces is uniformly continuous.

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

dZ(f(x)af(y)) < Ld, ()C,y) <g,

and therefore f is uniformly continuous.

0.5 Completion of a metric space

We say that a subset D C M of a metric space (M,d) is dense in M if D = M.
Equivalently, D is dense in M if for every x € M there exists (x,) C D such that
lim,, e X, = X.

Lemma 0.21 (Completion). Let (M,d) be a metric space. Then there exists a com-
plete metric space (M ,d} and a continuous, injective j : M — M such that

d(x,y) =d(j(x),j(y)), xy€eM,
and such that the image j(M) is dense in M.

Let (M, d) be a metric space. A complete metric space (M, d) fulfilling the prop-
erties from Lemma is called a completion of M.

Proof (Proof of Lemmal[0.21)). Let
M :={(x,) € M : (x,) is a Cauchy sequence}.

We say that two Cauchy sequences (x,), (y,) € M are equivalent (and we write
(xn) ~ (yn)) if limy—se0 d (x4, y,) = 0. Clearly, ~ is an equivalence relation on M.
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We denote by [(x,)] the equivalence class in M of a Cauchy sequence (x,), and
we let
M:=M/ ~={[(x)] : (xn) € M}

be the set of all equivalence classes. If we define

~

A1) [0m) 1= Tim s, 30),

then d is well defined (the definition is independent of the choice of representatives)
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(x) = [(x)] (the equivalence
class of the constant sequence (x)) is continuous, injective and in fact isometric, i.e.

d(x,y) = d(j(x),j(7))
for every x, y € M. The proof is here complete.

Lemma 0.22. Let (M;,d;) (i = 1, 2) be two completions of a metric space (M,d).
Then there exists a bijection b : My — M such that for every x, y € M,

~

di(x,y) = da(b(x),b(y)).

Lemma [0.22f shows that up to isometric bijections there exists only one comple-
tion of a given metric space and it allows us to speak of the completion of a metric
space.

Lemma 0.23. Let f : My — M, be a uniformly (!) continuous function between two
metric spaces. Let M| and M> be the completions of M| and M5, respectively. Then
there exists a unique continuous extension f : My — M of f.

Proof. Since f is uniformly continuous, it maps equivalent Cauchy sequences into
equivalent Cauchy sequences (equivalence of Cauchy sequences is defined as in the
proof of Lemma . Hence, the function f([(x,)]) := [(f(x,))] is well defined. It
is easy to check that f is an extension of f and that f is continuous (even uniformly
continuous).

The assumption of uniform continuity in Lemma is necessary in general.
The functions f(x) = sin(1/x) and f(x) = 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 1
Banach spaces and bounded linear operators

Throughout, let K € {R,C}. In this chapter we introduce normed spaces, Banach
spaces and bounded linear operators between normed spaces. Besides defining these
notions, we give some standard examples of normed spaces, Banach spaces and of
bounded linear operators. There are two main theoretical results of this chapter, and
they have to do with characteristic properties of dimensional normed spaces. The
first result states that any two norms on a finite dimensional real or complex vector
space are equivalent (this is not true in infinite dimensional spaces), while the second
result states that the closed unit ball of a normed space is compact if and only if the
space is finite dimensional.

1.1 Normed spaces

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

(i) |lx]| =0if and only if x =0,
(i) (| Ax]] = [A][lx
@iii) |lx+y| < |lx||+1y| (triangle inequality).

, and

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 1.1. 1. (Finite dimensional spaces) Let X = K?. Then

d 1/p
[x[lp == (Z xz'l”> , 1<p<es,
i=1

and

[[¥]lee := sup |xi|
1<i<d

11



12 1 Banach spaces and bounded linear operators

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

1P = {(x0) CK: Y alP < o0}

bl = (X |xnp>1/p.

n

with norm

Then (17, || - ||5) is a normed space.
3. (Sequence spaces) Let X be one of the spaces

{(
{(xs) CK: lim x, exists}, or
n—soo
co :={(x) CK: limx, =0}, or
n—soo
{(xn) CK: the set {n: x, # 0} is finite },
and let

[1]| 0 := SUPp |%s]-
n

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

b 1/p
Ili= ([ el ax) L 1sp<e

and

£l :=sup [ (x)

x€la,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

[[f1leo := sup [ f(x)]
xeK

is a norm on C(K).
6. (Function spaces: integrable functions) Let (2,.o7, 1) be a measure space and let
X, =LP(22) (1 < p <o) Let

1/p
= ([, 1rPaw) . 1<p<e
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or
[1£llee := ess sup|f(x)] := inf{c € Ry : p({[f] > ¢}) = 0}

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

C'(Ja,b]) := {f € C([a,b]) : f is continuously differentiable}.

Then || - || and
£l == 1f oo + 110

are norms on C' ([a,b]).
We will see more examples in the sequel.

Lemma 1.2. Every normed space (X, || - ||) is a metric space for the metric
d(xay) = ||x_yH? xayex-

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

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

Lemma 1.4. Given a normed space, the norm is a continuous function.
This lemma is a consequence of the following lemma.

Lemma 1.5 (Triangle inequality from below). Let X be a normed space. Then,
foreveryx,y€X,
[l =yl = [llxll = [I[l]-

Proof. The triangle inequality implies

[l = fle =y +
< =yl 1y,

so that
[l ll = Iy [l < [l =yl

Changing the role of x and y implies

IV =11l < fly = >l =[x =¥,

and the claim follows.
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A notion which can not really be defined in metric spaces but in normed spaces
is the following. A subset B of a normed space X is called bounded if

sup{||x|| : x € B} < oo.

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 multiplication. 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 give a new example of a
normed space.

Example 1.6. 8. (Function spaces: vector-valued continuous functions) Let (X, || -
|l) 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

[1fllee := sup || £ (x)]]
xek

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, that is,
a normed space in which every Cauchy sequence converges. A complete normed
space is called a Banach space.

Example 1.7. The finite dimensional spaces, the sequence spaces [7 (1 < p < ), c,
and co, and the function spaces (C([a,b]), || ||« ), (LP(£2),]| - || ») are Banach spaces.
The spaces (coo, || - ||), (C([a,b]),]-||p) (1 < p < eo) are not Banach spaces.

If X is a Banach space, then also (C(K;X), || - ||) is a Banach space.

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

cllxll < llxlla < Cllx]ls-

Lemma 1.8. Let || - ||,
lowing are equivalent:

- ||l2 be two norms on a vector space X (over K). The fol-

1

(i) The norms || - -||2 are equivalent.

(il) A set O C X is open for the norm || - ||| if and only if it is open for the norm
Il |l2 (and similarly for closed sets).

(ili) A sequence (x,) C X converges to 0 for the norm || - ||| if and only if it con-
verges to 0 for the norm || - ||2.

In other words, if two norms || - ||1, || - || 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 fopology. In particular, if X is a Banach space for
one norm then it is also a Banach space for the other (equivalent) norm.
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Exercise 1.9 The norms || - || and || - ||, are not equivalent on C([0,1]).

Theorem 1.10. Any two norms on a finite dimensional real or complex vector space
are equivalent.

Proof. We may without loss of generality consider K?. Let || - || be a norm on K¢
and let (e;)1<;<q be the canonical basis of K¢. For every x € K¢

d
[l =11} e
i=1

d

< Y il fledl
i=1

< Cllxh,

where C := sup; ;< |lei]| < oo and | - [|1 is the norm from Example [I.1}1. By the
triangle inequality from below, for every x, y € K¢,

[l = lIylll < llx =yl < Clle =yl

Hence, the norm || - || : (K<, ||-||;) — R is continuous (on K¢ equipped with the
norm || -|[1). If S := {x € K¢ : ||x||; = 1} denotes the unit sphere for the norm || -
then S is compact. As a consequence

1>

c:=inf{|jx|| : x € S} >0,
since the infimum is attained by the continuity of || - ||. This implies
cllx|ly < |jx||  for every x € K.

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

Corollary 1.11. Any finite dimensional normed space is complete. Any finite dimen-
sional subspace of a normed space is closed.

Proof. The space (K, ||-||1) is complete (exercise!). If || - || is a second norm on K¢
and if (x,) is a Cauchy sequence for that norm, then it is also a Cauchy sequence
in (K, ||+ ||1) (use that the norms || -||; and | - || are equivalent), and therefore con-
vergent in (K%, |- ||1). By equivalence of norms again, the sequence (x,) 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,) CY be a
convergent sequence with x = lim,_,. x, € X. Since (x,) is also a Cauchy sequence,
and since Y is complete, we find (by uniqueness of the limit) that x € Y, and therefore
Y is closed (Lemmal0.1T).

Let (x,) be a sequence in a normed space X. We say that the series Y, x, is
convergent if the sequence (¥ ;<,x;) of partial sums is convergent. We say that the
series Y, x, is absolutely convergent if )", ||x,|| < c.
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Lemma 1.12. Ler (x,) be a sequence in a normed space X. If the series Y, X, is
convergent, then necessarily lim,_,. x, = 0.

Note that in a normed space not every absolutely convergent series is convergent.
In fact, the following is true.

Lemma 1.13. 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 ), x,, 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 Y, x,, is convergent.

On the other hand, assume that every absolutely convergent series is convergent.
Let (x4)n>1 C X be a Cauchy sequence. From this Cauchy sequence, one can ex-
tract a subsequence (X, )k>1 such that ||x,,  , —x,,[| < 27% k> 1.Letyg = Xy, and
Yk = Xmy — *n» k = 1. Then the series Y~y is absolutely convergent. By as-
sumption, it is also convergent. But by construction, (¥5_oy;) = (x,), so that (x, )
is convergent. Hence, we have extracted a subsequence of the Cauchy sequence
(x,) which converges. As a consequence, (x,) is convergent, and since (x,) was an
arbitrary Cauchy sequence, X is complete.

Lemma 1.14 (Riesz). Let X be a normed space and let Y C X be a closed linear
subspace. IfY # X, then for every 8 > 0 there exists x € X \ Y such that ||x|| = 1 and

dist(x,Y) =inf{||x—y||:y€e¥Y} >1-6.
Proof. Letz€ X \Y. SinceY is closed,
d :=dist(z,Y) > 0.
Let 6 > 0. By definition of the infimum, there exists y € ¥ such that

d

—y|l < —.
le=ylI=< 15

Letx:= \:iH .Thenx € X \Y, ||x|| =1, and foreveryu € Y

Ix—ul =lz=y| " lz— O+ lz—y]u)|
>lz=y|'d > 1-38,

since (y+ |lz—yllu) € Y.

Theorem 1.15. A normed space is finite dimensional if and only if every closed
bounded set is compact.

Proof. If the normed space is finite dimensional, then every closed bounded set
is compact by the Theorem of Heine-Borel. Note that by Theorem [I.10] it is not
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important which norm on the finite dimensional space is considered. By Lemma
[1.8] 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 (x,) C X such that
|[x4]| = 1 and dist (x,11,X,) >  for every n € N, where X, = span{x; : 1 <i <n}
(note that X}, is closed by Corollary. By construction, (x,) belongs to the closed
unit ball, but it can not have a convergent subsequence (even not a Cauchy subse-
quence). Hence, the closed unit ball is not compact. We state this result separately.

Theorem 1.16. In an infinite dimensional Banach space the closed unit ball is not
compact.

Lemma 1.17 (Completion of a normed space). For every normed space X there
exists a Banach space X and a linear injective j : X — X such that ||j(x)|| = ||x||
(x € X) and j(X) is dense in X. Up to isometry, the Banach space X is unique (up
to isomorphism). It is called the completion of X.

Proof. Tt suffices to repeat the proof of Lemma[0.21]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 [(x,)], one defines the
norm

sl = Tim |

Uniqueness of X follows from Lemma

1.2 Product spaces and quotient spaces

Lemma 1.18 (Product spaces). Let (X;);c; be a finite (!) family of normed spaces,
and let Z := Q,c; X; be the cartesian product. Then

iel

1/p
[l p == (lexz&,) (1< p<e),

and
[l := sup||x:]|x;
iel

define equivalent norms on 2. In particular, the cartesian product is a normed
space.

Proof. The easy proof is left to the reader.

Lemma 1.19. Let (X;)ics be a finite family of normed spaces, and let 2" := Q;c; Xi
be the cartesian product equipped with one of the equivalent norms | - ||, from
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Lemma Then a sequence (x") = ((x});) C Z converges (is a Cauchy sequence)
if and only if (xI') C X; is convergent (is a Cauchy sequence) for every i € I.

As a consequence, 2" is a Banach space if and only if all the X; are Banach
spaces.

Proposition 1.20 (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

x+Y:={x+y:yeY},
and define the quotient space or factor space

XY :={x+Y:xeX}.
Then X /Y is a vector space for the addition

(x+Y)+(z+Y):= (x+z+Y),
and the scalar multiplication
Ax+Y):=(Ax+7Y).

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, 1)

to be the space of all measurable functions f : 2 — K such that [, [f]|? du < co.
Moreover,

Ni={fe2r(@.): [ |77 =0,

Note that N is a linear subspace of £?(Q, o/, 1), and that N is the space of all
functions f € ZP which vanish almost everywhere. Then

LP(Q, o 1) :=2LP(Q, o 1) /N.

Proposition 1.21. Let X be a normed space and let Y C X be a linear subspace.
Then

[x+ Y[ :=inf{[x—yl]:y €Y}
defines a norm on X /Y if and only if Y is closed in X. If X is a Banach space and
Y C X closed, then X /Y is also a Banach space.
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Proof. We have to check that || - || satisfies all properties of a norm. Recall that
Ox/y =Y, and that forall x € X

Ix+Y||=0
<inf{|lx—y||:ye¥Y}=0
<30y, CY: lgnyn:x
& (= ifY closed) :x €Y
Sx+Y =Y.

Second, for every x € X and every A € K\ {0},

[A(x+Y)[| = [[Ax+Y||
=inf{||[Ax—y||:y€Y}
=inf{[|[A(x—y)[|: y€ Y}
= [Alinf{[x—y[[:y €Y}
= [A[[x+Y].

Third, for every x, z € X,

[(x+Y)+(z+Y)[=[[(x+2)+Y]
=inf{[x+z—yl|:yeY}
=inf{|x+z—y1 —y2 :y1,y2 €Y}
<inf{[lx—yi||+ lz—y2l| s y1, 32 €Y}
<inf{|x—y| :yeY}+inf{|z—y| :ye Y}
=|x+Y|+z+Y].

Hence, X /Y is a normed space if ¥ is closed.

Assume next that X is a Banach space. Let (x,) C X be such that the series
Y..>1%: +Y converges absolutely, that is, Y~ [|x, + Y || < co. By definition of the
norm in X /Y, we find (y,) C Y such that ||x, — y,|| < |[x, + Y| +27". Replacing
(x2) by (£2) = (X, —yn), we find that x, +Y = %, +Y and that the series },~o%,
is absolutely convergent. Since X is complete, by Lemma@ the limit },,», £, =
x € X exists. As a consequence,

n

||(x+Y)*kZ(ﬁk+Y)|| == 2 &) +Y|
=1 1

=

M= 7

Slx= &I — 0,

k

1

that is, the series Y~ x, +Y converges. By Lemma|l.13| X /Y is complete.
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1.3 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 = KK, then we call linear opera-
tors also linear functionals. If 7 : X — Y is a linear operator between two normed
spaces, then we denote by

kerT :={xeX:Tx=0}
its kernel or null space, and by
ranT :={Tx:xe€ 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 operator X — X, x — x is denoted by I.

Lemma 1.22. Let T : X — Y be a linear operator between two normed spaces X
and Y. Then the following are equivalent
(i) T is continuous.
(i1) T is continuous at 0.
(iii) TB is bounded in'Y, where B = B(0,1) denotes the unit ball in X.

(iv) There exists a constant C > 0 such that for every x € X
ITx]| < Clix]-

Proof. The implication (i)=-(ii) is trivial.

(ii)=-(iii). If T is continuous at 0, then there exists some & > 0 such that for every
x € B(0,0) one has Tx € B(0, 1) (so the € from the £-6 definition of continuity is
chosen to be 1 here). By linearity, for every x € B = B(0, 1)

1 1
= — < —
73] = ST < 5.

and this means that 7B is bounded.
(iii)=>(iv). The set T B being bounded in Y means that there exists some constant
C > 0 such that for every x € B one has ||Tx|| < C. By linearity, for every x € X \ {0},

X

1Tl = T = el < C [l

x|
(iv)=-(1). Let x € X, and assume that lim,, ... x,, = x. Then
I1Tx, —Tx|| = ||T (x, —x)|| <C||x, —x|]| = 0 asn— oo,

so that lim,,—e. Tx, = Tx.
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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 £ (X,Y). Special cases:
If X =Y, then we write Z(X,X) =: Z(X).If Y =K, then we write .Z(X,K) =: X'.

Lemma 1.23. The set £ (X,Y) is a vector space and

1T := sup{|[Tx[| - [lx[| <1} (L.1)
= sup{[|Tx|| : [lx] = 1}
T
sup{ ||||xx” :x#0}

=inf{C >0 : || Tx|| < C|x|| for all x € X}
=min{C >0 : ||Tx|| < C||x|| forall x € X}

is anormon £ (X,Y).

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

sup{[|7x]| : |lxf| < 1} = sup{{[|7x[| - [lf| = 1}
is easy to check so that it remains only to show that
A:=inf{C>0:||Tx|| <C||x| forall x € X} = sup{||Tx|| : ||x|| =1} =: B.

If C > A, then for every x € X \ {0}, ||Tx|| < C|x|| or ||Tﬁ|| < C. Hence, C > B
which implies that A > B. If C > B, then for every x € X \ {0}, ||Tﬁ|| <C, and

therefore || Tx|| < C|x||. Hence, C > A which implies that A < B.
Now we check that || - || is a norm on .Z(X,Y). First, forevery T € Z(X,Y),

IT] =0 < sup{[[Tx| : [|x] <1} =0
SVxeX,|x|<1:||Tx||=0
< (||-]|isanormonY)Vxe X, ||x|| <1:Tx=0
& (= linearity of T)Vx € X : Tx =0
& T =0.

Second, for every T € .Z(X,Y) and every A € K

AT ]| = sup{[|(AT)x] : [lx[| < 1}
= sup{|A[[[Tx] - [lx] < 1}
= AT

Finally, for every T, S € £ (X,Y),
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1T + S| = sup{[|(T" +S)x| - [lxl| < 1}
< sup{[|Tx|| + [ISx]] = [lxl| < 1}
<7l +[ISI

The proof is complete.

Remark 1.24. (a) Note that the infimum on the right-hand side of (I.1) in Lemma
is always attained. Thus, for every operator T € .Z(X,Y) and every x € X,

Tl < T[] [lxl]-

This inequality shall be frequently used in the sequel! Note that on the other hand
the suprema on the right-hand side of are not always attained. (b) From Lemma
[I.23]we can learn how to show that some operator T : X — Y is bounded and how to
calculate the norm ||T'||. Usually (in most cases), one should prove in the first step
some inequality of the form

ITx] < Cllxll, xeX,

because this inequality shows on the one hand that T is 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 € X of norm ||x|| = 1 such that || Tx|| = C,
or by finding some sequence (x,) C X of norms ||x,|| < 1 such that lim,,_,c | Tx, || =
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.

Example 1.25. 1. (Shift-operator). On [?(N) consider the left-shift operator
Lx = L(xn) = (Xn41)-

Then

1/p I/p
el = (Zho?) < (Thlt)
n n
so that L is bounded and ||L|| < 1. On the other hand, for x = (0,1,0,0,...) one
computes that ||x||, = 1 and ||Lx||, = [|(1,0,0,...)||, = 1, and one concludes that
IL]] = 1.
2. (Shift-operator). Similarly, one shows that the right-shift operator R on [P (N)
defined by
Rx=R(x,) = (0,x0,x1,...)

is bounded and ||R|| = 1. Note that actually ||Rx||, = ||x||, for every x € I”.
3. (Multiplication operator). Let m € [~ and consider on [?” the multiplication op-
erator
Mx = M(x,) = (mpxy,).

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

1

P < [* 1l ax < 17l

so that ¢ is bounded and [|@[| < 1. On the other hand, for the constant function
f=1onehas |||l =1 and |@(f)| = %, so that ||| = 1.

Lemma 1.26. Let X, Y, Z be three Banach spaces, and let T € £ (X,Y) and S €
ZL(Y,Z). Then ST € £ (X,Z) and

ISTI < [ISIIIT]-

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

[ST|| = sup [|STx]]
[lx[[<1
< sup [|S|[[|Tx]|
[lx[[<1
= ISIHIT[I-
Lemma 1.27. IfY is a Banach space then £(X,Y) is a Banach space.

Proof. Assume that Y is a Banach space and let (7,,) be a Cauchy sequence in
Z(X,Y). By the estimate

170 = Toux|| = (T = T)x[| < 1T = Tonl 11,

the sequence (7,x) is a Cauchy sequence in Y for every x € X. Since Y is complete,
the limit lim,_,. 7;,x exists for every x € X. Define Tx := lim,_,. T5,x. Clearly, T :
X — Y is linear. Moreover, since any Cauchy sequence is bounded, we find that

ITx]| < sup || Tox]| < C|lx]|
n

for some constant C > 0, that is, T is bounded. Moreover, for every n € N we have
the estimate

IT Tl = sup | Tx—Tux]|

[lxll<1

< sup sup || Tux — Tx||
¥l <1m=n

<sup||T,,— T

m>n
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Since that right-hand side of this inequality becomes arbitrarily small for large n,
we see that lim,_,. 7, = T exists, and so we have proved that £ (X,Y) is a Banach
space.

Remark 1.28. The converse of the statement in Lemma is also true, that is,
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 (that is, Y # {0}). For this, we need the Theorem of Hahn-Banach
and its consequences discussed in Chapter 3]

Corollary 1.29. The space X' = £ (X,K) of all bounded linear functionals on X is
always a Banach space. The space X' is called the dual space of X.

Let X, Y be two normed spaces. We call T € .Z(X,Y) an isomorphism if T is
bijective and T-! € .Z(Y,X). We call T € .Z(X,Y) an isometry if || Tx|| = ||x|| for
every x € X. We say that space X and Y are isomorphic (and we write X = Y) if
there exists an isomorphism 7' € .Z(X,Y). We say that X and Y are isometrically
isomorphic if there exists an isometric isomorphism 7 € .Z(X,Y).

Remark 1.30. 1. Two norms || - |1, || - || on a K vector space X are equivalent if
and only if the identity operator I : (X, ]| - ||1) = (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 (that is, the bijection is continuous as well
as its inverse).

3.f T € Z(X,Y) and S € Z(Y,Z) are isomorphisms, then ST € .Z(X,Z) is an
isomorphism and (S7)~! =T-1s~1.

4. Every isometry T € £(X,Y) is clearly injective. If it is also surjective, then
T is an isometric isomorphism, that is, the inverse T-! is also bounded (even
isometric).

5. Clearly, if T € £ (X,Y) is isometric, then it is an isometric isomorphism from X
onto ran 7T, and we may say that X is isometrically embedded into Y (via T).

Example 1.31. The right-shift operator from Example [T.25] () is isometric, but not
surjective. In particular, /? is isometrically isomorphic to a proper subspace of [”.

Exercise 1.32 Show that the spaces (c,|| - ||) of all convergent sequences and
(o, || - ||o) Of all null sequences are isomorphic.

Exercise 1.33 Show that (cy,|| - ||) is (isometrically) isomorphic to a linear sub-
space of (C([0,1]),]| - [|«), that is, find an isometry T : co — C([0,1]).

Lemma 1.34 (Neumann series). Let X be a Banach space and let T € £ (X) be
such that |T|| < 1. Then I — T is boundedly invertible, that is, it is an isomorphism.
Moreover, (I —T) ' =Y,50T".
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Proof. Since X is a Banach space, .Z(X) is also a Banach space by Lemma
By assumption on ||T'||, the series },~o 7" is absolutely convergent, and hence, by
Lemma|1.13] it is convergent to some element S € £ (X). Moreover,

n
_ _ _ k_ 1 _ k1Y _
(I=T)S = lim (1 T)I;)T lim (1= 7%) =1,

and similarly, S(I —T) = 1.

Corollary 1.35. Let X and Y be two Banach spaces. Then the set .Z(X,Y) of all
isomorphisms in £ (X,Y) is open, and the mapping T — T~ is continuous from
J(X,Y) onto I (Y,X).

Proof. Let .# C £ (X,Y) be the set of all isomorphisms, and assume that .# is not
empty (if it is empty, then it is also open). Let T € .#. Then for every S € B(T, HT%IH)

we have
S=T+S—T=TI+T'(S—T)),

and since ||[T~1(S—T)|| < ||IT'||||S—T| < 1, the operator I+ T~ (S—T) € Z(X)
is an isomorphism by Lemma|[I.34] As a composition of two isomorphisms, S € .7,
and hence .# is open. The continuity is also a direct consequence of the above
representation of S (and thus of its inverse), using the Neumann series.

1.4 The Arzela-Ascoli theorem

It is a consequence of Riesz’ Lemma (Lemma [[.14) that the unit ball in an infinite
dimensional Banach space is not compact; see also Theorem[[.16] But compact sets
play an important role in many theorems from analysis, in particular when one wants
to prove the existence of some fixed point, the existence of a solution to an algebraic
equation, the existence of a solution of a differential equation, the existence of a
solution of a partial differential equation etc. It is therefore important to identify
the compact sets in Banach spaces, in particular in the classical Banach spaces. The
Arzala-Ascoli theorem characterizes the compact subsets of C(K;X), where (K,d)
is a compact metric space and X is a Banach space.

We say that a subset B C C(K;X) is equicontinuous at some point x € K if
for every € > 0 there exists 6 > 0 such that for every y € K and every f € B the
implication

dx,y)<é = |[fx)—f)l<e
holds.

Theorem 1.36 (Arzela-Ascoli). Let (K,d) be a compact metric space, X be a Ba-
nach space and consider the Banach space C(K;X) of all continuous functions
K — X equipped with the supremum norm ||fl| = sup,cx ||f(x)||. For a subset
B C C(K;X), the following assertions are equivalent:
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(i) The set B is relatively compact.

(i1) The set B is equicontinuous at every x € K and there exists a dense set D C K
such that for every x € D the set B, = {f(x) : f € B} is relatively compact.

We point out that, by the Heine-Borel theorem, the condition of pointwise relative
compactness of B can be replaced by mere pointwise or global boundedness as soon
as the space X is finite dimensional.

Corollary 1.37 (Arzela-Ascoli). Let (K,d) be a compact metric space, and con-
sider the Banach space C(K;RY) of all continuous functions K — R? equipped with
the supremum norm || f || = sup,cx || f(x)||. For a subset B C C(K;R?), the follow-
ing assertions are equivalent:

(i) The set B is compact.

(ii) The set B is closed, equicontinuous at every x € K and pointwise bounded in
the sense that for every x € K the set By = {f(x) : f € B} is bounded.

Proof (of Theorem [[.36). The proof of the Arzela-Ascoli theorem is a nice
application of Cantor’s diagonal sequence argument which we see here for the
first time, but which we will see again below when we prove that every bounded
sequence in a reflexive Banach space admits a weakly convergent subsequence.
Given a sequence, Cantor’s argument allows us to construct a subsequence which
satisfies a countable number of properties. It is instructive to learn the idea of
Cantor’s argument since it can be help in various situations.

We first assume that B C C(K;X) is relatively compact. Any relatively compact
subset of a Banach space is bounded, and therefore B is bounded, too. For every
x € K, the point evaluation C(K;X) — X, f — f(x) is linear and continuous. Since
continuous images of relatively compact sets are relatively compact, the image of B
under the point evaluation, that is the set By = {f(x) : f € B}, is relatively compact.

We show that B is equicontinuous at every x. Assume that this was not the case.
Then there exist x € K and € > 0 such that for every n > 1 there exist y, € K and
fn € Bsuchthatd(x,y,) < 1 and || f,(x) — f,(ya) || > €. Since B i relatively compact,
there exists a subsequence of (f,) (which we denote for simplicity again by (f,))
such that lim,, .. f;, = f in C(K;X). Then, by the triangle inequality from below,

liminf || f(x) = f (va)[| = iminf[| £ (x) = f(x) + fa(6) = fa(n) + fa(3n) = F a)
= liminf (|| fu(x) = fa(yn) | = 211f = full)

> E.

This inequality, however, contradicts to the continuity of f (note that lim,,_yc. y, = X),
and therefore, B is equicontinuous at every x € K.

Assume now that B satisfies the properties from assertion (ii). In order to show
that B is relatively compact, it suffices to show that every sequence (f,,) C B admits a
convergent subsequence, that is, B is relatively sequentially compact. So let (f,,) C B
be an arbitrary sequence.
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Recall that every compact metric space is separable. Moreover, every subset of a
separable space is separable. Hence, there exists a sequence (x,,),,>1 C K which is
dense in K.

Consider the sequence (f,(x1)) C By, C X. Since By, is relatively compact by
assumption, there exists a subsequence (fg, (,)) of (fu) such that lim, e fo, () (x1)
exists.

Consider next the sequence (fy, (n)(x2)) € By, € X. Since By, is relatively
compact by assumption, there exists a subsequence (fg,n)) Of (fg,(n)) such
that 1im,,— e fq,z(n) (x2) exists. Note that we have also the existence of the limit
limn_m f(Pz (n) ()C1 ) .

Iterating this argument, we obtain for every m > 2 a subsequence ( Sou(n)) of
(f,_1(n)) such that lim, . fo, ) (x;) exists for every 1 < i < m. These subse-
quences converge therefore pointwise at a finite number of elements of K.

We now consider the diagonal subsequence (fy(,)) = (fg,(n))- This diagonal sub-
sequence has the property of being a subsequence of ( fq,m(,,)) for every m > 1, up
to a finite number of initial elements perhaps. It enjoys therefore the property that
lim,, e0 f¢<n)(xm) exists for every m > 1, that is, it converges pointwise on a dense
subset of K. We will show that ( f(p(n>) converges everywhere and uniformly on K.
Since C(K;X) is complete, it suffices to show that (f,)) is a Cauchy sequence in
C(K;X).

Let € > 0. Since B is equicontinuous at every x € K, for every x € K there exists
d, > 0 such that for every y € K and every f € B the implication

dxy)<é = |fx)-sll<e (1.2)
is true. We clearly have K = |J,cx B(x, 8;), and since K is compact, we find finitely
many points x|, ..., x} such that K = {_; B(x},8;) (with & = §,). Since the se-
quence (x,) is dense in K, for every 1 < i < k there exists m; > 1 such that

Xm; € B(x], ;). Since the sequence (fy(,)) converges pointwise on (x), there ex-
ists ng > 0 such that

for every n, n' > ng and every 1 <i <k || fo(n) (Xm;) = fo(ur) () || < €.

Let now x € K be arbitrary. Then x € B(x}, §;) for some 1 < i < k. Hence, for every
n, n’ > ny, by the preceding estimate and by the implication (T.2),

[ fotm) (%) = Fouy O < M fp(n) (X) = Fom) (X014
+ 1 fon) (%) = Fopmy () 14+
+ Hfgo(n) (Xm;) *fgo(n’)(xm,-)”+
+ | fouy Com) — Fory (63) 1+
+ | fotmy (3) = fo) )]
< S5e.
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Since ng > 0 did not depend on x € K, and since € > 0 was arbitrary, this proves
that (fy(n)) is a Cauchy sequence in C(K;X ). We have therefore proved that every
sequence in B admits a convergent subsequence.



Chapter 2
Hilbert spaces

Let H be a vector space over K.

2.1 Inner product spaces

A function (-,-) : H x H — K is called an inner product if for every x, y, z € H and
every A € K

(i) (x,x) >0 forevery x € H and (x,x) = 0 if and only if x =0,

() (x,y) = »x),
(i) (Ax+y,2) = A{x,2) + (,2).

A pair (H,(-,-)) of a vector space over K and a scalar product is called an inner
product space.

Example 2.1. 1. On the space H = K¢,

d
<)C,y> = inyi
i=1

defines an inner product.
2. On the space H = I? := {(x,) CK: ¥ |x,|> < oo},

(x,y) := any_n

defines an inner product.
3. On the space H = C(]0, 1]), the Riemann integral

g = [ st a

29
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defines an inner product.
4. On the space H = L*(Q), the integral

(f.g) = /Q fzdu

defines an inner product.

Lemma 2.2. Let {-,-) be an inner product on a vector space H. Then, for every x, y,
z€Hand A €K

(iv) (x,Ay+2z) =A{x,y) + (x,2).
Proof.

Ay +2) = Ay +2,0) =4 (3,x) + (2,.x) = A{x,y) + (x,2).

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

¥l == v/{x,x), x€H.

Lemma 2.3 (Cauchy-Schwarz inequality). Let H be an inner product space.
Then, for every x, y € H,
|G ) < AIx[ ]y [l

and equality holds if and only if x and y are colinear.
Proof. Let A € K. Then
0< (x+Ay,x+Ay)
= (0,2) + (Ay,2) + (0, A9) + A (3y)
= (0,2) + ALx,y) + A, y) + AP (),

that is, )
0 < [lx+Ay[1> = [[x]|* +2Re A (x,y) + [A]* [ly[|>. 2.1

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

(x,y) (x,y)
0< (x— VX — y
TR R
(3 P
TE

which is the Cauchy-Schwarz inequality. The calculation also shows that equality
holds if and only if x = Ay, that is, if x and y are colinear.

2
= [l =

Lemma 2.4. Every inner product space H is a normed linear space for the norm

lx]| = /{x,x), x€H.
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Proof. Properties (i) and (ii) in the definition of a norm follow from the properties
(i) and (iii) (together with Lemma@]) in the definition of an inner product. The only
difficulty is to show that || - || satisfies the triangle inequality. This, however, follows
from putting A = 1 in (2.1 and estimating with the Cauchy-Schwarz inequality:

eI < (llxll =+ [y1)>.
A complete inner product space is called a Hilbert space.

Example 2.5. The spaces K¢ (with Euclidean inner product), /* and L*(Q) are
Hilbert spaces. More examples are given by the Sobolev spaces defined below.

Lemma 2.6 (Completion of an inner product space). Let H be an inner product
space. Then there exists a Hilbert space K and a bounded linear operator j: H — K
such that for every x, y € H

eyl = (%), J()x,

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 2.7 (Parallelogram identity). Let H be an inner product space. Then for
everyx,y € H
e+ 11+ flx = yIZ = 2 (I1x> + Iy 11%)-

Proof. The parallelogram identity follows immediately from (2.I) by putting A =
41 and adding up.

Exercise 2.8 (von Neumann) Show that a norm satisfying the parallelogram iden-
tity comes from a scalar product. That means, the parallelogram identity charac-
terises inner product spaces.

A subset K of a real or complex vector space X is convex if for every x, y € K
and every 7 € [0,1] one has tx+ (1 — 1)y € K.

Theorem 2.9 (Projection onto closed, convex sets). 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

lx—y| =inf{||x—z|| : z € K}.

Proof. Letd :=inf{||x—z| : z € K}, and choose (y,) € K such that

Tim [[x—y,[| = d. 2.2)

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

Ynty 1 !
lor= ==+ g o= yll* = 5 (b=l + e =y ):
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Since K is convex, 2522 € K and hence ||x — 2522|2 > 42, Using this and 2:2),
the last identity implies that (y,) is a Cauchy sequence. Since H is complete, y :=
lim,,_,.. yp, exists. Since K is closed, y € K. Moreover, ||x —y|| = lim,_e [|[x —yn|| = d.,
so that y is a minimizer for the distance to x. To see that there is only one such
minimizer, suppose that y € K is a second one, and apply the parallelogram identity
tox—yandx—y'.

Let H be an inner product space. We say that two vectors x, y € H are orthogonal
(and we write x L y), if (x,y) = 0. Given a subset S C H, we define the orthogonal
space S* :={y € H:x L yforall x € S}. If S = K is a linear subspace of H, then
we call K also the orthogonal complement of K.

Theorem 2.10. Let H be a Hilbert space, S C H be a subset and K a closed linear
subspace. Then:
(a) S is a closed linear subspace of H,

(b) K and K+ are complementary subspaces, i.e. every x € H can be decomposed
uniquely as a sum of an xo € K and an x| € K+,

() (KH)* =Kand(S*t)*+ =spans.
(d) spanS is dense in H if and only if S+ = {0}.

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

(v.3) = Jim (x,3,) =0,

that is, y € S1 and therefore St is closed.
(b) For every x € H we let xg € K be the unique element (Theorem[2.9) such that

[lx —xo]| = inf{[lx—y[| : y € K}.
Put x; = x —xg. For every y € K and every A € K, by the minimum property of x,

[x1]* < Jlaer — Ay
= [|x1]|* = 2Re A (x1,y) + |A | [[y]|*.

This implies that (x;,y) = 0, that is, x; € K. Every decomposition x = x( +x; with
xo € K and x; € K is unique since x € KN K" implies (x,x) =0, that is, x = 0.
(c) and (d) follow immediately from (a) and (b).

Lemma 2.11 (Pythagoras). Let H be an inner product space. Whenever x, y € H
are orthogonal, then
lbe+ 117 = [l + (111

Proof. The claim follows from (2.1I)) and putting A = 1.
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We call an operator P : X — X on a linear space X a projection if P> = P.

Lemma 2.12. Let X be a normed space and let P € £ (X) be a bounded projection.
Then the following are true:

(a) Q=1-Pisaprojection.
(b) Either P=0or||P| > 1.
(c) The kernel ker P and the range ran P are closed in X.

(d) Every x € X can be decomposed uniquely as a sum of an xo € ker P and an
x1 €EranP, and X = kerP ®ranP.

Proof. (a) Q> =(I—P)>=1-2P+P>=1—-P=Q.

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

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

(d) For every x € X we can write x = Px+ (I — P)x = x| +x; with x| € ran P and
xp € ker P. The decomposition is unique since if x € ker PNran P, then x = Px = 0.
This proves that the vector spaces X and ker P G ran P are isomorphic. That they are
also isomorphic as normed spaces follows from the continuity of P.

Lemma 2.13. Let H be a Hilbert space and K C H be a closed linear subspace. For
every x € H we let x| = Px be the unique element in K which minimizes the distance
to x (Theorem[2.9). Then P : H — H is a bounded projection satisfying ranP = K.
Moreover, ker P = K. We call P the orthogonal projection onto K.

2.2 Orthogonal decomposition

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

Example 2.14. The space R? (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 2.15. A normed space X is separable if and only if there exists a sequence
(xn) € 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 {x, : n € N}
is dense. In particular, the larger set span {x, : n € N} is dense.

If, on the other hand, there exists a total sequence (x,) 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
{Zl,'xni :meN A €D, n; €N}

i=1
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is dense in X (in fact, the closure contains all finite linear combinations of the x;,, that
is, it contains span{x, : n € N}). It is an exercise to show that this set is countable.
The claim follows.

Corollary 2.16. The space (C([0,1]), ]| - ||) is separable.

Proof. By Weierstrass’ theorem, the subspace of all polynomials is dense in
C(]0,1]) (Weierstrass’ theorem says that every continuous function f : [0,1] — R
can be uniformly approximated by polynomials). The polynomials, however, are the
linear span of the monomials f,(¢) = ¢”. The claim therefore follows from Lemma

Corollary 2.17. The space I? is separable if 1 < p < oo. The space cy is separable.

Proof. Let e, = (8,4 )r € IP be the n-th unit vector in /? (here &, denotes the Kro-
necker symbol: 6,4 = 1 if n = k and 8, = 0 otherwise). Then span{e, : n € N} = cgo
(the space of all finite sequences) is dense in [” if 1 < p < o, The claim for /7 fol-
lows from Lemma[2.15] The argument for ¢ is similar.

Lemma 2.18. The space [ is not separable.

Proof. The set {0,1}Y C [* of all sequences taking only values 0 or 1 is uncount-
able. Moreover, whenever x, y € {0, I}N, x #y, then

X =y]le= 1.

Hence, the balls B(x, 1) with centers x € {0, 1}" and radius  are mutually disjoint.
If [~ was separable, that is, if there exists a dense countable set D C [, then in each
B(x, %) there exists at least one element y € D, a contradiction.

Definition 2.19. Let H be an inner product space. A family (e;);c; C H is called

(a) an orthogonal system if (e;,e;) = 0 whenever [ # k,

(b) an orthonormal system if it is an orthogonal system and ||¢;|| = 1 for every
lel, and

(c) an orthonormal basis if it is an orthonormal system and span{e; : [ € I} is
dense in H.

Lemma 2.20 (Gram-Schmidt process). Let (x,) be a sequence in an inner prod-
uct space H. Then there exists an orthonormal system (e,) such that span{x,} =

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 (e );<i<, such that

span{x;: 1 <k <n}=span{e;:1<k<n}.
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Let e, | := Xu41 — Xj—; (¥ns1,€x)ex. Since the x, are linearly independent, we
find €], | # 0. Let e,1 := e, /|le,.||. By construction, for every 1 <k <,
(en+1,ex) =0, and

span{x;:1 <k<n+1} =span{e,: 1 <k<n+1}.
Proceeding inductively, the claim follows.
Corollary 2.21. Every separable inner product space admits an orthonormal basis.

Example 2.22. Consider the inner product space C([—1, 1]) equiped with the scalar
product (f,g) = Lll f(t)g() dr and resulting norm || - ||. Let f,(¢) := " (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 || - ||»). Hence, the
Legendre polynomials form an orthonormal basis in C([—1, 1]).

Lemma 2.23 (Bessel’s inequality). Let H be an inner product space, (e;)nen € H
an orthonormal system. Then, for every x € H,

Y wen)? < [l

neN

Proof. Let N € N. Putxy = xf):f:’:] (x,en)en so that xy L e, forevery 1 <n <N.
By Pythagoras (Lemma[2.TT),

N
2 2 2
[l = Tl [1* + 1| Y x,en)enll

n=1

N
= [+ Y [x ea)?
n=1

[(xen) .

M=

>

n=1

Since N was arbitrary, the claim follows.
Lemma 2.24. Let H be a (separable) Hilbert space, (en)nen C H an orthonormal
system. Then:
(a) Foreveryx € H, the series ¥ ,cn(x,en)e, converges.
(b) P:H—H, x+— Y ,cn(x,en)ey, is the orthogonal projection onto Span{e, :n €
N}

Proof. (a) Let x € H. Since (e,,) is an orthonormal system, by Pythagoras (Lemma
2.11), forevery [ > k > 1,
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l k !

[ Z(x,e,,>e,, - Z(x,e,,>e,,||2 =l Z (x,e,,)e,,”z

n=1 n=1 n=k+1
l

= Z |(x, en) ‘2‘

n=k+1

Hence, by Bessel’s inequality, the sequence (Y _, (x,e,)e,) of partial sums forms a
Cauchy sequence. Since H is complete, the series Y ,cn(x, en)e, converges.
(b) is an exercise.

Theorem 2.25. Let H be a (separable) Hilbert space, (e,)nen an orthonormal sys-
tem. Then the following are equivalent:

(i) (en)nen is an orthonormal basis.
(i) Ifx L e, foreveryn €N, then x = 0.
(iil) x=Y,en(x,en)en for every x € H.
(V) (x,y) = Lnen(x;en){en,y) for every x, y € H.
(v) (Parseval’s identity) For every x € H,

el = Y [ex,en) .

neN

Proof. (1)=>(ii) follows from Theorem [2.10

(ii)=-(iii) follows from Lemma (1). In fact, let xo = ¥ ,en (X, €q)en (Which
exists by Lemma (1)). Then (x — xp, e,) = 0 for every n € N, and by assumption
(ii), this implies x = xo.

(ii)=-(iv) follows when multiplying x scalarly with y, applying also the Cauchy-
Schwarz inequality for the sequences ((x,e;)), ({e;,y)) € I>.

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

(v)=(i). Let x € span{e, : n € N}*. Then Parseval’s identity implies [x||> =0,
that is, x = 0. By Theorem [2.10} span{e, : n € N} is dense in H, that is, (e,) is an
orthonormal basis.

A bounded linear operator U € .Z(H,K) between two Hilbert spaces is called a
unitary operator if it is invertible and for every x, y € H,

<x7y>H = <Ux7 Uy>K

Two Hilbert spaces H and K are unitarily equivalent if there exists a unitary oper-
ator U € Z(H,K).

Corollary 2.26. Every infinite dimensional separable Hilbert space H is unitarily
equivalent to 12

Proof. Choose an orthonormal basis (e, ),en of H (which exists by Corollary[2.21),
and define U : H — I? by U(x) = ((x,en))nen. Then (x,y)y = (U(x),U(y)) by
Theorem [2.23} in particular, U is bounded, isometric and injective. The fact that U
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is surjective, that is, that }°,, ¢,e, converges for every ¢ = (¢,) € 12, follows as in the
proof of Lemma [2.24] (i).

Clearly, if a sequence (e,) in a Hilbert space H is an orthonormal basis, then
necessarily H is separable by Lemma [2.15] Hence, the equivalent statements of
Theorem [2.23] are only satisfied in separable Hilbert spaces. In most of the applica-
tions (if not all!), we will only deal with separable Hilbert spaces so that Theorem
is sufficient for our purposes.

However, what is true in general Hilbert spaces? The following sequence of re-
sults generalizes the preceeding results to arbitrary Hilbert spaces.

Let X be a normed space, (x;);c be a family. We say that the series };c;x; con-
verges unconditionally if the set Io := {i € [ : x; # 0} is countable, and for every
bijective @ : N — Iy the series },” | X¢(,) converges.

Corollary 2.27 (Bessel’s inequality, general case). Let H be an inner product
space, (e)ier C H an orthonormal system. Then, for every x € H, the set {l €I :
(x,e1) # 0} is countable and

Y e en)? < ], (2.3)

lel

Proof. By Bessel’s inequality, the sets {/ € I : |(x,e;)| > 1/n} must be finite for
every n € N. The countability of {/ € I : (x,e;) # 0} follows. The inequality 2.3) is
then a direct consequence of Bessel’s inequality.

Lemma 2.28. Let H be a Hilbert space, (e;)1e; C H an orthonormal system. Then:

(a) Forevery x € H, the series Y jc;(x,e;)e; converges unconditionally.

(b) P:H —H, x> Y,ci{x,e)e is the orthogonal projection onto Span{e; : 1 € I}.
Corollary 2.29. Every Hilbert space admits an orthonormal basis.

Proof. 1f H is separable, the claim follows directly from the Gram-Schmidt process
and has already been stated in Corollary 2.21] In general, one may argue as follows:
The set of all orthonormal systems in H forms a partially ordered set by inclu-
sion. 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 (2.3) that this system is actually an orthonormal basis.

Theorem[2.25|remains true for arbitrary Hilbert spaces when replacing the count-
able orthonormal system (e, ),cn by an arbitrary orthonormal system (e;);¢;.

2.3 * Fourier series

In the following we will identify the space L!(0,27) with
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2
L} (R) := {f : R — C measurable, 27-periodic : /0 [f] dA < eo}.

Similarly, we identify L2(0,27) with L3_(R), and we define
Cox(R) :={f € C(R) : f is 2;-periodic}.
For every f € L'(0,27) = L}_(R) and every n € Z we call

A 1 f2m i
fn)=o— | f(t)e ™ dt

:27[0

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

f.
Lemma 2.30. For every f € L'(0,27) = L}_(R) we have f € [*(Z) and the Fourier

transform™: L' (0,27) — [ is a bounded, linear operator. More precisely,

A 1
Iflle < 5 Ifls f €27(0,27).

Proof. Forevery f € L'(0,27) and every n € Z,

A

1 2 . 1 2n
7o) =521 [ e an< 5 [T iroar

This proves that f € [ and the required bound on || f||. Linearity ofis clear.

Lemma 2.31 (Riemann-Lebesgue). For every f € L' (0,27) = L} (R) we have f €
co(Z), i.e.
lim [7(n)| = 0.

In| e

Proof. Let f € L'(0,27) =L} (R) and n € Z, n # 0. Then

A 1 21 it
f= o [ pe e
1 2n . -
=i fH)e ™ (1 —en)dt
0
e . o
— E / f(l)(eilm _efm(rf;)) dr
JO
1

[T ras Dyemar

"4

so that
1

2
Fo0 < 42 [T o=+ Dyar
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Hence, if f = 1o € L'(0,2x) for some open set O C [0,27], then f € co(Z) by
Lebesgue dominated convergence theorem. On the other hand, since span{ly: O C
[0,27] open} is dense in L'(0,27), since the Fourier transform is bounded with
values in [*(Z) (Lemma [2.30), and since co(Z) is a closed subspace of [*(Z), we
find that £ € ¢o(Z) for every f € L'(0,27).

Remark 2.32. At the end of the proof of the Lemma of Riemann-Lebesgue, we
used the following general principle: if T € £ (X,Y) is a bounded linear operator
between two normed linear spaces X, Y, and if M C X is dense, then ranT C T (M).
We used in addition that ¢y(Z) is closed in [*(Z).

Theorem 2.33. Let f € Co(R) be differentiable in some point s € R. Then

f(s) =), f(me™.

nez
Proof. Note that for fi(t) := f(s+1),
N 1 2n . 1 21 . .
Filmy = A f(s+1)e ™ dr = e F(0)e M=) dr = & 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 £(0) =0, then ¥,,c5, f(n) = 0.

Let g(r) := ;. Since f is differentiable in 0, £(0) = 0, and since f is 27-
periodic, the function g belongs to Co5(R). By the Lemma of Riemann-Lebesgue,
8 € co(Z). Note that

. 2 . .
F =5 [ a1 - et at = gl — 80— 1),
Hence,
¥ W= ¥ e -t
=8g(n)—¢g(-n—1)—0 (n— o0).

This is the claim.

Corollary 2.34. For every f € Ci (R) := Cox(R)NC'(R) and every t € R

fe)=Y f(m)e™.

nez

Remark 2.35. We will see that the convergence in the preceeding corollary is even
uniform inf € R.



40 2 Hilbert spaces

Throughout the following, we equip the space L*(0,27) = L3 (R) with the scalar

product given by

1 27 _
<fvg>: Py f(t)g(t) dt?

:27T0

which differs from the usual scalar product by the factor ﬁ
Lemma 2.36. The space C}(R) is dense in L3 (R).

Proof. We first prove that C([0,27]) is dense in L*(0,27) = L3_(R). For this, con-
sider first a characteristic function f = 1(,4) € L2(0,27). Let (g,) € C([0,27]) be
defined by

1, t € [a,b],

l+n(t—a),t€la—1/n,a),

gn(t) 1= 1—n(t—b), t € (b,b+1/n],

0, else.

It is then easy to see that limy, e || f — gnl[;2 = 0, so that f = 1(,;) € C([0, Zn])IIIHLZ.

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

1~ gl < 1114~ Toll2+ 10 =1y sl + 1Y i —8ll2

=1
N
<etet| Y (L) —&nl

n=1

< 3e.

This proves 14 € C([072717])H'HL2 for every Borel set A € %([0,2x]). Since Span{l4 :
A€ B([0,2x])} = L%(0,27), we find that C([0,27]) is dense in L*(0,27).

It remains to show that Ci_(R) is dense in C([0,27]) for the norm || - ||2. So
let f € C([0,27]) and let € > 0. By Weierstrass’ theorem, there exists a function
20 € C=([0,27]) (even a polynomial!) such that || f — go|. < €. Let g € C'([0,27])
be such that g, (27) — g (27) = 0, £1(0) = go(27)  g0(0) and g} (0) = gh(2)
80(0) and ||g1]|2 < €. Such a function g; exists: it suffices for example to consider
functions for which the derivative is of the form

go(2m) — go(0) +ct, t €[0,h],
g1(1) =< go(2m) — g0(0) +chi +d(t —hy), t € (h,ha),
0, t € [h,27],
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with appropriate constants 0 < h; < h and ¢, d € C. Having chosen g, we let
g = go+ g1 and we calculate that

1f = gllz < [1f —golla +lg1]l2 < 2.

Since g extends to a function in C1_(R), we have thus proved that C1_(R) is dense
in L3 (R).

Remark 2.37. 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 L”(a, b).
A further application of Weierstrass’ theorem actually shows that the space of all
polynomials is dense in L?(a,b). In particular, we may obtain the following result.

Corollary 2.38. The space LP(a,b) is separable if | < p < oo. The space L*(a,b) is
not separable.

Corollary 2.39. Lete,(t) := €™, n € Z,t € R. Then (ey) ez, is an orthonormal basis
in L3_(R).

Proof. The fact that (e,),cz is an orthonormal system in L3_(R) is an easy calcu-
lation. We only have to prove that span{e, : n € Z} is dense in L3_(R). Note that
f(n) = (f,en) for every f € L3 (R) and every n € Z. By Lemma [2.24, we know
that for every f € L3_(R)

g:= Z f(n)e, exists in L3 (R).

nez

In particular, a subsequence of (YX_ , f(n)e,) converges almost everywhere to g.

But by Corollary we know that (YX_ , f(n)e,) converges pointwise every-
where to f if f € C.(R). As a consequence, for every f € Ci_(R),

lim Z f(n)e, = fin L5, (R),

k—>oo —
so that span{e, : n € Z} is dense in (CL,(R),||- ||L% ). Since C}(R) is dense in
L3 (R) by Lemma2.36] we find that (e,),cz is an orthonormal basis in L3 (R).
Theorem 2.40 (Plancherel). For every f € L3 (R) we have f € I*(Z) and the
Fourier transform”: L3_(R) — [*(Z) is an isometric isomorphism. Moreover, for
every f € L3 (R),
Z f ln L27r (R)

nez
that is, the Fourier series of f converges to f in the L* sense.

Proof. By Corollary- 2.39] the sequence (en)nez is an orthonormal basis in L3 (R).
Moreover, recall that for every f € L3 z(R) and every n € Z, f (n) = (f.en). Hence,

by Theorem slfel>(z), f= Zner( )en, and Hf||L%n = |||, (the last property
being Parseval’s 1dentity).
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Corollary 2.41. Let f € Coz(R) be such that f € I'(Z). Then

Z Ff(n)e, = f in Cop(R),

nez

that is, the Fourier series of f converges uniformly to f.

Proof. Note that for every n € Z, ||ey|| = 1. The assumption f € I'(Z) therefore
implies that the series ¥, 7(1)e, converges absolutely in C>7(R), i.e. for the uni-
form norm | - ||.. Since (Coz(R),|| - ||) is complete, the series ¥,z f(n)e, con-
verges uniformly to some element g € Co;(R). By Plancherel, g = f.

Remark 2.42. The assumption f € I'(Z) in Corollaryis essential. For general
f € Cz(R), the Fourier series ¥,z f (1)e, need not not converge uniformly. Ques-
tions 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 2.43 (Féjer). For every f € Coz(R) one has

K k&
lim — Z Z f(n)en = fin Coz(R),

1
Koo Kk:lnsz

that is, the Fourier series of f converges in the Cesaro mean uniformly to f.

2.4 Linear functionals on Hilbert spaces

In this section, we discuss bounded functionals on Hilbert spaces. Compared to the
case of bounded linear functionals on general Banach spaces, the case of bounded
linear functionals on Hilbert spaces is considerably easy but it has far reaching con-
sequences.

Theorem 2.44 (Riesz-Fréchet). Let H be a Hilbert space. Then for every bounded
linear functional ¢ € H' there exists a unique y € H such that

o(x) = (x,y) foreveryxcH.
Proof. Uniqueness. Let yq, y» € H be two elements such that
o(x) = (x,y1) = (x,y2) foreveryxcH.

Then (x,y; —y2) = 0 for every x € H, in particular also for x = y; — y,. This implies
[yi =2[* =0, thatis, y1 = ya.
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Existence. We may assume that ¢ # 0 since the case ¢ = 0 is trivial. Let y €
(ker @)+ \ {0}. Since H # ker ¢ and since ker ¢ is closed, such a ¥ exists. Next, let

=)/ I51%5.

Note that ¢ (y) = ||y||*> = (,¥). Recall that every x € H can be uniquely written as
x = X0+ Ay with xg € ker@ and A € K so that 1y € (ker ). Note that (ker @) is
one-dimensional. Hence, for every x € H,

@(x) = @(xo +1y)
= ¢(x0) +A0(y)
=A0(y)
=A{»y)
= (Ay,y)
= (x0,¥) + (Ay,y)

The claim is proved.

Corollary 2.45. Let J : H — H' be the mapping which maps to every y € H the
functional Jy € H' given by Jy(x) = (x,y). Then J is antilinear if K = C and linear
if K=1R. Moreover, J is isometric and bijective.

Proof. The fact that J is isometric follows from the Cauchy-Schwarz inequality.
Antilinearity (or linearity in case K = R) follows from the sesquilinearity (resp.
bilinearity) of the scalar product on H. Since J is isometric, it is injective. The
surjectivity of J follows from Theorem [2.44]

Remark 2.46. 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, that is, for which there exists
a bounded, injective J : V. — H with dense range.

2.5 Weak convergence in Hilbert spaces

Let H be a Hilbert space. We say that a sequence (x,) C H converges weakly to
some element x € H if for every y € H one has lim,_«(x,,y) = (x,y). We write

weak

X, = xorx, — xif (x,) converges weakly to x.

Theorem 2.47. Every bounded sequence (x,) in a Hilbert space H admits a weakly
convergent subsequence, that is, there exists x € H and there exists a subsequence

weak
(X, ) of (xn) such that xp, N x
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In the proof of this theorem, we will use the following general result.

Lemma 2.48. Let X and Y be two normed spaces, let (T,) € £ (X,Y) be a bounded
sequence of bounded operators. Assume that there exists a dense set M C X such
that lim,,_,., T, x exists for every x € M. Then lim,,_,., T,x =: Tx exists for every x € X
and T € Z(X,Y).

Proof. Define Tx := lim,_,. T;,x for every x € spanM. Then

ITxl[ = lim [|Tox|| < sup |75 [[{|x]I,
n—o0 n

thatis. 7 : spanM — Y is a bounded linear operator. Since M is dense in X, 7 admits
a unique bounded extension 7 : X — Y.

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

1Tnx = Tel| < [T = Tyl + [Ty = Ty || + |7y — Tx]
< sup|| Tl e =yl + &+ [T [lx =¥l
n

< e(sup|Tul[ + 1+ (71,

and therefore lim,, . T;,x = Tx.

Proof (of Theorem [2.47). As in the proof of the Arzela-Ascoli theorem (Theorem
1.36)), we use Cantor’s diagonal sequence argument. Let (x,) be a bounded sequence
in H. We first assume that H is separable, and we let (y,,) C H be a dense sequence.

Since ({(x,,y1)) is bounded by the boundedness of (x,), there exists a subse-
quence (xg, () of (x») (@1 : N — N is increasing, unbounded) such that

r}iigo<x¢l (n)s )1 > exists.

Similarly, there exists a subsequence (x¢, (,)) of (X, ()) such that

r}glolo<x(p2(n) ,¥2) exists.

Note that for this subsequence, we also have that

,}5130<x¢z(n) ,V1) exists.

Iterating this argument, we find a subsequence (x¢,(,)) of (Xg,(n)) and finally for
every m € N, m > 2, a subsequence (xg, () Of (xg, (n)) such that

r}l_r}r; (Xgn(n)» ;) exists for every 1 < j <m.

Let (x;,) := (xg,(n)) be the *diagonal sequence’. Then (x,) is a subsequence of
(x,) and



2.5 Weak convergence in Hilbert spaces 45
lim (x/,,y,,) exists for every m € N.
n—soo

By Lemma and the Riesz-Fréchet representation theorem (Theorem [2.44)),
there exists x € H such that

lim (x;,,y) = (x,y) for every y € H,
n—oo

and the claim is proved in the case when H is separable.

If H is not separable as we first assumed, then one may replace H by H :=
span {x, : n € N} which is separable. By the above, there exists x € H and a subse-
quence of (x,) (which we denote again by (x,)) such that for every y € A,

V}E)Igo<xn7y> = <x7y>)
that is, (x,) converges weakly in . On the other hand, for every y € A~ and every
n,

<xn7y> = <x7y> =0.
The decomposition H = H @ H+ therefore yields that (x,,) converges weakly in H.






Chapter 3
Dual spaces and weak convergence

3.1 The theorem of Hahn-Banach

Given a normed space X, we denote by X' := Z(X,K) the space of all bounded
linear functionals on X. It is called the dual space of X. Recall that X’ is always a
Banach space by Corollary [I.29)of Chapter 1]

However, a priori it is not clear whether there exists any bounded linear func-
tional on a normed space X (apart from the zero functional). This fundamental ques-
tion 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 stating
the first version, we need the following definition.

Let X be a real or complex vector space. A function p : X — R is called sublinear
if

(i) p(Ax)=Ap(x) forevery A >0, x € X, and
(i) px+y) <px)+p(y) forevery x,y € X.

Example 3.1. On a normed space X, the norm || - || is sublinear. Every linear p :
X — R is sublinear.

Theorem 3.2 (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) forallxeU.

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

P(x) < p(x) forallx € X. (3.1

47
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The following lemma asserts that this version of Hahn-Banach is true in the spe-
cial case when X /U has dimension 1. It is an essential step in the proof of Theorem

B2

Lemma 3.3. Take the assumptions of Theorem [3.2] and assume in addition that
dimX /U = 1. Then the assertion of Theorem is true.

Proof. If dimX /U = 1, then there exists xo € X \ U such that every x € X can be
uniquely written in the form x = u+ Axp with u € U and A € R. So we define
¢:X = Rby

(x) = @(u+Axo) := @(u) + Ar,
where r € R is a parameter which has to be chosen such that holds, that is,
such that forevery u € U, A € R,

o) +Ar < plu+Axp). (3.2)

If A = 0, then this condition clearly holds for every u € U by the assumption on ¢.
If A > 0, then (3.2) holds for every u € U if and only if

Ar <p(u+Axg)—@(u) foreveryu e U

u u
er< P(Z +x0) — ('O(Z

<i — o).
@r_vlggp(vﬂo) o(v)

) forevery u e U

Similarly, if A < 0, then (3.2) holds for every u € U if and only if

Ar < p(u+ Axg) — @(u) for every u e U
u u
& —r< p(7 —Xxp) — (p(7) for every u € U
<> sup @(w) — p(w—xp).
welU
So it is possible to find an appropriate r € R in the definition of ¢ if and only if
o(w)—pw—x0) < p(v+x0)—@(v) forallv,w e U,
or, equivalently, if
o(w)+o(v) <p(v+xp)+p(w—xp) forallv,weU.
However, by the assumptions on ¢ and p, for every v, w € U,
ew)+ () = @(w+v) <p(w+v) = p(v+x0+w—x) < p(v+x0) + p(w—x0)-
For the second step in the proof of Theorem[3.2] we need the Lemma of Zorn.

Lemma 3.4 (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 or y < x) admits an
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upper bound. Then for every x € M there exists a maximal element m > x (that is,
an element m such that m < implies m = for every m € M).

Proof (of Theorem[3.2)). Define the following set

M :={(V,@y) : V C X linear subspace,U CV, ¢y : V — R linear, s.t.
@(x) = @v(x) (x €U) and @y (x) < p(x) (x € V)},

and equip it with the order relation < defined by
(Vi,0v,) < (Va,0y,) 1= Vi CV; and @y, (x) = @y, (x) for all x € V.

Then (M, <) is an ordered set. Let T = ((V;, ¢y,) )ict € M be a totally ordered subset.
Then the element (V, ¢y) € M defined by

V.= UVi and @y (x) = @y, (x) forx € V;
icl
is an upper bound of 7. By the Lemma of Zorn, the set M admits a maximal element
(X0, @x, ). Assume that X, # X. Then, by Lemma we could construct an element
which is strictly larger than (Xp, @x, ), a contradiction to the maximality of (Xo, @x, ).
Hence, X = Xp, and @ := @, is an element we are looking for.

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

Theorem 3.5 (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

Reo(x) < p(x) forallx e U.

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

Re §(x) < p(x) forall x € X. (3.3)

Proof. We may consider X also as a real vector space. Note that y(x) := Re ¢(x) is
an R-linear functional on X. By Theorem [3.2] there exists an extension { : X — R
of y satisfying

¥ (x) < p(x) for every x € X.
Let
B(x) = W) — iP(ix), xeX,
It is an exercise to show that @ is C-linear, that ¢@(x) = @(x) for every x € U and it

is clear from the definition that Re ¢(x) = W¥(x). Thus, @ is a possible element we
are looking for.

Theorem 3.6 (Hahn-Banach; extension of bounded linear functionals). Let X
be a normed space and U C X a linear subspace. Then for every bounded linear
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u' 1 U — K there exists a bounded linear extension x' : X — K (that is, x|y = ')
such that ||X|| = ||u']].
Proof. We first assume that X is a real normed space. The function p : X — R
defined by p(x) := ||&/|| ||x|| is sublinear and

' (x) < p(x) for every x € U.

By the first Hahn-Banach theorem (Theorem , there exists a linear x' : X — R
extending u’ such that

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

Il = sup [x'(x)| > sup |¥'(x)] = sup [u(x)] = [|u']].
<1 <1 <1

If X is a complex normed space, then the second Hahn-Banach theorem (Theorem
implies that there exists a linear x’ : X — C such that

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

I¥'(x)| = sup Rex'(e%x) < |u'|||x| for every x € X,
6€(0,27]

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

Corollary 3.7. If X is a normed space, then for every x € X \ {0} there exists X' € X’
such that
X[l = 1 and x'(x) = |||

In particular, X' separates the points of X, i.e. for every x1, x; € X, x| # X2, there
exists X' € X' such that x' (x1) # x'(x2).

Proof. By the Hahn-Banach theorem (Theorem [3.6)), there exists an extension x’ €
X' of the functional & : span{x} — K defined by u'(A1x) = A||x|| such that ||x'|| =
[lu']] = 1.

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

Corollary 3.8. If X is a normed space, then for every x € X

Ix[ = sup x'(x)]. G4
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Proof. For every x' € X' with ||x’|| < 1 one has
)] < I < (1],

which proves one of the required inequalities. The other inequality follows from

Corollary

Remark 3.9. The equality (3.4) should be compared to the definition of the norm
of an element x’ € X':

/ /
[+l = sup [x"(x)].
XE.
Jlxl|<1
From now on, it will be convenient to use the following notation. Given a normed
space X and elements x € X, x’ € X', we write

() 1= (¢ x)xex = X (3).
For the bracket (-, -), we note the following properties. The function

() X' xX =K,
(o, x) = (¥ x) =2 (x)

is bilinear and for every x' € X', x € X,
[0 < 1] 1]

The bracket (-,-) thus appeals to the notion of the scalar product on inner product
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 3.10. Let X be a normed space, U C X a closed linear subspace and
x € X\ U. Then there exists X' € X' such that

¥ (x) # 0 and X' (u) = 0 for everyu € U.

Proof. Letw:X — X /U be the quotient map ((x) = x+ U). Since x ¢ U, we have
7(x) # 0. By Corollary there exists @ € (X/U)’ such that @(x(x)) # 0. Then
x' := @om € X' is a functional we are looking for.

A linear operator P : X — X on a linear space X is called a projection if P> = P.
A linear subspace U of a normed space X is called complemented if there exists a
projection P € .Z(X) such that ranP = U.

Remark 3.11. If P is a projection, then Q = I — P is also a projection and ranP =
ker Q. Hence, if P is a bounded projection on a normed space, then ran P is neces-
sarily closed. Thus, a necessary condition for U to be complemented is that U is
closed.
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Corollary 3.12. Every finite dimensional subspace of a normed space is comple-
mented.

Proof. Let U be a finite dimensional subspace of a normed space X. Let (b;)1<i<y
be a basis of U. By Corollary|3.10] there exist functionals x; € X’ such that

lifi=j,
<x;7bj>:{

0 otherwise.

Let P: X — X be defined by

N
Px:= Z(xi,x)bi, xeX.
i=1

Then Pb; = b; for every 1 <i < N, and thus P2 =P, that is, P is a projection.
Moreover, ran P = U by construction. By the estimate

[1Px]| < 1184l

x| 15:1]) llx1],

z |

the projection P is bounded.

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

Lemma 3.13. In a Hilbert space every closed linear subspace is complemented.

Proof. Take the orthogonal projection onto the closed subspace as a possible pro-
jection.

Corollary 3.14. If X is a normed space such that X' is separable, then X is separa-
ble, too.

Proof. Let D' = {x], : n € N} be a dense subset of the unit sphere of X’. For every
n € N we choose an element x, € X such that ||x,|| < 1 and [(x],,x,)| > 1. We claim
that D := span{x, : n € N} is dense in X. If this was not true, i.e. if D # X, then,
by Corollary we find an element ' € X'\ {0} such that x’(x,) = 0 for every
n € N. We may without loss of generality assume that ||x’|| = 1. Since D’ is dense in
the unit sphere of X', we find n9 € N such that [|x" —x, || < 1. But then

1
> < g Xug) | = [0 =X 20) | < Ml = [ g || <

2 4’

which is a contradiction. Hence, D = X and X is separable by Lemma of Chap-
ter2
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3.2 Weak™ convergence and the theorem of Banach-Alaoglu

Let X be a Banach space. We say that a sequence (x,,) C X’ converges weak* to

some element x’ € X’ if for every x € X one has lim,_,(x,,x) = (x',x). We write
weaks

x,, — x'if (x],) converges weak* to x'.

Theorem 3.15 (Banach-Alaoglu). Let X be a separable Banach space. Then every

bounded sequence (x,) C X' admits a weak* convergent subsequence, that is, there

weakx
/

exists X' € X' and there exists a subsequence (x,, ) of (x,) such that x, — x'.

Proof. As in the proof of the Arzeld-Ascoli theorem (Theorem [1.36) and the theo-
rem about weak sequential compactness of the unit ball in Hilbert spaces (Theorem
2.47), we use Cantor’s diagonal sequence argument. Let (x),) be a bounded sequence
in X’.

Since X is separable by assumption, we can choose a dense sequence (x,,) C X.
Since ({x,,x1)) is bounded by the boundedness of (x},), there exists a subsequence
(x:p1 (n) Of (x},) (@1 : N — N is increasing, unbounded) such that

lim (Xlp, (m)»X1) exists.

Similarly, there exists a subsequence (xﬁpz(n)) of (x;)l (n>) such that

l}ﬂ(xﬁpz(n) ,X2) exists.

Note that for this subsequence, we also have that

,}2130<XI<P2(") ,X1) exists.

Iterating this argument, we find a subsequence (xﬁm ()

) of (x/_, ) and finally for
; ¢2(n)
every m € N, m > 2, a subsequence (xipm(m) of (xip » (n)) such that

lim (xip (n)+Xj) exists for every 1 < j <m.
n—eo m

Let (y)) := (x’(pn(n>) be the ’diagonal sequence’. Then (y,) is a subsequence of
(x},) and
lim (y/,,x,,) exists for every m € N.
n—soo

By Lemma of Chapter 2] there exists x' € X’ such that

lim {y),,x) = (x',x) for every x € X.
n—soo

This is the claim.
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3.3 Weak convergence and reflexivity

Given a normed space X, we call X" := (X') = £ (X’,K) the bidual of X.
Lemma 3.16. Let X be a normed space. Then the mapping
J:X—=X"
x= (= (X,x)),
is well defined and isometric.

Proof. The linearity of x' — (', x) is clear, and from the inequality
()] = 1,20 < [l

follows that Jx € X" (that is, J is well defined) and ||Jx|| < ||x||. The fact that J is
isometric follows from Corollary

A normed space X is called reflexive if the isometry J from Lemma [3.16] is
surjective, i.e. if JX = X”. In other words: a normed space X is reflexive if for every
x" € X" there exists x € X such that

(" ¥y = (x',x) forall ¥’ € X'.

Remark 3.17. If a normed space is reflexive then X and X” are isometrically iso-
morphic (via the operator J). Since X” is always complete, a reflexive space is nec-
essarily 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 3.18. 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[3.16]

Remark 3.19. It should be noted that for complex Hilbert spaces, the identification
of H with its dual H' is only antilinear, but after the second identification (H' with
H") it turns out that the identification of H with H” is linear.

Lemma 3.20. Every finite dimensional Banach space is reflexive.
Proof. 1t suffices to remark that if X is finite dimensional, then

dimX = dimX’' = dimX” < oo,

Surjectivity of the mapping J (which is always injective) thus follows from linear
algebra.
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Theorem 3.21. The space LP(Q) is reflexive if 1 < p < o ((2,47,11) being an
arbitrary measure space).

We will actually only prove the following special case.
Theorem 3.22. The spaces [P are reflexive if | < p < oo,
The proof of Theorem[3.22]is based on the following lemma.

Lemma 3.23. Let 1 < p < oo and let q := % be the conjugate exponent so that
% + é = 1. Then the operator

T:19— (7Y,
(an) = ((xn) = Zanxn)a

n
is an isometric isomorphism, that is, (IP) = 14,

Proof. Linearity of T is obvious. Assume first p > 1, so that g < c. Note that for
every a := (a,) € 19\ {0} the sequence (x,) := (cdy|an|?~2) (c = |lal|l;¥/") belongs

to [? and
el = llall; Y lan| @7 = 1.
n
This particular x € [” shows that

- —1
ITall gy = Y awin = lallg ™" Y lanl? = al|§” 7 = a4
n n

On the other hand, by Holder’s inequality,

ITallgry = sup |} anxal < |lally,

[xlp<t n

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 @ € ({?). Denote by e, the n-th unit
vector in [P, and let a, := @(e,). If p =1, then (a,) € [ = [9 by the trivial estimate

|an| = |@(ea)| < [[@]l lleall = Tl

If p > 1, then we may argue as follows. For every N € N,
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Z |an| = Zanan|an|q 2

M=
E)
S
S—
o=

< el (

3
I
—

1=

S

3

<

S—
<=

= ||<P||(

II
—_

which is equivalent to

N - N |
(X lanl®) 7 = (X lanl?) <ll@]-
n=1 n=1
Since the right-hand side of this inequality does not depend on N € N, we obtain

that a := (a,) € 19 and ||al|, < |||
Next, observe that for every x € [” one has

N

x:anen = lim X")c,,e,,7
N—roo 4=
n n=1

the series converging in /” (here we need the restriction p < oo!). Hence, for every
x € 1?7, by the boundedness of ¢,

==

= lim ¢ anen

N—>o0

= lim Zx,,a,,

N—>oo
= anan
n
= Ta(x).
Hence, T is surjective.

Proof (of Theorem [3.22). By Lemma we may identify (I7)" with 9 and, if
1 < p<eo(!),also ({7)"” = (17)" with I”. One just has to notice that this identification
of I? with (IP)” = IP (the identity map on [”) coincides with the operator J from
Lemma[3.16] so that [? is reflexive if 1 < p < co.

Lemma 3.24. The spaces I', L'(Q) (Q CRN) and C([0,1]) are not reflexive.
Proof. Foreveryt € [0,1], let § € C([0,1])’ be defined by

<5t7f> = f(t)7 fe C([O7 1})
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Then ||& | = 1 and whenever ¢ # s, then
16 = & = 2.

In particular, the uncountably many balls B(;, %) (t € [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 separable
(since C([0,1]) is separable), and then, by Corollary [3.14] C([0, 1])" would be sepa-
rable; 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.

Theorem 3.25. Every closed subspace of a reflexive Banach space is reflexive.

Proof. Let X be a reflexive Banach space, and let U C X be a closed subspace. Let
u” € U". Then the mapping x” : X’ — K defined by

is linear and bounded, i.e. ¥’ € X”. By reflexivity of X, there exists x € X such that
x) =W X)), ¥eX. (3.5)

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

"'y = (W \x),vu' €U (3.6)

However, if ' € U’, then, by Hahn-Banach we can choose an extension x’ € X', i.e.
X'|y = u'. The equation (3.6) thus follows from (3.5).

Corollary 3.26. The Sobolev spaces W5P(Q) (2 C RN open) are reflexive if 1 <
p <oo, keEN.

Proof. For example, for kK = 1, the operator

T:W'(Q)— (@),
. ( 9u ﬂ)
u u,aXI,...,aXN s

is isometric, so that we may consider W!”(Q) as a closed subspace of LP(Q)!*V
which is reflexive by Theorem The claim follows from Theorem

Corollary 3.27. A Banach space is reflexive if and only if its dual is reflexive.

Proof. Assume that the Banach space X is reflexive. Let x” € X" (the tridual!).
Then the mapping x’ : X — K defined by
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(x) =" Ix(x), xe€X,

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

<)C///7)C//> — <X”/,]X.x> — <)C/,)C> — <.X//,)C/>,

which proves that Jy/x' = X, 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 pre-
ceeding argument, and therefore X (considered as a closed subspace of X" via the
isometry J) is reflexive by Theorem

Let X be a normed space. We say that a sequence (x,) C X converges weakly to
some x € X if
I}EI;()C’,)CQ = (x',x) for every x' € X'.
Notations: if (x,) converges weakly to x, then we write x,, — x, w — limy_,e X, = X,
X, — xin 6(X,X"), or x, — x weakly.

Theorem 3.28. 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[3.14] Let (x],) C X’ be a dense sequence.

Since ((x},x,)) is bounded by the boundedness of (x,), there exists a subse-
quence (xg, () of (x») (@1 : N — Nis increasing, unbounded) such that

. / .
,}E}}o<x1 s Xy (n)) EXISLS.

Similarly, there exists a subsequence (xy, (x)) Of (X, (s)) such that

. / .
,}l_rf}o<x27x<pz(n)> exists.

Note that for this subsequence, we also have that

. / .
’}glgc (X5 Xy (n)) EXISts.
Iterating this argument, we find a subsequence (x¢,(,)) of (Xg,(n)) and finally for
every m € N, m > 2, a subsequence (xg,()) Of (xg, (n)) such that

lim (X, (n)) exists for every 1 < j <m.
Let (yn) := (xg,(n)) be the "diagonal sequence’. Then (y,) is a subsequence of
(x,) and
lim (x,,y,) exists for every m € N.
n—oo
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By Lemma of Chapter 2] there exists x” € X" such that

lim (x',y,) = (X, x") for every ' € X'.
n—soo

Since X is reflexive, there exists x € X such that Jx = x”. For this x, we have by
definition of J
}%(x’,yn> = (x',x) exists for every x' € X',

that is, (y,) converges weakly to x.

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

’}E?O<i,axn> = <f/’x>’

that is, (x,) converges weakly in X. If x' € X/, then X[ € X', and it follows easily
that the sequence (x;) also converges weakly in X to the element x.

3.4 * Minimization of convex functionals

Recall from page [31]that subset K of a real or complex vector space is convex if for
every x,y € K and every 7 € [0, 1] one has tx+ (1 —1)y € K.

Theorem 3.29 (Hahn-Banach; separation of convex sets). Let X be a Banach
space, K C X a closed, nonempty, convex subset, and xo € X \ K. Then there exists
X €X' and € > 0 such that

Re (x',x) + & <Re(x,x0), x€K.

Lemma 3.30. Let K be an open, nonempty, convex subset of a Banach space X such
that O € K. Define the Minkowski functional p : X — R by

X

p(x)=inf{A >0: 1

€K}.
Then p is sublinear, there exists M > 0 such that
p(x) <M|x||, x€X,

and K ={x€ X : p(x) <1}.
Proof. Since B(0,r) C K for some r > 0, we find that

1
p(x) < —||x|| for every x € X.
r

The property p(ax) = op(x) for every o > 0 and every x € X is obvious.
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Next, if p(x) < 1, then there exists A € (0,1) such that x/A € K. Hence, by
convexity,x =A 3 =A 7 +(1—A1)0 € K. On the other hand, if x € K, then (1+4-¢&)x €
K, since K is open. Hence, p(x) < (1+¢&)"!' < 1,sothat K = {x € X : p(x) < 1}.

Let finally x, y € X. Then for every € > 0,x/(p(x)+€) € Kandy/(p(y)+€) €K.
In particular, for every 7 € [0, 1],

t 1—1¢

X+

P re T el €8

Setting t = (p(x) +€)/(p(x) + p(y) + 2€), one finds that

xX+y
R A—CY
p(x)+p(y)+2¢

so that p(x+y) < p(x) 4+ p(y) + 2¢. Since € > 0 was arbitrary, we find p(x+y) <
p(x) + p(y). The claim is proved.

Proof (of Theorem|3.29). 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 x for this. Since xo ¢ K and since K is closed, we find that d := dist (xo,K) > 0.
Put

Ky :={xeX :dist(x,K) < d/2},

so that K; is an open, convex subset such that 0 € K. Let p be the corresponding
Minkowski functional (see Lemma [3.30).

Define on the one-dimensional subspace U := {Ax( : A € R} the functional ' :
U — Rby (u,Axo) = A. Then

(' ,u) <p(u), uel.

By the Hahn-Banach theorem there exists a linear extension x’ : X — R such
that
(X, x) <plx), xeX. 3.7)

In particular, by Lemma [3.30]
|, x)] < M|

so that x' € X" and ||x’|| < M. By construction, {x',xo) = 1. Moreover, by (3.7) and
Lemma[3.30] (x',x) < 1 for every x € K C K, so that

X.x) < (W x)(=1), x€Ky.

Replacing the above argument with (1 — &’)xg instead of xy (where €’ > 0 is chosen
so small that (1 — €')xg & K;), we find that

(X x) + € (¥ x0) < (¥, x0), x€KCKy,
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and putting € := €' = €'(x', x) > 0 yields the claim.

Corollary 3.31. Let X be a Banach space and K C X a closed, convex subset (closed
for the norm topology). If (x,) C K converges weakly to some x € X, then x € K.

Proof. Assume the contrary, that is, x ¢ K. By the Hahn-Banach theorem (Theorem
3.29), there exist x' € X’ and € > 0 such that

Re (X', x,) + € < Re(¥,x) forevery n € N,
a contradiction to the assumption that x,, — x.

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

flx+(1=10)y) <t fx)+(1=1) f(3). (3.8)

Corollary 3.32. 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 to x € K, then
f(x) <liminf f(x,).
n—soo
Proof. Forevery | € R, the set K; := {x € K : f(x) <[} is closed (by continuity of
/) and convex (by convexity of f). After extracting a subsequence, if necessary, we
may assume that [ := liminf,_,e f(x,) = lim,_e f(x,). Then for every € > 0 the
sequence (x,) is eventually in K¢, i.e. except for finitely many x,, the sequence

(x,) lies in K;1¢. Hence, by Corollary[3.31} x € K, which means that f(x) </+e¢.
Since € > 0 was arbitrary, the claim follows.

Let K C X be a convex subset of a real or complex vector space. A function
f:K — Ris called convex if for every x, y € K and every ¢ € [0, 1] one has

flex+(1=0)y) <t f(x)+(1=1) f(y).

It is called strictly convex if for every x, y € K, x # y and every ¢ € (0, 1) the above
inequality is strict.

Theorem 3.33. 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

Hlﬁm f(x) = oo (coercivity).
ek

Then there exists xg € K such that
fxo) =inf{f(x) :x € K} > —c0.

Proof. Let (x,) C K be such that lim,_,. f(x,) = inf{ f(x) : x € K}. By the coerciv-
ity assumption on f, the sequence (x,) is bounded. Since X is reflexive, there exists
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a weakly convergent subsequence (Theorem [3.28); we denote by xq the limit. By
Corollary [3.31] xo € K. By Corollary [3.32]

fx0) < lim f(x,) = inf{f(x) :x € K}.
The claim is proved.

Remark 3.34. Theorem [3.33|remains true if f is only lower semicontinuous, i.e. if
liminf f(x,) > /()

for every convergent (x,) C K with x = limx,. In fact, already Corollary re-
mains true if f is only lower semicontinuous (and then Corollary says that
lower semicontinuity of a convex function in the norm topology implies lower semi-
continuity in the weak topology). It suffices for example to remark that the sets
K; :={f <1} (I €R) are closed as soon as f is lower semicontinuous.

3.5 * 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],

flex+(=1)y) =1 f(x)+(1=1) f(y). (3.9)

A function f : K — R is called strictly convex (resp. strictly concave) if for every x,
yEK,x#Yy, f(x) = f(y) the inequality in (3-8) (resp. (3.9)) is strict for z € (0,1).

Theorem 3.35 (von Neumann minimax theorem). Let K and L be two closed,
bounded, nonempty, convex subsets of reflexive Banach spaces X and Y, respec-
tively. Let f : K x L — R be a continuous function such that

x> f(x,y) is strictly convex for every y € L, and
v+ f(x,y) is concave for every x € K.

Then there exists (X,7) € K x L such that

J(&y) < f(£,5) < f(x,9) foreveryx €K,y € L. (3.10)

Remark 3.36. A point (¥,5) € K x L satisfying (3.10) is called a saddle point of .

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 y, he increases his loss; hence, it is his interest to play .
Similarly, if the player controlling the strategy y modifies his strategy when the
first player plays X, he diminishes his gain; thus it is in his interest to play y. This
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property of equilibrium of saddle points justifies their use as a (reasonable) solution
in a two-person zero-sum game ([?]).

Proof. Define the function F : L — R by F(y) :=infex f(x,y) (v € L). By Theorem
3.33] for every y € L there exists x € K such that F(y) = f(x,y). By strict convexity,
this element x is uniquely determined. We denote x := @(y) and thus obtain

F(y)=)jg1§f(x,y)=f(4’(y),y), yeL. (3.11)

By concavity of the function y — f(x,y) and by the definition of F, for every yj,
y2 € Land every t € [0,1],

F(tyr + (1 =1)y2) = f(@(ty1 + (1 —1)y2),ty1 + (1 —1)y2)
>t f(P(ty1+ (1 =1)y2),31) + (1 =1) f(P(ty1 + (1 =1)y2),2)
>tF(y1)+(1—=1)F(y2),

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

limsup F (y,) < limsup f(x,yn) = f(x,y).
n—yoo Nn—ro0
Since x € K was arbitrary, this inequality implies limsup,,_,., F (y,) < F(y), i.e. F is
upper semicontinuous.
By Theorem [3.33] (applied to —F'; use also Remark[3.34), there exists y € L such
that

f(@(5),5) = F(3) = supF(y).
y€eL

We put ¥ = & (¥) and show that (%, ) is a saddle point. Clearly, for every x € K,

f(&5) < f(x,5). (3.12)
Therefore it remains to show that for every y € L,
f(&5) > f(x,y). (3.13)

Let y € L be arbitrary and put y, := (1 — %))74— %y and x, = ®(y,). Then, by
concavity,

F()_’) > F(.Vn) = f(xnayn)

> (1= ) {0 5) 4 1 f ()

> (1= )F () + = ),

or
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F(y) > f(xu,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 xo € K (Theorem[3.28|and Corollary

[3:31). By the preceeding inequality and Corollary [3.32]
F()_)) > f(x07y)'

This is just the remaining inequality (3.13)) if we can prove that xo = %. By concavity,
forevery x € K and every n € N,

f(x7)’n) > f(xmyn)

> (1), 3) + o )
> (1), 3) + ().

Letting n — oo in this inequality and using Corollary [3.32] again, we obtain that for
every x € K,
f(x.5) = f(x0,5)-

Hence, xo = ®(7) = & and the theorem is proved.



Chapter 4
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 chap-
ter. These fundamental results are

* the uniform boundedness principle or the Banach-Steinhaus theorem,
 the bounded inverse theorem (and the related open mapping theorem), and
¢ the closed graph theorem.

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

4.1 The lemma of Baire

Lemma 4.1 (Baire). Ler (M,d) be a complete metric space, and let (O,) be a
sequence of open and dense subsets of M. Then (), Oy, is dense in M.

Proof. We can assume that M is not empty since the statement is trivial otherwise.
Let xo € M and € > 0 be arbitrary. We have to prove that ), O, N B(xg,€) is not
empty.

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

B(x1,€1) € B(x0,€)N 0.

Choosing € a little bit smaller, if necessary, we can even assume that
B(xl ,8]) - B(X(),e) NOo;.

Since O, is dense and open in M, the intersection B(x,€;) N O, is open and
nonempty. Hence, there exists &, > 0 (w.l.o.g. & < &;/2) and x, € B(x1,&) N0,
such that

B(x2,&) C B(x1,€1)N 02 C B(xp,€) N0 NO;.

65
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Proceeding inductively, we can construct sequences (&,) C (0,e) and (x,) C M
such that
(i) & <&-—1/2and
(ii) foreveryn e N

B(xn,&1) € B(xu—1,8,-1) N0, € B(x,€) N[ ) 0.
j=1

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

X € B(xp,&,) foreveryn € N,

or
x€e ﬂB(xn,en) C B(xg,€)N ﬂOn.
n n
The claim is proved.

Lemma 4.2 (Baire). Let (M,d) be a complete, nonempty, metric space, and let
(A,) be a sequence of closed subsets in M such that M = J, A,.. Then there exists
no € 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,

0=M\|JA,=()On,

a contradiction to Lemma[4.1|and the assumption that M is nonempty.

Remark 4.3. The assumption in Lemma (4.1 or Lemma [4.2] that M is complete is
necessary in general. For example,

Q= U

x€Q

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

Remark 4.4. As a corollary to the lemma of Baire one obtains for example 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 [?].
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4.2 The uniform boundedness principle

Theorem 4.5 (Uniform boundedness principle; Banach-Steinhaus). Ler X, Y be
Banach spaces and let (T;)c; C £(X,Y) be a family of bounded linear operators
such that

sup || Tix|| < oo for every x € X.

icl

Then
sup || 7| < oo.
i€l

Remark 4.6. Theorem [#.3]is in general not true if X is only a normed space. For
example, let X = coo(=Y) be the space of all finite sequences equipped with the
supremum norm (or any other reasonable norm). Let

Tox = Ty (xm) = (anm¥m)

mifm <n,
anm = .
0 ifm>n.

with

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

Remark 4.7. The fact that in Theorem[d.5|we suppose also ¥ to be a Banach space is
not important. In fact, if Y is not complete, then we may embed Y into its completion
Y and consider every operator T; € .#(X,Y) also as an operator in .2 (X,¥).

Proof (Proof of Theorem{.5). Let A, := {x € X : sup;; || T;x|| < 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, there exists ng € N such that A, has
nonempty interior, i.e. there exist ny € N, xo € X and € > 0 such that

sup || Tix|| < ng for every x € B(xo, €),
i€l

or, in other words, there exists ny € N, xy € X and € > 0 such that
| T3 (x0 + €x)]| < ng for every x € B(0,1),i € I.
This implies, by the triangle inequality,
e||Tix|| < no+ ||Tixo| < 2no for every x € B(0,1),i € I.
The claim is proved.

Corollary 4.8. Let X, Y be Banach spaces and let (T,)) C £(X,Y) be a strongly
convergent sequence of bounded linear operators, i.e.
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Tx := lim T,x exists for every x € X.
n—oo

Then sup,cy || Th|| =2 M < ooand T € Z(X,Y).

Proof. Linearity of T is clear. Since (7},) is strongly convergent, the sequence (7,x)
is bounded for every x € X. By the uniform bounded principle (Theorem [.5),
sup,en || Tn|l =: M < . As a consequence, for every x € X,

x| = lim [[Tl] < M ],

so that T is bounded.
Corollary 4.9. Every weakly convergent sequence in a Banach space is bounded.

Proof. Let X be a Banach space and (x,) C X be weakly convergent. Considering
the x, as elements in X" = Z(X’,K) by the embedding J : X — X", the claim
follows from Corollary [4.8]

4.3 Open mapping theorem, bounded inverse theorem

Theorem 4.10 (Open mapping theorem). Let X, Y be two Banach spaces and let
T € Z(X,Y) be surjective. Then there exists r > 0 such that

TBx(0,1) 2 By(0,r). A.1)

Proof. First step: We show that there exists » > 0 such that

B(0,2r) CTB(0,1). 4.2)
For this, we remark first that by surjectivity,

Y =TX =|JTB(0,n) =|JTB(0,n).

By the Lemma of Baire, there exists ng such that TB(0,n¢) has nonempty interior,
i.e. there exist x € TB(0,n¢) and € > 0 such that

B(x,€) C TB(0,n).

By symmetry,
B(—x,€) C TB(0,np),

and adding both ’inequalities’ together, we obtain

B(0,€) C TB(0,np),

which implies the required inclusion {.2)) if we put r = ﬁ
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Second step: We prove @.1)). Let y € B(0,r), where r > 0 is as in from the
first step. Then, by [@.2), for every € > 0 there exists x € B(0,1) such that ||y —
Tx| < e. In particular, if we choose € = 7, then there exists x; € B(0, %) such that
Iy =T/ < 5.

Similarly, since y — Tx; € B(0, %), there exists x, € B(0,1) such that ||(y —
Tx1) — Txa|| < . Iterating this construction, we find a sequence (x,) such that
X, € B(0,27") and such that ||y — Y5, Tx,[| < 27"r. Since X is complete and
since Y, x, is absolutely convergent with Y, [|x,|| < 1, the limit x = ¥, x,, exists
and x € B(0, 1). By the preceeding estimates, ||y — Tx|| = 0 or Tx = y. Thus we have

proved @.I).

Remark 4.11. It is not difficult to prove that if an operator T € .Z(X,Y) satisfies
@T), 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.

Corollary 4.12 (Bounded inverse theorem). Ler X, Y be two Banach spaces and
let T € £(X,Y) be bijective. Then T~' € £(Y,X).

Proof. Linearity of T~! is clear. By the open mapping theorem (Theorem 4.10)), we
have

1
T~'By(0,1) C Bx(0,-)
r
for some r > 0. Hence, T~ is bounded.

Corollary 4.13. Let || - ||1 and || - ||2 be two norms on a vector space X such that
(X, ]|+ |lh) and (X, ]| - ||2) are complete. If there exists a constant C > 0 such that

[[x[l2 < Cllx|ly for every x € X,
then the two norms are equivalent.

Proof. Tt suffices to consider the identity 7 : (X, ]| ||1) — (X,]|-]|2). It is bounded by
assumption, and clearly it is bijective. By the bounded inverse theorem (Corollary
, the inverse I~ : (X, || - |2) = (X, |- ||l1) is bounded, i.e. there exists ¢ > 0 such
that

|lx[[1 < c||x]|2 for every x € X.

4.4 Closed graph theorem

Let X, Y be two Banach spaces, and let dom7 C X be a linear subspace. A linear
operator T : dom7T — Y is called a closed operator if the graph

GraphT := {(x,Tx) : x €domT}

isclosedin X x Y.
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Lemma 4.14. A linear operator T : X O domT — Y is closed if and only if

domT7 > x, — xin X and
= xec&domT and Tx =Y. 4.3)
Tx, —yinY

Proof. Exercise.

Lemma 4.15. Every bounded linear operator T € £(X,Y) (X, Y Banach spaces)
is closed.

Proof. This is an immediate consequence of Lemmaf4.14

Lemma 4.16. A linear operator T : X D domT — Y is closed if and only if the space
domT equipped with the graph norm

[xllaomr := llxllx + [Ty, xe€X,
is complete.

Proof. = Assume that T is closed. Let (x,) be a Cauchy sequence in (domT, || -
lldom7)- Then (x,) is a Cauchy sequence in X and (T'x,) is a Cauchy sequence in
Y. Since X and Y are complete, there exist x € X and y € Y such that x, — x and
Tx, —y. Since T is closed, and by Lemma[4.14] this implies x € dom7 and Tx = y.
Moreover,

%0 = *llaom7 = [l —x||x + || 7% — Tx|[y — 0,

so that (x,) converges in (dom7, || - ||gom7)- Hence, dom7 equipped with the graph
norm is complete.

< Assume that (dom7, || - ||gom7) is complete. Assume that dom7 > x, > x € X
and Tx, — y € Y. Then (x,) and (Tx,) are Cauchy sequences in X and Y, re-
spectively. By the definition of || - ||gom7, this implies that (x,) is a Cauchy se-
quence in (domT,|| - ||gom7). By completeness, there exists ¥ € dom7 such that
X, — X in domT (with respect to the graph norm). Since convergence of (x,) in
domT implies the convergence of (x,) in X, and since (x,) converges to x in X,
we find x = ¥ € domT by the uniqueness of the limit. Moreover, since T is al-
ways bounded from dom7 (when equipped with the graph norm) into Y, we have
Tx = lim, . Tx, = y. Hence, by Lemma[.14] 7 is closed.

Example 4.17. Let X =Y = C([0, 1]) be equipped with the supremum norm, and let
domT :=C!([0,1]) C X. Let Tf := f' for f € domT. Then T is a closed operator.
In fact, the graph norm || - ||gom7 coincides with the canonical norm on C'([0,1]),
ie.

£l = 1Flloo =+ [1f oo,
and (C'([0,1]), ]| -||c1) is complete.

Theorem 4.18 (Closed graph theorem). Let X, Y be two Banach spaces and let
T : X — Y be a closed operator. Then T is bounded.
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Remark 4.19. The important assumption in Theorem besides the assump-
tion that 7T is closed, is the assumption that dom7 = X! The Example shows
that closed operators need not be bounded in general; when considered from
(domT, | - ||x) with values in Y. Note that in Example domT is not complete
when equipped with the norm coming from X.

Proof (Proof of Theorem {.18). By assumption (X, | -|[x) is a Banach space, and
by closedness of 7 and Lemma 4.16} also (X,]| - ||[¢gom7) is @ Banach space, where
I [ldomT denotes the graph norm. Moreover, trivially,

[xllx < [[xllaom7 for every x € X.

By Corollary the two norms || - ||x and || - ||qom7 are equivalent, that is, there
exists a constant C > 0 such that

lx|lx + || Tx|ly < Clx||x for every x € X.
As a consequence, T is bounded.
Example 4.20 (Sobolev embedding). Let —oo < a < b < 0. Then the embedding

J N Wl’p(a,b) — C([aab])7
ur—u

is well defined and bounded, that is, there exists a constant C > 0 such that
l|tt]|oo < C ||ue]lyy1.» fOr every u € WP (a, b).

Recall that this embedding is well defined since every function u € W'?(a,b) is
continuous on [a,b] by Theorem of Chapter|[10]

In order to see that J is also bounded, we apply the closed graph theorem together
with the characterization in Lemma let (u,) € W'P(a,b) be such that u =
lim,, oo 1, exists in W1+ (a,b) and such that v = lim,,_,eu, 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 u = v. Hence,
the embedding is closed. By the closed graph theorem, the embedding W!? — C is
bounded.

Exercise 4.21 Let T : X D domT — Y be a closed, injective operator. Define

dom7T ! :=ranT = {Tx:x e domT} CY,

7! y :=x where x € domT is the unique element such that Tx =y.

Then T~ is a closed operator:
If in addition T is surjective, then T~ : Y — X is bounded.
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4.5 * Vector-valued analytic functions

Let X be a complex Banach space and let 2 C C be an open subset. We say that a
function f : Q — X is analytic (or: holomorphic) if

Fl20) = tim LEH =S 0)

exists for every zo € Q.
=20 Z—20

We say that f : Q — X is weakly analytic (or: weakly holomorphic) if x' o f :
Q — C is analytic for every X’ € X'.

Theorem 4.22. A function f : Q — X is analytic if and only if it is weakly analytic.

Proof. 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:  — X’ be such
that (f,x) : Q — C is analytic for every x € X. Then f is analytic.

In fact, it suffices to prove that for fixed zo € 2 there exists M > 0 such that for
every y, z € Q\ {z0} close’ to zo,

Hf@—f@ﬂ_ﬂw—ﬂm)

=20 y—20

‘ <Mlz—y|. 4.4)

Let K := B(z0,7) \ {z0}, where r > 0 is chosen so small that K C Q. Let
K=(KxK)\{(z2):z€K}

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@)—f(z0) _ f)—f(z0)
sup < % Y0 7x> < oo,

(y,z)€K y—z

By the uniform boundedness principle, this implies

f@)—f(z0) _ fO)—f(z0)

I—Z —Z
sup 0 S =:M < oo,

(v2)ek y—z

which actually implies (4.4) for every y, z € K.

By Theorem {.22] many important properties of ’classical’ analytic functions
Q — C carry over to vector-valued analytic functions 2 — X. For example:
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» Every analytic function f : 2 — X is infinitely many times differentiable.
¢ Every analytic function f : Q — X can be locally developed into a power series
of the form Y,>_ a,(z—20)" with a, € X. In fact: a, = %f"’) (z0).

 Cauchy’s integral formula f(z) = ﬁ Iy jzr(fyy) dy holds true for appropriate 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 € .Z(X); see the Chapter 3]






Chapter 5

Spectral theory of operators on Banach spaces,
compact operators, nuclear operators

5.1 The spectrum of closed or bounded operators

Let X and Y be Banach spaces. A linear operator from X into Y is a pair (A,domA)
where domA C X is a linear subspace and A : domA — Y is a linear mapping. We
call domA the domain of A. Furthermore, we define the kernel, the range, and the
graph of A respectively by

kerA:={x€ X : Ax=0},
ranA :={y €Y : 3x € domA s.t. Ax =y} and
graphA := {(x,y) € X XY : x € domA and Ax = y}.

We say that a linear operator from X into Y is densely defined if its domain is
dense in X. If the domain is clear from the context, then we simply speak of a
linear operator A from X into Y; even if we say “from X into Y, the domain need
in general not be equal to X. However, for a bounded, linear operator A we always
assume, unless otherwise stated, that domA = X. Recall that an operator A from
X into Y is closed if its graph is closed in X x Y. We recall that an operator A
on X is closed if and only if its domain, equipped with the graph norm given by
Xl doma = IIx|lx + ||Ax|ly (x € domA), is complete. We also recall the closed graph
theorem (Theorem which says that every closed operator A with domain
domA = X is automatically bounded.

Let A be a linear operator on X (from X into X). For every A € K we write
A —A:= Al —A, where [ is the identity operator on X and dom (A —A) := domA.
We define the resolvent set of A by

p(A):={A€K: A —A:domA — X is bijective and
(A —A)~!is bounded on X }.

75
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We emphasize that the inverse (A —A)~! is considered as an operator from X into X,
and not as an operator from X into domA, although it effectively maps into domA.
For every A € p(A) we write

R(AA):==(A—A)"!,

and we call R(4,A) the resolvent of A at A. The mapping p(A) — Z(X), A —
R(A,A) is called the resolvent of A. The set

o(A) ==K\ p(A)

is called the spectrum of A. Moreover, we define the point spectrum, the approx-
imative point spectrum, the continuous spectrum and the residual spectrum,
respectively, by

6,(A) :={A € K: A —Ais not injective}

={1 €K : 3IxedomA\ {0} s.t. Ax = Ax}
G4p(A) :={A € K : 3(x,) C domA s.t.||x,| =1 and (A —A)x, — 0},
o.(A) :={A € K : A — A is injective, has dense range, but
(A —A)~!:ranA — X is not bounded}, and
6,-(A):={A €K : ran(A —A) is not dense in X }.

Elements of 0,(A) are called eigenvalues. Any vector x € domA \ {0} such that
Ax = Ax is called eigenvector for the eigenvalue A.

Our first lemma shows that if we look for operators with nonempty resolvent set,
then we necessarily have to search in the class of closed operators.

Lemma 5.1. Let A be a linear operator on a Banach space X. Then:
(a) If the resolvent set of A is nonempty, then A is closed.
(b) IfAis closed, then

p(A)={LeK: A —A:domA — X is bijective}.

Proof. [(a)] Let A be a linear operator on a Banach space X. Assume that the resol-
vent set is nonempty, and let A € p(A). Then A — A is bijective and (A —A) ! is a
bounded, linear operator on X. In particular, (A —A)~! is closed. This means that

graph(A —A) ' ={(px) X xX: (A —A)ly=x}
is closed in X x X. Hence,
graph(A —A) = {(x,y) EX X X : x €domA and (A —A)x =y}

is closed in X x X. This easily implies that A has closed graph.
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The inclusion “C” is trivial. We only have to prove the converse inclusion.
Assume that A is closed, and let A € K be such that A — A is bijective. Then (A —
A)~!is defined everywhere on X and closed. By the closed graph theorem (Theorem
, (A —A)~!is bounded. Hence, A € p(A).

Lemma 5.2 (Resolvent identity). Let A be a linear operator on a Banach space X.
For every A, i € p(A) one has

R(2,A) = R(,4) = (1 — A)R(ILAIR(R,A).
Proof. Forevery A, u € p(A)

= R(2,A) (1~ A)R(iL,A).
Lemma 5.3 (The spectrum of a closed operator). Let A be a closed, linear oper-
ator on a Banach space X. Then:

(a) Analyticity of the resolvent. For every A € p(A) and every i € K with |A —
u| <1/||R(A,A)|| one has u € p(A) and

=

R(ps) = L= ) ROLA)

In particular, the resolvent set p(A) is open in K and the spectrum 6(A) is
closed in K. The resolvent p(A) — £ (X), A — R(A,A) is analytic, which
means that it can locally near every point A € p(A) be developed into a power
series.

(b) Growth of the resolvent near the spectrum. For every A € p(A) one has
[R(A,A)|| > dist(A,0(A))"".

(c) The topological boundary of the spectrum belongs to the approximative
point spectrum. One has

dG6(A) C 64p(A).
Proof. [(@)|Let A € p(A) and p € K such that [ — 4| < 1/||R(A,A)||. Then
p—A=u—-A+A—A=((L—A)R(A,A)+I)(A —A)

is boundedly invertible by the Neumann series, that is, it € p(A). More precisely,
the Neumann series yields

oo

R(u,A) =Y (=1 (= 2)*R(2, A/,
k=0
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so that the resolvent can be locally developed into a power series. As a consequence,
the resolvent is analytic.

Assertion [(b)| follows directly from [(a)]

If A € d6(A), then there exists (4,) C p(A) such that lim, e A, = A. By
assertion lim,,—,e ||R(An,A)]|| = e0. By the definition of the operator norm, there
exists a sequence (y,) C X, ||yn|| = 1, such that

1im [[R (A, A)yi]| ==

An,A)yn
Put x, := %, so that x,, € domA and ||x,|| = 1. Then
Yn
Axy —Axy = (A —Ap)xp+ 7 —0 —5 o0).
A = A A 0 )

As a consequence, A € 64,(A).

Remark 5.4. One may also employ the resolvent identity in order to prove that the
resolvent is analytic; but in this case one should at least prove its continuity.

Every bounded, linear operator on a Banach space is closed, as one easily shows.
The following lemma therefore is additional information compared to Lemma 5.3]

Lemma 5.5 (The spectrum of a bounded operator). Let T € £ (X) be a bounded,
linear operator on a Banach space X. Then:

(a) Forevery A € Cwith |A| > ||T|| one has A € p(T) and

> 1
R(A.T)=Y MHT".
k=0

In particular, the spectrum o(T) is contained in the closed disk B(0,||T||).

(b) The spectrum o(T) is compact and, if the Banach space is complex and non-
trivial, nonempty.

Proof. [(a)] Use the identity

T
A=T=2(1-7)

and the Neumann series.

[(6)By assertion[(a)] the spectrum is bounded and, by Lemmal[5.3] it is also closed.
Hence, the spectrum 6(7T') is compact.

If X is a complex Banach space and if 6(T") was empty, then, by Lemma the
resolvent is an entire function. On the other hand, by assertion

lim [[R(A,T)|| =0,
A=

so that the resolvent is a bounded function which vanishes at infinity. By Liouville’s
theorem, this implies R(A,T) = 0, which is only possible if X = {0} is the trivial
space.
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Remark 5.6. In fact, A € p(T') as soon as
IA| > liminf | T"|| % =: #(T).
n—soo

The number 7(7) > 0 is called the spectral radius of 7. It follows from complex
function theory (if X is a complex Banach space) that r = r(T) is actually the small-
est radius such that the spectrum of 7 is contained in the disk {A € C : [A] < r},
whence the name.

Let (A,domA) be a densely defined, linear operator between two Banach spaces
X and Y. We defined the adjoint operator or dual operator (A’,domA’) from Y’
into X’ by

domA’:={y' €Y' : I’ € X'Vx € domA : (x',x)x x = (y/,Ax)ys y } and
Ay =X

In other words, y' € domA’ if and only if the composition y’ o A, which is initially
only defined on domA C X, extends to a bounded a linear functional on X, and then
A’y is equal to this continuous extension. At this point it is convenient to assume
that A is densely defined, because then the composition y’ 0 A admits at most one
bounded, linear extension and A’ is a linear operator. For every y € domA and every
x € domA,

(' Ax)yry = (A'Y x)x x.

If T: X — Y is a bounded, linear operator between two Banach spaces X and Y,
then, for every y € Y’, the composition y' o T is bounded on X. The adjoint operator
T’ is therefore defined on Y’, that is, its domain dom7” is equal to Y’. For every
y €Y' and every x € X,

<y/7Tx>Y’,Y = <T/y/7x>x’,x~

Lemma 5.7. For every bounded, linear operator T € £ (X,Y), the adjoint T’ :Y' —
X' is bounded and ||T|| = ||T’||.

Proof. Foreveryy €Y/,

1Tyl = sup Ty, x)] = sup [/, Tx)[ <[IT[[[Yl],

Ixl<t xl<1

which proves that 7/ is bounded and that ||7”|| < ||T||. On the other hand, by Hahn-
Banach (Corollary [3.8| of Chapter[3),
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IT'l = sup Ty

y']1<1

= sup sup [(T'y,x)]
IYII<1 |lx][<1

= sup sup |(y/,Tx)|
[l <1 [ly']I<1

= sup [|Tx]|
[l <1

=11,

and the claim is proved.

Let X be a Banach space and X’ its dual. For every subset M C X we define the

annihilator
M= {xX eX : (X x) =0VxeM}.

For every subset M’ C X', we define the preannihilator
M| ={xeX: (¥ x)=0veM}.

It is easy to show that M and M'| are closed linear subspaces of X’ and X, respec-
tively.

Lemma 5.8. Let X be a Banach space and let (A,domA) be a closed, linear opera-
tor on X. Then:
(a) (ranA)‘ =kerA’.
(b) ranA = (kerA'),.
(c) (kerA): DranA’
(d) kerA = (rand’),.
Proof. In order to prove (a), we observe
X € (ranA)t & VxeX: (X, Ax) =0
& x edomA’ andVx e X : (A'Y ,x) =0
< x' €domA’ and A'X' =0
& x € kerA'.
(b) If x € ranA, x = Ay for some y € domA, and if ¥’ € kerA’, then
(', x) = (', Ay) = (A'¥,y) = 0.

Hence, ranA C (kerA’) |, and since the latter space is closed, we obtain ranA C
(kerA’) | . Assume that the inclusion is strict. Then there exists x € (kerA’); which
does not belong to ranA. By Hahn-Banach (Corollaryof Chapter , there exist
x' € X' such that
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X |rana = 0 and (x', x0) # 0. (5.1)

The first equality means that (x',Ax) = 0 for every x € domA. Hence, x' € domA’

and A’x' = 0, that is, X’ € kerA’. But since xo is in the preannihilator of kerA’, this

implies (x',x0) = 0, and this is a contradiction to (3.1). Hence, we have proved (b).
(¢) If ¥ € ranA’, x' = A’y for some y € domA’, and if x € kerA, then

(,x) = (A .x) = (Y ,Ax) = 0.

This implies ranA’ C (kerA)*, and since the latter space is closed, we obtain (c).
(d) Similarly as in (a), we observe

x € kerA & x € domA and Ax =0

& x€domA and Vx' € X' : (X', Ax) =0

& x € domA and Vx' € domA”: (A'X,x) =0

< x€ (rand); .
Lemma 5.9 (Spectrum of the adjoint operator). Let (A,domA) be a closed,
densely defined, linear operator between two Banach spaces X and Y. Then:
(a) The adjoint operator (A’,domA’) is closed from Y’ into X'.
(b) IfX =Y, then for every A € K one has dom (A —A) =domA’ and (A —A) =

A=A’ Ifin addition A — A is injective and has dense range, then
(A=) =@a-A)""
(c) IfX =Y, theno(A) =o(A’) and for every A € p(A)
R(A,A) =R(A,A").

Proof. [(a)|Let (y;,) be any sequence in domA’ such that y}, — )’ in Y’ and A'y], — x/
in X’. Then, for every x € domA,

<x/,x>xl7x = lim<A/y;1,x>X/~X
T :
= lim(y},,Ax)y’ y
n
=(/,Ax)yry.

By definition of the adjoint operator, this equality implies y' € domA’ and A’y = x'.
As a consequence, (A’,domA’) is closed.

[(D)] The first part of this assertion is an exercise. For the second part, we consider
without loss of generality the operator A instead of A — A. So assume that A is
injective and has dense range. Then the inverse A~! is densely defined and therefore
its adjoint (A~!)" is well defined. On the other hand, by Lemma (a), the operator
A’ is injective, and therefore (A’)~! is well defined.
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Now, for every x’ € domA’ and for every x € ranA = domA~! one has A~ lx €
domA and

(A A7 x) = (X, AA " x) = (¢, x).

Hence, for every ¥’ € domA’ one has A’ € dom (A~"')" and (A~!)/A'Y = x'.
Conversely, for every x' € ran (A~!)" and every x € domA one has Ax € domA~!
and

(A7NYx Ax) = (x', A71Ax) = (/,x).

Hence, for every ' € ran (A~!) one has (A~!)’x’ € domA’ and A’(A~')'x' = ¥'.

We have proved that (A~!)" is both a left-inverse and a right inverse of A’, and
hence (A")~! = (A1)

[(©)|Let A € p(A). Then, be the preceding step, R(A,A)’ is a bounded inverse of
A —A’, and hence 4 € p(A").

Conversely, let A € p(A’). By Lemmal[5.8|(a) and (d), A — A is injective and has
dense range. For every x € ran (1 — A) and for every x’ € X/,

[, (A =A) "] = (A —A4) 1) %)
=|(R(2,A")x,x)]
< IR, AD ] ],

so that (A —A)~! is bounded. Since this operator is closed and densely defined, it
follows that A € p(A).

Lemma 5.10. For every linear operator (A,domA) on X one has
0:(A) = op(A").

Proof. Let A € 6,(A). Then, by definition of the residual spectrum, ran(A —A) is not
dense in X. By the Hahn-Banach theorem (see in particular Corollary [3.10), there
exists a bounded, linear functional x' € X"\ {0} which vanishes on ran(A — A), that
is,
(X', Ax — Ax) = 0 for every x € domA.

In other words, (ran(A —A))* # {0}. By Lemma (a), this means ker(A —A’) #
{0}, or, by definition of the point spectrum, A € 6,(A”).

Conversely, if A € 6,(A’), then ker(A —A’) # {0}. This implies (ker(A —A’)), #
X. By Lemma (b), this means that ran(A —A) is not dense in X. Hence, A €
c,(A).



5.2 Compact operators 83

5.2 Compact operators

A linear operator 7 : X — Y between two Banach spaces X and Y is called a com-
pact operator if 7B(0, 1) is relatively compact in Y. The set of all compact linear
operators from X into Y is denoted by # (X,Y). We write # (X) := & (X, X).

Remark 5.11. A linear operator 7 : X — Y is compact if and only if for every se-
quence (x,) C B(0, 1) there exists a subsequence (again denoted by (x,)) such that
(Tx,) is convergent (or Cauchy).

Since relatively compact subsets of normed spaces are necessarily bounded, ev-
ery compact operator is bounded.

Lemma 5.12. Let X, Y, Z be Banach spaces. Then:

(@) The set J# (X,Y) is a closed linear subspace of £ (X,Y).
b FTeX(X,Y)andS € Z(Y,Z), then ST € # (X,Z).
© FTeZX,Y)andS e # (Y,Z), then ST € ¥ (X,Z).
(d) The set # (X) is a closed, two-sided ideal in £ (X).

Proof. () If T, S € #(X,Y), A €K, then clearly AT € ¢ (X,Y). Moreover, if
(xn) € B(0,1) is any sequence, then we can choose a subsequence (again denoted
by (x,)) such that (Tx,) converges. From this subsequence, we extract another sub-
sequence (again denoted by (x,)) such that (Sx,) converges. Then (T'x, + Sx;) con-
verges, and therefore 7+ S € ¢ (X,Y). Hence, .# (X,Y) is a linear subspace of
Z(X,Y).

In order to see that .# (X,Y) is closed in .Z(X,Y), let (T,,) C .2 (X,Y) be con-
vergent to some element in 7 € £ (X,Y). Let (x;) € B(0,1) be any sequence. A
diagonal sequence argument implies that we can choose a subsequence (again de-
noted by (x;)) such that

lim 7,x; exists for every n € N.
Jmree

Let € > 0 be arbitrary, and choose n € N so large such that |7 — T, || < €. Choose
Jjo € N'so large that ||7,,x; — T,.x¢|| < € for every j, k > jo. Then, for every j, k > jo,

17— Tl < I1Tj = Toxsl| + Ty — Toxell + 1 o — T | < 3e.

Hence, (Tx;) is a Cauchy sequence. Since Y is complete, (Tx;) is convergent. As
a consequence, for every sequence (x;) C B(0,1) we have extracted a subsequence
(again denoted by (x;)) such that (Tx;) converges. This means that 7 € ¢ (X,Y).
Hence, 2 (X,Y) is closed in £ (X,Y).

(b), (c) Let T € £(X,Y) and S € Z(Y,Z). If T is compact, then TB(0,1) is
relatively compact, and since S is continuous, STB(0, 1) is relatively compact in Z
by Lemmaof Chapter@ Hence, ST € J¢ (X, Z). If on the other hand T is only
bounded and S is compact, then TB(0, 1) is bounded in Y, and therefore STB(0, 1)
is relatively compact in Z, that is, ST € (X, Z).
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(d) This is an immediate consequence of (a), (b) and (c).

Lemma 5.13. Let X, Y be Banach spaces. Then:
(a) IfT € Z(X,Y) has finite rank, that is, if dimranT < oo, then T € ' (X,Y).

(b) If(T,) C ¥ (X,Y) is a uniformly convergent sequence of finite rank operators,
then T :=limyo T, € H (X,Y).

Proof. Assertion (a) follows from the Theorem of Heine-Borel, while (b) is a con-
sequence of Lemmal[5.12]

Example 5.14 (Rank-1-operator). For every x' € X’ and y € Y we may define the
operator T : X — Y by
Tx:=(xX,x)y (x€X).

Then T has rank 1 (unless X' = 0 or y = 0 in which case T = 0), and it is therefore
a compact operator. Operators of the form above are also denoted by ¥’ ® y. Every
rank-1-operator is of this form.

Lemma 5.15. A Banach space X is finite dimensional if and only if the identity
operator I € £ (X) is compact.

Proof. This is an immediate consequence of Theorem|[I.15]of Chapter[T]which itself
was a consequence of the Lemma of Riesz (Lemma [I.T4).

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) we have already seen a satisfactory characterization of relatively compact
subsets; see the Theorem of Arzela-Ascoli (Theorem [T.36).

Example 5.16 (Sobolev embedding). Consider the embedding J : W'?(a,b) —
C([a,b]) from Example of Chapter 4] The closed graph theorem showed that J
is bounded, i.e. there exists C > 0 such that

]l < Cllullyip, u€W"P(a,b).
We can show in addition that the embedding is compact if p > 1. Let
M= {ueW"(a,b) : |lullyr, <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 ¢, s € [a,b] (t > s)and
everyu € M,

p—1 p—1

) —u)| =1 [y ar < [ W<l e-9" <0-9""
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This implies that M is equicontinuous if p > 1 (choose for every € > 0 the § equal
to €7 in order to check equicontinuity).

By the Arzela-Ascoli Theorem (Theorem [I.36), M is relatively compact in
C([a,b]), and therefore the embedding W' (a,b) — C([a,b]) is compact if p > 1.

Exercise 5.17 (Sobolev embedding) Show that the embedding W''(a,b) —
C([a, D)) is not compact.

Exercise 5.18 (Multiplication operators in sequence spaces) Let X = [7 (1 <
p <o) orlet X =co. Let m € I” and define the associated multiplication oper-
ator M € Z(X) by

Mx=M(x,) = (myx,), xc€X.

Show that M is compact if and only if m € cy.
Hint: Use Lemmal3.13

Exercise 5.19 (Kernel operators) Let Q CR" be a compact (!) set. Let k € C(2 X
Q), and define the associated kernel operator K € £ (C(2)) by

Kf(t) = /Qk(t,s)f(s) ds, 1€Q,feC(Q).
Then K is compact.

Theorem 5.20 (Schauder). An operator T € £(X,Y) is compact if and only if
T e L(Y',X') is compact.

Proof. Assumethat T € #(X,Y), and let K := TBx(0,1) CY. 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

— 1 U > 1 I — 1 ' T s
0= tlim [y, Ym||c(1<)_nvgfgw”ih'fluy,z Y TO| = lim_ [Ty, = T'¥) ||y,

which just means that 7”7 is compact.

Assume on the other hand that 7/ € J# (Y’,X’). By what we have just proved,
this implies 7”7 € 2 (X", Y"). Hence, if (x,) € Bx (0, 1) is any sequence, then there
exists a subsequence (again denoted by (x,)) such that (7"x,) is convergent in ¥”

(note that we have considered (x,) also as a sequence in X” via the embedding J).
However, T"x, = Tx,, and the claim is proved.

Theorem 5.21 (Riesz-Schauder). Letr X be a Banach space, and T € J (X).
Then:

(a) ker(I—T) is finite dimensional.

(b) ran(I —T) is closed and ran(I — T) =ker(I - T'), .
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(¢) ker(I—T) = {0} ifand only ifran(I —T) = X.
(d) dimker(/ —T)=dimker({ — T’) = dim(X /ran({ — T)).

An immediate consequence of the Riesz-Schauder Theorem is Fredholm’s alter-
native.

Corollary 5.22 (Fredholm alternative). Let X be a Banach space, and T € 7 (X).
Then, either for everyy € X the equation

x—Tx=y, 5.2)

admits a solution x € X, and in this case the solution x is unique, or the homogeneous
equation
x—Tx=0

has a a finite number of linearly independent solutions (x;)1<i<n and the equation
(5-2) 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 5.23. If T € ¢ (X), then, by property (c) of Theorem [ —T is injec-
tive if and only if 7 — T is surjective. In finite dimensions, this property of linear map-
pings is well-known. This property of operators of the form / — T with T compact is
however not shared by arbitrary bounded operators on infinite-dimensional Banach
spaces. For example, the left-shift L on [?(N) defined by Lx = L(x,) := (x,11) is
surjective but not injective.

Remark 5.24. An operator S € Z(X,Y) such that kerS is finite dimensional and
such that ran S is closed and has finite codimension (that is, dim(X/ranS) < eo) is
called a Fredholm operator, and

ind S := dimker S — dim(X/ranS)

is called the Fredholm index of S. By Theorem|[5.21} S =1—T € £ (X) is a Fred-
holm operator of Fredholm index 0 if T € % (X).

Proof (of Theorem[5.21). (a) On ker(I — T') we have T = I, and since T is compact,
ker(! — T') must be finite dimensional.

(b) Let (x,) C X be such that u, := x, — Tx, — u € X. We have to show that
u € ran(I — T). Since ker(I — T) is finite dimensional, for every n € N there exists
yn € ker(I —T') such that

dist (xp, ker(I —=T)) = ||xn — yn -

We show that the sequence (x, —y,) is bounded. Otherwise, after extracting a subse-
quence, we may assume that 1im,—e ||, — y,|| = 0. Putting w,, := ﬁ, we find
that w, — Twy, = u, /||x, — yu|| — 0. After extracting a subsequence, we may assume
that 7w, — z (T is compact). But then w,, — z, too, and therefore z € ker(/—T). On
the other hand,
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dist (x,,ker(I —T))

[ = all

dist (wy,, ker(I—T)) = =1,
a contradiction. Hence, the sequence (x, — y,) is bounded.

But then, by compactness of T, we can extract a subsequence (again denoted by
(xn — yu)) such that T (x, —y,) — v. Hence,

Xn—Yn = Mn+T(xn _yn) — U+

We deduce that T(u+v) =v, or u = (u+v) —T(u+v), so that u € ran(I —T).
Hence, ran(/ —T) is closed.

Since the equality ran(/ — T') = ker(I — T') | always holds true (Lemma, we
have thus proved (b).

(c) Assume first that [ — T is injective, i.e. ker(/ — T') = {0}. Assume that X; :=
ran(/ —T') # X, that is, X; is a closed (by (b)) proper subspace of X. Then T'|x, €
(X1), so that, by (b) again, X, = (I — T)X; is a closed subspace of X;. Since
I —T is injective, X, # 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 x,, € X,, such that ||x,|| = 1 and
dist(x,, Xy11) > % For every n > m we have

Txp—Txp = —(xXn — Txn) + (X — Txpn) +Xp — X

and
— (0 = Txp) + (X — Txm) + X4 € Xint1-

Hence, ||Tx, — Txy| > 3 whenever n # m, a contradiction to the assumption that T
is compact. Hence, ran(I — T) = X.

Assume now on the other hand that ran(I — T) = X. Then, by Lemmal[5.8] ker(/ —
T') ={0}. Since T’ is compact by Schauder’s theorem, this implies ran(I —T’) = X’
by the preceeding step. By Lemma[5.8] ker( — 7') = {0}.

(d) For every closed subspace U of X the dual (X /U)’ is isomorphic to U*. In
particular, for U = ran(I — T') one obtains (using Lemma/5.8)

ker(I —T') = (ran(I — T))* = (X /ran(I = T)) = X /ran(I — T).

The last isomorphy holds since we know by the first isomorphy that (X /ran(I—T))’
is finite dimensional. In particular,

dimker(/ — T') = dimX /ran(I — T),

so that we have proved the second inequality.
It remains to prove that

dimX /ran(I — T) = dimker(I —T).
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Since Tx = x for every x € ker(I — T'), we see that T leaves ker(I — T') invariant. In
particular, the operator

T:X/ker(I—T)— X/ker(I-T),
x+ker(I—T)w— Tx+ker(I-T),

is well-defined and one easily checks that T is compact since T is compact. By
construction, ker(I — 7) = {0} so that, by (c), ran(I — T) = X /ker(I — T). This
means that for every y € X there exists x € X and xp € ker({ — T') such that

(I-T)x=y—xo,
or
y=(I—T)x~+xp=:x1 +xp.

In particular, every y € X can be written as a sum x| +xg of an element x; € ran(/ —
T) and an element xo € ker(I —T'). Hence,

dimker(/ — T") = dimX /ran(I — T) < dimker(I — T).
Replacing T by T’ (which is compact by Schauder’s theorem), we obtain
dimker(I — T") < dimker(I — T") < dimker(/ — T).
On the other hand, since I — T" extends I — T, one trivially has
dimker(/ — T) < dimker(I —T").
The claim is proved

Theorem 5.25 (Spectrum of a compact operator). Let X be a Banach space and
let T € % (X). Then:

(a) IfX is infinite-dimensional, then 0 € o(T).

(b) o(T)\{0} = 0,(T)\ {0}.
(c) Either o(T) is finite or 6(T)\ {0} = {A, : n € N} for some sequence (4,) C C
such that lim,,_,. A, = 0.

Proof. (a) If 0 € p(T), then T~! exists and is bounded. Hence, I = TT~! is com-
pact; a contradiction to the assumption that X is infinite dimensional.

(b) Let L € o(T)\ {0}. If A & 6,(T), then ker(A —T) = {0}. By the Riesz-
Schauder Theorem (Theorem [5.21)), this implies ran(A — T) = X so that A — T is
bijective; a contradiction to the assumption A € o(T).

(c) It suffices to prove that 6(T)N{A € C : |A| > R} is finite for every R > 0. If
this was not the case, then we find a sequence (4,) C o(7T) \ {0} such that A, # A,
for n # m and |A,| > R > 0. By (b), for every n € N there exists x, € X \ {0} such
that A,x, — Tx,, = 0. Note that the family (x,) are linearly independent. Otherwise,
we find a smallest n € N such that the family (x;)1<;<, is linearly independent, but
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Xn1 = Lo ax; for some scalars ¢;. Then
n n
Y i 1% = Ay ixnr1 = Txnr = ) 0GAix;,
i=1 i=1

and this implies 0;(A,4+1 — A;) =0 forevery 1 <i<n. Since 4,11 # A; for 1 <i<n,
we obtain a; = 0; a contradiction to x,+1 # 0. Let X,, := span{x; : 1 <i <n}. Then
(X,) is an increasing sequence of closed subspaces of X such that X,, # X, 1 (the
latter by linear independence of the vectors x,). By the Lemma of Riesz, for every
n > 2 there exists y, € X, such that ||y,|| = 1 and dist (y,, X,—1) > 5. Then, for every
n>m>?2,

HTYn - TYm” = ” - (A'nYn - Tyn) + (Afmym - Tym) + Apyn — )vm)’m”
> diSt()Lnmerzfl)
sk R
-2 - 2

This is a contradiction to the compactness of 7', and hence (c) is proved.

5.3 Nuclear operators

Let X and Y be two Banach spaces. An operator 7 : X — Y is called nuclear oper-
ator, if there exist sequences (x}) in X" and (y) in ¥ such that

(@ Xx ll ]l [yell < oo, and
(i) Tx=Y(xp,x)y forevery x € X.

Taking up the notation from Example [5.14] (Rank-1-operators), the condition (i) is
equivalent to

T= Zx;<®yk7
k

the series being absolutely convergent in £’ (X,Y), thanks to condition (i). In partic-
ular, every nuclear operator is bounded. Note that the representation of 7 in the
above form is not unique in the sense that the sequences (x;) and (y;) are not
uniquely determined by 7. We denote by .#'(X,Y) the space of all nuclear oper-
ators from X into Y; A (X) := A (X,X). The space .4/ (X,Y) is equipped with the
norm
170l = inf (Y el ell = 2 € X',y € ¥, T = ¥ oy @y
k k

Theorem 5.26. Let W, X, Y and Z be Banach spaces. Then the following are true:

(a) The space of nuclear operators (N (X,Y),|| - ||.y) is a Banach space. More-
over, forevery T € N (X,Y), |T|l.e < Tl

(b) The space of finite rank operators is a dense subspace of N (X,Y).
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(c) Every nuclear operator is compact, that is, ¥ (X,Y) C # (X,Y). Moreover,
the embedding N (X,Y) — & (X,Y), T — T, is continuous.

(d) For every Re W, X), S€ N/ (X,Y) and T € £(Y,Z) one has TSR €
N (W,Z) and |TSR||y < ||T||l.z IS||.» |R|| . In particular, A (X) is a two-
sided ideal in £ (X).

Proof. [()|First, one checks easily that || -[|_4 is indeed a norm. Let T € A (X,Y).
Then, for every representation of the form 7' = ¥, x; ® yj and for every x € X,

]| = 13k ) e
k
=S WA
k

so that
T2 < Y il vl
k

Taking the infimum on the right-hand side over all representations of 7', it follows
that | 7| < ||T||.y . In particular, .4 (X,Y) embeds continuously into £ (X,Y).

In order to show that .4#"(X,Y) is a Banach space, we use the criterion from
Lemma So let the series Y, T, be absolutely convergent in .4 (X,Y), that is,
Y. [IT]l.» < eo. By the continuous embedding above, the series Y, T;, is then abso-
lutely convergent in the space .2 (X,Y ), which is a Banach space. By Lemma
the series ¥, T, converges in .Z(X,Y) to some element T € .Z(X,Y).

Now, by definition of the nuclear norm, for every n there exist representations
Ty = Y Xy @y such that Yo (|20, [ vkl < 1Tl + n% In particular, the dou-
ble series Y,  X;,, ® yu converges absolutely in the sense that Y || || [y <
Yo U Tl + niz) < oo, and its limit is 7. Hence, T is nuclear. Finally, ||T —
Yo Tully < Yot Lk %] ek |l — 0 as n — oo, and we have proved that the
series ¥, T, converges in .4/ (X,Y). By Lemmal[l1.13] .#'(X,Y) is a Banach space.

Let T € ./ (X,Y). By definition, there exist sequences (x});>1 in X’ and
(o1 in ¥ such that £, [ el < o=, and T = £7., x, © . Setting Ty =
Zle X}, @ yx, it follows that Tk has finite rank and

IT=Tkllv < Y lxllllyell = Oas K — oo,
k=K+1

which shows that the finite rank operators are dense in .4 (X,Y).

We have already shown in part [(a)| that .4"(X,Y) embeds continuously into
Z(X,Y). By part|(b)] the finite rank operators are dense in .4'(X,Y). By Lemma
5.13] every bounded finite rank operator is compact, and by Lemma the
space % (X,Y) is closed in .Z(X,Y). Hence, .4 (X,Y) embeds continuously into
J (X,Y), and in particular, every nuclear operator is compact.

Let S = Y4 X}, ® yk. Then one easily checks that
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TSR=Y R'x; @ Ty
k

and
ITSR| .y < Y MR Tyill < IR 2 (1T 1|2 Y 1l vl
k k

Taking the infimum over all representations of S on the right-hand side of this in-
equality and noting that ||R|| = ||R'||, the claim follows.

Exercise 5.27 (Multiplication operators in sequence spaces) Let X = [P (1 <

p < o) orlet X = co. Let m € I” and define the associated multiplication opera-
tor M € Z(X) as in Exercise[5.18}

Mx=M(x,) = (myx,), x<€X.
Show that M is nuclear if and only if m € £'.

Example 5.28 (Kernel operators). Let k € C([0,1] x [0,1]) and let K be the as-
sociated kernel operator on the Banach space X = L=(0,1), that is, (Kf)(x) :=
fo] k(x,y) f(v) dy. Then K is a nuclear operator.

5.4 * The mean ergodic theorem

A bounded, linear operator 7 on a Banach space X is called powerbounded if
sup,,~q ||T"|| < . Clearly, the spectral radius of a powerbounded linear operator is
less than or equal to 1, which implies that its spectrum is contained in the closed unit
disk D:= {4 € C : |A| < 1}. Here, we are particularly interested in the asymptotic
behaviour of orbits of powers of 7', or, in other words, in the asymptotic behaviour
of the discrete, linear dynamical system (7).

Lemma 5.29. Let T € .£(X) be a powerbounded operator. Then:
(a) Foreveryx € ker(I—T) and every n € N one has T"x = x.
(b) For every x € ran(I —T') one has

1 Ni
lim — Y T"x=0,
N n=0

N—oc0

that is, the orbit (T"x) converges in the Cesaro mean to 0.
(c) ker(I—T)Nran(I—T)={0}.

Proof. (a)If x € ker(I —T), then Tx =x. An iteration gives T"x = x for every n € N.
(b) First let x € ran(I — T'). Then x = y — T'y for some y € X. Hence,
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1 Ni 1 Ni
Y =< Y T (v Ty)
Nn:O Nn:()
1 N—1 |
=N Y (1"y—T1"y)
n=0
1 N
= N(y_T y)

—0as N — oo,

due to the assumption that T is powerbounded. The assumption that 7' is power-
bounded also implies that the Cesaro means %ZQ’;OI T" are uniformly bounded. A

simple 3e-argument implies that

1N—1
lim — T"x =
Nl—IgoNr;) ¥=0

for every x € ran(I — T).
(¢) Ifx e ker(I —T)Nran(I — T), then, by part (a),

lel
xX=— T"x for every N € N.
v '

By part (b), the right-hand side of this equality converges to 0 as N — oo. Hence
x=0.

Theorem 5.30 (Mean ergodic theorem). Let T € £ (X) be a powerbounded op-
erator. Then, for every x € X, the following assertions are equivalent:
(i) xeker(I—T)®ran(I —T), that is, x = xo + x1 for some xo € ker(I —T) and

some x; € ran(I —T).

(ii) The limit imy_e0 & YN0 T"x exists in X.

>iii) The limit limy_,o % ):”N;()] T"x exists weakly in X.

(iv) The sequence (% ):y;ol T"x) of Cesaro means has a weakly convergent subse-
quence.

If one of the equivalent conditions (i)—(iv) holds true, then

1 N—1
lim — T"x = xg.
N—oo N Z 0

n=0
We say that a sequence (x,) in a Banach space X converges in Cesaro mean to

some element x € X if
1 N—1

lim — Xy, = X.
P

N—soo
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One can prove (exercise!) that if a sequence (x,) converges in the usual sense to
some element x € X, then it also converges in the Cesaro mean to the same ele-
ment. However, the converse is not true: the sequence ((—1)") does obviously not
converge in R, but

N—1
n__ 11 N+1y\ __
Jim ;)(—1) = lim Z=>(1+(=1)"") =0,

that is, this sequence converges in the Cesaro mean to 0. We also say that the Cesaro
average of this sequence is 0.

If one of the equivalent conditions (i)—(iv) in the Mean Ergodic Theorem above
holds true, then the final conclusion is that the sequence (7"x) of iterates of T ap-
plied to x converges in Cesaro mean to xg. Note that the sequence (7"x) need not
converge in the usual sense.

Proof (of Theorem[5.30). The implication (i)=>(ii) follows from Lemma[5.29] while
the implications (ii)=>(iii) and (iii)=-(iv) are trivial. So let us prove the remaining
implication (iv)=-(i). Assume that the sequence (% Zﬁ:’;ol T"x) admits a weak accu-
mulation point. Then there exists xo € X and an increasing sequence (Ng) in N such

that
1 Nzl

w— lim — Z T"x = xg.
k—voo Ny =0
Since every bounded, linear operator is also weak-weak continuous, this implies

Ne—1

1
I-Thxg=w—lim— Y T"(I-T
(I=T)xo=w kl_rgNk;) (I=T)x

Np—1

_ ‘ +1
fw—klgr:oﬁk ngb(T”xfT" X)

1
=w— lim — (x — TMx)
k—oo [N

=0

)

so that xo € ker(I — T'). On the other hand, for every k one has

- ny — _7n
x Nk,;)Tx Nk,;)(x T"x)
1 Ne—1n-1
=— T/(I-T)x
1 Ng—ln-1
—(]— — J —
(I-T) [Nk ; ngT x| €ran(I-T).

Hence,
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Ne—1

X —xg = x—weak— lim — T"x
k—roo [N} ngb
| Nzl
= weak— lim [x — — T"
k%oo[ Nk n;() x}

=:x; €ran(I—-T),
and we have proved that (i) holds.

Corollary 5.31 (Mean ergodic theorem in reflexive spaces). Let T € .Z(X) be a
powerbounded operator on a reflexive Banach space X. Then

X =ker(I—T)®ran(I—-T)

and if P € £ (X) denotes the projection onto ker(I — T) along ran(I — T), then, for

everyx € X
N-1

1
lim — Yy T"x=Px
N—oo N Z ’

n=0
that is, the iterates of T converge strongly, and in the Cesaro mean, to the projection
P. If 1 is not an eigenvalue of T, then, for every x € X,

N—roo

1 N—1
lim — T"x=0.
e

Proof. If suffices to note that for every x € X the sequence (% Zﬁ:’:—(} T"x) of Cesaro
means is bounded in X. Since X is assumed to be reflexive, this sequence thus admits
a weakly convergent subsequence by Theorem The claims thus follow from

the Mean Ergodic Theorem (Theorem 5.30).

Since Hilbert spaces are in particular reflexive spaces, we immediately obtain the
following corollary, due to von Neumann.

Corollary 5.32 (von Neumann mean ergodic theorem). Let T be a contraction
on a Hilbert space H. Then, for every f € H, the Cesaro limit

1 N—1
lim — T'f =P
NIE:ONH;J f f

exists in H, P being the projection onto ker(I — T) along ran(I —T). If 1 is not an
eigenvalue of T, then, for every f € H,

N—roo

lN—l
lim — T"f =0.
Ny T
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Convergence in the Abel mean of powerbounded operators

Let T € Z(X) be a powerbounded operator, and let M > 0 be a constant such that ||7"| < M for
every n > 0. From the Neumann series (see also the short proof of Lemma [5.3] and the Remark
[5-6). we obtain for every A € K with |A| > 1 the estimate

™
IR T =11}, 7 |
n=0
1
o M|n+1

R

<M

In particular,
(A =1R(A,T)|| <M for every real A > 1. (5.3)
Lemma 5.33. Let T € £(X) be a powerbounded operator. Then:
(a) Foreveryx € ker(I —T) and every real A > 1 one has (A — 1)R(A,T)x = x.
(b) Forevery x € ran(I —T) one has limy 1, (A — 1)R(A,A)x = 0.
(¢) ker(I—T)Nran(I—T) = {0}.

Proof. (a) Let x € ker(I —T). Then
0=x—Tx=—(A—1)x+ (A —T)x forevery real A > I.

Multiplying this equality with R(A,T) yields the claim.
(b) Assume first that x € ran(I — T'), that is, x = y — Ty for some y € X. Then
lim (A —1DR(A,T)x= lim (A —1)R(A,T)((1—A)y+Ay—Ty)
A—1+4 A—1+
= lim [(A—1)*R(A,T)y+ (A —1)y]

The full claim follows from this equality, from the estimate (5.3)), and from a simple density argu-
ment (compare with Lemma[Z.48).
(c) Let x € ker(I — T) Nran( — T'). Then the previous two points yield

x=(A—1)R(A,T)x forevery real A > 1,

and

lim (A —-1)R(A,T)x=0,
A—=1+

which is only possible if x = 0.

Theorem 5.34 (Mean ergodic theorem). Let T € .Z(X) be a powerbounded operator. Then, for
every x € X, the following assertions are equivalent:

(i) xekerI —T)®ran(I—T), that is, x = xo +x; for some xo € ker(I — T) and some x| €
ran(I —T).
(ii) The limit limy_,;, (A — 1)R(A,A)x exists strongly (in X).
(iii)  The limitlimy_,;, (A — 1)R(A,A)x exists weakly.
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(iv) The net (A — 1)R(A,A)x);~,1 admits a weakly convergent subsequence in the sense that
there exists a sequence (A,) in R, A, — 1+, such that ((A, — 1)R(A,,A)x), converges
weakly.

(V)  The limit limy_,c % Z;V;OI T"x exists strongly.

If one of the equivalent conditions (i)—(v) holds true, then

n—1

1
lim (A — DRA,A)x=lim = ¥ T*x = xo.
Jim (2 - DR(A,A)x ngrgonio', x=1xp

We say that a sequence (x,) in a Banach space X converges in Abel mean to some element
x € X if the power series Y, x,A" converges (absolutely) for every A € I, and if

A—1—

lim (1-2) ) A" =x.
n=0

One can prove that if a sequence (x,) converges in Cesaro mean to some element x € X, then it also
converges in the Abel mean to the same element. The converse, however, is not true. In general,
we have thus the implications

(x) converges in the usual sense to x € X

I

(x,) converges in the Cesaro mean to x € X

I

(x,) converges in the Abel mean to x € X.

The second Mean Ergodic Theorem (Theorem|[5.34) says that the algebraic condition (i) is equiva-
lent to convergence in the Abel mean of the sequence (7"x) of iterates of T applied to x (condition
(iv)), which in turn is equivalent to convergence in the Cesaro mean (condition (v)). Hence, in this
special situation, convergence in the Abel mean and in the Cesaro mean are equivalent.

Proof (of Theorem[5.34). The implication (i)=(ii) follows from the preceding Lemma [5.29} as-
sertions (a) and (b). The lemma also yields the equality limy ,;, (A — 1)R(A,A)x = xo.

The implications (ii)=-(iii) and (iii)=-(iv) are trivial.

(iv)=-(i) We assume that there exists xp € X and a sequence (4,) in R, A, — 14, such that
weak— lim,, (4, — 1)R(A,,A)x = xo.Then, for every x’ € X’,

(' x0) = li;n(x’7 (A — D)R(A,, T)x)

m{x', (1= Ay + A, — T +T)(Ay — 1)R(A,, T)x)

2

3

= lirrln(x/, —(n = 1)2R(A, T)x+ (Mg — D)x+T (A — 1R(A, T)x)
= 1i’11‘n<x’7 T (A — 1)R(A,, T)x)
= (', Txp).

Hence xo = Txp, or, in other words, xo € ker(/ — T). It remains to show that x; :=x —xo €
ran(/ — T'). Note that for every n one has

x= (A= DR(Ay, T)x=x— Ay =T +T — 1)R(Ay,T)x
=({I-T)R(Ay,T)x €ran(I—T).

Hence,
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X =X—Xp
= x—weak— lim (A, — 1)R(A,,T)x
n—soo
= weak— liﬁm x— (A —1)R(A,,T)x] €Eran(I —T),
frmree)

which proves that (i) holds.
The equivalence (i)<>(v) follows from the Mean Ergodic Theorem@

The mean ergodic theorem for general resolvents

The preceding situation can still be generalized. We now consider a general closed, linear operator
(A,domA) on a Banach space X, and we study the relation between the behaviour of the resolvent
of A near the boundary of the spectrum and some algebraic properties of A.

Lemma 5.35. Let (A,domA) be a closed, linear operator on a Banach space X. Let Ay € K be such
that there exists a sequence (A,) in p(A) satisfying lim, A, = Ay and || (A, — Ao)R(An,A)|| < M for
every n and some constant M > 0. Then:

(@) For every x € ker(Jo — A) one has (An — A0)R(An,A)x = x for every n.
(b) For every x € tan(Ao —A) one has limy (Ay — A0)R(An,A)x = 0.
(©) ker(Ao—A) Nran(lo —A) = {0},
Proof. (a) Let x € ker(Ag — A). Then x € domA and
0= (d—A)x= (A —Ay)x+ (A, — A)x for every n.

Multiplying this equality with R(4,,A) yields the claim.
(b) Assume first that x € ran(Ag —A), that is, x = (A9 —A)y for some y € domA. Then

lim(, — 20)R (A, A)x = 1im(Ay — 20)R (A A) (Ao = A+ Jy = A)y
= lim (A — 20)*R (A, A)y + (2 = 20)y]
=0.

The full claim follows from this equality, from the assumption that the sequence ((A, —
Ao)R(A4,A)), is bounded in £ (X), and from a simple density argument (compare with Lemma

(c) Let x € ker(4g —A) Nran(Ag — A). Then the previous two points give
x=(Ay—A0)R(An,A)x — 0 asn — oo,
that is, x = 0.

Theorem 5.36 (Mean ergodic theorem for resolvents). Let (A,domA) be a closed, linear oper-
ator on a Banach space X. Let Ay € K be such that there exists a sequence (A,) in p(A) satisfying
lim, A, = Ag and ||(A, — Ao)R(An,A)|| < M for every n and some constant M > 0. Then, for every
x € X, the following assertions are equivalent:

(i) x €ker(A, —A) ®ran(Ag —A), that is, x = xo + x| for some xo € ker(Ag —A) and some

x; €ran(Ag —A).

(ii) The sequence ((A, — A0)R(Ay,A)x), converges strongly (in X).

(iii)  The sequence ((Ay, — Ag)R(An,A)x), converges weakly.
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(iv) The sequence ((A, — A0)R(An,A)x), admits a weakly convergent subsequence.

If one of the equivalent conditions (i)—(iv) holds true, then

lirrln()L,, —A0)R(Ay,A)x = xg.

Proof. The implication (i)=-(ii) follows from the preceding Lemma@ assertions (a) and (b). It
also yields the equality lim, (4, — A9)R(Ay,A)x = xo.

The implications (ii)=>(iii) and (iii)=-(iv) are trivial.

So let us prove the implication (iv)=-(i). We assume that ((A, — A)R(A,,A)x), admits a weakly
convergent subsequence. After passing to a subsequence, if necessary, we may in fact assume that
the sequence ((A, — Ag)R(A,,A)x), itself converges weakly, say, to some element xo € X. Then,
for every x' € X/,

(o, Aoxo) =Tim(x', Ao (As — A0)R (A, A)x)

Hm (3, (o = A + Ay = A+4) (A — 20)R(An, A)x)

=lim{x', (o - 20) 2R (M, A)x+ (Ao — A)x +A (A — A)R(An, A)x)
= lim(¥', A (% — A0)R(An, A)x)

= (¢, Axo)

Since A is closed, this equality implies xp € domA and Agx = Ax. In other word, xy € ker(A9 —A).
It remains to show that x; :=x —xo € ran(A9 — A). Note that for every n one has R(A,,A)x € domA
and

x— (A= DR(An,A)x =x— (Ay —A+A = 1)R(Ay,A)x
= (I —A)R(Ay,A)x € ran(I — A).

Hence,

X =Xx—x0
= x— weak— lgn (A — DR(Ay,A)x
fraces)

= weak— li_r}n [x— (A —1)R(A,,A)x] € ran(l — A),
n—yoo
which proves that (i) holds.

Corollary 5.37 (Mean ergodic theorem for resolvents in reflexive spaces). In addition to the
assumption of the preceding Theorem@ assume that the underlying Banach space X is reflexive.
Then X = ker(Ay —A) @ ran(Ay — A) and the for every x € X the limit

lim (A — A0)R(A, A)x =: x

exists, and the limit xo coincides with the projection of x onto ker(Ay —A) along ran(Ag — A).

Proof. By assumption, for every x € X, the sequence ((4, — Ao)R(A,,A)x), is bounded. Since X
is reflexive and by Theorem for every x € X the sequence ((A, — A9)R(A,,A)x), admits a
weakly convergent subsequence. The claim follows from Theorem



Chapter 6
Banach algebras

6.1 Banach algebras and the theorem of Gelfand

A normed space A is called a normed algebra if it is an algebra, and if
llabl|| < |la|| ||b|| for every a, b € A.
A complete, normed algebra is also called Banach algebra.

Examples 6.1. 1. Let X be a normed space. Then the space A = Z(X) of all
bounded, linear operators on X is a normed algebra for the usual multiplication
which is the composition of operators (Lemma [I.26). It is a Banach algebra as
soon as X is a Banach space (Lemma|I.27).

2. Let X be a Banach space. Then the space A = ¢ (X) of all compact, linear op-
erators on X is a Banach algebra. Actually, ¢ (X) is a closed, two-sided ideal in
Z(X).

3. Let K be a compact space. Then A = C(K) is a Banach algebra for the usual
(pointwise) multiplication of functions. Similarly, if 2 is a locally compact
space, then the space of continuous functions 2 — K vanishing at infinity,
Co(€2), is a Banach algebra. Finally, if M is an arbitrary topological space, then
the space of continuous, bounded functions M — K, C,(M), is a Banach alge-
bra. All spaces of continuous functions in this example are equipped with the
supremum norm.

4. Let Q be a measure space. Then A = L*(Q) is a Banach algebra for the usual
(pointwise) multiplication.

5. Let A= L' (R") be equipped with the convolution product

frg) = [ fx=e)dy (f.geL ®Y),xeRY),

Then A is a Banach algebra.
Proof. Let f, g € L'(R"). By Tonelli’s theorem,

99
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/RN/RN Ifx=y)g)l dydxz/RN _/RN |f(x—y)g(y)| dxdy
= [ rlax [ leldy

RN
= Il llgllzr < ee.

This inequality first implies that f * g(x) exists for almost every x € R", and
second that

V=gl dr < 1Al gl <=

that is, f* g € L'(R"). In particular, the convolution product is well-defined.
However, the above inequality also implies a particular case of Young’s inequal-
ity

17+ &llor < 1A Nz llgllers

which implies that L' (R") equipped with the convolution product is a Banach
algebra.

6. Let A= L' (R, ) be equipped with the convolution product

frg)i= [ fu-s)go)ds (FgeL R, ERy).

Then A is a Banach algebra.
7. Let A be a Banach algebra, and let / C A be a closed, two-sided ideal. Then the
factor space A/I is a Banach algebra for the multiplication

(a+1)-(b+I)=ab+1 (a,beA);
note that this product is well-defined since I is a two-sided ideal.

A Banach algebra A is unital if it admits a neutral element for the multiplication,
usually denoted by 1 or by e.

Remark 6.2 (Adjunction of a unit). Let A be a Banach algebra without unit. Con-
sider the product space
A:=AxC,

equipped with the sum norm. Then A is a unital Banach algebra for the multiplica-
tion given by

(a,A) (b,p) := (ab+pa+Ab,Au) ((a,1), (b,p) € A).
The unit element is the element (0, 1).

Given a unital Banach algebra A, we say that an element a € A is invertible
(respectively, left-invertible, right-invertible), if there exists an element b € A such
that

ab=ba=1 (respectively, ba=1orab=1).
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If a is invertible, then the element b € A satisfying ab = ba = 1 is uniquely deter-
mined. We write b =: a~ !, and we call a—! the inverse of a. We define the resolvent
set of an element a € A by

p(a):={A € K: A —aisinvertible},

and the spectrum by
o(a) ==K\ p(a).

For every A € p(a) we write R(A,a) := (A —a)~!, and we call R(A,a) the
resolvent of a at 1. The function R(-,a) is simply called the resolvent of a.

Several of the lemmas on the structure of the resolvent set and the spectrum of a
bounded, linear operator on a Banach space, which are stated in the preceding chap-
ter, remain true in the general context of Banach algebras and elements in Banach
algebras. We start with the resolvent identity.

Lemma 6.3 (Resolvent identity). Let A be a unital Banach algebra, and a € A.
Then, for every A, L € p(a) one has

R(A,a)—R(l,a) = (L —A)R(p,a)R(A,a).
Proof. Forevery A, i € p(a)

p=2A=p-a)—(A-a).
Multiplying both sides by R(u,a) and R(A,a), one obtains the claim.

Lemma 6.4 (Neumann series). Let A be a unital Banach algebra, and let a € A be
such that ||a|| < 1. Then 1 — a is invertible, and

(1-a)'= Z a,

the series being absolutely convergent in A.

Lemma 6.5 (The resolvent is analytic). Let A be a unital Banach algebra. For
every a € A the resolvent set p(a) is open in K and the resolvent p(a) — A, A —
R(A,a) is analytic.

Proof. Let A € p(a) and pu € K. Then
H—a=p—A+i—a=((u—A)R(Aa)+ 1)L —a),

and the right-hand side is invertible if [t — A| < 1/||R(A,a)|| by the Neumann series.
Hence, p(a) is open in K. The Neumann series (Lemma precisely yields

=

R(p,a) =Y (=1)"R(A,a)" (n —A)",

n=0
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that is, the resolvent A — R(A,a) can be locally developped into a power series. In
other words, the resolvent is analytic.

Lemma 6.6 (Growth of the resolvent near the spectrum). For every A € p(a) one
has

|R(A,a)|| > dist(A,6(a)) "

Proof. As we have seen in the proof of the preceding Lemma[6.5] for A € p(a) the
condition
[ —A[[[R(A,a)|| <1

implies i € p(a). The claim follows.

Lemma 6.7. For every a € A one has
{AeK:A[> [a]} € pla),

and

R(,a) = Z /l”+' (1A > [lal))-

Proof. Use the identity

A—a=A-3)

and the Neumann series.

Remark 6.8. Similarly as in Remark|[5.6] we can remark here that A € p(a) as soon
as
|A| > liminf |a"||# =: r(a).
n—soo

As in the case of bounded, linear operators, the number r(a) > 0 is called the spec-
tral radius of a.

Lemma 6.9. Let A # {0} be a complex, unital Banach algebra. Then for every a € A
the spectrum o (a) is nonempty and compact, and

r(a) =sup{|A| : L € o(a)}.

Proof. The compactness of 6(a) follows from Lemma [6.5] and If 6(a) was
empty, then, by Lemmal6.5] the resolvent A +— R(A,a) is an entire function. On the
other hand, by Lemma[6.7]

lim ||R(A,a)| =0.

[A[—ee

By Liouville’s theorem, this implies R(A,a) = 0, which is only possible if A = {0}
is the trivial algebra.

Theorem 6.10 (Gelfand-Mazur). Let A # {0} be a complex, unital Banach alge-
bra such that every element a # 0 is invertible (that is, A is a division algebra).
Then A =C.
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Proof. Let a € A. Then, by Lemma there exists A € C such that A —a is not
invertible. By assumption, this implies A —a = 0, or, in other words, a = A is a
scalar multiple of the unit element.

A (two-sided) ideal / in a Banach algebra is called maximal ideal if / # A and if
there does not exist an other (two-sided) ideal J in A such that I C J C A.

Lemma 6.11. Every ideal in a unital Banach algebra is contained in a maximal
ideal.

Proof. Let I be an ideal in a unital Banach algebra A with unit denoted by 1. Define
the set .# :={J : Jis an ideal in A and I C J C A}, and equip it with the order
relation < given by inclusion: J; <J> < J; CJb. Let ¢ C . be a totally ordered
subset and define J := ;e »J. Then clearly J is an ideal in A which contains I.
On the other hand, J # A, since all the ideals J are strictly contained in A, and
since therefore 1 ¢ J for every J € #. Hence, J € .. Clearly, J is a supremum
for ¢, and we have proved that every totally ordered set admits a supremum. By
the Lemma of Zorn, .# admits a maximal element which, by definition, must be a
maximal ideal of A.

Lemma 6.12. Every maximal ideal in a Banach algebra is closed.

Proof. Let A be a Banach algebra, and let / be a maximal ideal. Assume first that
A is unital. By the Neumann series, the set G(A) of all invertible elements in A is
open, and since 1 € G(A), this set is also nonempty. Clearly, I N G(A) = 0, for if I
contained an invertible element, then 1 € I, which is only possible if I = A. By the
preceding two arguments, I C I C A\ G(A) # A, and clearly, the closure of I is also
an ideal. Since I is a maximal ideal, we obtain I = I, that is, I is closed.

Now if A is not unital, then we consider the unital algebra A from Remark
which results from A by adjunction of a unit element. Then I is also an ideal in A,
which is contained, by Lemma [6.T1] in a maximal ideal J. By the first part of this
proof, J is closed. As a consequence, I = JNA is closed.

Let A be a Banach algebra. A character is a nonzero algebra homomorphism
A—K.

Lemma 6.13. Every character on a Banach algebra is automatically continuous.

Proof. Let A be a Banach algebra, and let  : A — K be a character. Assume first that
A is unital. Since y is an algebra homomorphism, then ker y is an ideal. Consider
the associated, commutative diagram

A LN '

e T

b
Alkery —— K
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where gy, by and iy are the canonical surjection (quotient map) onto A/ker x, the
canonical bijection onto ran ¥ (here, K), and the canonical injection from ran  into
K (here, the identity map). The kernel kerx having codimension 1 (b, being bi-
jective), it must be a maximal ideal. By Lemma @ ker x is closed, and hence
the canonical surjection g, is continuous onto the normed quotient space A/ ker x.
Since the other two homomorphisms b, and i), are homomorphisms between finite-
dimensional (in fact: one-dimensional) normed spaces, they are continuous, too.
Hence, x is continuous.

If A is not a unital Banach algebra, then we consider the unital algebra A from
Remark [6.2] which results from A by adjunction of a unit element. We then define
the linear functional

7:A—=K,
(@A) = x(a)+A.

For every (a,A), (b, 1) € A we have, since ¥ is an algebra homomorphism,

x((a,4) (b, 1))

F(ab+Ab+ pa,Ap)
x(ab+Ab+pa)+Au

2(@)x(b) +Ax(b)+ux(a)+Au
=(x(@)+24)(x()+u)

= 2(a,A) X (b, 1),

so that ¥ is a character (= algebra homomorphism). By the first part of the proof, ¥
is continuous, which implies that ) is continuous, too.

Let A be a Banach algebra, and let A’ be its dual space. The set of all characters
is denoted by 6(A), and it is called the spectrum of the algebra A, or the Gelfand
space of the algebra A. By the preceding lemma, the Gelfand space is a subset of A’.
The following lemma says that the Gelfand space is in fact a subset of the unit ball
of A’

Lemma 6.14. Let A be a Banach algebra. Then, for every character § € 6(A) one
has ||x||ar < 1, with equality if A is a unital Banach algebra and if ||1|| = 1.

Proof. Let y € 6(A), and let a € A be such that ||a|| < 1. Then, for every n € N,

(s a)l" = [(x:a)"|

=[x, d")

<zl
<lzlllal"
<llxl-

Since the right-hand side is finite, we necessarily obtain |(),a)| < 1, and hence
Izl < 1.
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If A is unital, and if ||1]| = 1, then ||x|| > |{x,1)| = 1, which together with the
preceding inequality implies || x|| = 1.

Remark 6.15. If A is a unital Banach algebra, then one does not necessarily have
|I1]] = 1. However, there always exists an equivalent Banach algebra norm || - ||; for
which one has ||1||; = 1. Such a norm is for example given by

lally:= sup [lab]|.
[[pl1<1

By the preceding lemma, the Gelfand space of any Banach algebra A is a sub-
set of the closed unit ball in A’. The closed unit ball in A’, however, when being
equipped with the topology which is induced by the weak* topology on A/, is, by
the Theorem of Banach-Alaoglu, a compact space. In the following, we shall always
consider the Gelfand space as a topological space, equipped with the topology which
is induced by the weak* topology on A’, too. The following theorem, in combina-
tion with Lemma [6.11} shows in particular that the Gelfand space of a nontrivial,
complex, commutative, unital Banach algebra is nonempty.

Theorem 6.16 (Gelfand-Mazur). In a complex, commutative Banach algebra,
there is a one-to-one correspondence between the set of maximal ideals and the
Gelfand space. In fact, every maximal ideal is the kernel of some unique character,
and, conversely, the kernel of every character is a closed, maximal ideal.

In particular, the Gelfand space of a nontrivial, complex, commutative, unital
Banach algebra is nonempty.

Proof. Let I be a maximal ideal of a complex, commutative Banach algebra A. As-
sume first that A is unital. Since A is commutative, the left, right and two-sided
ideals all coincide, and hence there is no other left or right ideal strictly included
between I and A. As a consequence, the quotient algebra A /I is a complex, commu-
tative, unital Banach algebra without any left or right ideals, except the trivial ones.
However, if B is a complex, commutative, unital Banach algebra with any left or
right ideal, except the trivial ones, then for every a € B, the ideal aB generated by a
must be either equal to {0} or B. Since B is unital, aB contains a, and thus aB = B
for every nonzero B. But then every nonzero element is invertible which implies, by
the first theorem of Gelfand-Mazur (Theorem , that B is isomorphic to C. As a
consequence, A/ is isomorphic to C. Now, the quotient map ¥ :A - A/I=Cisa
character, and I = ker .

If A is not unital, then we consider the unital Banach algebra A from Remark
which we obtain from A by adjunction of a unit. By Lemmal6.11] there exists a
maximal ideal J C A such that J D I x {0}. By the preceding argument, there exists
a character  on A such that ker y = J. The restriction of ¥ to A x {0} = A is a
character on A such that kery = 1.

Conversely, if y € 6(A) is a character, then ker ¥ is an ideal of codimension 1,
hence a maximal ideal. Moreover, since ) is continuous by Lemma kery is
closed.
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The existence of a character in a complex, commutative, unital Banach algebra
now follows from this first part of the proof and the fact that there exists a maximal
ideal (Lemma [6.11)) and that every maximal ideal is closed (Lemma [6.12)). Hence,
G(A) is nonempty.

Lemma 6.17. Let A be a Banach algebra. The set 6(A) U{0} is a closed subset
of the closed unit ball By (0,1). If A is a unital Banach algebra, then the Gelfand
space 6(A) itself is a closed subset of By(0,1). In particular; if A is a unital Banach
algebra, then the Gelfand space 6(A) is a compact, nonempty space. In general, the
Gelfand space is a locally compact space (which may, however, be empty).

Proof. Let (Xa)a be a net in 6(A) U {0}, which converges in By/(0,1) to some
element a’. Then, for every a, b € A

(d,ab) = li&n (Xa,ab)
= lim(¥a, @) (Xa,b)

= li;n(a/,a> (d',b).

In other words, @’ is a multiplicative functional, which means either a’ € G(A), or
a = 0. As a consequence, 6(A) U {0} is closed in B4/(0,1).

If, in addition, A is a unital Banach algebra, and if ()¢ )¢ is a net in 6(A) which
converges to some a’ € B4(0,1), then, by the preceding argument, ¢’ € 6(A), or
a' = 0. However,

(1) =tim (. 1) = 1,

which actually excludes the possibility @’ = 0. Hence, 6(A) is closed in By/(0,1).

Example 6.18 (Gelfand space of C(K)). We consider the Banach algebra C(K),
where K is a compact Hausdorff space. We claim that

6(C(K)) is homeomorphic to K,

or, with a slight abuse of language, the Gelfand space of C(K) is equal to K. In fact,
for every x € K the Dirac functional 6, : C(K) — K, f + f(x) is a character, so that
K can be naturally identified with a subset of 6(C(K)). On the other hand, every
character in 6(C(K)) must be a Dirac functional. In fact, let us argue from the point
of view of maximal ideals. If I is a maximal ideal, then there must be some x € K
such that f(x) = 0 for every f € I. In fact, if this was not true, then there exists
f € I which never vanishes on K (sic!). By continuity of f and compactness of K,
| ] is uniformly bounded away from 0, and f~! exists in C(K). Since [ is an ideal,
we obtain 1 = ff ~1 271, and therefore I = C (K), a contradiction to the assumption
that 7 is a maximal ideal. On the other hand, again since [ is a maximal ideal, there
exists exactly one x € K such that f(x) = 0 for every f € I. Hence, I = ker §, for
the corresponding Dirac functional. Thus, the mapping K — 6(C(K)), x — O, is a
bijection, which is clearly also continuous thanks to continuity of elements in C(K)
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and the definition of the weakx* topology. By compactness of K and 6(C(K)), this
bijection is a homeomorphism.

Examples 6.19 (Gelfand space of L' (RY) or L' (R )).

1. We consider the Banach algebra L' (R"), equipped with the convolution product
*, as in Example The dual space of L' (R") can be identified with L*(R"),
the duality being given by

(f8)r= 1 = /RN fg.

Let y € L*(R") be a character. Then, by Lemma|6.14} || x|/ < 1, and by defini-
tion of character, for every f, g € L'(RV),

AWfWdr [ 2(0gl)dy = ()i 11 (281
R R
= <Xaf*g>L°°,L1
= [ 2@ [ £Ge=ygb) dydx
R R

:/N LX) f(x)g(y) dy dx.
RV JR

It is not difficult to deduce from this equality, that every character y satisfies the
functional equation

x(x+y) = x(x) x(y) for almost every x,y € RY.

Since ) is measurable, bounded and nonzero, this functional equation implies
that there exists & € RY such that

% (x) = €** for every x € RV.
Thus, the Gelfand space of L' (RV) is given by
o(L'(RY)) = { : £ e RV},

One can show that this space, equipped with the weak* topology, is homeomor-
phic to the space R", equipped with the usual Euclidean topology.

2. Now we consider the Banach algebra L' (R..), equipped with the convolution
product, as in Example As in the previous example, one shows that every
character y € L”(R.) satisfies the functional equation

x(t+s) = x(t) x(s) for almost every 7, s € R.
This implies that there exists A € C with ReA > 0 such that

x(t) = e forevery r € R,
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Hence,
S(L'(R))={e ™ : L €C,ReA >0}.

One can show that this space is homeomorphic to the closed right half-plane
{A €C :ReA >0}

Let A be a Banach algebra with Gelfand space 6(A), and let a € A. Then we
define the function

a:o(A)u{0} =K,
x> a(x) = (x.a),

and we note that this function is continuous and vanishing at infinity. In fact, if
(Xa)a 1s a convergent net in 6(A) U {0}, limy xo =: X, then, by definition of the
weak™ topology,

lima(Yo) = lim(xq,a) = (x,a) = a(x).

As a consequence, @ € C(6(A) U{0}). In the following, we consider the function
a only to be defined on the Gelfand space itself. If A is a unital Banach algebra,
then 6(A) is already compact by the preceding lemma, and d@ € C(c(A)). If A is a
non-unital Banach algebra, then the Gelfand space 6(A) is only locally compact,
and a € Cy(c(A)), the space of continuous functions vanishing at infinity. Since
C(K) = Cy(K) for every compact space K, we may always write @ € Co(G(A)).

Theorem 6.20 (Gelfand). Let A be a complex, commutative Banach algebra, and
let 6(A) be its Gelfand space (considered as a locally compact space for the weak*
topology). Then the Gelfand transform

"1A — Cy(o(4)),
a—da,
where 4(y) := (x,a) (x € 6(A)), is a bounded Banach algebra homomorphism.

Proof. We have already shown above that the Gelfand transform is well-defined. By
Lemmal6.14]

< sup x| |lal
2E€S(A)

< lall;

so that " is actually a contraction. It is clear that " is linear. Moreover, for every a,
b € A and every x € 6(A) one has
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ab(x) = (x,ab)
= (x,a){x,b)
(X)b(x),

Qs

that is, ab = ab. We have proved that " is an algebra homomorphism.

Theorem 6.21. Let A be a complex, commutative, unital Banach algebra. Then, for
everya €A,

o(a) = {(x,a) : x €o(A)}.

Proof. ”C” Let A € o(a). Then A — a is not invertible, which means that A —a is
contained in some maximal ideal. Hence, there exists a character x € 6(A) such that
(x,A —a)=0.However, (x,A) =A(x,1)=A,and hence A € {{},a) : x €c(A)}.
”D” Now assume that A € {(x,a) : x € 6(A)}. Then there exists y € 6(A) such that
0=A1—{(x,a) = (x,A —a).In other words, A —a is contained in the kernel of some
character y, or, equivalently, in some maximal ideal. As a consequence, A — a is not
invertible, that is, A € 6(a).

6.2 C*-algebras and the theorem of Gelfand-Naimark

An involution on a (complex) Banach algebra A is a mapping * : A — A, a — a*
such that

(@) (a+b)*=a*+b* and (Aa)* = A a* foreverya, b€ A, A €C,
(b) (ab)* =b*a* foreverya,b € A,
(¢) a** =aforeveryacA.

If A is unital, and if e is the unit element, then automatically

and similarly, ae* = a. Hence, ¢* is a unit element, too. By uniqueness of the unit
element, e = e*.
A Banach algebra with involution is called a Banach x-algebra. A Banach x*-
algebra such that
|aa*|| = ||a||* for every a € A 6.1)
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is called a C*-algebra. An example of a (commutative) C*-algebra is the algebra
C(K) (K a compact space) with the natural involution f — f (pointwise complex
conjugation). The following theorem says that — up to isomorphism — this is the only
example of a commutative, unital C*-algebra.

Theorem 6.22 (Gelfand-Naimark). Let A be a unital, commutative C*-algebra.
Then the Gelfand transform”™: A — C(06(A)) is an isometric *-isomorphism, that
is, it is an isometric isomorphism and

a = a* for every a € A.

Proof. Let x € 0(A) be a character. Let a € A be a selfadjoint element, that is,
a=a*, and write x(a) = a+if with o, B € R. Let e € A be the unit element and
define, for every t € R
b:=a+ite.
Then
x(b) = x(a) +itx(e) = a+i(B +1)
and
bb* = (a+ite)(a+ite) = (a+ite)(a—ite) =a*>+1*e.

As a consequence,

o+ (B+1)* =x(b)
< |||
= [lb57
< lal® +#,
and therefore
o’ + B> +2p1 < [lal.

This is only possible if 8 = 0. Hence, we have proved x(a) € R.
If a € A is an arbitrary element, then a = u+ iv with u, v € A such that u = u* and

v =v* (in fact, take u = # and v = “51"* ). Then a* = u — iv and therefore, using
the first step,

By the definition of the Gelfand transform, this is equivalent to saying that & = a*,
that is,”is a *-homomorphism.
Next, we prove that the Gelfand transform is isometric. For every a € A we have
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|4]l.. = sup [x(a)|
XEOC(A)

= sup |A] (by Theorem [6.21))
Aeo(a)

=r(a) (r(a) being the spectral radius)

1
= lim ||a"||" .
n—yo0

Note that, by properties (b)) and ((c)), (aa*)* = a**a* = aa*, and therefore, by
property (6.1),

laa*|* = [|(aa”) (aa")7|| = [|(aa™)*].

By induction, this inequality implies
laa*||*" = H(aa*)zmH for every m € N.

This equality, again property (6.1) and the commutativity imply

2 om 2.m
= llall™",

[ = laa"|

_ Hazm (a*)zm

_ H (aa*)2m

and thus
ldlle = llall,
which yields that the Gelfand transform is isometric.

Like any isometric, linear operator, the Gelfand transform is injective and the
range A is a closed subalgebra of C(c(A)). Since, by the first step, the Gelfand
transform is a x-homomorphism, the algebra A is closed under taking complex con-
jugation. Clearly, 1 = & € A. Also, A separates the points of G(A). Thus, by the
Stone-Weierstral theorem, A = C(0(A)), that is, the Gelfand transform is surjec-
tive.

Corollary 6.23. Let A be a unital, commutative C*-algebra generated by a single
element a € A, that is, the linear span of elements of the form a" (a*)™ (n, m € Np)
is dense in A. Then

a:06(A) = o(a),
x = x(a)=a(x),

is a homeomorphism. Moreover, if we denote by the inverse of the Gelfand transform
(see Theorem[6.22), then

D :C(o(a)) — A,
f=1(fea)
is an isometric x-isomorphism such that

P(1) =eand P(id) = a.
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Proof. Note that by Theorem[6.21] d maps the Gelfand space continuously onto the
spectrum ¢ (a) C C. We show that the mapping 4 is injective. In fact, if x;, x» €
G(A) are such that x;(a) = x2(a), then, by the fact that the Gelfand transform is a
*-homomorphism (Theorem [6.22), x1(a*) = x2(a*). Hence, by the multiplicativity
of x1 and x2, x1(a"(a*)™) = x2(a"(a*)™) for every n, m € Ny. By assumption, x;
and ) therefore coincide on a dense subspace of A. By continuity of the characters,
X1 = X2, and injectivity of 4 is proven. The function &4 being a continuous bijection
between the compact spaces 6(A) and 6(a), it is necessarily a homeomorphism.

The mapping C(K) — C(o6(A)), f — fod is then an isometric *-isomorphism,
and the same is true for the inverse™: C(c(A)) — A of the Gelfand transform. Thus,
& is an isometric *-isomorphism. The properties @ (1) = ¢ and @ (id) = a follow
easily from the definition of .



Chapter 7
Operators on Hilbert spaces

7.1 The numerical range of an operator on a Hilbert space

Let A be a linear operator on a Hilbert space H. The numerical range of A is the
set
w(A) := {{Au,u)y € C : u € domA and ||u||z = 1}.

The following possibly surprising result gives some structure of the numerical
range.

Theorem 7.1 (Toeplitz-Hausdorff). The numerical range of an operator on a
Hilbert space is convex.

Proof. Forevery A, it € C one has w(AA + 1) = Aw(A) + u. By dilating, rotating
and shifting the numerical range (multiplicating by A and adding u) it suffices to
prove that if xp, x; € domA are such that ||xo||z = ||x1||lz = 1, {Axp,x0) = 0 and
(Ax1,x1) =1, then [0, 1] C w(A). So let xp and x; as in the preceding sentence and
let A €]0, 1[. We now would like to find x = oxp + Bx; € domA (@, f € R) such
that ||x||z = 1 and (Ax,x) = A, that is, we are seeking for ¢, € R such that

L a®+B%+20B Re(xp,x;) =1, and

11. ﬁz + o ((Axo,x1) + (Ax,x0)) = A.
Assume that B := (Axp,x1) + (Ax1,x0) is real. Then the set of all solutions of the
first equality I is an ellipse through the points (0,1), (0,—1), (1,0) and (—1,0),
while the set of all solutions of the second equality [II| is a hyperbola through the
points (0,v/2) and (0, —+/2). Since A €]0, 1[, the two solution sets intersect in four
points, that is, the system|[and [[I has four solutions. Hence, A € w(A).

If B is not real, then we can replace x( by ¢%x(. Then we still have (Axo,x0) =0,
and for an appropriate choice of 6, the number B is real.

By the Hausdorff-Toeplitz theorem, the complement of the numerical range is
always connected unless the numerical range is a line or a strip.
The following lemma is a motivation to consider the numerical range.

113
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Lemma 7.2. Let A be a linear operator on a Hilbert space H. Then:

(a) Forevery A € C and for every x € domA,

1A —A)x|| = dist (2, w(A)) [lx].

In particular, if L € w(A), then A —A is injective and, if A is in addition closed,
has closed range.

(b) For every connected B C C\ w(A), if BN p(A) is nonempty, then B C p(A)
and for every A € B,

[R(A,4)] < dist(A, w(A))"

Proof. [(@)|For every x € domA with ||x|| =1,

[(A =A)x|| =[[(A —A)x] ||x]|
> |((A —A)x,x)|
= |4 — (Ax,x)|
> dist (1, w(A)),

which implies the first claim.

Let B C C\w(A) be connected. Since the resolvent set p(A) is open in C, the
intersection BN p(A) is open in B. We show that the intersection is also closed in B.
For this, let (4,) be a sequence in BN p(A) which converges to some A € B. Then
the A, — A are boundedly invertible, and A has positive distance to w(A). By
the sequence (R(A,,A)) is bounded in .Z(H). Since the resolvent blows up near the
boundary of the spectrum, it follows that A € p(A), or more precisely, L € BNp(A).
The rest of the argument follows from connectedness of B.

Lemma 7.3. Let T € £ (H) be a bounded operator on a Hilbert space H. Then

o(T) C w(T). (7.1

Proof. For a bounded operator T € £ (H ), the Cauchy-Schwarz inequality implies
that its numerical range is included in the closed disk B(0,||T]|). In fact, by the
Toeplitz-Hausdorff theorem (Theorem ??), the numerical range w(T') is a convex
subset of this closed disk, and therefore the complement of its closure is connected.
By Lemma ??, C\ B(0,]|T||) is contained in the resolvent set p(A), and therefore,
by Lemma C\w(A) is contained in this resolvent set.

7.2 Spectral theorem for compact selfadjoint operators

Let H, K be two Hilbert spaces, T € £ (H,K). For every y € K the mapping H — K,
x+— (Tx,y)k is a bounded linear functional on H which admits a unique represen-
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tation by T*y € H such that

(Tx,y)k = (x,T*y)u (x€H).

The resulting linear operator 7* : K — H is called the (Hilbert space) adjoint of

T.

Lemma 7.4. Let Hy, Hy, and Hz be three Hilbert spaces, T, S € £ (H\,H,), R €
Z(Hy,H3) and A € K. Then:

(a)
(b)
(©)
(d)
(e)
()
(&)

(T+8) =T*+S"

(AT)* = AT*

(RT)* = T*R*.

T* € £ (Hy,Hy) and |T*|| = ||T|.

T =T.

IT*T| = |TT*|| = |IT|]*

kerT = (ranT*)* and ker T* = (ranT ) (orthogonal spaces).

Proof. The properties (a)—(c) are simple exercises. Concerning (d), note that

177 := sup [IT"m,
V2 <1

= sup sup [{T"yx)m|
¥l <t lixln <1

= sup sup [(y,Tx)m,|
el <1yl 2 <1

= sup ||Tx|n,

llxl| 1 <1
= 7.
Next, for every x € Hy, y € Hy,

(T"x,)m, = (6, T*y)n,
= (T*y,x)m,
<y Tx>H2
<Tx y>H2>

which implies (e). Finally, note that
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IT°T| = sup |T°Tx|
[Ixl<1
= sup sup [(T*Tx,y)|
Ixl<t fiylI<1
= sup sup |(Tx,Ty>’
xl<t [yll<1

> sup |(Tx,Tx)|
[Ixl<1

= sup [|Tx|?
NES

2
=71,

while the inequality ||T*T|| < ||T*||||T|| = ||T||* (using also (d)) is trivial. Hence,
we have proved (f). The property (g) is also left as an exercise.

Remark 7.5. Let <7 be a complex Banach algebra. A mapping * : &7 — 7 is called
an involution if for every a, b € &/, A € C,

(a+b) =a"+b* (ab)* =b*a", (Aa)* = Ad*, (a*)* =a.
If a complex Banach algebra .«#' admits an involution * such that for every a € <7,
la*al| = [lal?,

then o7 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 7'. This follows from Lemma([7.4]

The simplest C*-algebra is C (the involution being the complex conjugation).
In the space of matrices CNN = & ((CN ), the involution as defined above, that is,
the Hilbert space adjoint with respect to the Euclidean inner product, is given by
A* = A" (complex conjugation and transposition).

Given a compact space K, the space C(K) is also a C*-algebra for the usual

algebra structure and the involution f +— f* given by f*(x) := f(x) (x € K).

Let H be a complex Hilbert space. An operator T € . (H) is called selfadjoint
if T = T7*, or, equivalently, if for every x, y € H,

<Tx7y> = <x7 Ty)'

We say that the operator T is positive semidefinite and we write 7 > 0, if it is
selfadjoint, and
(Tx,x) >0 foreveryxe€H.

Anoperator T € .Z(H) is called normal if TT* = T*T. An operator U € .Z(H,K)
between two Hilbert spaces is called unitary if U is an isomorphism and U*U = Iy
and UU* = Ik. Clearly, every selfadjoint operator and every unitary operator (on a
single Hilbert space) is normal.
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Remark 7.6. In every C*-algebra <7 one can define that an element a is selfadjoint
if a = a*. The selfadjoint elements of <7 = C are the real numbers. The selfadjoint
elements of CV*V are the hermitian matrices, that is, the matrices A for which A =
Al

Theorem 7.7 (Hellinger-Toeplitz). Let T : H — H be linear and symmetric, that
is,
(Tx,y) = (x,Ty) for everyx, y € H.

Then T is bounded.

Proof. Let (x,) C H be convergent to x € H and such that (Tx,) convergestoy € H.
Then, for every z € H,

(Tx,z) = (x,Tz) = lim (x,,,Tz) = lim (Txp,2) = (y,2).
n—soo n—oo

Hence, Tx = y. This means that T is closed, and by the closed graph theorem, T is
bounded.

Lemma 7.8. Let T € £ (H) be a selfadjoint operator on a Hilbert space H. Then:
(@)

o(T) Cw(T) CR. (7.2)

(b)
supw(T) € o(T) and infw(T) € o(T),

Proof. [(a)] The first inclusion holds for general bounded operators (Lemmal[7.3)), and
it remains only to show that the numerical range is a subset of R. This, however,
follows from (T'x,x) = (x,Tx) = (Tx,x) by selfadjointness and by symmetry of the
inner product.

[®)|Let A :=supw(T). By definition of w(T'), the form a(x,y) := A (x,y) — (Tx,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, that is,
a(x,x) > 0 for every x € H.

By the Cauchy-Schwarz inequality applied to the form a(x,y), for every x,y € H,

[(hx=Tx,y)| < (Ax—Tx,x)? (Ay=Ty.0)*%.
This inequality implies that there exists a constant C > 0 such that for every x € H,
|Ax — Tx|| < C{Ax— Tx,x)2.
Let (x,) C H, ||x4|| = 1 be such that (Tx,,x,) — A. Then the preceeding inequality
implies that lim, e ||Ax, — Tx,|| = 0. Hence, A € 6,,(T) C o(T).
The proof that infw(T) € 6(T) is similar.

Lemma 7.9. Let T € £ (H) be a selfadjoint operator on a Hilbert space H. Then
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IT||= sup (Tx,x)| = sup |A|.
Il =1 Aeo(T)

Proof. The second equality follows from Lemma ?? combined with Lemma
Moreover, the inequality
sup |[(Tox,x)| < ||T|

[lxl=1

is obvious, by the definition of ||7'|| and the Cauchy-Schwarz inequality. Using the
fact that T = T*, one easily calculates for every x, y € H,

4Re(Tx,y) =(T(x+y),x+y) —(T(x—y),x—Y).
Hence,

I = sup |17
[lxll=1
= sup sup Re(Tx,y)
[lxll=1 fly[|=1

— L sup sup [(T(xty)x+y) — (T(—y).x—)]

4 =1 =1
1
< sup sup (T (x+y),x+ )|+ KT (x—y),x—y)|]
lll=1 =1
1
< sup |{Tz,2)| 7 sup sup [[lx+y]*+[lx—y|]
lzl=1 lll=1 =1
1
< sup |<Tz,Z>|§ sup sup [|[x[|* +|y[|]
lzl=1 lll=1 =1
< sup [(Tz,7)],
lzl=1

which is just the remaining inequality.

Lemma 7.10. Let T € £ (H) be a selfadjoint operator on a complex Hilbert space,
and let x, y € H be two eigenvectors corresponding to two distinct eigenvalues A,
€ 6,(T). Then (x,y) =0.

Proof. Since T is selfadjoint and A, u € R (Lemma(7.3)),
Alx,y) = (Ax,y) = (Tx,y) = (x,Ty) = (x, ty) = pu(x,y).
Since A # U, this equality can only hold if (x,y) = 0.

Theorem 7.11 (Spectral theorem for compact, selfadjoint operators). Let H be
a separable Hilbert space, and let T € ¢ (H) be a compact, selfadjoint operator.
Then there exists an orthonormal basis (e,), of H, and a family (), of real num-
bers such that lim,,_,.. A, = 0 and
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Te, = Aye, for every n,

that is, there is an orthonormal basis (ey), consisting only of eigenvectors of T. In
other words, T is unitarily equivalent to the multiplication operator M : (> — (2,
M(xp)n := (ApXp)n» that is, there exists a unitary operator U : H — (% such that the
diagram

H—' H

|v Jwe—v-t

M
Y 4
commutes

Proof. By the spectral theory of compact operators, 6(7') is at most countable, every
p € o(T)\ {0} is an eigenvalue, and its eigenspace H, := ker(u — T') is finite-
dimensional.

Let () be the (finite or countable) family of @/l nonzero eigenvalues of T
(U # Wy if n # m), and let d,, ;= dim ker(u, — T') be their multiplicities. Let
(f{)1<k<a, be an orthonormal basis of H,, = ker(u, —T). If the kernel Hy := ker T
is nontrivial, then choose also an orthonormal basis (fi)o<k<dim H, of Hp. Next, let
(en) be the family which is obtained by taking successively the union over all eigen-
vectors f; and f, and let (4,) be the family which is obtained by taking the eigen-
values corresponding to f;' or fi. For simplicity, assume that the kernel Ho = kerT is
trivial. Then e; :fll, e :fdll’ ed,+1 :flz, s €y 4dy :sz, etc.,and A; =y,
coos Ay = M1y Agyp1 = M2 - Agya, = Mo, etc.

The family (e,) thus obtained is an orthonormal system by construction and by
Lemma[7.10] Moreover, by construction, Te, = Ae, for every n. It remains only to
show that span{e,, : n} =: H is dense in H.

Let H' := (H%)! be the orthogonal complement. For every x € H' and every n,
since T is selfadjoint,

(Tx,e,) = (x,Te,) = (x,Ane) = An(x,e,) =0.

Hence, TH! C H', thatis, T leaves the space H !invariant. We may thus consider the
restriction 7! := T| o €ZH 1Y which inherits the property from 7' to be compact
and selfadjoint. Since all eigenvectors of T are contained in H°, T' does not have
any eigenvalue. In other words, o(T!) C {0}. By Lemma this implies 7! = 0.
However, as we just remarked, 7! does also not admit any eigenvector for the only
possible eigenvalue 0. Hence, H' =kerT' = {0}, which implies that H® is dense in
H.

To complete the proof, consider the operator U : H — (> given by Ux :=
({x,en))n. This operator does the work, that is, U is unitary and T = U*MU, as
one easily shows.

Remark 7.12. Let T € ¢ (H) be a compact, selfadjoint operator on a general (not
necessarily separable) Hilbert space. Then H = ker T @ (kerT)*, where (ker T)* =
ranT is separable (any compact, metric space is separable, and ran7 is spanned by




120 7 Operators on Hilbert spaces

the relatively compact set TBy (0, 1). Applying the above spectral theorem (which
holds only on separable Hilbert spaces) to the restriction of T to ranT, we obtain an
orthonormal basis of ran7T which consists only of eigenvectors of 7. This (at most
countable) orthonormal basis can be completed by an orthonormal basis of ker7,
which consists necessarily of eigenvectors to the eigenvalue 0. As a conclusion, we
obtain an orthonormal eigenbasis of H which consists only of eigenvectors of 7.
We thus see that the assumption of separability of H can be dropped in the spectral
theorem.

We may immediately generalize the spectral theorem to the larger class of normal
operators. For this, we also need the following variant of Schauder’s theorem.

Lemma 7.13. Let H, K be two Hilbert spaces and T € £ (H,K). Then T is compact
if and only if T* is compact.

Proof. 1t is intructive to represent the Hilbert space adjoint 7* by using the Banach
space adjoint 7' € Z(K’,H’) and the (antilinear) isomorphisms @y : H' — H and
@ : K’ — K which one obtains from the Theorem of Riesz-Fréchet (Theorem[2.44).
In fact,

T" = oyT' &

If T is compact, then 7’ is compact by Schauder’s theorem (Theorem , and
hence T is compact due to the above representation. Conversely, if 7 is compact,
then, by what has just been said, 7** is compact. However, 7** = T (Lemma [7.4
(e)), and the claim is proved.

Theorem 7.14 (Spectral theorem for compact, normal operators). Let H be a
complex, separable Hilbert space, and let T € J¢ (H) be a compact, normal op-
erator. Then there exists an orthonormal basis (en)ne; € H (I CN) of H, and a
sequence (Ay)ner € C such that lim,_,e A, = 0 and

Te, = Aye, foreveryn€l,
that is, (ey) is an orthonormal basis consisting only of eigenvectors of T.

Proof. We define
T* T-T*

and Im7 = -

2i

Since T is normal, the operators Re 7 and Im 7 commute. Moreover, they are easily
seen to be selfadjoint and compact (for compactness, we use Lemma[7.13). We show
that Re T and Im 7 can be diagonalized simultaneously.

By the spectral theory of compact operators, 6(ReT') is at most countable, every
a € 6(ReT)\ {0} is an eigenvalue, and its eigenspace Hy := ker(a — T) is finite-
dimensional.

Let (a,) be the (finite or countable) family of all nonzero eigenvalues of Re T
(04 # Oy if n £ m), and let d,, := dim ker(ca,, — T') be their multiplicities. For every
e € Hy, one has

T
ReT := +
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ReTe = aye.

We apply ImT on both sides of this equality, and use the fact that Re7 and ImT
commute, and we find that the vector Im7e is also an eigenvector of ReT for the
eigenvalue ¢,. In other words, the eigenspaces Hy, are left invariant under Im7'. By
applying the spectral theorem for compact, selfadjoint operators to the restrictions
of ImT to Hy,, we find for every n an orthonormal basis (f}')i<k<d4, of Hg,, and we
find a family (B;')1<x<g, of real numbers such that

ImT fi! = By fi forevery 1 <k <d,.
Of course, we still have
ReTf; = a,f; forevery 1 <k <d,.

If Hy := kerReT is nontrivial, then we may repeat the arguments from above in
order to see that ImT leaves Hy invariant. We may also apply the spectral theorem
for compact, selfadjoint operators to the restriction of Im 7 to Hy, and we find an or-
thonormal basis (fi)o<k<dim#, and a sequence (Br)o<k<dimH, of real numbers such
that

ImT f; = Bi.fi for every 0 < k < dim Hyp.

Of course, we have
ReT f; = 0 for every 0 < k < dim Hj.
From the above relations and from the equality 7 = Re T +iIm T we obtain
T} = (o +iB{) 7 = if ] for every 1 < k < d,

and
T fi = iBifr =: W fx for every 0 < k < dim H,

that is, the f}' and f; are eigenvectors of T for the complex eigenvalues u; and pi,
respectively.

Next, let (e,) be the family which is obtained by taking successively the union
over all eigenvectors f;' and fi, and let (A,) be the family which is obtained by
taking the eigenvalues corresponding to f;' or f. For simplicity, assume that the
kernel Hy = kerRe T is trivial. Then e :fll, N fc}l sedi+1= ff, s i gdy =

sz, etc,and Ay = i, ..., Ay, = /.LL}], a1 = Ui, ooy Agyyar = ”32’ etc.

The family (e,,) thus obtained is orthonormal by construction and by Lemma
(applied to Re T'). Moreover, by construction, Te,, = A,e, for every n. It remains only
to show that span{e, :n € N} =: H 0 is dense in H. For this, one proceeds similarly as
in the proof of the spectral theorem for compact, selfadjoint operators. One shows
that ReT and Im7 leave H' = (H®)! invariant but admit no eigenvectors in H'.
This implies for example Re T = 0 in H', and thus H' = {0}. As a consequence,
HO is dense, and (en) an orthonormal basis.
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7.3 Spectral theorem for bounded, normal operators

The continuous functional calculus

Theorem 7.15 (Spectral theorem for bounded, normal operators - the continu-
ous functional calculus). Ler T € .Z(H) be a normal operator, and let K := (T
be its spectrum. Then there exists an C*-algebra homomorphism

®:C(K)— L(H)

with the following properties:
(i) @(id) =T and in particular ®(p) = p(T) for every polynomial p.
D (/)| 2y = || f |l for every f € C(K).
(iii) P is positive in the sense that if f > 0, then (f) > 0.
(iv) (Spectral mapping theorem) For every f € C(K) one has o(P(f)) =
f(o(T)) = f(K).
(V) (Spectral mapping theorem for the point spectrum) For every f € C(K) and

every A € 6,(T) and every corresponding eigenvector x € H (that is, Tx = Ax)
one has ®(f)x = f(A)x.

(i1) P is isometric, that is,

Proof. This theorem is a direct consequence of Corollary to the Gelfand-
Naimark theorem (Theorem applied to the commutative C*-subalgebra of
Z(H) generated by T (commutativity of this subalgebra follows from the assump-
tion that 7' is normal).

The Riesz-Markov representation theorem

Let K be a compact space. We denote by %(K) the Borel-c-algebra on K, that is,
the smallest o-algebra on K which contains the open sets. A Borel measure on X is
a measure on the Borel-c-algebra #(K), that is, a o-additive function u : #(K) —
[0, +o0] (we consider here only nonnegative measures). A Borel measure i on K is
regular if for every Borel measurable set A C K

(i) u(A)=inf{u(0): 0 D A, O open}, and

(i) wu(A) =sup{u(C):C CA, C compact}.
We say that p is finite if ((K) < . The following Riest-Markov representation
theorem characterizes positive, linear functionals on C(K). We say that a functional
@ € C(K)' is positive if ¢(f) > 0 for every function f € C(K) taking its values in
R (the notion of positivity makes also sense on the complex space C(K)). Finally,
we define B(K) to be the space of all bounded, Borel measurable functions K — C.
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Equipped with the sup-norm, B(K) is a Banach space which contains C(K) as a
closed, linear subspace.

Theorem 7.16 (Riesz-Markov representation theorem). Let K be a compact
space. Then, for every positive functional ¢ € C(K)' there exists a finite, regular
Borel measure |1 on K such that

0(f) = [ f dufor every f € C(K).

Proof. Let @ € C(K)' be a positive functional. If necessary, we restrict ¢ to the (real)
subspace of real-valued continuous functions. By Hahn-Banach, we may extend the
functional ¢ to a functional @ on the space B(K) of bounded Borel measurable
functions, such that ||@||pky = [|@lc(xy-

Since ¢ is positive, then (1) = ||@||¢(xy- Hence, for every Borel function f €
B(K) satisfying || f||- < 1 one has

1PN < 1®llaxy = l@llcky = @(1).

In particular, if f € B(K) is a positive Borel function such that ||f]l. < 1, then
1 — f is also a positive Borel function, |1 — ||« < 1, and thus |@¢(f)| < (1) and
|#(1—f)| < @(1). On the other hand,

0<o(1)=0(1)=o(f)+¢(1-1),

which, together with the preceding estimates, is only possible if ¢(f) > 0 (and
@(1 — f) > 0). We have thus proved that the extension @ is a positive linear func-
tional on B(K).

For every Borel measurable set A C K, we now define

1(A) == 9(xa) =0,

where x4 € B(K) is the characteristic function of the set A. We claim that u is a
bounded, regular, Borel measure which represents ¢ as stated in the theorem.

First,  is finitely additive by additivity of ¢, and u is monotone (1 (A) < u(B)
whenever A C B) by positivity of ¢.

The spectral theorem for bounded, normal operators

Lemma 7.17. Let T € £(H) be a normal operator on a separable Hilbert space,
Sfor which there exists x € X such that span{T"(T*)"x : n,m € Ny} is dense in H.
Let K = 6(T) be the spectrum of T. Then there exists a regular, finite Borel measure
w on K and a unitary operator U : H — L*(K;du) such that the diagram
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H —_— H

|v [E=2

L2(Kidp) —2— 12(K:dp)

commutes. Here, M : L*(K;du) — L*(K:;du) is the multiplication operator given
by
Mf(0) = 0f(0) (f € I2(K:du), 0 € K)

In other words, T is unitarily equivalent to a multiplication operator.

Proof. Letx € H be any vector, and let & : C(K) — £ (H) be the continuous func-
tional calculus associated with T (Theorem [7.15)). Then the linear mapping

¢, :C(K)— C,
= A{@(f)x,x),

is bounded and positive (Theorem [7.15](ii), (iii)). By the Riesz-Markov representa-
tion theorem (Theorem [7.16)), there exists a finite, regular Borel measure 1, on K
such that

0u(1) = (@(f)x.x) = [ 1 dy for every f € C(K).

As a consequence of this equality and by using the properties of @, for every f €
C(K),

1D (f)xlF = (@(f)* P(f)x,x)n
= (D(ff)x,x)

= [ 7P an.

This equality shows first that if fi, f>» € C(K) coincide p-almost everywhere, then
@(f1)x = D(f2)x. Hence, the operator

U*:L*(K;du) — H,
[eU f=2(f)x

is well defined first for equivalence classes of continuous functions, but then, by the
above equality and by continuous extension, everywhere on L?(K;d ). Moreover,
the operator thus defined is isometric.

Now we suppose that the vector x € H, which was arbitrary in the beginning, is as
in the statement. Then the operator U™ is isometric and invertible, and thus a unitary
operator. In fact, U* being isometric, it is injective and has closed range. Moreover,
the range of U* contains the set {7"(T*)"x : n,m € No} = {®(1d"id")x : n,m €
No} which is dense in H by the assumption and the choice of x. Hence, U* is sur-
jective.

Finally, for every f € C(K),
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TU f = T®(f)x
= &(id) D (f)x
=d(id- f)x
—U*(id-f),

and thus UTU* (U = (U*)~") is the multiplication operator given in the statement.

Lemma 7.18. Let T € £ (H) be a normal operator on a Hilbert space H. Then
there exists a family (H;);es of closed subspaces such that

(a) the H; are mutually orthogonal,
(b) H= @ielH[,
(¢c) each H; is invariant under T and T*, and

(d) forevery i €I there exists x € H; such that {T"(T*)"x : n,m € Ny} is dense
in H,’.

Proof.

Theorem 7.19 (Spectral theorem for bounded, normal operators). Let T €
Z(H) be a normal operator on a separable Hilbert space H. Then there exists
a measure space (Q,9/ L), a function m € L*(Q;dW), and a unitary operator
U:H — L*(Q;du) such that the diagram

H —+ H

|v Jur—v-t

L2(Qidy) —2— 12(Q:dp)

commutes. Here, M : L*(Q;du) — L*(Q;du) is the multiplication operator given
by
Mf(0)=m(o)f(0) (f€Ll*(Q:dp), o e Q).

In other words, T is unitarily equivalent to a multiplication operator.

Proof. Choose a family (H;);c; (with I C N) as in Lemma By Lemma for
every i € [ there exists a finite, regular Borel measure y; on 6(7T'|p,) C o(T) =: K
and a unitary operator U} : L*(o(T);du;) — H; such that UiT |y, U =M;, where M; :
L?(K;dy;) — L*(K;dy;) is the multiplication operator given by M;f(®) = o f (®).

Set Q := K x I =J;c;0(T) x {i}, and let u be the Borel measure on £ whose
restriction to 6(T') x {i} = 6(T') coincides with ;, that is,

u(UJBix {i}):=) w(Bi) (Bie B(K)).

iel iel

Note that
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L*(Q:dp) = PL*(K:dw)
iel

in a canonical way, and that, via this identification, U* = @,.; U;" defines a unitary
operator from L?(Q;du) onto H = @;c; H;. It is now a short exercise to show that
UTU* = M, where ML*(Q;du) — L*>(Q;du) is the multiplication operator given
by

Mf(@,i) = of (o,i).

The measurable functional calculus

In the following, given a Borel measurable K C R, we define the space
B(K):={f:K — C: f is bounded and Borel measurable}.

Equipped with the supremum norm || - ||, this space is a C*-algebra for the nat-
ural (pointwise) scalar multiplication, addition and multiplication. Clearly, if K is
compact, B(K) contains C(K) as a closed subspace.

Theorem 7.20 (Spectral theorem - the measurable functional calculus). Let T €
Z(H) be a normal operator on a separable Hilbert space H. Let the measure space
(Q,97, 1), the unitary operator U : H — L*(Q;du), the function m € L (Q;du)
and the multiplication operator M € £ (L?*(Q;du)) be as in the Spectral Theorem
(Theorem . Let K := o(T). Then the operator
@ :B(K) - Z(H),
fer ®(f)=U"f(M)U,

where f(M) € £ (L*(R:;du)) is the multiplication operator given by
f(M)g(w) := f(m(w))g(0) (g€L*(Q:idp), 0 €Q),

is a C*-algebra homomorphism which extends the continuous functional calculus @
from Theorem[7.15] and which has the properties:

O [@]=1

(i) @(f) > 0 whenever f >0, and
(iii) if (fn) is a bounded sequence in B(K) which converges [L-almost everywhere

to a function f € B(K), then, for every x € H,

lim ()5 = B(/)x.

Remark 7.21. Note that we can choose the multiplication operator M such that the
range of m is a subset of K, so that the expression f(m(w)) is well defined.
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Proof. Inthe special case T = M, that is, when T already is a multiplication operator
(and U = U* = I), the properties of & are easy to verify, even property (iii), which
relies only on Lebesgue’s dominated convergence theorem. The case of general T
follows then from this special case and the Spectral Theorem (Theorem [7.19).

Spectral measures and spectral decomposition

7.4 Spectral theorem for unbounded selfadjoint operators

In the preceding 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 selfadjoint, that it has a compact resolvent, and that
therefore it is diagonalisable. In this last section, we discuss the spectral theorem
for unbounded selfadjoint operators with compact resolvent.

Let H be a complex Hilbert space, and let A : H O domA — H be a densely
defined (that is, the domain domA is dense in H) and linear operator. We define

domA™:={xe€ H:3dyec HVzedomA: (Az,x)y = (z,Y)n},
A'x:=y.

The operator (A*,domA*) is called the (Hilbert space) adjoint of A. For every
x € domA, y € domA* one has

(Ax,y) = (x,A"y).

Remark 7.22. The adjoint A* is well-defined in the sense that the element y € H is
uniquely determined (use that domA is dense in H).

Lemma 7.23. Let A : domA — H be a densely defined, linear operator. Then A* :
domA* — H is closed.

Proof. Let (x,) C domA* be convergent to some x € H and such that (A*x,) con-
verges to y € H. Then, for every z € domA,

(,y) = lim (z,A"x,)
= nlgIDIO<AZ7xn>

= (Az,x).
By definition of A* this implies x € domA* and A*x = y. Hence, A* is closed.

Let H be a complex Hilbert space, and let A : H O domA — H be a densely
defined, linear operator. We say that A is symmetric if for every x, y € domA,
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(Ax,y) = (x,Ay).
We say that A is selfadjoint if A =A*.

Remark 7.24. Saying that A is selfadjoint, that is, that A = A*, means that domA =
domA* and A = A*. By Lemma [7.23| every selfadjoint operator is necessarily
closed. Note, however, that a symmetric closed linear operator A need in general
not be selfadjoint! However, if domA = H, then symmetric implies selfadjoint by
the Theorem of Hellinger-Toeplitz (Theorem [7.7).

Remark 7.25. If a bounded operator A : H — H (domA = H!) is selfadjoint in the
sense of the definition for unbounded operators (see page[I27), then A is selfadjoint
in the sense of the definition for bounded operators (see page [[16), and vice versa.

Lemma 7.26. Let A : domA — H be densely defined and symmetric. Then the fol-
lowing are equivalent:
(i) A is selfadjoint.
(i) A is closed and ker(A* £i) = {0}.
(iii) ran(A+i)=H.

Proof. We first remark that if (A,domA) is symmetric, then ker(A £i) = {0}. In
fact, let x € H be such that (A —i)x = 0. Since A is symmetric,

illx]|* = {ix,x) = (Ax,x) = (x,Ax) = ~il|x]|*.

Hence, x = 0. Similarly, one proves ker(A +i) = {0}.

(1)=-(ii). Now assume that A is selfadjoint. By Lemma A* is closed, and
therefore A (= A*) is closed. Since A is symmetric, and since A* = A, we find
ker(A* £i) = {0} by the above argument.

(i1)=>(iii). Similarly as in Lemma@]one proves that

ker(A* — i) = (ran(A +i)) ™,

where | now means the Hilbert space orthogonal. Hence, if ker(A* — i) = {0},
then ran(A + i) is dense in H. We prove that ran(A + i) is also closed. Since A is
symmetric, we have (Ax,x) € R for every x € domA. Hence, for every x € domA,

1(A+i)x]| = [|Ax]® + [lx]* + 2Re(Ax, ix)
= x|+ [l >l

Let (x,) C domA be such that lim,_,.(A 4 i)x, = y € H exists. By the preceding
inequality, this implies that (x,) is a Cauchy sequence in H. Hence, x := lim,,_,o X, €
H exists. Since A +i is closed, we obtain x € domA and (A +i)x =y. We have shown
that ran(A + /) is closed. Similarly, one shows that ran(A — i) is closed.

(iii)=-(i). Since A is symmetric, domA C domA* and Ax = A*x for every
x € domA. It remains to show that domA* C domA. Let y € domA*. Since
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ran(A +i) = H, there exists x € domA such that (A* +i)y = (A + i)x. By the inclu-
sion (A,domA) C (A*,domA*), (A*+1i)y = (A* +i)x. Since ran(A — i) = H implies
ker(A* 4 i) = {0} (compare again with Lemma[5.8), this implies x = y € domA.

Exercise 7.27 The Dirichlet-Laplace operator A defined in is selfadjoint.

Lemma 7.28. Let A : domA — H be densely defined and closed. Then, for every
A € p(A) one has A € p(A*) and

R(A,A)* = R(1,A").
Proof. For every x € domA and every y € domA* one has

(x,R(A,A)" (A —A")y) = (R(A,A)x, (2 —A")y)

and
(x,(A —A")R(A,A)"y) = (A —A)x,R(A,A)"y)
= (R(A,A)(A —A)x,y)
= (%)),
so that A — A* is invertible and R(A,A*) = R(A,A)*.

Theorem 7.29 (Spectral mapping theorem). Let A : domA — H be densely de-
fined, closed. Assume that p(A) is not empty. Then, for every A € p(A),

(A —o(4)" =o((A-4)")\{0}.
Proof. The proof is an exercise.

We say that a closed, linear operator (A,domA) on a Banach space X has com-
pact resolvent if p(A) is nonempty, and if there exists A € p(A) such that R(A,A)
is compact.

Lemma 7.30. Let (A,domA) be a closed, linear operator on a Banach space X such
that p(A) # 0. Then the following are equivalent:
(i) A has compact resolvent.
(ii) Forevery A € p(A), the resolvent R(A,A) is compact.
(iii) The embedding j : (domA, || - |ldoma) — (X, - ||x), X — x is compact.

Proof. The implication (ii)=-(i) is trivial, while the converse (i)=-(ii) is a conse-
quence of the resolvent identity

R(“7A) = R()”A) +(A— “)R(“aA)R(A”A)'
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(1)=(iii) Assume that A € p(A) is such that R(A,A) is compact. Let (x,) be a
bounded sequence in (domA, || - ||goma ), that is, there exists C > 0 such that

[lx2]1x + ||Ax,||x < C for every n.

Since R(A,A) is invertible from X onto domA, there exists a sequence (y,) in X
such that R(A,A)y, = x,. Using the equality AR(A,A) = AR(A,A) — I, the above
estimate for the x,, yields

IR(A,A)ynllx + IAR(A,A)yn — yullx < C for every n.

This estimate yields that (y,) is necessarily bounded in X. Since R(A,A) is compact,
there exists a subsequence of (y,) (which we denote for simplicity again by (y))
such that (R(A,A)y,) = (x,) converges in X. In other words, for every bounded
sequence (x,) in (domA, || - ||[qgoma) We can extract a subsequence which converges
in X. Hence, the embedding j : (domA, || - ||dgoma) — (X, ]| - [|x), x — x is compact.
(iii)=(i) Choose any A € p(A). Then the operator j : (domA, || - ||goma) — (X, || -
llx), x — Ax — Ax is continuous (by definition of the graph norm) and invertible
(by the choice of A). By the bounded inverse theorem, R(A,A) is a bounded linear
operator from (X, | - |x) onto (domA, || - ||doma ). Composing this operator with j,
we obtain that R(4,A) is a compact operator on X.

Lemma 7.31. Consider the meromorphic functions f and g on C given by

Then, for every z € C:

(@) Ifz€R, then |f(z)|=1.If |z| = L, then f(z) € iR.
(b) Ifz€iR, then|g(z)|=1.1If |z| =1, then g(z) € R.
© fl(e(z)) =g(f(z) ==

The functions f and g in the preceding lemma are two special Mobius transforms.
A general Mobius transform has the form f(z) = fﬁig and it always has the property
that it maps straight lines to straight lines or circles, and circles to straight lines or
circles. Mobius transforms are the affine mappings on the Riemann sphere. We use
their properties in the following lemma in order to transform selfadjoint operators
(which have spectrum in the real line) to unitary operators (which have spectrum in

the unit circle) and back.

Lemma 7.32 (Cayley transform). Let H be a Hilbert space.

(a) LetA:domA — H be a densely defined, selfadjoint operator. Then its Cayley
transform
fA):=U:=(i—A)(i+A)"!
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is a unitary operator such that rg(I+U) = domA. In particular, I + U has
dense range.

(b) IfU € Z(H) is a unitary operator such that I + U has dense range, then
gU):=A=i(I-U)I+U)"

with maximal domain domA :=rg(I+U) — H is selfadjoint.

(c) LetA:domA — H be a densely defined, selfadjoint operator. Then g(f(A)) =
A.

Theorem 7.33 (Spectral theorem for unbounded selfadjoint operators with
compact resolvent). Let A : domA — H be densely defined, selfadjoint, having
compact resolvent. Then there exists an orthonormal basis (e,) C H and a sequence
(An) C R such that 1im,,_se0 | A, | = o0,

e, € domA and Ae,, = Ayey, for every n.

Moreover, 6(A) = 6,(A) = {A, : n}.

Proof. Let A € p(A) be such that R(A,A) € ¢ (H). By Theorem[5.25] 6(R(A,A)) is
countable. Hence, by Theorem G(A) is countable. In particular, there exists 1t €
p(A)NR. By Lemma (that is, by the resolvent identity), R(i,A) is compact,
too. Moreover, since i € R, for every x, y € H,

(R([J,A)x,y> = <R(,LL,A X, (.u 7A)R(“aA)y>

so that R(u,A) is selfadjoint. By the spectral theorem for selfadjoint compact op-
erators, there exists an orthonormal basis (e,) of H and a sequence (u,) C R\ {0}
such that lim, . t, = 0 and such that

Wnen = R(u,A)e, for every n.

This equation implies on the one hand that e, € domA and on the other hand, when
we multiply by u —A,
Anen = Aey, for every n,

with A, = u — i Clearly, lim,,_,c |A;| = oo, and by the spectral mapping theorem
(Theorem|[7.29), 6(A) = 6,(A) = {A, : n}. The claim is proved.
7.5 Hilbert-Schmidt operators and trace class operators

In this section, let H be a separable Hilbert space. An operator 7 : H — H is a
Hilbert-Schmidt operator if there exists an orthonormal basis (e, ), in H such that
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Y || Ten||? < . We denote by 7.7 (H) the set of all Hilbert-Schmidt operators on
H.

Whenever T is a bounded, linear operator on a separable Hilbert space H, then
T*T is selfadjoint and positive semidefinite. If T is in addition compact, then 7*T is
compact, too. By the spectral theorem for selfadjoint, compact operators, there exists
an orthonormal basis (e,) of eigenvectors and a null sequence (4,) of nonnegative,
real numbers such that T*Te, = A,e,,. We call the numbers

su(T) == /A

the singular numbers of 7. Like (4,), the sequence of singular numbers is a null
sequence.

Theorem 7.34. Let H be a separable Hilbert space. Then:
(a) For every pair of orthonormal bases (e,), and (é,), of H, and for every T €

S (H),
( ) 2 _ 5 112 —. 2
Y Tenl = X ITel> = 130
n n

and |T|| ¢ < ||T|| 5.

(b) For every pair of orthonormal bases (e,), and (é,), of H, and for every T,
Se S (H),

Y (Ten.Sen) =) (Tén,Se,) =:(T,S) w5
(¢) The space (S (H),(-,") ws) is a Hilbert space.

(d) The space of finite rank operators is dense in €. (H), and 7 (H) em-
beds continuously into # (H). In particular, every Hilbert-Schmidt operator
is compact.

(e) For every T € . (H), the adjoint T* is a Hilbert-Schmidt operator and
IT* e = T || -

(f) For every S € S (H) and every T, R € £ (H), TSR € #./(H) and
ITSR|| sz < |IT||2 ISl o2 ||R||.- In particular, 7. (H) is a two-sided
ideal in £ (H).

(g) A compact operator T € J¢ (H) is a Hilbert-Schmidt operator if and only
if the sequence of its singular numbers belongs to (2, and then HT||2//5,, =

[[(5a(T)) ] 2-

Proof. Let T be a Hilbert-Schmidt operator, and let (e,,) be an orthonormal basis
of H such that ¥',, || Te,||? is finite. Let (¢,), be another orthonormal basis of H. Then
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Y lITen|* =Y (Tén, Ten)
n n
:Z<T(Z en en)er), T(Y (én,er)er))
n !
=Y (en,ex) (Tex,Tey) {én,e1)

nk,l

=Y (Ter, Tey) (ex,er)
kol

=Y I Tex].
3

In particular, the quantity ¥, ||7¢,]|? i v does
not depend on the choice of the orthonormal basis. Moreover, for every x € H and
for every orthonormal basis (e,) of H,

7] = 1} (x, en) Ten|
n

<Y I(xen) [ Ten]
n

< (X lxen) )2 (L I Teal®)?
=Tz |Ix,

which proves that T is bounded and ||T|| ¢ < ||T|| sz.-

The proof of[(b)|is analogous to the proof of the first part of [(a)}

It follows easily from |(a)| that 5#.%(H) is a linear space. It is also straight-
forward to show that (-,-) ,»& is an inner product, and that || - || s is the induced
norm. One only has to prove that J2.%(H) is complete for this norm. So let (7,)
be a Cauchy sequence in 5. (H). Then, by part. ) is a Cauchy sequence in
Z(H), and therefore it converges in .Z(H) to some operator T. Let € > 0. Then
there exists ng € N such that, for every n, m € N>, |1, — Tul| . < €. This
is equivlent to saying that for any fixed orthonormal basis (e;) and for every n,
m € Ny, Yi (T — Tw)ex|* < €2. Sending m — oo in this inequality implies that
for every n € N, Y ||(T — T)ex||* < €2. From here it follows in particular that
T e (H) and ||T, —T| »s < € for every n € N>,,. We have proved conver-
gence of (T,,) in .7 (H) and thus the completeness of .7 (H).

[(d]|Let T € .7 (H), let (e,) be any orthonormal basis, and let Py be the orthog-
onal projection onto the finite dimensional space spanned by {Te, : n < N}. Then
Ty := PyT is =Y,oni1 | Tenl* = 0 as
N — . Hence, the finite rank operators are dense in the Hilbert-Schmidt operators.
Since every finite rank operator is compact, and since the space of Hilbert-Schmidt
operators embeds continuously into .Z(H), it follows actually that /. (H) em-
beds continuously into JZ (H).

[©)Let T € #°.%(H) and let (e,) be any orthonormal basis of H. Then, by Par-
seval’s identity,




134 7 Operators on Hilbert spaces

YT el” = ZI T*en,em)|’
n
:Z|en,Tem
n,m
=) [ITen|?
m

=T 125-

[(D]Let T, R € £ (H) and S € 7.9 (H). Then, for every orthonormal basis (e, )
of H,

YL ITSenl* < T 1% Y lISenl* = 17117 1513+
n n
and from here and from part[(e)|follows

ISR|| 2.7 = |IR*S™|| e < |IR*[|.2 IS || = |||l s | R]| -

Let T be a compact operator on a Hilbert space, and let (e, ) be the orthonor-
mal basis of eigenvectors of 7*T. Then

X:||Te,,||2 :Z(Te,,,Te,,} :Z (T*Tey,en) Zl —Zs,,
n n n

The proof of Theorem[7.34]is complete.

Examples of Hilbert-Schmidt operators are described in the following theorem.
Actually, this theorem fully characterizes the Hilbert-Schmidt operators on separa-
ble L2-spaces.

Theorem 7.35. Let (2, 1) be a measure space such that L*(Q) is separable. Let
k€ L*(Q x Q) be a kernel. Then the associated kernel operator K : L*(Q) — L*(Q)
given by (Kf)(x) = [o k(x,y)f(y) dy (f € L*(Q), x € Q) is a Hilbert-Schmidt op-
erator and ||K || yz.7 = ||k|| ;2. The operator J : LI*(Q x Q) — .7 (L*(Q)) which
assigns to every kernel k the associated kernel operator K is an isometric isomor-
phism.

Proof. For k € L*(Q x Q), the associated kernel operator K and an orthonormal
basis (e,) of L?(£2) we compute using Parselval’s identity,
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LIkt =% [ | [ ktxients)
= [ LIk enyal ax

n

2
dx

This proves that K is a Hilbert-Schmidt operator and ||K|| s~ = ||k||;2. This also
proves that the operator J from the statement is well-defined and isometric. In par-
ticular, J is injective has closed range. However, J has also dense range, since every
finite rank operator T = Y'}_, (-, fx) g« is a kernel operator associated with the kernel

k(x,y) = Y1, en(x) fi(y) € L*(2 x Q). It follows that J is surjective, and it is thus
an isometric isomorphism.

An analogue of Theorem[7.34][(g)} the characterisation of Hilbert-Schmidt oper-
ators by their singular numbers, is the assertion following theorem.
Theorem 7.36. Let H be a separable Hilbert space. Then:

(a) A compact operator T on H is a nuclear operator if and only if the sequence
of its singular numbers belongs to 0!, and then ||T ||y = ||(sa(T))|| -

(b) ForeveryT, S € S (H), the product TS is a nuclear operator and

1 1
TSy < INT 1505 1SN 5.5
Proof.

Remark 7.37. (a) In fact, for a compact operator 7', we define the trace
T =Y s,(T).
n

(not quite) The trace plays the role of an integral; not an integral of functions
but an integral of operators. The trace class operators are those compact
operators for which the trace trT is finite. By the Theorem ??, the trace
class operators are precisely the nuclear operators on Hilbert spaces.

(b) The norm inequality in Theorem ?? very much ressembles a Cauchy-
Schwarz inequality if one translates it into the corresponding inequality for
singular numbers

1 1
2 2

Zn:s"(TS)S<ansn(T)2) (ansn(S)2> ,
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or, in terms of the trace,

tr(ST) < (trT)2 (trS)?.

(c) Recall the identities (co)’ = ¢! and (¢')’ = ¢*. These identities have the fol-
lowing analogues for operator spaces on Hilbert spaces: # (H)' = .4 (H) and
A (H) = Z(H) (without proof).

(d) Schatten classes.

7.6 Operators associated with sesquilinear forms

Let V and H be two complex Hilbert spaces such that V C H with continuous and
dense embedding. A sesquilinear form a: V x V — C is called

¢ bounded, if there exists C > 0 such that
la(u,v)| < Cllullv ||v||v for every u,v €V,
¢ coercive, if there exists 7 > 0 such that
Rea(u,u) > 1 ||ul|? for every u €V,

¢ accretive, if
Rea(u,u) >0 forevery u €V,

* H-elliptic or simply elliptic, if there exist ® € R, 11 > 0 such that
Rea(u,u) + o|[ul|; > 1 ||ul|} for every u, v €V,

e symmetric, if
a(u,v) = a(v,u) for every u, v €'V,

* sectorial, if there exists 6 €]0, 7| such that
a(u,u) € Xy forevery u €V,

where
Zo:={AeC:|argh| <6},

is the open sector of opening (half-) angle 0 around the positive real axis. Let us
actually for the following also formally define the closed sector of angle O:

E() = [0, 00[.
Here are some easy observations.

Lemma 7.38. Let a: V XV — C be a sesquilinear form. Then:
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(a) The form a is bounded if and only if it is continuous.

(b) Ifais bounded / continuous and coercive, then it is sectorial.

Proof. The proof of assertion|(a)|is an easy exercise in the spirit of the correspond-
ing result for linear forms / operators.
[(B)]If a is bounded / continuous and coercive, then

C
[ Ima(u,u)| < a(u,u)] < C|lulfy < 0 Rea(u,u),

which implies a(u,u) € Zg with tan @ = %

Given a bounded, sesquilinear form a : V x V — C, we define the associated
operator A on H by setting

domA:={uecV:3fcHWEV a(u,v)=(f,v)},
Au:=f.

The element f in the definition of domA is uniquely determined since V is dense
in H! In fact, if u € V and f, f € H are such that a(u,v) = (f,v) and a(u,v) = (f,v)
forall v € V, then (f — f,v) = O forall v € V, that is, f — f € V+ = {0}.

The main result of this section is the following.

Theorem 7.39. Leta:V xV — C be a bounded, coercive, sesquilinear @m, and let
A be the associated operator on H. Let 6 € [0, 5[ be such that a(u,u) € Xg for every
u €V (such a 0 exists by Lemma . Then 6(A) C Xy and, for every A € C\ Ly,

1

IRAA) € —=.
dist(A, Zp)

Lemma 7.40. Let A be a linear operator on a Hilbert space H, and let D be a
connected subset of C\ w(A). If there exists Ay € D such that Ay — A is surjective,
then D C p(A) and, for every A € D,

1
R(LA)| € ————. 7.3
IR(4, )”*dist(x,w(A)) (7.3)

Proof. Letu € domA be such that ||u|| = 1. Then, by the Cauchy-Schwarz inequality
and by definition of the numerical range, for every A € C,

! Viewing this operator as a relation, one has A = {(u, f) € H x H : u € VWw € V: a(u,v) = {f,v)}
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[(A —A)ull = [[(A = A)ul| [|u]
> [(Au—Au,u)|
— &l — (A, )
A — (Au,u)|
>inf{|A —z| : zew(A)}
=dist (1, w(A))

= dist (A, w(A)) |Ju]-

By homogeneity of the norm, the inequality

(A = A)ul| = dist (A, w(A)) [[u]
then actually holds for every u € domA. Hence, for every A € C\ w(A), the operator
A —A is injective and has closed range. Moreover, if A — A is in addition surjective,
then A € p(A) and the resolvent estimate holds.

Now the rest of the proof is a usual argument using connectedness. Let D' =
{A € D : A —Ais surjective}. By assumption, D’ is a nonempty subset of D which
in turn is a subset of C\ w(A). If A € D', then by the preceding argument, A € p(A)
which is an open subset of C (Lemma and it follows that D’ is an open subset
of D. Finally, if (4,) is a sequence in D’ which converges to some element A € D,
then (A,) is a sequence in p(A) and (R(A,,A)) is bounded in .Z’(X) by the resolvent
estimate (7.3). By Lemma[5.3] A € p(A). Since A also belongs to D, it follows that
A € D', and we have proved that D’ is closed in D. Since D is connected, it follows
that D' = D.

The following theorem generalises the Riesz-Fréchet theorem, which applies
to inner products or symmetric sesquilinear forms, to the case of nonsymmetric
sesquilinear forms.

Theorem 7.41 (Lax-Milgram). Let a : V xV — C be a continuous, coercive,
sesquilinear form on a complex Hilbert space V. Then, for every continuous, an-
tilinear f : V — C there exists a unique element u € V such that

a(u,v) = (f,v)yry forallveV.

Proof. For every u € V we denote by Au the continuous, antilinear form V — C,
v+ a(u,v). We thus obtain a continuous, linear operator A : V. — V'’ (where V' is
in this proof exceptionally the space of all continuous, antilinear forms on V). We
have to show that A is bijective.

The operator A is injective and has closed range. By coercivity of a, for every
vev,
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1 |vIIy < Rea(v,v)
<la(v,v)|
= [{Av,v)yry|
< |Av[lye [[v]lv,

which implies
n||vlly <||Av||y: for every v € V.

As a consequence of this inequality, A is injective and has closed range.

The operator A is surjective. Since A has closed range, it suffices to show that A
has dense range in V’. If the range of A is not dense in V', then, by the Hahn-Banach
theorem and by reflexivity of V, there exists u € V' \ {0} such that

(Av,u)yy = a(v,u) =0 for every v € V.

Choosing v = u in this equality, we obtain a contradiction to coercivity of a. Hence,
the range of A is dense in V', and the proof is complete.

Remark 7.42. The operator A : V — V' appearing in the proof of the Theorem
of Lax-Milgram (sometimes called Lemma of Lax-Milgram) and the operator A :
domA — H associated with the sesquilinear form a are of course not independent
of each other.

Proof (of Theorem [7.39). By Lemma the form a is sectorial, that is, there
exists 6 € [0, 5[ such that a(u,u) € Zg for every u € H. By definition of the operator
A associated with the form a, (Au,u) = a(u,u) for every u € domA. Hence, the
numerical range of A is contained in Xy.

Let D = C\ Xg. Then D is a connected subset of C. Let f € H. Then the mapping
V — C, v (f,v)y is continuous and antilinear. By the Lax-Milgram theorem, there
exists a unique u € V such that a(u,v) = (f,v)y for every v € V. By definition of
A this is equivalent to saying that for every f € H there exists a unique # € domA
such that Au = f. Hence, the operator A is invertible, that is, 0 € p(A). Since the
resolvent set is open, the intersection p(A) N D is therefore nonempty. By Lemma
this implies D C p(A) and for every A € C\ Xy,

1
RAA)| < —
IR, Al dist(1, w(A))

A,
1
< —
= dist(4,Zg)

The proof is complete

Lemma 7.43. Let a: V x V — C be a bounded, elliptic, sesquilinear form and let A
be the operator on H associated with a. If the embedding V. — H is compact, then
A has compact resolvent.

Proof. The embedding domA — V, u+— u (domA is equipped with the graph norm)
is bounded by the Closed Graph Theorem, and the embedding V — H, u — u is
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compact by assumption. Hence, the embedding domA — H is compact, and the
claim now follows from Lemma [7,30)

7.7 * Elliptic partial differential operators

7.7.1 The Dirichlet-Laplace operator

Let Q C RY be open, A € C, and consider the elliptic partial differential equation

{lu—Au:fin.Q,

7.4
u=0 indQ, 74

where A = Zﬁ;’ | ;—22 stands for the Laplace operator and f € Lz(.Q) While the first

line in isa partlal differential equation in which the unknown function u and
its par‘ual derivatives (here, the second, not mixed partial derivatives) appear, the
second line in is a boundary condition. It is called (homogeneous) Dirichlet
boundary condition.

Note that if u € C2(Q)NC(Q) is a classical solution of (7.4)), that is, u satisfies
in the usual sense (using classical partial derivatives), then we may multiply
the first line in by the complex conjugate of a test function ¢ € CZ(Q) and
integrate over £2. An integration by parts (simple form of the theorem of Gauss, due
to the Dirichlet boundary conditions) then yields

/f(ﬁ:l/u(pf/Auq_)
0
_)“/”"’ /Za 79
i=1
ou do
7l/u(p+/lz{3x18x,

zl/ u(f)—i—/ VuVe.
Q Q

Given f € L*(Q2), we now call a function u € H} () a weak solution of (7-4) if
l/ uq')—i—/ VMW:/ f® for every ¢ € H} (). (7.5)
Q Q Q

Let H := L*(Q) and define
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domA := {u € H}(Q):3f € L*(2)Vp € H}(Q) : (7.6)
| vavo~ [ 1o}
Q Q
Au:=f,

so that A : domA — L?(Q) is a linear operator on L?(£2). Actually, A is the operator
associated with the sesquilinear form a : H} () x H} (2) — C given by

a(u,v):/ VuVv.
Q

By definition, u € domA and Au = f if and only if u is a weak solution of for
A = 0. Moreover, a function u € H} () is a weak solution of (7.4) if and only if

u € domA and Au+Au=f. (7.7)

In this sense, we may say that —A is the realization of the Laplace operator with
Dirichlet boundary conditions. We therefore call —A the Dirichlet-Laplace oper-
ator. The problem is a functional analytic reformulation of (7.4). Instead of
solving a partial differential equation we now have to solve an algebraic equation.
Clearly, the operator A is linear.

Theorem 7.44. The form a is sesquilinear, bounded, accretive, L*-elliptic and sym-
metric. As a consequence, the negative Dirichlet-Laplace operator A is selfadjoint,
positive semidefinite.

Proof. For every u, v € Hj (),

la(u,v)[ < [[Vullp2 [IVVll2 < flullgr V]

so that a is bounded. For every u € H} (),

Rea(u,u) :/ |Vu|* >0,

Q

so that a is accretive. For every u € H} (),
2 2 2 2

Rea(u,u) +[ull72 = [[Vul[ 72 + |Jull2 = llullf,

so that a is elliptic. For every u, v € H}(Q),

a(u,v):/ Vqu:/ VvVu = a(v,u),
Q Q

so that a is symmetric (and we could have left out the real parts in front of a(u,u)
above).
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By the preceding theorem, the spectrum of the negative Dirichlet-Laplace op-
erator A is contained in the intervall [0,c[. One can show that if Q = R, then
6(A) = [0, 0o[. For bounded domains, the situation is however much different.

Theorem 7.45. If the domain 2 C RY is bounded, then there exists an orthonormal
basis (e,) of L*() and a sequence (A,) C R_ such that lim,_,e A, = —oo and for
everyn € N

e, € domA and A,e, —Ae, = 0.

Moreover, 6(A) = 6,(A) = {4, :n € N}.

Remark 7.46. Theorem 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 € HJ () of (74).

Theorem also implies that the Dirichlet-Laplace operator is unitarily equiv-
alent to a multiplication operator on an [ space, that is, the Dirichlet-Laplace oper-
ator is diagonalizable.

In order to prove Theorem we need the following theorem which will not
be proved here. We only remark that in the case when £ C R is a bounded interval
we have given a proof in Example [5.16] For a proof for general £, see [?].

Theorem 7.47 (Rellich-Kondrachov). Let Q C RN pe open and bounded. Then the
embedding
H(} (Q)— Lz(.Q)7 U u,

is compact.

Proof (of Theorem . Let u, v € domA. Then,

(Au,v) 2 :/ Auv = —/ VuVy
Q Ja
= —/ ViwVu = /AVIZ
Q Q
=(Avu), = (u,Av).

This equality means that A is symmetric.

By Theorem of Chapter for every f € L*(£2) there exists a unique weak
solution u € H; () of with A = 1. This means that / — A : domA — H is
bijective. Let J := (I —A)~! : H — domA C H be the inverse. For every u, v € H,
u =u; —Auy, v=v| —Avy, by the symmetry of A,

(Ju,vy = (uy,vi —Avy) = (uy — Auy,vi) = (u,v1) = (u,Jv).

Hence, J is symmetric. By the Theorem of Hellinger-Toeplitz (Theorem [7.7), J :
H — H is bounded, and thus also selfadjoint. Since J is also a linear operator from
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H into Hé (Q), and since J is closed when considered as such an operator, we obtain
in fact that J : H — H& () is bounded by the closed graph theorem. Since the
embedding H} (Q) — L?(Q) is compact by the Rellich-Kondrachov theorem, we
obtain that J € JZ (H).

By the spectral theorem for selfadjoint compact operators, there exists an or-
thonormal basis (e,) of H = L?(£) and a sequence (u,) C R such that lim,, e it,, =
0 and

Une, = Je, for every n € N.

Since ranJ = domA, we obtain also that ¢, € domA for every n € N. Multiplying
the above equation by 7 — A, we obtain

Anen —Ae, =0 for every n € N,

with A, := & ’L;l € R. Since, by Theorem of Chapter , A —A is invertible
for every A > 0, we obtain 4, € R_. Clearly, the sequence (4,) is unbounded since
Un — 0.

Now let A & {A, :n € N}, and let f € L>(). If A = 1 (or even A > 0), then
we have seen above that the operator A — A : domA — H is bijective. So we can
assume that A # 1. Then ﬁ € p(J) and we can define u := R(l,A)R(ﬁ,J)%.
Clearly, u € domA, and an easy calculation shows that Au — Au = f. Moreover,
every solution of Au— Au = f is of the form above, and thus A — A is bijective.

The claim is proved.
Corollary 7.48. The operator A is closed and
domA = {u € L*(Q) : (Au(u,e,)) € £*}.

Proof. If an operator A : X O domA — X on a Banach space X has nonempty re-
solvent set, then A is necessarily closed. In fact, (A —A)~! is bounded for some
A € p(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 and thus A is closed.

The remaining claim follows easily from the fact that, by Theorem Ais
unitarily equivalent to the (unbounded) multiplication operator

domM := {(x,) € I : (Apxy) € 2},
M(xn) = ()Lnxn)7

where the unitary operator is given by

U:L*(Q)— 2,
ur— ({u,e,)),

that is, A = U~ 'MU.
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7.7.2 General elliptic operators in divergence form and
inhomogeneous Dirichlet boundary conditions

Consider the elliptic operator L which is formally given by

N
Lu=— Z &i(dij(x)aju) + Z[&,(bl(x)u) +ci(x)du] +d (x)u,

where
ajj, bi,ci,d € L () (1<i,j<N),

and Q C RY is an open set. We assume that the coefficients a; ; are uniformly ellip-

tic in the sense that there exists 17 > 0 such that

N _
Y aij(x)g&>n |E)> forall € € CV,x € Q.
ij=1

(7.8)

There are no further conditions on the lower order conditions b;, ¢; and d, and in
fact, the boundedness condition on these coefficients may be relaxed a little bit. All

coefficients may be complex valued. We then consider the problem

Au+Lu = f+divg in Q,
u="honadQ,

where

f.81,-..,gny € L*(Q) and
he H' (Q).

We say that a function u € H' () is a weak solution of the problem
Au—Lu= f+divgin Q,

if, for all ¢ € CT(Q),

N
/1/ bt / (X)9udp+
Q“‘P Z Qa](x) juoiQ

ij=1

N 30 N —
+;/~Q[—bi(x)uai§0+ci(x)8iu(p-|—/gd(x)mp

Z/Qf(P‘Fﬁ;/Qgi&i‘P«

(7.9)

(7.10)

(7.11)

Note that by an approximation argument, if the above equality holds for all test
functions @ € CZ (), then it holds for all ¢ € H} (), and vice versa. Next, we say
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that the inhomogeneous Dirichlet boundary condition
u=hondQ (7.12)

is satisfied, if
u—heHj(Q). (7.13)

Accordingly, u € H'(Q) is a weak solution of (7.9) if it satisfies both (7.11)) and
(7.13).

Theorem 7.49. Assume that Q, a;j, b;, ¢;, d, f, gi and h are as above. Then there

exists a real number A such that for all . € C with ReA > A the problem (T-9)
admits a unique weak solution u € H'(Q).

Proof. Assume first that /1 = 0. Then we define the sesquilinear form a : H} () x
H}(Q) — Chby

N
a(mv)zl/ﬂuﬁ—i— Z /Qa,-j(x)ﬁju%—i—

inj=1
N —_
+i§i/Q[—bi(x)u(9iv+ci(x)8,-uv+/9d(x)w.

Then a is continuous since for every u, v € HOl (), by the Cauchy-Schwarz inequal-
ity,

N
la(u,v)| < (A ull 22 + Y llaijllz= 10jull 2| 0mll 2+
ij=1
N
+ 2 bille= Null 2 (|9l 12 + [[cille= N| Giual [ 2 V] 2] + || = ([ual| 2 V]| 2
i=1

<Cllullg vl

where C > 0 is for example the sum of || and the L*-norms of the coefficients a;;,
bi’ Ci, d.
We show that a is also coercive whenever

R 1 X
Red > A :=||d||~ + n Y (il + lleillz=)-
i=1

In fact, for every such A € C and every u € H} (), by the uniform ellipticity con-
dition, by the Cauchy-Schwarz inequality and by Young’s inequality,
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N —_
Rea(u,u):Rel/ |u|* +Re Z / a;jojudiu+
Q Q

i,j=1

- - 2
R —b; (9,' i 8i i Red
+ ei:El/Q[ (x)udiu+ ci(x) uu—l—/Q ed(x)|ul

> (ReA —||d||z=) [lull72 +n || Vel 72~

N 2
- (Z(||bi||%°°+ ||c,~|§m)> oall 2 [Vl 2

i=1
> (Re — ) ull?: + 2|Vl

where fj = min{Re A — 1,1} > 0. Hence, a is coercive.
Consider next the mapping £ : H' () — C given by

()= [ f7- ﬁl | g,

which is well defined and continuous by the Cauchy-Schwarz inequality, and anti-
linear. Existence and uniqueness of a weak solution of thus follows from the
Lax-Milgram lemma (Lemma [7.41) applied to a and £.

Let now i € H'(Q) be arbitrary, and define

N
fi=f+an+Y cidh+dhe*(Q)and
i=1

N
gii=gi+ Y aijdjh+bh e *(Q) (1<i<N).
j=1

Then one easily verifies that u € H'(Q) is a weak solution of (7.9) if and only if
w=u—h € H}(Q) is a weak solution of

Aw—Lw = f+divg in Q,
w=0o0ndQ,

and from this equivalence and the first step one obtains existence and uniqueness of
a weak solution of ({7.9).

7.8 * The heat equation

Let Q C R be open and bounded, and consider the heat equation
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w—Au=0 inR; xQ
u=0 inR; x 90, (7.14)
u(0,x) = up(x) in Q,

where A denotes the Laplace operator, and ug € L?(Q).
We call a function u € C(R,;L*(£2)) a mild solution of if u(0) = up and
if for every @ € domA the function ¢ — (u(t), @), is continuously differentiable

and if
d

E <u7 (p>L2 = <M7A(p>L2 .

Here, A is the realization of the Dirichlet-Laplace operator on L?(£) defined in

(7.6).
Theorem 7.50. For every ug € L>(Q) there exists a unique mild solution u of (T.14).

Proof. Let A be the realization of the Dirichlet-Laplace operator as defined in the

previous section. By Theorem there exists an orthonormal basis (e,) and an

unbounded sequence (A,) C R_ such that for every n € N one has A,¢,, = Ae,,.
Assume that u is a mild solution of the heat equation (7.14). Then, for every

neN,
d
o ut) en)pp = {ult), Aen) 2 = Au(u(t), en) -
This implies

(u(t),en) 2 = € (ug, en)y2, 1 >0.

Hence, since (e, ) is an orthonormal basis,

u(t) =Y M (ug,en)pen, t>0. (7.15)

neN

This proves uniqueness of mild solutions.

On the other hand, let ug € L*>(£2) and define u(z) as in (7.13). Since |¢*'| < 1
for every ¢ > 0 and since 7 — e’ is continuous, u(r) € L*() for every t > 0, and
the function ¢ + u(t), R, — L*(Q) is continuous. Moreover, u(0) = u.

Let ¢ € domA. By Corollary (A (@,e,)) € £2. As a consequence, f
(u(1), @),2 is continuously differentiable and, by the symmetry of A,

d
)2 = Y A (uo,en) 2 en, 0),2

neN

= Z €l”t <M07en>L2 <A€n, (p>L2

neN

= Z e’l”t<uo,en>Lz (en,AQ) ;2

neN

= <M,A(p>L27 t 2 0.

This proves existence of mild solutions.
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Remark 7.51. The concrete form (7.15]) of the solution « of the heat equation (7.14)
allows us to prove that in fact

ueC((0,00);L3(R)),
or even
u € C((0,00);domAF) for every k > 1,

where domA¥ 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 L*(£),
then u(t) belongs already to domA¥ for every k > 1. Moreover, the solution is C*
with values in domA¥ for every k > 1.

7.9 * The wave equation

Let 2 C RN be open and bounded, and consider the wave equation

uy—Au=0 inR; xQ,
u=0 inRy xdQ,
u(0,x) = up(x) in Q,
u;(0,x) = up(x) in 2,

(7.16)

where A denotes the Laplace operator, uy € H(} (Q),and u; € LZ(Q).

We call a function u € C(R.; H} (2)) NC'(R4;L*(R2)) a mild solution of
if u(0) = uo, u;(0) = uy, if for every @ € H} () the function ¢ — (u, @), is twice
continuously differentiable and if

2
%w), o)1 + /Q Vu(t)Ve = 0.

Theorem 7.52. For every uy € H}(Q) and every uy € L*(2) there exists a unique
mild solution of (7.16).

For the proof of Theorem [7.52] we need the following result which we shall not
prove here; compare with Corollary

Lemma 7.53. Let A be the Dirichlet-Laplace operator as defined in (1.6), and let
(en) and (Ay,) be as in Theorem Then

HY () ={uc*>(Q): (v/—Aulu,e,)) € £*}.

Proof (of Theorem[7.52)). Let A be the realization of the Dirichlet-Laplace operator
as defined in Section By Theorem [7.45] there exists an orthonormal basis (e,)
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and an unbounded sequence (4,,) C R_ such that for every n € N one has A,e, =
Ae,,.
Assume that u is a mild solution of the wave equation (7.16). Then, for every
neN,
dZ
ﬁ@‘(ﬂaenhz = (u(r),Aen) 12 = An(u(t), €n) 2

Setting @, := v/—A,, this implies

1
<u(t)aen>L2 = COS(Ot,lt) <Lto,e,,>L2 + OT sin(a,,t) <ulyen>L2a t>0.

n

Hence, since (ey,) is an orthonormal basis,

1
u(t) = Z cos(at) (up,en) 2 en+ Z —sin(ot) (u1,en)y2en, t>0. (7.17)
neN neN On

This proves uniqueness of mild solutions.

On the other hand, let ug € H} () and u; € L*(), and define u(t) as in (7.17).
Since |cos(a,t)| < 1 and |sin(a,t)| < 1 for every ¢ > 0 and since cos and sin are
continuous, by Lemma u(t) € H} (R2) for every t > 0, and the function r — u(r),
R, — H}(Q) is continuous. Moreover, u(0) = uo. By the same reasons, ¢ — u(t),
R, — L*(Q) is continuously differentiable and u,(0) = u;.

Let ¢ € H!(Q). By Lemma (0 {@,e,)) € (2. As a consequence, t —
(u(r), @) is twice continuously differentiable and, by the symmetry of A,

d2

ﬁ@'ta (P> = Z A COS((X,,Z‘) <”07en>L2 <en7 (p>L2_
neN
- Z O SIn( 0t (1, n) 12 (€0, @) 2
neN
= - Z cos(it) (up,en) 2 (Aen, @) 2—
neN
1
— Z — sin(ot) (U1, en) 2 (Aey, @) 2
neN On
=— Z cos(0t) (up, en) 2 / Ve,Vo—
neN JQ
1
- — si n s En \% nV
n;'\] o sin(04,t) (u1,en) 2 /Q e,V

:—/ VuVe, t>0.
Q

This proves existence of mild solutions.

Remark 7.54. The concrete form (7.17) of the solution u of the wave equation
(7.16) shows that it can be uniquely extended to a solution u defined on R. However,
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for the wave equation ((7.16)) there is no regularizing effect as for the heat equation
(7.14).

7.10 * The Schrodinger equation

Let Q C R" be open and bounded, and consider the Schrédinger equation

u—iAu=0 1inR; xQ,
u=0 inR, x 9Q, (7.18)
u(0,x) = up(x) in 2,

where A denotes the Laplace operator, i = +/—1 is the complex unity, and ugy €
L*(Q).

We call a function u € C(R;L*(£2)) a mild solution of (7.T8) if u(0) = uo and
if for every @ € domA the function ¢ — (u, ¢);2 is continuously differentiable and

if
d
E<ua (p>L2 - i<u7A(P>L27 t Z 0.

Here, A is the realization of the Dirichlet-Laplace operator on L?(£) defined in

(7.6).
Theorem 7.55. For every ug € L*(Q) there exists a unique mild solution u of (T.T8).

Proof. Let A be the realization of the Dirichlet-Laplace operator as defined in (7.6).
By Theorem there exists an orthonormal basis (e,) and an unbounded se-
quence (A,) C R_ such that for every n € N one has 4,e,, = Ae,,.

Assume that u is a mild solution of the Schrédinger equation (7.18)). Then, for
every n € N,

d

o () en) 2 = i(ut), Aen) 2 = idn (u(t), en) 2

This implies

(u(t),en)2 = et (uo,en) 2, t>0.

Hence, since (e,) is an orthonormal basis,

u(t) =Y M (ug,en)pen, 1>0. (7.19)
neN

This proves uniqueness of mild solutions.

On the other hand, let uy € L>(£2) and define u(z) as in (7.19). Since |¢!| < 1
for every t > 0 and since 7 — ¢! is continuous, u(t) € L*(R2) for every t > 0, and
the function ¢ + u(t), Ry — L*(Q) is continuous. Moreover, u(0) = u.
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Let @ € domA. By Corollary [7.48 (4,(¢,e,)) € £>. As a consequence, t
(u(1), @),2 is continuously differentiable and, by the symmetry of A,

d o
E<W‘P>L2 = Z iAye M<”0aen>142 (en, @) 12
neN

=i Z em"t<u07€n>L2 (Aen,0),2

neN

=i Z ei’l”t<u07en>L2 (en,AQ) 2
neN

=i(u,AQ)p2, t=0.

This proves existence of mild solutions.

Remark 7.56. The concrete form (7.19) of the solution « of the Schrédinger equa-
tion (7.18) shows that it can be uniquely extended to a solution u defined on R.
However, similarly as for the wave equation (7.16), there is no regularizing effect
for the Schrédinger equation (7.18).






Chapter 8
Co-semigroups

8.1 Cy-semigroups and their generators

Let X be a Banach space. A Cy-semigroup or strongly continuous semigroup is a
function T : R — Z(X) satisfying the following three properties:

@ T(0)=1,
(b) T(t+s)=T()T(s)foreveryt,sec Ry,
(¢) limy_04 T(¢)x = x for every x € X.

Sometimes we also write (T(¢));>o instead of T. The first two properties are
actually the semigroup properties; they say that 7 is a semigroup homomorphism
from the additive semigroup R into the space of bounded, linear operators -2 (X).
A semigroup satisfies therefore a functional equation like the exponential function,
and we will see that it actually shares many properties of exponential functions,
the most important being the property that the exponential function solves a linear
ordinardy differential equation. The third property is the strong continuity of the
semigroup at time ¢ = 0. We will see below that this already implies the strong
continuity on R . First, we show the following fundamental estimate.

Lemma 8.1. Let T be a Cy-semigroup on a Banach space X. Then there exist con-
stants M > 1, ® € R such that, for everyt € R,

IT@)] <M.

Proof. For every null sequence (¢,) in R, and for every x € X, the sequence (T (¢,)x)
is convergent by strong continuity of the semigroup (property (c)). In particular,
this sequence is bounded for every x. By the uniform boundedness principle, the
sequence (7' (#,)) is bounded in £ (X). Since the sequence (¢, ) is arbitrary, it follows
that there exists a time 79 > 0 such that M := supy, <, |7 (¢)|| > 1 is finite.

Now let# € R,. Then t = nfy + s for some n € Ny, s € [0,79). By the semigroup
property, it follows that
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1T ()|l = 1T (nto +5)]|
=T (@)"T(s)|
ST @) 17 ()]
SMn+1

nt logM

=Me""
<Me™,

logM

where @ := Pl
0

8 Cp-semigroups

Lemma 8.2. Let T be a Cy-semigroup on a Banach space X. Then, for every x € X,

the function t — T (t)x is continuous on R...

Proof. LetM > 1 and @ € R be as in Lemma[8.1] Fix x € X. Then, for every r € Ry
and h >0, [|T(t+h)x—T(t)x|| = |T(#)(T(h)x —x)|| < Me®||T (h)x —x|| — 0 as
h — 0+4. Hence, T(-)x is continuous from the right at r € R. On the other hand,
aslongast—h >0, ||T(t—h)x—T(0)x|| = ||T(t—h)(x—T(h)x)|| < Me®|x—
T(h)x|| — 0 as h — 0+. This proves that T'(-)x is also continuous from the left at

t € Ry. Altogether, 7'(-)x is continuous on R .

Let T be a Cy-semigroup on a Banach space X. Then we define the (infinitesimal)

generator A of T by setting

T(t)x—
domA:={x€X: lim % exists},

t—0+

. T)x—x

Ax:= lim L
t—0+ t

(x € domA).

Theorem 8.3. Let T be a Cy-semigroup on a Banach space X, with generator A.

Then:

(@) Foreveryx € X, limy_o, 7 j;Hh T(s)xds=T(t)x.

(b) Foreveryx€X, [} T(s)xds € domA and

A (/OtT(s)x ds) — T()x—x.

(c) Foreveryx € domA and everyt € Ry, T(t)x € domA and

d
ET(t)x = AT (t)x =T (r)Ax.

(d) For every x € domA and for every 0 <s <t,

T(t)x—T(s)x= /st T(r)Axdr= /StAT(r) dr.

Proof. Assertion ()| follows from the continuity of 7'(-)x (Lemma|3.2).
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By assertion (a), for every t € Ry and & > 0,

T(h]z—l/otT(S)xds:% ;/OtT(h)T(S)XdS-/OtT(S)de:|
= % _/OtT(s—&-h)xds—/OtT(s)xds}
= % :/hHhT(s)x ds—/OIT(s)x ds}
= % -/thT(s)x ds— Oh T(s)x ds]
— T(_t)x—x as h — 0+,

and assertion [(b)] follows.
In order to prove[(c)} let x € domA, r € Ry and & > 0. Then

T(WT(t)x—T(t)x _ T(t+h)x—T(t)x

h h
T(T(h)x—T(t)x
B h
— T(,)%

—T(t)Axash—0+.

Thus, T(¢)x € domA and AT (t)x = T (¢t)Ax. The first line, however, alo shows that
T(-)x is differentiable at r and that 4T (t)x = AT (¢)x.
Part[(d)| follows by integrating the identity from [(c)]from s to 7.

Theorem 8.4. If A is the infinitesimal generator of a Cy-semigroup T, then A is
closed. Moreover, if domA" denotes the domain of A", then (> domA”" is dense in
X. In particular, domA is dense in X.

Proof. Let x, € domA be such that x,, — x and Ax, — y. For every n and every
t € Ry, by Theorem [8-3][(d)]

!
T(t)xp—xn = / T (s)Ax, ds
0
Letting n — o yields, by the continuity of the operators T (s),
t
T(t)x—x= / T(s)yds.
0
Dividing this equality by 7 > 0, and by Theorem [8:3][(a)]
T(t)x—x

lim —— =
t—0+ t ¥
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that is, x € domA and Ax = y Hence, A is closed.

By Theorem and for every x € X, 1 [{T(s)x ds € domA and
lim;04 + f§ T(s)x ds = x. Hence, domA is dense in X.

This argument can be slightly changed to obtain the stronger statement about the
density of (), domA”. In fact, let x € X and let ¢ € C°((0,0)) be a test function.
Setxy = [y @(s)T (s)xds. Then

T(h)x];p —Xp _ /0'°° o(s) T(h)T(s)x—T(s)x ds

h
_ ./0""’ (s) T(s—l—h);— T(s)x ds
_ [T els=h) —9(s)
= ./0 . T(s)xds

— —/000 @' (s)T(s)x ds,

that is, xy € domA and Axy = —Xg/- However, this argument can be iterated and
it follows that, for every n > 1, xo € domA” and A”"xy = (—1)”x(p(n). Hence,
X¢ € ,>1 domA”". Now choose a (positive) test function ¢ € C7°((0,0)) such that
Jo @(s) ds =1 and put @i(s) := k@(ks) (k € N). Then [ @(s) ds = 1 and one
shows that x¢, — x as k — co. This proves the density of (1,~; domA” in X.

By definition, every Cp-semigroup has a unique infinitesimal generator. Con-
versely, a closed, densely defined linear operator can be infinitesimal generator of at
most one Cp-semigroup.

Theorem 8.5. Let T and S be two Cy-semigroups on a Banach space X, with gener-
ators A and B, respectively. [fA = B, then T = S.

Proof. Let x € domA = dom B. From Theorem [8.3|(c)]it follows easily that for fixed
t € Ry the function s — T'(t — 5)S(s)x is differentiable. Moreover,

% (T (¢t —5)S(s)x) = —AT (t —5)S(s)x+ T (t —s)BS(s)x

=—T(t—s)AS(s)x+T(t—s5)BS(s)x =0,

so that this function is constant. In particular, its values at s = 0 and s =  are equal,
that is, S(¢)x = T (t)x. This equality holds for every x € domA = dom B. By Theorem
the domain domA is dense in X. By continuity of S(z) and T (¢), this implies
S(t)=T().

We end this section by considering the class of uniformly continuous semigroups
and some examples of Cy-semigroups. A Cyp-semigroup is uniformly continuous, if
lim; 0+ || 7(¢) — I|| #(x) = 0. Obviously, this type of continuity at = 0 is stronger
than just strong continuity.

Example 8.6 (Operator exponential function). Let A € £ (X) be a bounded, lin-
ear operator. Set
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o kpk
T(t) :=e" = i

(r) L
The series on the right-hand side converges absolutely for every ¢ € R, (actually,
it converges absolutely for every ¢ € K) and defines a bounded, linear operator.
Similarly as in the scalar case, one shows that this operator exponential function
satisfies the semigroup property 7 (¢ +s) = T(¢)T (s) and clearly T(0) = 1. It is also
an exercise to show that 7' is uniformly continuous and even differentiable (even
analytic due to the power series representation) and %T(r) = AT (t). In particular, A

is the infinitesimal generator of this semigroup.

Theorem 8.7. A Cy-semigroup on a Banach space is uniformly continuous if and
only if its infinitesimal generator is a bounded, linear operator.

Proof. One implication follows from Example[8.6]above. If the infinitesimal gener-
ator A of a Cp-semigroup T is bounded, then it generates also the uniformly continu-
ous semigroup S(t) = e/4. By Theorem necessarily T = S, that is, T is uniformly
continuous.

Conversely, assume that 7 is a uniformly continuous semigroup and let A be its
infinitesimal generator. Then there exists p > 0 such that

1 [P
”175/0 T(s) ds|| < 1. @.1)

Then by the Neumann series it follows that % f(f T (s) ds is invertible, and therefore

J¥ T (s) ds is invertible. Now,
P p
</ T(s+h) dsf/ T(s) ds>
0 0

%/OPT(S) ds= !
</pp+hT(s) dsf/OhT(s) ds),

% _ (;I/F’p+hT(s) ds—% OhT(s) ds> </OPT(S) ds)l.

From here one sees that limj,_,o T(];z) —! exists in the space of bounded, linear oper-
ators. But this limit is the infinitesimal generator A of 7', and therefore the infinites-
imal generator is bounded.

S = 3

or

Example 8.8 (Shift semigroups I). Let X be one of the spaces LP(R) (with 1 < p <
), Co(R) (the space of continuous functions vanishing at o) or BUC(R) (the space
of bounded and uniformly continuous functions). Define 7 : Ry — £ (X) by

(T(t)f)(x):=fx+1) (feX,teR, xER).

Then T is a Cy-semigroup on X. We call it left-shift semigroup. Its infinitesimal
generator is given by Af = f’ withdomA = W!P(R), domA = {f € Co(R)NC!(R) :
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f' € Co(R)} and domA = {f € BUC(R)NC!(R) : f' € BUC(R)}. Similarly, one
defines the right-shift semigroup S by setting

(SO f)x)=flx—1) (f€X,t€R; xER),
which has infinitesimal generator B := —A, that is, Bf = —f".

Example 8.9 (Shift semigroups II). More generally, let —co < a < b < +oo, and
let X be one of the spaces LP(a,b) (with 1 < p < o) or Cy([a,b)) (the space of
continuous functions on the closure of the interval (a,b), vanishing at b). Define the
left-shift semigroup 7 : R, — .Z(X) by

fix+1) ifx+r1e (a,b)

eX,teRy,x€(a,b)).
0 ifx+1>b. (f +¥ € (a,b))

(T(0)f)(x) == {

Then T is indeed a Cy-semigroups on X. The infinitesimal generator of T is given
by Af = f' with domA = {f € W'"P(a,b) : f(b) =0} or domA = {f € Cy([a,b))N
Cl ([a7bD : f/ € CO([avb))}

Similarly, one defines the right-shift semigroup S: R, — £ (X) by

flx—t) ifx—r€(a,b)

eX,teRy,x€ (a,b)),
0 ifx+1<a. (f * (a,5)

(S().f)(x) = {

with the only change, in the case when X is a space of continuous functions, that
X = Cy((a, b)) is the appropriate choice; otherwise, X = L”(a,b) when 1 < p < 0.

Example 8.10 (Rescaled semigroup). Let A be the generator of a Cy-semigroup T
on a Banach space X, and let A € K. Then A+ A is the generator of the semigroup
Ty, where Ty (t) = €M T ().

8.2 The theorems of Hille-Yosida and Lumer-Phillips

In the preceding section we defined Cy-semigroups and their infinitesimal genera-
tors. From the point of view of applications, for example to the ordinary differential
equation # = Au very often an operator A is given, and one would like to know
whether it generates a Cp-semigroup. If it does, then the orbits of the semigroup are
the solutions of the ordinary differentiable equations by Theorem [8.3][(c)] (we will
come back later to the question what we mean by a “solution” of this ordinary dif-
ferential equation). In other words, when we have shown that an operator generates
a Cp-semigroup, then we have proved existence (and uniqueness) of solutions of an
associated ordinary differential equation which can be an abstract reformulation of a
partial differential equation. We saw in the previous section, that every infinitesimal
generator of a Cy-semigroup is closed and densely defined (Theorem [8.4). Here is a
further, fundamental property.
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Theorem 8.11. Let A be the generator of a Cy-semigroup T on a (complex) Banach
space X. Let M > 1 and ® € R be such that |T (t)|| < Me® (t > 0). Then Crese =
{A€C:Red > w} Cp(A) and, for every A € Cresp and x € X,

R(A,A)x = /w e MT(1)x dr.
0

Proof. Let A € Cre~g. Then
e M IT (1)) < Mem BP0, (8.2)

so that the function 7 +— e MT(r)x is integrable on (0,00). Let Ryx :=
Joo e MT (t)x dt. Then R; is a bounded linear operator. Recall from Example 8.10}
that £ — e T (1) is a Co-semigroup with generator A — A. By Theorem for
every x € X and for every t > 0,

A-2) /Ote_)“sT(s)x ds = e MT(1)x—x.

Letting ¢+ — oo (and using again the above estimate), it follows that
(A—A)Ryx=x,

that is, R, is a right-inverse of A — A. Similarly, it follows from Theorem that
R, is a left-inverse of A — A. Hence, A € p(A) and R(1,A) =R;.

Remarks 8.12. (a) Theorem [8.11]is of course also true in real Banach spaces,
when one replaces the right-half plane Cge~ ¢ by the interval |®,o].

(b) Let f:R; — X be a measurable function such that || f(¢)|| < Me®" for some
constants M > 0, @ € R and every ¢ > 0. Then, for every A € Cge~g, the
integral

= [Tt a

converges absolutely. The function f : Crese — X is called Laplace trans-
form of f. It is an analytic function in the right-half plane Cge~¢. Theorem
says that the resolvent of the generator of a Cy-semigroup exists in a
right-half plane and, moreover, that the resolvent is, in an appropriate right-
half plane, the Laplace transform of the semigroup.

Theorem 8.13 (Hille-Yosida). For an operator A on a Banach space X, and for
constants M > 1, € R, the following assertions are equivalent:

(i) The operator A generates a Co-semigroup T satisfying ||T (¢)|| < Me®™ (t > 0).
(ii) The operator A is closed, densely defined, |®,[C p(A) and

sup  [[(A - @) R(A,A)"| < M.
keNA>o
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Proof. Assume that A generates a Co-semigroup T satisfying ||T(¢)| <
Me® (¢t > 0). Then A is necessarily closed and densely defined (Theorem [8.4) and
J@,50[C p(A) (Theorem [8.11)). Moreover, by Theorem the resolvent of A in
the right-half plane Cge~ ¢ is the Laplace transform of the semigroup:

R(A,A)x— / e HT(xdt (A € Cresax € X).
0

On the other hand, recall from the power series representation of the resolvent

(Lemmal5.3), which was an application of the Neumann series, that for every k € Ny

(;;)kR(A,A) = (—1)*KIR(A, A<,

In other words, for every k € N> and every x € X,

(=D (d N
ROLAYx = 2, <M> /O e MT(x di
- 7(/(_11)! /Umtk_le_MT(t)xdt.

Hence, by an iterated integration by parts, for every k € N> and every A > o,

}L_ kRA{ A k < ()‘_w)k .kafl 7(&7(1))! d _M
1= 0)"R (LAY < =P [Tt = ),

which gives the missing estimate in assertion

[GD}={()]Replacing the operator A by A — @, we may without loss of generality as-
sume that @ = 0 in our assumption, that is, A is closed, densely defined, |0, 0[C p(A)
and supycy 450 [|A¥R(A,A)¥|| < M. This simplifies a little bit our computations.
Let us then define, for A > 0, the Yosida approximation A; := AAR(ALA) =
A%R(A,A) — A. Then A, is a bounded linear operator. Let us show that A, approxi-
mates the operator A in the sense that

lim Ay x = Ax for every x € domA. (8.3)

A—boo
Actually, for every x € domA,
AR(A,A)x=(A—A+A)R(A,A)x

=x—R(A,A)Ax
—Xx asA —>oo,

where we have used the assumption ||AR(A,A)|| < M. By the same assumption and
since domA is dense in X, it follows that

/llim AR(A,A)x = x for every x € X,
—00



8.2 The theorems of Hille-Yosida and Lumer-Phillips 161

and from here directly follows (8.3).

The Yosida approximation A, being a bounded linear operator, it generates a
Co-semigroup via the exponential function, that is, it generates the even uniformly
continuous semigroup ¢ —> e/4%. We first note that for every A > 0 and ¢ > 0,

tA; H _ ”et(lzR(l,A)f)L)”

*’I'HZ AR A,A))

—At
<y Blu
k=0

—e MMM =M.

e

Hence, the semigroups e** are all uniformly bounded by the constant M. Note that
the Yosida approximations Ay and A, commute. Now, for every A, u > 0,7 > 0 and
xeX,

||etA/1x—e’A“x|| _ H/ ”Ale (1- S)A#x) dSH

1
_y / ¢4 (A, — A, )x ds|
0
<MPt||Ajx—Apx]).
From this estimate and (8.3) follows that, for every x € domA,

lim |[ex —eux|| =0
A o0

and the limit is uniform in ¢ from compact subsets of R, . Again, since the semi-
groups e44 are uniformly bounded and since A is densely defined, this estimate
actually holds for every x € X. It follows that

)Eim e"x =: T(t)x exists for every x € X,

oo

and the limit is uniform in ¢ from compact subsets of R . The operators T (¢) thus
defined are bounded, linear and ||T'(¢)|| < M. Moreover, one can easily check that
T is a Cy-semigroup. The semigroup property and the strong continuity easily carry
over from the semigroups e44 and the fact that the limit in the definition of T is
uniform in ¢ from compact subsets of R . To conclude the proof we show that A is
the infinitesimal generator of 7. Let x € domA. Then, by (8.3) and Theorem
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T(t)x—x= lim e x—x
A—vo0

t
= lim [ ¢™"Ajxds
A—o0 J0

t
= / T(s)Axds
0
and hence, by Theorem [8.3][(a)] for every x € domA,

T(t)x—
lim 7( Jr—x =
t—0+ t

Ax.

So if B is the generator of T, it follows that x € domB and Bx = Ax. In other
words, A C B. Since the semigroup 7T is uniformly bounded, it follows that 1 € p(B)
(Theorem [8.11)). On the other hand, by our assumption, 1 € p(A). Since A C B,
(I — B)JdomA = (I — A)domA = X, which implies domB = (I — B)~'X = domA,
and therefore A = B. The proof is complete.

An operator A on a Banach space X is dissipative if for every x € domA there
exists x' € J(x) such that
Re(x’,Ax) < 0.

Here, J is the duality map which assigns to every x € X the set
J@) = e X WP = lal® = (¢.x) )

The elements of J(x) coincide, up to the factor ||x||, with the norm attaining func-
tionals, that is, functionals 7/ € X’ satisfying ||| = 1 and (z’,x) = ||x||. It follows
from Hahn-Banach that J(x) is non-empty.

Lemma 8.14. An operator A on a Banach space X is dissipative if and only if, for
every A > 0 and every x € domA,

1A% = Ax|| = A ]|

Proof. Assume that A is dissipative. Fix A > 0 and x € domA. Let x’ € J(x) be such
that Re(x’,Ax) < 0. Then,

Allx||> = ARe (¥, x)
< Re(x',Ax — Ax)
< [I¥']] ] Ax — Ax]|
= [[xll [ Ax — Ax]].
Conversely, assume that for every A > 0 an every x € domA, ||Ax —Ax|| > A ||x]|.

Let 2 > 0, x € domA, and choose x, € J(Ax —Ax). Set zj = x|, /|| ||, so that
125 ]| = 1. Then
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Al < [12x— x|
= (2, Ax— Ax)
= ARe(Z),x) —Re(zy ,Ax)
< Allx|| — Re(zy ,Ax).

From here follows
1
Re(z'l,Ax) <0and Re(z'l,x> > x|l — %HAxH.

By Banach-Alaoglu, the unit ball of X’ is weak* compact. Hence, the net (2} )3 7w
admits a weak™ accumulation point 7/ € X’. Then ||| <1,

Re(7/,Ax) <0and Re(Z,x) > |x]|.

The latter inequality and ||Z/|| < 1 imply ||| = 1 and (Z,x) = ||x]|, that is, 2/
is a norm attaining functional for x. Setting x' = ||x||Z/, it follows x’ € J(x) and
Re(x',Ax) < 0. Hence, A is dissipative.

Lemma 8.15. For a dissipative operator A on a Banach space X, the following as-
sertions are equivalent:

(1) For some A > 0, the operator A — A is surjective.
(ii) For every A > 0, the operator A — A is surjective.
Moreover, if A is closed, then these assertions are equivalent to

(iii) For some A > 0, the operator A — A has dense range.

Proof. Set A:={A>0:A—Aissurjective}. Since A is dissipative and by
Lemmal8.14} A — A is injective for every A > 0. Hence, A — A is invertible for every
A € A. Still by Lemma for every A € A, the inverse (A —A)~! = R(1,A) is
bounded (so that A C p(A)!), and || AR(A,,A)] < 1

Now, by assumption, the set A is a non-empty subset of ]0, oo[. We show that A is
open and closed in ]0, eo[. Since the interval |0, e[ is connected, this yields A =]0, oo].

Let (4,) be a sequence in A which converges to some element Ay €]0,00[. Then,
by the above remarks, A, € p(A) and ||[R(A,,A)]|| < 1/A,. It follows from this norm
estimate that the sequence (R(4,,A)) is bounded in .Z(X), and by Lemma [5.3]
Ao € p(A). In particular, Ay — A is surjective, that is, Ay € A. We have proved that A
is closed in |0, eo.

Let 4o € A C p(A). The resolvent set being open in K by Lemma 5.3] it follows
that A is open in |0, co].

The implications and are trivial.

[GiD{3)]Now assume that A is closed and that A — A has dense range. By Lemma
for every x € domA, ||Ax — Ax|| > A||x||. An inequality of the type ||Bx| >
n||x|| for every x € dom B and for some 1 > 0, however, implies for a closed linear
operator B that B is injective and has closed range. Hence, A — A has closed range.
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Together with the assumption that A — A has dense range, it follows that A — A is
surjective.

An operator A on a Banach space X is m-dissipative if it is dissipative and if it
satisfies in addition one of the equivalent conditions of Lemma [8.15] for example,
the condition that / — A is surjective.

Lemma 8.16. (a) An operator A on a Banach space is m-dissipative if and only if
10,0[C p(A) and sup; o [[AR(A,A)] < 1.

(b) A dissipative, continuously invertible operator on a Banach space is m-
dissipative.

(¢) An m-dissipative operator on a reflexive Banach space is densely defined.

Proof. The sufficiency part is basically proved in the proof of Lemma [8.15}
see the proof of the implication properties of the set A. Conversely, if
10,00[C p(A) and sup, ., |[AR(A,A)|| < 1, then for every A > 0 and every y € X,
IAR(A,A)y|| < ||y||- Setting y = Ax — Ax (x € domA) in this inequality and using
Lemma shows that A is dissipative. Moreover, the assumption ]0,o0[C p(A)
implies that A — A is surjective for every A > 0, and hence A is m-dissipative.

LetA be dissipative and continuously invertible. Then 0 € p(A). The resolvent
set being open, this implies that there exists A > 0 such that A € p(A). In particular,
A — A is surjective for some A > 0, and hence A is m-dissipative.

Let A be an m-dissipative operator on a reflexive Banach space X. Then, by
assertion|(a)] ]0,00[C p(A) and sup; ¢ [ AR(A,A)|| < 1.

Let x € X. Then the net (AR(A,A)x); . is bounded in X. The space X be-
ing reflexive, there exists y € X and a sequence (4,) o such that weak —
lim, e A,R(A,,A)x = y. Then

lim R(A,,A)x=0 and

n—so0

weak — lim AR(A,,A)x = weak — lim (A,R(A,,A)x —x) =y —x.
n—o0 n—yo0

Since A is closed (that is, its graph is closed in X x X), and by Hahn-Banach, A is
weakly closed (that is, its graph weakly closed in X X X; note that the graph is a
linear subspace and therefore convex). This and the preceding convergences imply
that y —x = A0 = 0, that is, y = x. In other words, weak — lim,,_,co A, R(A,,A)x = x.
Since x € X was arbitrary and since A,R(A,,A)x € domA, this shows that domA is
weakly dense in X. By Hahn-Banach, this implies that domA is norm dense in X (in
fact, the weak closure and the norm closure of the convex set domA coincide).

Recall that an operator 7 € .Z(X) is a contraction if | T'|| < 1.

Theorem 8.17 (Lumer-Phillips). An operator on a Banach space is the genera-
tor of a Cy-semigroup of contractions if and only if it is m-dissipative and densely
defined.
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Proof. This theorem is a direct consequence of the characterization in Lemma
[B:16][(a)] and the Theorem of Hille-Yosida (Theorem [8.13] with M = 1 and @ =
0). Note that by the sub-multiplicativity of the operator norm, the condition
supy g |AR(A,A)|| < 1 is equivalent to the condition sup;cy ;- [A*R(A,A)¥|| < 1.

Example 8.18. On the real Banach space X = C([0, 1]) (equipped with the supre-
mum norm) we consider the operator A given by

domA := {f € C*([0,1]) : f(0) = f(1) =0},
Af=f".
Let us show that this operator is dissipative. In fact, for every function f € domA, the
absolute value |f] attains its supremum in some point xo € [0, 1], that is, | f(x)| =
supyc(o,1] | £ (x)| = [| |- The function f has in xo either a global maximum (and then

f(x0) > 0) or a global minimum (and then f(xo) < 0). Define the Dirac functional
§€C([0,1]) by

g(xo)  if f(x0) >0,
—g(x0) if f(x0) <O.

Then [|3]| =1 and 6(f) = || f]|~, that is, 6 is a norm attaining functional for f.
Hence, ||f]|~ 6 € J(f). Now,

f"(x0) if f(x0) >0,

(8,Af) = 5(Af) = |
—f"(x0) if f(xg) <O.

Recall from the necessary conditions for a local maximum or minimum of a real-
valued function of one real variable, that f”(xg) < 0 if xo is a local maximum, and
" (x0) > 0 if xg is a local minimum. Hence, (§,Af) < 0. We have proved that A is
dissipative.

Moreover, the operator A is invertible. The inverse A~! =: K is the kernel operator
given by (Kf)(x) = — fy k(x,y)/(y) dy where

(I-x)y ify>x,
k(x,y) =
x(1—y) ify<ux;

see the Exercises! By Lemma [8.16][(b)] the operator A is thus m-dissipative. Unfor-
tunately, its domain is, due to the Dirichlet boundary conditions f(0) = f(1) = 0 not
dense in C([0,1]), so that we can not conclude that A generates a Cy-semigroup on
this space. In fact, we can conclude that it does not generate a Cy-semigroup. How-
ever, when we define the part A of A in the space Xo := {f € C([0,1]) : f(0) =
f(1) =0}, that is,
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domAg := {f € C*([0,1]) : f(0) = f(1) =0and f” € Xy},
A()f = f//a
then A is m-dissipative and densely defined. By the Theorem of Lumer-Phillips

(Theorem[8.17), Ao therefore generates a Co-semigroup of contractions on the space
Xo. We will see that this means that the heat equation

du  J’u :

E:ﬁ m (O,W)X(O,l),
u(t,0)=u(t,1)=0 forz € (0,00),
u(0,x) = up(x) forx e (0,1),

is well-posed in the sense that for every uy € Xy it admits a unique solution u, and
this solution is given by u(t,x) = (T (¢)up)(x), where T is the semigroup generated
by Ag. Of course, there is the question in which sense this function # is a solution of
the above heat equation, but we do not discuss this question for the moment.

An operator A on a Banach space is closable if the closure of its graph in is again
the graph of an operator, and then the latter operator is denoted by A and is called the
closure of A. Note that the closure of the graph in X x X always exists, and since
the graph is a linear subspace of X x X, its closure is a linear subspace, too. The
problem which might occur is that this closure is not the graph of a single-valued
operator. This happens exactly if the closure of the graph contains a subspace of
the form {0} x U for some nonzero subspace U C X. If we allowed to work with
multi-valued operators, then every operator would be closable.

Lemma 8.19. Let A be a dissipative operator on a Banach space X. Then:
(a) IfA is closable, then its closure is dissipative.

(b) If A is densely defined, then it is closable.

Proof. Let x € domA, where A denotes the closure of A, and let A > 0. By
definition of the closure, there exists a sequence (x,) in domA such that x, — x
and Ax, — Ax. Since A is dissipative and by Lemma for every n, ||Ax, —
Axy|| > A||x,]|. Passing to the limit yields || Ax — Ax|| > A]|x[|. By Lemmal[8.14] A is
dissipative.

Assume that A was not closable. Then there exists a sequence (x,) in domA
such that x, — 0 and Ax, — y with ||y|| = 1. By Lemma [8.14] for every x € domA
and for every A > 0,

(e 247 x) + 24+ A7) || > e+ A |

Letting first n — oo and second A — 0+ yields ||x — y|| > ||x|| for every x € domA.
But this is impossible since domA is dense in X. Hence, A is closable.
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8.3 The abstract Cauchy problem

Let A be a linear operator on a Banach space X. We consider the homogeneous
Cauchy problem

u(t) =Au(t) (reRy), (CP)

u(0) = x.
Here, x € X is a given initial value. The function u : R, — X is the unknown, and
stands for its time derivative (usually, the variable ¢ plays the role of a time variable).
A function u € C'(R,;X) is called a classical solution of the Cauchy problem
if u(0) =x, u(r) € domA, and u(r) = Au(r) for every r € R;. A function u €
C(R4;X) is called a mild solution of the Cauchy problem if [ u(s) ds € domA
and u(t) = x+A [ u(s) ds for every t > 0. As a motivation for this notion, formally
integrate the differential equation in over the interval [0,¢] and interchange the
operator A with the integral, which is at least possible when A is a closed operator. In
this way one also sees that every classical solution is a mild solution, if A is closed.
Note that by definition, if u is a classical solution, then necessarily x € domA.

Lemma 8.20. Let A be a closed, linear operator on a Banach space X. Then a
mild solution of the Cauchy problem is a classical solution if and only if it is
continuously differentiable

Proof. By definition, every classical solution is continuously differentiable. Con-
versely, let u be a mild solution of of the Cauchy problem which is in addition
continuously differentiable. Then, for every £ > 0, & > 0, [**" u(s) ds € domA and
u(t+h)—u(t) = Aftt’Lh u(s) ds. Dividing this equality by A, letting 7 — 0+ and us-
ing the closedness of A, it follows that u(¢) € domA and u(¢) = Au(t). Hence, u is a
classical solution.

Theorem 8.21. Let A be a linear operator on a Banach spae X. Then the following
assertions are equivalent:

(i) The operator A is closed, and for every initial value x € X the Cauchy problem
admits a unique mild solution u.

(ii) The resolvent set p(A) is nonemitpy, and for every initial value x € domA the
Cauchy problem admits a unique classical solution.

(iii) The operator A generates a Cy-semigroup.

Proof. If A generates the Cp-semigroup 7, then by Theorem [8.3] the functions
ux(t) := T (¢)x are mild and classical solutions, respectively, depending on whether
x € X or x € domA. They are actually the only mild / classical solutions. In fact,
by linearity, it suffices to show that mild solutions for the initial value x = 0 are
unique. So let v be a mild solution for x = 0, that is, [jv(s) ds € domA and
v(t) = A [jv(s) ds for every t € Ry. Then the primitive V() = [Jv(s) ds is a
classical solution for the initial value 0. Define now, for fixed ¢t € R, the func-
tion W(s) :=T(t —s)V(s) (s € [0,7]). Then W is continuously differentiable and
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W(s) = T(t —s)V(s) — AT (t — 5)V(s) = 0, that is, W is constant. In particular,
V(t) =W(t) =W(0) =0, so that V =0 and v = 0. We have proved uniqueness
of mild /classical solutions. The continuous dependence of mild /classical solutions
follows from the continuity of the operators 7'(r) and the exponential bound from
Lemma|[8.1] We have proved the implications and

[D}={GID] Assume that for every x € X the Cauchy problem admits a unique
mild solution u,. We first show that the mapping S : x = o ), X — C([0,7];X) is
continuous for every T > 0. For this, assume that x,, — x in X and Sx,, = u,, |[07T] —
v in C([0,7];X). By definition of mild solution, for every n and every r € [0, 7],
Jo s, (5) ds € domA and

1
Uy, (1) — Xy zA/ Uy, (s) ds.
0

It follows from this identity and the assumptions on x, and u,,, that

/Ot Uy, (s) ds — /Otv(s) ds and
A/Ot Uy, (s) ds — v(t) — x.

Since A is closed, this implies [jv(s) ds € domA and A [jv(s) ds = v(¢) — x. In
other words, v is a mild solution for the initial value x. By uniqueness, v = u, = Sx.
We have proved that the operator S is closed. By the closed graph theorem, S is
continuous. Since T > 0 was arbitrary, we have actually proved that the mapping
S:X — C(R4;X), x — u, is continuous, where C(R;X) is equipped with the
topology of uniform convergence on compact subsets of R..

Now set, for every x € X and every r € Ry, T(f)x := u,(r). Then, by linearity
of A and by the continuity of the operator S, the 7'(z) are linear and continuous.
Clearly, T(0)x = x, and the function # — T(¢) is strongly continuous. Moreover,
one easily shows that for every x € X and every ¢ > 0, the function u,(z + -) is
a mild solution for the initial value u,(f) =: y. By uniqueness of mild solutions,
uy(t +5) = uy(s) for every s € R. In other words, T (t + 5)x = u(t +5) = u,(s) =
T (s)uy(0) = T (s)ux(t) = T(s)T (¢t)x. We have proved that T is a Cp-semigroup.

Let B be its infinitesimal generator. Then, for every x € dom B, the function u, =
T(-)x is a classical solution of the Cauchy problem it = Bu, u(0) = x. In particular
uy is continuously differentiable. By Lemma|[8.20] u, is then also a classical solution
of the Cauchy problem (CP). In particular, u,(0) = x € domA and Ax = Au,(0) =
11x(0) = Bu,(0) = Bx. We have proved that B C A, that is, A is an extension of B.
If A is a proper extension (that is, B C A), then there exists x € domA \ domB. Let
M > 1 and @ € R be such that ||T(2)|| < Me® (t € R;). Then Cre=o C p(B).
Hence, for fixed A € Cge~ g, there exists y € domB such that Ay — By = Ax — Ax.
If we set z =x—y, then z # 0 and Az — Az = 0 (since A is an extension of B), that
is, A is an eigenvalue of A, and z is an associated eigenvector. But then u(r) = etz
is classical solution of the Cauchy problem for the initial value u(0) = z. By
assumption, this classical solution is unique, and by definition, T'(¢)z = e*z. This,
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however, contradicts the choice of A and the exponential bound on the semigroup

Assume that p(A) # 0 and that for every x € domA the Cauchy problem
admits a unique classical solution u,. Recall from Lemma(5.1|that A is closed.
Fix A € p(A). Let x € X. Set y := R(A,A)x € domA, and let v = u, be the unique
classical solution of the Cauchy problem with initial value v(0) = y. Then v
is continuously differentiable, v(¢) € domA and Av(¢) = v(¢) for every t € R,. Set
u(t) == Av(t) —v(t) = (A —A)v(r). Then u € C(R4;X),

/Otu(s) ds = /l (Av(s) —v(s)) ds
—l/ )ds—v(t) +y € domA

and

/ ds-?LA/ v(t) + Ay

A(v(t) =y) =v(1) + (Ay —x)
:(M( —v(1)) —x

=u(t) —x,

that is, u is a mild solution of the Cauchy problem with initial value u(0) = x. Tt
only remains to show uniqueness of mild solutions. By linearity, it suffices to show
that there is only one mild solution w for the initial value w(0) = 0, namely the
function w = 0. However, if w is a mild solution for the initial value w(0) = 0, then
its primitive W (¢) = [y w(s) ds is a classical solution for the same initial value. By
uniqueness of classical solutions, it follows W = 0, and hence w = 0.

We say that the Cauchy problem is wellposed in the sense of Hadamard
if it admits for every x € X a unique mild solution u, and if the mapping X —
C(R4;X), x — uy is continuous, that is, one has existence and uniqueness of solu-
tions and continuous dependence on the initial data. Theorem(8.21|then says, given a
closed, linear operator A, that the Cauchy problem is wellposed in the sense of
Hadamard if and only if A generates a Cy-semigroup. The continuous dependence of
solutions from initial values is either hidden in the proof of the implication [(D}={GiD)]
(the application of the closed graph theorem) or follows from assertion

We may also consider the inhomogeneous Cauchy problem

u(t) =Au(t)+ f(t teRy),
()= Ault)+ 1) (1 €Ry) icp
u(0) =x.
Here x € X is a given initial value and f € C(R;;X) a given function. Similarly as
in the case of the homogeneous Cauchy problem, we call a function u € C' (R, ;X)
a classical solution of if u(0) = x, u(t) € domA and u(t) = Au(r) + f(¢)
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for every t € R;. We call a function u € C(R;;X) a mild solution of (iCP) if
Jou(s) ds € domA and u(t) = x+A [ju(s) ds+ [; f(s) ds for every t € R.

Theorem 8.22. Let A be the generator of a Cy-semigroup T on a Banach space X.
Then, for every x € X and f € C(R4;X), the inhomogeneous Cauchy problem (iCP)
admits a unique mild solution u, and this mild solution is given by

MQ:T@p+Aﬁv—gﬂg¢vaeRg. (8.4)

The formula (8.4) is often called the variation-of-constants formula or
Duhamel’s formula.

Proof. Uniqueness of mild solutions follows by linearity and by uniqueness of mild
solutions for the homogeneous Cauchy problem (Theorem [8.21]

For existence it suffices to check that the function u given by Duhamel’s formula
is indeed a mild solution. This is left as an exercise.

Remark 8.23. One can also prove a converse of Theorem in the spirit of
Theorem Indeed, if A is a closed, linear operator and if for every
f € C(R4;X) the inhomogeneous Cauchy problem with x = 0 admits a unique
mild solution uy, then A generates a Cp-semigroup. We omit the proof of this result.

8.4 * The exponential formula

The Theorems of Hille-Yosida and Lumer-Phillips characterize infinitesimal gener-
ators of (contraction) Cy-semigroups. Under certain assumptions on A and its resol-
vent, A generates a Co-semigroup. Our proof of the Hille-Yosida theorem is in some
way also constructive in the sense that it shows that the Cy-semigroup generated by
A is the limit of exponential functions generated by the Yosida approximations of
A. In this section, we present another approximation for the semigroup in terms of
the resolvent of A. This approximation formula follows directly from an inversion
formula for Laplace transforms. Recall from Theorem [8.1T]that the resolvent of the
generator of a Cy-semigroup is the Laplace transform of the semigroup. Therefore,
any general result for Laplace transforms directly applies to resolvents and semi-
groups, and in the case of the exponential formula, the proof for the general result
does not add any difficulty.

Let X be a complex Banach space. A function f : Ry — X is exponentially
bounded if there exist constants M > 0, @ € R such that ||f(¢)|| < Me®. For a
measurable, exponentially bounded function we define the Laplace transform f :
Cre>0 — X by

~

ﬂM2424vmm (Red > ).

The Laplace transform f is an analytic in the right-half plane Cge-, as one can see
by differentiating the Laplace integral with respect to A. It follows from each of the
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following inversion formulas that the Laplace transform is injective, that is, if f =0,
then f = 0.

Theorem 8.24 (Post-Widder inversion formula). Ler f € C(R;X) be exponen-
tially bounded. Then, for every t > 0,

k+1
o =Jim-1/ g (5) 9

k—oo k! \ t
where f ®) denotes the k-th derivative of the Laplace transform f.

Proof. Assume that || f(7)|| < Me® (¢t € Ry). Without loss of generality, we may
assume that @ > 0. Then, for every A € Cre~¢ and every k > 0,

A

790 = [ (=9t p(s) ds

Hence, for every t > 0 and every k > 0,

LR\ g kK e sk
g (5) =" e e

k! \ t t
kk+1

7/0 ske™k £ (st) ds.

Note that, for every k > 1,

kk+1 o0
7/ Skeiks ds = 1,
. 0

as one can see from integration by parts and substitution. Hence, for every 0 < a <
1<b,

1 k k+1 . k
li —F= (= W2y = £t
msu (-1 (1) 79610
kk+1 o
— limsup || — / e 5 (f(st) = f(1)) ds
k—so0 k! Jo
kk+1 ~a ro0
< limsup —— (/ +/ )skeksM(e“m—i—ew’)ds
ks KU NJo b
+1 b
+limsup ~— / e ds sup |[f(st) = £(0)]]
k—so0 k!' Ja a<s<b
< sup ||f(st) = f(@)ll,
a<s<b

because
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k+1

a k
/ Ske—ksM(ea)st +ecot) ds < 2Mewt7(ae_a)k
0 I

kk+1

k!
—0ask— o

and

However, by continuity of f, for every ¢t > 0,

lim sup [|£(st) — f(2)]| = 0.

b1y ass<b
We finally deduce that
. 1R\ 5k
imsup | (-1 (7) 79G) -0 =0,
—yo0 .

which yields the claim.

From the Post-Widder inversion formula we immediately deduce the following
uniqueness result for the Laplace transform.

Corollary 8.25 (Injectivity of the Laplace transform). Lez f € C(R;X) be expo-
nentially bounded such that f = 0. Then f = 0.

The Post-Widder inversion formula also implies the following exponential for-
mula.

Theorem 8.26 (Exponential formula). Let A be the infinitesimal generator of a
Co-semigroup T on a Banach space X. Then, for every x € X and every t > 0,

T()x = lim (I — -A)*x = 1im ( Xr(E 4 ‘
R e S el WPRAPR .

Remarks 8.27. (a) Recall, for every a € C and every ¢ > 0, the exponential for-
mula € = limy_,.(1 — %)’k. Theorem says that this particular expo-
nential formula remains true when a is replaced by the generator A of a Cp-

semigroup. The Hille-Yosida resolvent condition yields the bound

(’?A))k

. (X~ ) /k
T (t)x]| < hmsupll(gii “R(
t

k—ro0 (D)k

k k
< Mlimsup |
k—so0 P ()]

=Me®
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(b) The formulas
ok Ak
t*A ta
ta ta . k
el = —and e = lim(1+ —
kg(’) k! k%oo( k )
also represent the exponential function, but they are inappropriate when one
replaces a by an unbounded operator A. However, besides the exponential for-
mula above, there are other representations of the exponential function which
can be generalised to the case of semigroups.

(c) Consider the implicit Euler scheme

ultivr) —ult) . .
7&41—6 =Au(tiy1) (i=0,...;k—1), ©®

u(0) =x,

as an approximation of the Cauchy problem|[CP} Here, 0 =1y <t} <--- <t =t
is a partition of the interval [0,7] (k > 1). If one takes an equidistant partition,
then the time step #;..| —#; = ¢ /k is independent of i. The first line in this Euler
scheme can be rewritten in the form u(f;y1) — fAu(tiy1) = u(t;) or, if 14+ £A
is invertible, as u(t;41) = (I — $A) " 'u(t;). Iterating this identity yields u(z) =
(I— iA)_kx. The exponential formula thus says that, if A is the infinitesimal
generator of a Cp-semigroup, then the solutions of the implicit Euler scheme
converge (as k — o) to the unique mild solution of the Cauchy problem
One can show that this convergence is uniform for # in compact subsets
of R;. Using the implicit Euler scheme one can actually give an alternative
proof of the Hille-Yosida theorem.

Proof (of Theorem[8.26). Assume that ||7'(¢)|| < Me® (1 € Ry). Let f(t) := T (t)x,
so that f is continuous and exponentially bounded. By Theorem [8.11, f(1) =

R(A,A)x. Differentiating the resolvent yields for every k € N and every A € Cres g,

FR @) = (CSL)kR(A,A)x = (= 1)*kIR(A, Ay,

and therefore, for every k € N and every ¢ > 0

(1L (k)k+lf<"><k> _ (k)kHR(k,A)kﬂx.

k! \ 't t t t

The claim now follows from the Post-Widder inversion formula (Theorem [8.24).

8.5 Holomorphic Cy-semigroups

In the first section of this chapter, we have introduced Cy-semigroups, that is, semi-
groups which are strongly continuous, but also uniformly continuous semigroups,
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which are continuous on R with respect to the operator norm and which are pre-
cisely the Cp-semigroups with bounded infinitesimal generators. In this section, we
consider a class of semigroups in between these two extremal cases and still repre-
senting high regularity.

Given an angle 6 €]0, [, we define the open sector

Xo:={A€C:|argA| < 6}.

A holomorphic (= complex differentiable) function 7: 9 — Z(X) (X being a
complex Banach space) is called a holomorphic Cy-semigroup if

(a) linol T (z)x = x for every x € X and every 8’ €]0, 0], and
1%29/

(b) T(z1+22) =T(z1) T(z2) forevery z1, 2 € X,

The restriction to R of every holomorphic Cy-semigroup is a Cy-semigroup if we
set T(0) =1, and therefore it admits an infinitesimal generator, as usual. We also
call a Cy-semigroup defined on R holomorphic if it extends to a holomorphic Cyp-
semigroup on some sector Xg. Note that it is sufficient just to have a holomorphic
extension on some sector Xg. The semigroup property on the sector Xg and the
strong continuity at O are then automatic.

Lemma 8.28. Let T be a Cy-semigroup on a complex Banach space, and assume
that T admits a holomorphic extension to Xg. Then this extension is a holomorphic
Co-semigroup.

Proof. For every 7 € Xq the functions z — T(z+2/), z— T(z)T () and z —
T ()T (z) are holomorphic on the sector Xy and they coincide on ]0,o[, at least
if 7/ is real. By the identity theorem for holomorphic functions, they coincide every-
where on Xg. Once this semigroup property is proved for real 7/, one can apply this
argument again and one gets the semigroup property for all 7/, z € Xg.

For the strong continuity at 0, we define for every n € N the function 7,(z) :=
T(z/n) (z € Zg). Fix x € X. Then, by assumption, lim,_,« 7,,(z)x = x for every real
7 € Xy. By Vitali’s theorem, lim,,_,o 7, (z)x = x uniformly for z in compact subsets
of Zg. Given 0’ €]0, 0], we may for example choose the compact subset K = {z €
C: 1< |z <2,|argz| < 8'}. Then, for € > 0 there exists ng € N such that for every
n € N>p, and every z € K,

1T (z/n)x —xl| = | Tu(z)x — x| <&,
and looking at the set {z/n € C : z€ K and n € N>, } it follows that we have proved

[ing T(z)x=x.

zéZe,

Theorem 8.29. Let A be a closed, densely defined operator on a complex Banach
space X, and let 6 €]0, 5|, ® € R. The following assertions are equivalent:
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(i) The operator A generates a holomorphic Cy-semigroup T on Xg and for every
0’ €]0,0]
sup |le R (2)|| < oo.
2€Xg

(ii) Forevery 0' €] — 0,0, the operator ¢¥'A generates a Cy-semigroup Tgr and

sup [le”“ T (1) || < eo.
teRy

(iii)  The shifted sector @ + X, z is contained in p(A) and for every 8’ €]0,0]

sup  [[(A — @)R(A,A)[| <.

)Lew+29/+%
Proof. By replacing A with A — @ we may without loss of generality assume that
o =0.

= |(ii)| One easily verifies that for every 6’ €] — 6, 0| the function Ty (¢) :=
T(eie't) is a Cp-semigroup, which is bounded by assumption (@ = 0), and that ¢?'A
is its infinitesimal generator.

:>If ¢! A is the infinitesimal generator of a bounded Co-semigroup for
every 8’ €] — 6, 6], then, by Theorem|8.11} Creso C p(¢®'A) and

sup ||(ReA)R(A,e® A)|| < oo.
ReA>0

for every 6’ €] — 0, 8]. From here follows X, 12 € p(A) and the resolvent estimate

from [(iiD)}
[Gi)|=>[Gi)] Fix 6’ €]0, 8[. Choose then ¢ €]6’, 6| and define, for every z € Zy,

1
T omi

T(2) / FR(A,A) dA,
Ve

where for R > 0 the contour 7 is the union of the two rays e¥(®*3) . [R, o[ and
the arc {A € C : |A| =R,|argA| < oo+ 7}, and the orientation runs from e™"%eo to
%0,

n\

A
%
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The contour integral converges absolutely in .#(X). In fact, by assumption,

Co:= sup [AR(A,A)| < eo.

cX
aty

Thus, on the rays and for z = |z|¢’? with B €] — 6’,6'[ we have the estimates

2175/5,%5)_[;m[Hesz(z,A)H 1dA|

_1/°°
_27c‘17‘

< L/me—r\z\sin((x+ﬁ)cl dr
— 2 /1 r

: T .
o Vel R(rﬁ"W*’z’),A)H &

I2]
< Ci/m e—rsin(a—@’)l dr
2w )1 r
< 'Cia.
~ 2msin(a — 0')

On the arc, we have the estimate

1/ A
E/ it |e*r(2.4)|| 10
|argl\§0;+%
ro+% 0’1 i 7 [

= 1 / ’ ‘ellee ‘zleﬁR(iele ,A)Lele de’

2m J-(a+5) |2 |2
< Ca / || g

2T J—(at5)
S Cae.

Altogether, these estimates also show that 7 is uniformly bounded on Xy .
By Cauchy’s formula, for every r > 0,

_ 1 Az
T()= 5 /y AR(A,A) dA.
This representation over the contour 7%, has the advantage that the contour of integra-
tion no longer depends on z or the length of z, and one sees that T is holomorphic.
We show that T is the holomorphic Cy-semigroup generated by A. For this, we com-
pute the Laplace transform of 7. Let 1t € Creo and choose r > 0 so small (actually,
r < Re ) that the contour ¥, lies on the left of p. Then
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/O T M () di = / T ( zll / HMR(L,A) dl) dr

—(u—=A)t
- /y / ' diR(X,A) dA

1 1
27”/%“ —R(%,4) dA

(o) o

where R > r. The difference of the contour integrals jyr - ij is an integral over a
closed contour and, for R > r large enough, u lies inside this contour.

By Cauchy’s formula,

27i (/}, A,R> 7R (A,A) dA =R(u,A).

On the other hand, elementary estimates show that

1

. 1
Jim /VR R aL=0

But the integrals on the left-hand side do not depend on R, for R large enough, so
that, for R large enough,

i |
2m/7R“ —R(%,4) dA =0.

‘We have shown that

/Owe*“’T(t) dr =R(u,A).

From here one easily deduces that for every k € N and every u > 0
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k k—1
k K| || M d
Hu R(u,A) H = k=11 <du> R(u,A)
k (=]
:H(k‘—il)!/o e M (=) 1T () dr
k o
u —ut k—1
< (k—l)!./o e M Madr
:M,

where M = sup,~ ||7(t)|| < e. Now it follows from the Theorem of Hille-Yosida
that A is the generator of a (bounded) Cp-semigroup S. By Theorem B.I1] the
Laplace transform of S is the resolvent of A and thus coincides with the Laplace
transform of 7. By uniqueness of the Laplace transform (Corollary [8:23), T = S,
and we have proved that A generates a bounded holomorphic Cyp-semigroup on Xg.
Since 8’ €]0, 6] was arbitrary, we have proved assertion and the proof is com-
plete.

A Cp-semigroup T on a Banach space X is differentiable, if it is (real) differen-
tiable from the open interval ]0, oo[ with values in £ (X). Obviously, every holomor-
phic semigroup is differentiable.

The following theorem also characterises generators of holomorphic semigroups,
but the quantitative estimates on the sector of holomorphy are not as explicit as in
the previous theorem.

Theorem 8.30. Let A be a closed, densely defined operator on a complex Banach
space X. The following assertions are equivalent:

(i) The operator A generates a holomorphic Cy-semigroup.

(il) For some @ € R, the right-half plane Cres. o is contained in p(A) and

sup [[(A —@)R(A,A)|| < o.

ReA>wm

(iii) The operator A generates a differentiable Cy-semigroup T, and

sup AT (1) 7(x) < e
t€(0,1)

Proof. The implication [(1)] = [(iD)] follows from the implication [()]—> in The-
orem [8.29

=[] and [(i)] = For simplicity, assume that @ = 0. The estimate
[R(A,A)|| 2(x) < C/|A|in the open right half plane Cge=o implies that the resolvent

remains bounded near every point is € iR, s # 0. By Lemma(5.3] (iR)\ {0} C p(A)
and ||R(is,A)|| #(x) < C/|s| for all s € R\ {0}. By Lemma 5.3}

oo

R(A,A) = ];OR(is,A)k“ (—DFA —is)k
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and the series converges absolutely for every A € C with [A —is| < |s|/C. In par-
ticular, the radius of converges grows linearly in s. This implies X, +x C p(A)

with 6 = arctan(1/C), and a simple estimate of the power series shows that

SUPrer, [AR(A,A)|| #(x) < oo for every 6’ €]0, 8]. By Theorem(8.29|(iii) :>
3

A generates a holomorphic Cy-semigroup 7. We have seen in the proof of that im-

plication in Theorem [8.29] that

- 1
oW

(1) / HMR(A,A) dA.,
Nt

and estimating the integral like in that proof yields

= [(D] Assume that A generates a differentiable Cy-semigroup and that C :=
sup,c(o,1) [ItAT (#)||.#(x) < . Then T is infinitely differentiable on ]0,o[ and, for
every t € (0,1) and every k,

k
IT® @) = ||A*T (1) || = ||[(AT (¢ /K))¥|| < ||T"(t/k)|* < (C;k) '

Dividing this inequality by k! > (lg)k yields

1 Ce\*
_ ) < (=
alrvons ().

which implies that the power series

)
r@) =Yy Dy
k=0 .

converges absolutely for z € C with |z —¢| < & In other words, T extends analyti-
cally to the set Xg N{Rez < 1} with 8 = arcsin(1/Ce). Now the semigroup property
yields that 7' extends analytically to the whole sector Xy and we have proved the
theorem.

Remarks 8.31. (a) We state without proof that if A is the generator of a Cp-
semigroup 7" and if
1
limsup [|tAT (1)|| < —,
1—0+ €
then A is bounded. Compare with the proof of the implication =|(1)|in
Theorem [8.30)f
(b) We state without proof that if A is the generator of a Cy-semigroup 7" and if

limsup||T(¢) —1|| <2,
t—0+
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then the semigroup is holomorphic. The bound 2 is sharp as one can see by
considering a contraction semigroup which is not holomorphic, like for exam-
ple the shift semigroups on L” (R).

We conclude this section with an important class of generators of holomorphic
Co-semigroups. Let V and H be two Hilbert spaces such that V C H with continuous
and dense embedding. Let a : V x V — C be a bounded, elliptic, sesquilinear form
and let A be the associated operator; see Section We recall that a is bounded if
there exists a constant C > 0 such that

la(u,v)| < Cllullv [[v]lv for every u, v €V,
and it is elliptic if there exist constants @ € R, 11 > 0 such that
Rea(u,u) + o|ul| > n ||ul| for every u € V.
The associated operator is given by

domA:={uecV:3fcHWEV a(u,v)=(fv)},
Au:=f.

If the form a is accretive, then Re{Au,u) = Rea(u,u) > 0 for every u € domA,
that is, —A is dissipative. In fact, we call an operator A on a Banach space accre-
tive if —A is dissipative. It is a matter of taste whether one prefers to work with
dissipative or accretive operators; in any case, the difference is only a sign.

Theorem 8.32. Let the sesquilinear form a, the associated operator A, and the con-
stants C, ®, 1 be as above. Then the operator —A generates a holomorphic Cy-
semigroup T satisfying

T (1) <e™ forallt € R,.

Proof. Besides the statement that —A is the generator of a Cy-semigroup, the theo-
rem contains two more statements, namely that the semigroup is holomorphic and
that it satisfies the norm estimate for real ¢.

Note that the operator B := A 4 wl/ is the operator associated with the “shifted”
sesquilinear form b : (u,v) — a(u,v) + @{(u,v)y, as one can easily check. The form
b is bounded, coercive, and also accretive. It follows that the operator B is accretive
or, equivalently, that —B is dissipative. However, by Theorem [7.39] —B is even m-
dissipative because 6(—B) C —Z for some 6 € [0, [ and, for every A € C\ (—Zy),

R(A,-B)|| < ——————.

IR =B < Gz, —=g)

Since H is reflexive, and by Lemma [8.16][(c)] B is densely defined. By the Lumer-
Phillips theorem (Theorem [8.17), —B generates a Cp-semigroup S of contractions.
By a simple rescaling, —A = —B + w/ generates the Cp-semigroup 7T given by
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T(t) = e S(¢), and it therefore satisfies the norm estimate ||7(7)]| < e® (r € R}).
Finally, the above resolvent estimate and Theorem [8.30] further imply that the semi-
groups S and T are holomorphic.

8.6 Spectral mapping theorems

Let A be a closed operator on a Banach space X. Then, for every power function
f:C—=C,z—F(keN),

f(a(4)) = a(f(4)), (8.5)

and for the inverse function f : C\ {0} — C\ {0},z— 1/z,

f(o(A)\{0}) = o (f(4))\{0},

where for any function f : U — C on an open set U C C and for every subset D C U
we denote by f(D) = {f(z) : z € D} the image of f under D. The operators f(A)
have here a natural meaning — for the inverse function at least when A is injective.
The above equalities are instances of so-called spectral mapping theorems.

In the special context when A is the infinitesimal generator of a Cy-semigroup T
on a Banach space X, one may ask whether the equality (8.3) holds for f(z) = €'
when we formally interpret f(A) = T'(¢). Since in this case f(0(A)) never contains
the origin 0, we in general do not expect the equality to be true as it stands. We say
that T satisfies the spectral mapping theorem if

&) — o(T(t))\ {0} forevery t >0,

and it satisfies the weak spectral mapping theorem if

e'(A) = o (T(t)) for every t > 0.

The following first result shows that one inclusion is always true, and it shows equal-
ity at least for parts of the spectrum.

Theorem 8.33. Let T = (T (t));>0 be a Co-semigroup on a Banach space X, with
generator A. Then, for everyt > 0,

(@) €W Co(T(r))\{0},
(b) %W =0,(T(1))\ {0},
(©) oW =0c,(T(1r))\ {0},
@ o) C 6, (T (1)) 0).

Proof. All assertions follows from the midnight formula (Lemma [8.3|[(b)), which
says that foreveryx € X, >0and A € C,
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(A—-2Q) ./OAZ HMIT (s)xds = T(1)x— eMx. (8.6)

If é* € p(T(t)), then
(A—l)/ote“t_s)T(s)(T(t)—e_M)_lxds
:/Otel(’f“')T(s)(T(t)—e*)“)fl(A—l)xds:x,

so that A € p(A). This yields the inclusion [(a)]

If A € 0,(A), then there exists an eigenvector x € domA, x # 0, such that (A —
A)x = 0. Inserting this into (8.6) yields T (¢)x = ¢*'x, and hence ¢!’ € 6,(T(t)). In
order to prove the converse inclusion, assume that ¢*’ € 6,(T(¢)). Let x # 0 be an
eigenvector, that is, T (t)x = e*'x. Then the function s — ¢ ~*$T (s)x is r-periodic and
nonzero. This means, that for some k € Z the Fourier coefficient

1 .
y::/ e 2R/ g=AST (5)x ds
0

is nonzero. By Theorem y € domA and, by @B.6), (A — A —27ik/t)y =
(e7MT(t) —I)x = 0. Hence, A + 27ik/t is an eigenvalue of A, and we have proved

For the residual spectrum (assertion one can proceed by a duality argument.
Note that 6,(A) = 6,,(A") (which actually holds true for every closed operator A!)
and prove the equality ¢/%@) = 0,(T(t)") \ {0} along the lines of the proof of
assertion The easy inclusion ¢/'%*) C 6,(T(¢)) \ {0} can also be proved as
follows: if A € 6,(A), then A — A does not have dense range. By (8.6), T (r) — &'
does not have dense range, too, that is, e* € o,(T(r)).

The proof of [(d)] is very similar to the proof of the corresponding inclusion
for the point spectrum. If 4 € 0,,(A), then there exists a sequence (x,) in domA
such that ||x,|| = 1 and lim,—,eAx, — Ax, = 0 in X. Inserting this into yields
lim,,_,e0 T (£)x, — €*x, = 0, and hence e*' € 6,,(T(r)). We have proved the inclu-
sion[(d)]

We say that a Cy-semigroup 7 on a Banach space X is immediately norm con-
tinuous if it is continuous from the open interval ]0,eo[ with values in .Z(X), that
is, with respect to the operator norm, and we say that the semigroup is eventually
norm continuous if it is continuous from |7y, e[ with values in .Z(X) for some
tg > 0. Clearly, holomorphic semigroups and differentiable semigroups are immedi-
ately norm continuous.

Theorem 8.34. Let T be an immediately norm continuous Co-semigroup on a Ba-
nach space X. Then

e%r(4) = oap(T (1)) \ {0}.
Proof. The inclusion C is already proved in Theorem [8.33|[(d)] For the converse
inclusion we imitate the proof of the corresponding inclusion for the point spectrum
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(see the proof of Theorem [(D)), however, by working on a different Banach
space.

Let £*(X) be the Banach space of all X-valued, bounded sequences, equipped
with the supremum norm, and define the “diagonal” semigroup T on £~ (X) by set-
ting

T(1)() = (T(Ox) () € €°(X),1>0),

The function T indeed satisfies the semigroup property, but it is in general not
strongly continuous. Our assumption that 7' is immediately norm continuous how-
ever implies that T is immediately norm continuous, that is, continuous from the
open interval ]0, o[ into £ (£=(X)). We say nothing about any type of continuity of
T att = 0. Let co(X) be the closed subspace of £*(X) consisting of all X-valued
sequences converging to 0. Clearly, this space co(X) is left invariant under 7', that is
T(t)co(X) C co(X) for every t > 0.

This allows us to consider on the quotient space X = £*°(X) /co(X) (with quotient
map denoted by ) the quotient semigroup 7" given by

—

A r

T(t)2:=Tt)x E=x+co(X),xel7(X)).

This semigroup is also immediately norm continuous, but like the semigroup 7 it is
possibly not strongly continuous at t = 0.

After these preparations, assume now that e*’ € o, (T(¢)). Then there exists a
sequence x = (x,) in X such that

|x%,]| = 1 and lim (T(£) — e*)x, = 0.
n—oo

In other words, x € £°(X), x & co(X) and (T(r) — e*)x € co(X). After taking quo-
tients, we have found £ € X such that £ # 0 and (7'(t) — e*")£ = 0. Thus, the (contin-
uous!) function s > e’}”f(s))? is t-periodic and nonzero. This means, that for some
k € Z the Fourier coefficient

t ) .
9 ::/ e 2RISR (5)4 ds
0
is nonzero. The sequence y = (y,) € £*(X), where y, is given by
t .
Vo= / e kg AST (5)x, ds (n €N),
0
is a representative of y. By Theorem [8.3][(b)} v, € domA for every n. The element
9 being nonzero means that the sequence (y,) does not converge to 0. Hence, after
passing to a subsequence of (y,) (which we denote for simplicity again by (y,)), we

may assume that inf, ||y,|| > 0. Setting z, := y,/||yn|| we have z, € domA, ||z,|| =1
and

(A=A —2mik/t)z, (e MT(t) —I)x, — 0 as n — oo,

byl
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It follows that A +2mik/t € 6,,(A), and the proof is complete.

The spectral mapping theorem is related to the asymptotic behaviour (the be-
haviour for large times) of semigroups.

Given a Cy-semigroup 7 on a Banach space X, with generator A, we define the
exponential growth bound

o(T):=infloeR:IM>0Vi Ry : |T(t)|]| < Me”}.

By Lemma|8.1] @(7') < oo, that is, the exponential growth bound is either finite or
equal to —oo.

Remark 8.35. The infimum in the definition of the exponential growth bound is in

00

ook Ak
L oAk (10 01 11

k=0

general not a minimum as one can see by choosing X = C? and A = (0 1) . Then

and ||T(¢)|| ~ 1 +¢. In particular ||T(¢)|| < Mpe® for all @ > 0 (and actually o(T) =
0), but one does not have ||7(¢)|| < Mye” = My for some My > and for all > 0.

We further define the spectral bounds
s(A) :==inf{w € R : Cre>o C p(A)}
and
50(A) :=inf{® € R : Cre>e C p(A) and R(+,A) is bounded on Cre> }-

It follows from Theorem [8.11) and a simple estimate of the Laplace integral that
s0(A) < o(T), and trivially one has s(A) < so(A), so that

S(A) < s0(A) < 0(T). 8.7)

We say that the semigroup 7 is exponentially stable if there exista > 0 and M >
1 such that ||T(¢)|| < Me~“. Exponential stability can equivalently be expressed by
the property that @(7) < 0. Here are some characterisations of exponential stability
of which only the characterisation[(iii)|is used in the sequel.

Theorem 8.36 (Datko). Let (T(t));>0 be a Co-semigroup on a Banach space X.
Then the following assertions are equivalent:
(1) The semigroup T is exponentially stable, that is, o(T) < 0.
(i) There existst € Ry such that ||T (t)| < 1.
(iii) There exists t € Ry such that r(T(t)) < 1, where r(T (t)) is the spectral radius

of T (1) (see Remark|[5.6).



8.6 Spectral mapping theorems 185

(iv) Forevery/some 1 < p < o and every x € X one has T (-)x € LP(R;;X).

(V) For every/some 1 < p < oo and every f € LP(R;X) one has T * f €
LP(R+,X)

Proof. The implications (i)=>(ii) and (i)=-(iv) are obvious. The implication (i)=(v)
follows from Young’s inequality.

The implication (ii)=-(iii) follows from the inequality (7 (t)) < ||T(¢)|| which is
valid for every bounded operator.

(ii))=(ii) If (T (z)) < 1, then radius of convergence of the series

Y. 70 A4 =R T (),
k=0

which obviously converges for |A|||7(¢))|| < 1, is strictly larger than 1. In particular,
the series converges also for A = 1, and then necessarily

lim |70)¥]) = Jim [T k)] =0,
k—o0 k—yo0

from where (ii) follows.
(il)=-(i) Assume that ||T(¢)|| < 1, and put

1 T (¢
Mi= sup |T(2)] < +oo and @ := PEIT @I
0<7<1g fo

<0.

(If |T (19)]| = 0, then put @ any negative real number). Letz € R,. Thent = kto+ T
for some k € N and 7 € [0,7)]. Then

1T ()| = |IT (kto + )|
<T@ [T (2)]
S Me(l)kto
— (Mefwto)ewt7
and hence o(7) < 0 < 0.
In order to prove the implication (iv)=-(ii), assume that for some p € [1,) and

every x € X one has T(-)x € LP(R4;X). We first note that by the Closed Graph
Theorem there exists a constant C > 0 such that for every x € X

IT()xller < Cllx]]-

Let M := supy,<; ||T(s)|| < . For every x € X and every t > 1 one has, by Holder’s
inequality,

<SMCllx]],

1T ()] = H/,; Tt — )T (s)x ds

so that the semigroup (7T'(¢)),>o is bounded. Applying Holder’s inequality again, we
obtain for x € X and every t € R
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16T (1)x]| = H/OtT(ts)T(s)x ds

1
<M(C+1)Cxe7,
so that |
IT(@)|| <MC(C+1)t" 7 foreveryt € R,.

From here follows @ (T) < 0.

(v)=(iv)/(ii) Assume that for some p € [1,o0] and every f € L”(R;X) one has
Txf e LP(Ry;X). Again by the Closed Graph Theorem, there exists a constant
C > 0 such that for every f € LP(R;X)

1T+ fllr < Clfllr-

For 7 € Ry and x € X we put

fe=T()xXp.q-

Then, forevery 0 <t <7

T x f1(1) /Tt—s s)xds =1tT(t)x.

The above estimate thus implies (p < oo) for every T > 0 and every x € X,
/ (140 T(0)x|? dt < (C+1)7 / 1T (1)x]|? db.

From this estimate one easily deduces (iv). For p = « one deduces directly (ii).

In general, we are interested in situations in which “the spectrum determines the
exponential growth”, that is, when

If this equality holds, then the location of the spectrum of the infinitesimal generator
determines the exponential growth bound.

Theorem 8.37. One has s(A) = o(T) for

(a) semigroups satisfying the weak spectral mapping theorem,
(b) holomorphic semigroups,

(c) immediately differentiable semigroups,

(d) eventually differentiable semigroups,

(e) immediately norm continuous semigroups,

(f) eventually norm continuous semigroups,

(g) asymptotically norm continuous semigroups,
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(h) immediately compact semigroups,
(i) eventually compact semigroups,

(G) compact perturbations of one of the above.

Proof. We give here only the proof for immediately norm continuous semigroups
(which includes the case of immediately differentiable semigroups and holomor-
phic semigroups); the proof for semigroups satisfying the weak spectral mapping
theorem is very similar.

Let ¢ > O be arbitrary. Recall the definition of the spectral radius from Remark
[5.6 which says that

(T (1)) = Timinf]|7 ()"} = = liminf | 7nr) |

It is an exercise to show that

log || (¢
o(T) = liminfw.

100

Asa consequence,

r(T(t)) = liminfen eITml > po(T)
n—o0
If (T (¢)) = 0, then this implies @(T) = —oo. Since s(A) < @(T), this implies the
equality s(A) = o(T).

So let us assume that #(T'(¢)) > 0. By the characterisation of the spectral radius
(see Remark , there exists A € C such that e* € 6(T(¢)) and |e*| = eReM =
r(T(t)). Necessarily, ¢* belongs to the topological boundary of (7 (¢)) and there-
fore, by Lemma , eM € 6,,(T(t)). Since T is immediately norm continuous, and
by Theorem|8.34] there exists k € Z such that A 4+ 27ik/t € 6,,(A). By definition of
the spectral bound, this implies s(A) > Re A, and hence

es(A)t > eRelt _ V(T(t)) > ew(T)t.

Taking the logarithm yields s(A) > @(T). Together with the inequality s(A) < o(T)
which is always true, the proof is complete.

The following corollary in the case when the Banach space X is finite dimen-
sional is perhaps known from the theory of linear ordinary differential equations.

Corollary 8.38 (Lyapunov). Let T be an immediately norm continuous Cp-
semigroup on a Banach space X with generator A. Then T is exponentially stable if
and only if s(A) < 0.

We mention without proof two other results in which the spectrum determines
the exponential growth.
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Theorem 8.39 (Weis, 1996). Let T be a positive Cy-semigroup with generator A on
LP(Q) (arbitrary measure space, p € [1,9]), that is, T(t)f > 0 for all t > 0 and all

f>0. Then s(A) = o(T).

Theorem 8.40 (Herbst, Gearhart, PriiB3, ..., 1978-84). Let T be a Cy-semigroup

on a Hilbert space, with generator A. Then so(A) = @o(T).

We finally give here an example showing that @(7') need not be determined by

the spectral bounds s(A) or sp(A).

Example 8.41 (Greiner-Voigt-Wolff). Let 1 < p < g < o. On the space X :=
LP(1,00) NLI(1,00), we consider the positive semigroup T = (T (¢)),>0 given by

(T f)(x):=f(ex)  (fEX,tERy xE(I,00)).

Then
o(T) = 1 and
q
s(A) = —l.
p

Indeed, for every f € X and every t € R, one has
IT@)fllx = 1T @ f e + 1T @) f e
_1 _1
=e | fller+e " | fls,

so that .
IT@)] <e 4.

On the other hand, by choosing f = Xt (1), We obtain
7@ =e"7,

from which (8.8) follows.

(8.8)

8.9)

For every Re A < —%, let f; (x) :==x*.Then f, € X and T(¢) f, = €M f5, (t € R).

This implies f3 € D(A) and Af; = A f;. Hence,
{AeC:ReA < ,l} Co(A)
p

and
s(A) > ——.
P
Together with (8:8), this implies s(A) = @(T) if p = g. Hence,

1
R(A,A)f € LP(1,%0) for every f € X and every ReA > ——.
p
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Note that
Af)x)=xf(x)  (fEX,x€(l,)),

so that

(R(L,A)f)(x) =x* :’ ;;(j? ds  (feX,Red>o(T),xe (1,00)).

Hence, for every f € X and every ReA > —% we may estimate, using Holder’s
inequality,

q

A [~ f(s) dx

== ds
sA+l

IRGAIf, = [

© _4q
<CRed.p.)flfy [T dr

<C(Rel,p.q) | £l

As a consequence, for every ReA > f% and every f € X we have R(A,A)f € X.
From this we finally obtain (8.9).

8.7 A relation between C-semigroups and stochastic processes

Let (2,.47,P) be a probability space with a filtration (% )cr, . Let (S,%) be a
measurable space which we call the state space; it could consist of a topological or
metric space equipped S equipped with the Borel-c-algebra %. We then consider a
stochastic process (X;);cr, in S, that is, each X; is a measurable function from Q
into S.

The finite dimensional marginal distributions are the probability measures

P, .. on SV given by

J ERES

Py (A :=P((Xy,-.-Xiy) "' (4)) (A C SV measurable);

1yees

here, 0 <#; < --- <ty. The process is time homogeneous if

[Jtl....,tN :Pt1+T ..... INtT

for all choices of 0 <#; < --- <1ty and T > 0. The process is a Markov process, if
P(X; € A|F) =P(X; €AlXs) (s<t,Ae RB);

in other words, a Markov process has no memory. If (X;) is a Markov process, then
we call
s (A) :=P(X; €A|X,) (s<t,A€ERB)
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transition probability, and we set v := Py, the one-dimensional marginal distribu-
tion for r; = 0. Then we define

(L®Vv)(x,A) // 14(»,2)v(y,dz)u(x,dy) (x € S,A C S* measurable),

and
(L v)(x,A) = (LR V)(x,S X A)
—//th »,2)V(y,dz)u(x,dy)

_ /Sv(y,A) n(xdy) (xeSA€B).



Chapter 9
Calculus on Banach spaces

9.1 Differentiable functions between Banach spaces

Let X, Y be two Banach spaces, and let U C X be open. A function f: U — Y is
differentiable at x € U if there exists a bounded linear operator T € .Z(X,Y) such

that
Sfx+h)—f(x)—Th

im =0. ©.1)
(= |l

We say that f is differentiable if it is differentiable at every point x € U. If f is
differentiable at a point x € U, then T € £ (X,Y) is uniquely determined. We write
Df(x) := f'(x) := T and call Df(x) = f’(x) the derivative of f at x.

Lemma 9.1. If a function f : U — Y is differentiable at x € U, then it is continuous
at x. In particular, every differentiable function is continuous.

Proof. Let (x,) CU be convergent to x. By definition (equation (9.1)) and continuity
of f'(x),

1 (en) = FOOI < 11 (o) = £ () = £ (e) (e =) [+ (1 () (2 =260 |

— 0,
asn — oo,

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 /' : U — £ (X,Y) is
continuous. We denote by

CY(U;Y):={f:U =Y : f differentiable and f’ € C(U;.Z(X,Y))}

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

CYU;Y) :={f:U — Y : f differentiable and f' € C*"1(U;.Z(X,Y))}

191
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the space of all k£ times continuously differentiable functions.

Let X; (1 <i<n)andY be Banach spaces. Let U C @/, X; be open. We say that
a function f: U — Y is at a = (a;)1<i<n € U partially differentiable with respect
to the i-th coordinate if the function

ﬁ:UigXi_>Y7 xin(alv"'vxiv“'van)

N o .9
is differentiable in a;. We write a—g(a) = fl(a;) € £(X,Y).

1

9.2 Local inverse function theorem and implicit function theorem

Let X and Y be two Banach spaces and let U C X be an open subset. The following
are two classical theorems in differential calculus.

Theorem 9.2 (Local inverse function theorem). Let f: U — Y be continuously
differentiable and x € U such that f'(x) : X — Y is an isomorphism, that is, bounded,
bijective and the inverse is also bounded. Then there exist neighbourhoods V. .C U
of xand W C Y of f(X) such that f : V — W is a C" diffeomorphism, that is f is
continuously differentiable, bijective and the inverse f~' : W — V is continuously
differentiable, too.

Theorem 9.3 (Implicit function theorem). Assume that X = X| x X, for two Ba-
nach spaces X1, X, and let f : X D U — Y be continuously differentiable. Let
X = (X1,%2) € U be such that g—)f;()?) : X, — Y is an isomorphism. Then there exist
neighbourhoods Uy C X1 of X1 and Uy C X5 of %2, Uy x Uy C U, and a continuously
differentiable function g : Uy — U, such that

xeUi xUy: f(x) = f(¥)} = {(x1,8(x1)) :x1 € U1 }.
For the proof of the local inverse theorem, we need the following lemma.

Lemma 9.4. Let f : U — Y be continuously differentiable such that f :U — f(U) is
a homeomorphism, that is, continuous, bijective and with continuous inverse. Then
f is a C" diffeomorphism if and only if for every x € U the derivative f'(x): X — Y
is an isomorphism.

Proof. Assume first that f is a C! diffeomorphism. When we differentiate the iden-
tities x = f~1(f(x)) and y = f(f~'(y)), which are true for every x € U and every
y € f(U), then we find
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As a consequence, f’(x) is an isomorphism for every x € U.
For the converse, assume that f/(x) is an isomorphism for every x € U. For every
x1, xo € U one has, by differentiability,

S() = fxr) 4+ f (x1) (2 = x1) + 0(x2 — x1),

where o depends on x; and lim,, .y, (\)\g?zz:;lll) =0. We have x; = f~!(y;) and x; =

£~ Y(y2) if we put y; := f(x;). Hence, the above identity becomes

=i+ o 0) = o) +o(f T ) — £ on)-

To this identity, we apply the inverse operator (f'(f~'(y1)))~! and we obtain

FO) =00+ o) o2 =y) = o)) ol 2) = )

Since f~! is continuous, the last term on the right-hand side of the last equality is
sublinear. Hence, f —1 s differentiable and

Yo =" on) "

From this identity (using that f~! and f’ are continuous) we obtain that f~! is
continuously differentiable. The claim is proved.

Proof (Proof of the local inverse function theorem). Consider the function
g:U—=X,
x= /(@7 ().

It suffices to show that g : V — W is a C! diffeomorphism for appropriate neigh-
bourhoods V of X and W of g(%).
Consider also the function

o:U—X,
x—x—g(x).
This function @ is continuously differentiable and ¢’ (x) = I — f'(¥) "' f'(x) for every
x € U. In particular, ¢’ (x) = 0. By continuity of ¢’, there exists r > 0 and L < 1 such
that || @’ (x)|| < L for every x € B(¥,r) C U. Hence,
lo(x1) — @(x2)|| < L|x1 —x2|| forevery x1, x, € B(X,r).

By the definition of ¢, this implies

lg(x1) = g(x2)[ = [lx1 = x2 = (@(x1) — @(x2)) (9.2)
> |t =22l = Llx1 = x2]
= (1=L) 1 = x2-
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We claim that for every y € B(g(x), (1 — L)r) there exists a unique x € B(,r) such
that g(x) = y.

The uniqueness follows from (9.2).

In order to prove existence, let xyp = %, and then define recursively x,+; =y +
@(x,) = y+x, — (%)~ f(x,) for every n > 0. Then

n—1

0 =% = [| Y a1 —xell
k=0
n—1
< e =xoll + Y 19 (xx) — (-1
k=1

n—1
< Y L¥x —xol|
k=0

1—-1" )
=1 =s@l

S(I_Ln)r < r

which implies x,, € E(X, r) for every n > 0. Similarly, for every n > m > 0,
n—1 ‘
10 =l < Y L5y —g(®)I,
k=m
so that the sequence (x,) is a Cauchy sequence in B(, r). Since B(¥,r) is complete,
there exists lim,,_,c.x, =: x € B(¥,r). By continuity,
x=y+o(x)=y+x—gx),

g(x) =y

This proves the above claim, that is, g is locally invertible. It remains to show that

g~ ! is continuous (then g is a homeomorphism, and therefore a C' diffeomorphism

by Lemma(9.4). Contiunity of the inverse function, however, is a direct consequence
of (9:2) (which even implies Lipschitz continuity).

Remark 9.5. The iteration formula
Xt =Y+ X — /(07 f ()

used in the proof of the local inverse theorem in order to find a solution of g(x) =
f'(®)~' f(x) = y should be compared to the discrete Newton iteration

Xppl =y+Xn— f/(xn)ilf(xVL);
see Theorem [0.8] below.

Proof (Proof of the implicit function theorem). Consider the function
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F:U—= X xY,

(x1,x2) = (x1, £ (x1,%2))-
Then F is continuously differentiable and

of

of
hl’T)C]

(X)h + =—(%)ha).

F/(8) () = ( T

In particular, by the assumption, F’(¥) is locally invertible with inverse

FO 7 0102 = 0 (L0102 - 5L ).

By the local inverse theorem (Theorem @, there exists a neighbourhood U of Xy,
a neighbourhood U, of %, and a neighbourhood V of (%, f(X)) = F(x) such that
F:U xU,—VisaC! diffeomorphism. The inverse is of the form

Fﬁl()’byZ) = (Yhhz(}’b)’2>>7
where £, is a function such that f(y,h2(y1,y2)) = 2. Let
U = {x1 €Uy : (x1,f(x)) eV}

Then U; is open by continuity of the function x; — (x1, f(¥)), and %; € U;. We
restrict F to U; x Us, and we define

g:Ul —>X2, (9-3)
x> g(x) = F 1 (xr, £(%))a,

where F~!(-), denotes the second component of F~!(-). Then g is continuously dif-
ferentiable, g(U;) C U, and g satisfies the required property of the implicit function.

Lemma 9.6 (Higher regularity of the local inverse). Let f € CK(U;Y) for some
k > 1 and assum that f : U — f(U) is a C' diffeomorphism. Then f is a C* diffeo-
morphism, that is, =" is k times continuously differentiable.

Proof. Foreveryy € f(U) we have

The proof therefore follows by induction on k.

Lemma 9.7 (Higher regularity of the implicit function). If, in the implicit func-
tion theorem (Theorem [9.3)), the function f is k times continuously differentiable,
then the implicit function g is also k times continuously differentiable.

Proof. This follows from the previous lemma (Lemma[9.6) and the definition of the
implicit function in the proof of the implicit function theorem.
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9.3 * Newton’s method

Theorem 9.8 (Newton’s method). Let X and Y be two Banach spaces, U C X an
open set. Let f € C'(U;Y) and assume that there exists X € U such that (i) f(%) =0
and (ii) f'(x) € Z(X,Y) is an isomorphism. Then there exists a neighbourhood
V C U of x such that for every xy € V the operator f'(xo) is an isomorphism, the
sequence (x,) defined iteratively by

X1 =X = f (%)~ f (), 1 >0, 9.4)
remains in'V and lim,,_... x,, = X.

Proof. By Corollary and continuity, there exists a neighbourhood V C U of
¥ such that f’(x) is isomorphic for all x € V. Next, it will be useful to define the
auxiliary function @ : V — X by

o) i=x—f(x)f(x), xeV.

Since f(¥) = 0, we find that for every x € V
P(x) = (x) =x— f'(x) " (f(x) — (%) —
=x—3— /()7 (f(®)(x—5) +r(x—3),

=1

so that by the continuity of f/(-)~!

Hence, there exists r > 0 such that V := B(X,r) C V C U and such that for every
xevV

- _ 1 -
lpC0) =3 = llo(x) =@ < 5 llx— .
This implies that for every xo € V one has ¢(x) € V and if we define iteratively

Xn41 = (P(xn) = (Pn+1 (Xo), then

1.\n _
[l — %] < (5) [[xo — %|| — 0 as n — oo.



Chapter 10
Sobolev spaces

10.1 Test functions, convolution and regularization

Let  C R? be an open set. For every continuous function ¢ € C() we define the
support

supp@ ;= {x € Q : ¢(x) # 0},
where the closure is to be understood in R¢. Thus, the support is by definition always

closed in RY, but it is not necessarily a subset of €. Next we let

2(2):=C7(R2):={p eC”(Q) :suppp C Q is compact}

c

be the space of test functions on , and

L},.(2):={f: Q — K measurable : /K|f\ < 0VK C Q compact}

1
loc

the space of locally integrable functions on Q. For every f € L} (RY) and every

¢ € 2(R?) we define the convolution f * ¢ by
r00)i= [ fa=yo0) dy
= | fy)el—y)dy.
R4
Lemma 10.1. Forevery f € L (R?) and every ¢ € 2(R?) one has f + ¢ € C*(R?)

loc
and for every 1 <i <d,
ae

d
o (f@) =[x E
Proof. Let e; € R be the i-th unit vector. Then

1 _do
lim  (p(x+he)) ~ 9(x)) = 52 (v

197
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uniformly in x € R? (note that @ has compact support). Hence, for every x € R?
(f* @(x+hei) — f+¢(x))
1
=5 [ FO) @+ hei =)~ plx—3) dy
R4

d
- Rdf(y)yz(x—y) dy.

S =

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

Theorem 10.2 (Young’s inequality). Let f € L?(RY) and ¢ € 2(R?). Then fx ¢ €
L?(RY) and
1f @l < Ifllp ol

Theorem 10.3. For every 1 < p < oo and every open Q C R? the space P(Q) is
dense in LP(Q).

Proof. The technique of this proof (regularization and truncation) is important in
the theory of partial differential equations, distributions and Sobolev spaces. The
first step (regularization) is based on Lemma([I0.1] The truncation step is in this case
relatively easy.

Regularization. Let ¢ € 2(R?) be a positive function such that || Q||| = [ga ¢ =
1. One may take for example the function

cel/(1=kP) jf x| <1,
o(x) == (10.1)

0 otherwise,

with an appropriate constant ¢ > 0. Then let ¢,(x) := n@(nx), so that ||@,||; =
Jra @n =1 forevery n € N.

Let f € L”(R?). By Lemma and Young’s inequality (Theorem , for
every n € N, f, := fx @, € C*(RY) N LP(RY) and | £y, < ||fl,- Hence, for ev-
ery 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 = (aj,b;) X -+ X
(aq,bq) C Q, then

p
”f"*f”f;:/w /Rdf(x*y)fp(ny)nddyff(x) dx
= Jge /Rd(f("_%)—f(X))w(y) &
o . )
S,/Rd (/Rd [fx==) = f)le®) dy) dx — 0

as n — oo by Lebesgue’s dominated convergence theorem. In other words,
limy e || T.f — fl|, = O for every f = 1; with I as above. Since span{1;: I C R?
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bounded interval} is dense in LP(R?), we find that lim,_ || 7;.f — f]|, = O for ev-
ery f from a dense subset M of L”(Rd ). Since the 7, are bounded, we conclude
from Lemma that 7,,f — f in LP(R?) for every f € LP(R?). This proves that
LP NC*(R?) is dense in LP (RY).

Truncation. Now we consider a general open set £ C R? and prove the claim.
Let ¢ € 2(RY) be a positive test function such that supp@ C B(0,1) and [zs ¢ = 1
(one may take for example the function from (T0.1))). Then let @, (x) := n? @ (nx).

For every n € N we let

1
K, :={x € Q :dist(x,0Q) > Z}ﬂB(O,n),

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

f(x) if x € K,
e (x) = {0 ifxe Q\K,.

By Lebesgue’s dominated convergence theorem (since | J, K, = £2),

If = el = /Q FIP(1 = 15,)? — 0 as n —s oo.

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

For every m > 4n we define g,, := (flx, ) * ¢ € LP NC=(R); note that we here
consider L”(Q) as a subspace of LP(R?) by extending functions in L”() by 0
outside Q. However, since g,, = 0 outside K»,, we find that actually g,, € 2(Q).
By the first step (regularisation), there exists m > 4n so large that ||g,, — f1k, ||, < €.
For such m we have || f — gu||, < 2€, and the claim is proved.

Lemma 10.4. Let f € L} (Q) be such that

loc

/Qf(p =0 forevery p € Z(Q).

Then f =0.

Proof. We first assume that f € L'(Q) is real and that Q has finite measure. By
Theorem [10.3] for every € > 0 there exists g € Z(2) such that || f —g|; < €. By
assumption, this implies

[eol=1[ (r=)9l <ellol. Voe ().

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

inf{|x—y|,|x—z|,[y—z| :x€Ki,y€Kz,2€ R} =:6 > 0.
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Let K7 := {x € Q :dist (x,K;) < §/4} (i = 1, 2). Then K? and K¢ are two compact
disjoint subsets of Q. Let

1 ifxek?,
h(x):={ —1ifx€K¢,
0 else,

choose a positive test function @ € Z(R9) such that [pa@ = 1 and supp@ C
B(0,6/8), and let v := h*¢@. Then y € 2(Q), -1 <y <1, yw =1 on K; and
v =—1lonk,. Let K := K; UK. Then

[lel=[ev<er [ lewizer[ el
K K Q\K Q\K
Hence,

L1sl=[1sl+ [ lel<e+2 [ lel<et+2i,
JQ JK JQ\K O\K

which implies
Jus [1r-gl+ [ el <2e(1+ ).
Q Q Q

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

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

10.2 Sobolev spaces in one dimension

Recall the fundamental rule of partial integration: if £, g € C!([a,b]) on some com-
pact interval [a, b], then

b b
| 18 = 1®)s0) - r@sta) - [ 1

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

/ "= / "ro. (10.2)

since ¢(a) = @(b) = 0.

Let —o<a<b<ooand 1 < p < oo, We define

b b
WP (a,b) == {u € LP(a,b) : 3g € L (a,b) Vo € D(a,b) - / ug' = — [ gol.

a
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The space W!”(a,b) is called (first) Sobolev space. If p = 2, then we also write
H'(a,b) :=W"%(a,b).

By Lemma the function g € LP(a,b) is uniquely determined if it exists. In
the following, we will write #’ := g, in accordance with (T0.2)). We equip W' (a,b)
with the norm

el = llullp+ 1],

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

b b
(u,v) ::/ uv+/ u'v',
a a

which actually yields the norm ||u| ;1 = (|Jul|3 + ||u’||%)% (which is equivalent to
- llwi2)-

Lemma 10.5. The Sobolev spaces W' (a,b) are Banach spaces, which are separa-
ble if p # . The space H'(a,b) is a separable Hilbert space.

Proof. The fact that the W!” are Banach spaces, or that H' is a Hilbert space, is an
exercise. Recall that L”(a,b) is separable (Remark . 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), uws (u,u’),

which is bounded and even isometric. Hence, W' is isometrically isomomorphic
to a subspace of L” x L? which is separable. Hence W' ” is separable.

Lemma 10.6. Let u € W' (a,b) be such that u' = 0. Then u is constant.

Proof. Choose ¥ € Z(a,b) such that fab y = 1. Then, for every ¢ € %(a,b), the
function @ — ([, Lf’ @)y is the derivative of a test function since | : (o—([ : 0)y)=0.

Hence, by definition,
b b
0= [ulo~(| oW

or, with ¢ = fab uy = const,

b
/ (—c)p=0 Yo e D(ab).
a
By Lemma(I0.4] u = ¢ almost everywhere.

Lemma 10.7. Let —o0 < a < b < e and let t € [a,b]. Let g € LP(a,b) and define
1
u(t):= | g(s)ds, t€]a,b).

fo

Thenu € WP (a,b) and u' = g.
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Proof. Let ¢ € 2(a,b). Then, by Fubini’s theorem,

e[ [rrsst
_ /ZO /to g(s) dsq' (1) dr + /to ' /to 'g(s) dsep' (1) dr
/'°/<p 1) drg(s ds+/to/<p ) dig(s)

— [ o 8- [ o)ets) o

U

Theorem 10.8. Let u € W7 (a,b) (bounded or unbounded interval). Then there ex-
ists it € 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)

Proof. Fix 1y € (a,b) and define v(r) := ,0 u'(s) ds (¢ € (a,b)). Clearly, the function

v is continuous. By Lemma|10.7, v € W'?(c,d) for every bounded interval (c,d) C
(a,b), and v/ = /. By Lemma[10.6| u — v = C for some constant C which clearly
does not depend on the choice of the interval (c,d). This proves that u coincides
almost everywhere with the continuous function & = v+ C. By Lemma|10.7]

() — ii(s) = v(t) — v(s) = / "W (r) dre

Remark 10.9. By Theorem|10.8} we will identify every function u € W' (a, b) with
its continuous representant, and we say that every function in W' (a, b) is continu-
ous.

Lemma 10.10 (Extension lemma). Let u € W'P(a,b). Then there exists ii €
WP (R) such that i = u on (a,b).
Proof. Assume first that a and b are finite and define
u'(t) ift € la,b],
u(a) ifrefa—1,a),
8(t) = ,
—u(b) ift € (b,b+1],

0 else.
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Then g € LP(R). Let ii(¢) := [*_ g(s) ds, so that i = u on (a,b). By Lemma
i € WP (c,d) for every bounded interval (c,d) € R. However, i = 0 outside (a —
1,b+ 1) which implies that it € W1 7(R).

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

Lemma 10.11. For every 1 < p < oo, the space Z(R) is dense in Wl*f’(R).

Proof. Letu € WI'P(R).
Regularization: Choose a positive test function ¢ € Z(R) such that [ ¢ =1 and
put @,(x) = n@(nx). Then u, := ux @, € C°NLP(R), u, = u' * ¢, € LP(R) and

Ji_r)r}oHufunH,, =0and

. / / o
Tim [~ [, =0,

so that 1im, e ||t — tty||y1, = 0. This proves that W!»(R) NC>(R) is dense in
Whr(R).

Truncation: Choose a sequence (¥,) C Z(R) such that 0 < y, <1, ¥, =1 on
[~n,n] and ||y)||~ < C forall n € N. Let € > 0. Choose v € C*NW!?(R) such that

|l — ||y, < € (regularization step). For every n € N, one has vy, € Z(R) and it
is easy to check that for all n large enough, ||v — vy, ||y, < €. The claim is proved.

Corollary 10.12. For every u € W'?(a,b) (bounded or unbounded interval, 1 <
p <) and every € > 0, there exists v € D(R) such that ||u— v, p) w1, < €.

Proof. Given u € W' (a,b), we first choose an extension i € W!P(R) (exten-
sion lemma 10.10) and then a test function v € Z(R) such that [|&@ —v||y1g) < €
(Lemma|10.T1). Then [[@ —vl[y1.p(ap) = [t = Viiw1ir(ap) < €

Corollary 10.13 (Sobolev embedding theorem). Every function u € WP (a,b) is
continuous and bounded and there exists a constant C > 0 such that

]| < Cllullyy1p for every u € W' (a,b).
Proof. If p = oo, there is nothing to prove. We first prove the claim for the case
(a,b) =R.

Solet 1 < p <ooandletve Z(R). Then G(v) := v|P~lv e Ccl (R) and G(v)' =
p|v|P~1V'. By Holder’s inequality,

X
IGv)(¥)| = p| [ VPV E< p IV T,
so that by Young’s inequality (ab < %a” + ﬁb”,)

]l = G < Cllv Iy

Since Z(R) is dense in W!?(R) by Lemma|10.11} the claim for (a,b) = R follows
by an approximation argument.
The case (a,b) # R is an exercise.
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Theorem 10.14 (Product rule, partial integration). Let u, v € W' (a,b) (1< p <
o). Then:

() (Product rule). The product uv belongs to W' (a,b) and
(w) =u'v+uw'.

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

/ah w'v=u(b)v(b) —u(a)v(a) — /ah wv'.

Proof. Since every function in W' (a,b) is bounded, we find that uv, u'v +uv' €
LP(a,b). Choose sequences (i), (va) € Z(R) such that limy, e tt|(, ) = u and

1imy,e0 V| (q,p) = v in WP (a,b) (Corollary . By Corollary , this implies
also 1imy, o ||t (g p) = #|c0 = 1iMy—co [|[Vi|(4,5) — V|| = 0. The classical product rule
implies

(Unvy)' = vy + uyV), for every n € N,

and the classical rule of partial integration implies

b b
/ U vy =ty (b)vn(b) — up(a)vy(a) —/ u,V,, for every n € N.
Ja a
The claim follows upon letting n tend to oo.
For every 1 < p < oo and every k > 2 we define inductively the Sobolev spaces
WP (a,b) := {u e W' (a,b) : ' € WP (a,b)},

which are Banach spaces for the norms

k
il = 3 [1u]-
J=0

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

k
(U, vy i 1= Z w5,
j=0
Finally, we define
Woh (a,b) := D(ab) "W
that is, Wé‘ (a,b) is the closure of the test functions in W*?(a,b), and we put

Hk(a,b) == Wi (a,b).

Theorem 10.15. Let —o0 < a < b < oo. A function u € Wol’p(a,b) if and only if u €
WP (a,b) and u(a) = u(b) = 0.
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Theorem 10.16 (Poincaré inequality). Let —c <a < b <ooand 1 < p < oo, Then
there exists a constant A > 0 such that

b b
A / |u|? g/ [W'|P for everyu € Wol‘p(a,b).
Ja a

Proof. Letu € W' (a,b). Then

[ utrac=[*| [
<[ ([wore) o

< [(o-ar [Woraa
b
= (b=a)” [ WO a

P
dx

Between the first and the second line, we have used the assumption that u(a) = 0,
while in the following inequality we applied Holder’s inequality.

Theorem 10.17. Let —0 < a < b < o. For every f € L*(a,b) there exists a unique
function u € H} (a,b) N H?(a,b) such that

{u—u” =f and
(10.3)
u(a)=u(b)=0.

Proof. We first note that if u € H}(a,b) NH?(a,b) is a solution, then, by partial
integration (Theorem 10.14)), for every v € H} (a,b)

b b
/ (wv+u'V') = (u,v)H(; :/ fv. (10.4)

By the Cauchy-Schwarz inequality, the linear functional ¢ € H}(a,b)’ defined
by ¢(v) = J” fv is bounded:

oM < 1Al Vll2 < Il 1] -

By the theorem of Riesz-Fréchet, there exists a unique u € H}(a,b) such that
(T04)holds true for all v € H} (a,b). This proves uniqueness of a solution of (10.3),
and if we prove that in addition u € H 2(a, D), then we prove existence, too. However,
(T0.4)holds in particular for all v € Z(a,b), i.e.

/;ulv,:f/ab(uif)v Y e Z(a,b)
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and u — f € L?(a,b) by assumption. Hence, by definition, u’ € H'(a,b), i.e. u €
H?(a,b) and u" = u— f. Using also Theorem 10.15| the claim is proved.

10.3 Sobolev spaces in several dimensions

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

Theorem 10.18 (GauB). Let Q C RY be open and bounded such that dK is of class
cl. Then there exists a unique Borel measure 6 on dQ such that for every u, v €
Cl(.Q) and every 1 <i<d

v / du
U— = wn;do— | —v,
Q dxi Joo Q Ox;

where n(x) = (n;(x))1<i<q denotes the outer normal vector at a point x € 9.
In particular, if u € C'(Q) and ¢ € 2(R), then
) du
u—=—[ —o.
Q Jx; Q dx;
Let Q C R9 be any open set and 1 < p < co. We define
WP(Q):={uecl’(Q):V1 <i<d3g cl’(Q)
d
Vo e 2(Q): / us? :_/ a0},
JQ  O0X; Q
The space W!P(Q) is called (first) Sobolev space. If p = 2, then we also write
H' (Q):=W'(Q).
Letu € W7 (Q). By Lemma|10.4] the functions g; are uniquely determined. We

write % := g; and call % the partial derivative of u with respect to x;. As in the
one-dimensional case, the following holds true.

Lemma 10.19. The Sobolev spaces W'-P(Q) are Banach spaces for the norms
4 Ju
lullyrr = llullp+ Y N5l (1< p<o),
= dx;

and H' () is a Hilbert space for the inner product

4 u v
(u,v) g1 == (u,v) 2 +;<87x,-’87x,'>y'

Proof. Exercise.
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Not all properties of Sobolev spaces on intervals carry over to Sobolev spaces
on open sets  C R¥. For example, it is not true that every function u € W7 (Q) is
continuous (without any further restrictions on p and £)!

For every open 2 C R?, 1 < p < oo and every k > 2 we define inductively the
Sobolev spaces

u

WP (Q) = {ueW!'P(Q):V1<i<d: 3 e w1r(Q)},

Xi

which are Banach spaces for the norms

) ko Qu
([l [wrp := ””””JFZ(')HTJQHWH""

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

ko Qu v
(u,v) g := (u,v) 2 —l—;)(&f)q,af)q)mq.

Finally, we define
Wok,p(Q) — mﬂ'l\wk,p ’

that is, Wéc P(Q) is the closure of the test functions in W*?(Q), and we put
k2
HY(Q) :=W(Q).

Theorem 10.20 (Poincaré inequality). Let Q C R4 be a bounded domain, and let
1 < p < oo, Then there exists a constant C > 0 such that

/Q|u|p§Cp/Q|Vu|p foreverquWOI”’(.Q).

We note that the Poincaré inequality implies that

=, |Vu|")‘l”

defines an equivalent norm on Wol'p (Q) if Q CR? is bounded. Clearly,
leel] < llull,y1p ~ for every u € Wy,
0

by the definition of the norm in W!”7. On the other hand,

leellyr.p < € (llullzr + [V r)
< Cl[Vul[r = Clul],
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by the Poincaré inequality.
We also state the following two theorems without proof.

Theorem 10.21 (Sobolev embedding theorem). Let Q C R? be an open set with
c! boundary. Let 1 < p < oo and define

._Ji5ifi<p<d
- {oo ifd <p,
and if p = d, then p* € [1,00). Then, for every p < q < p* we have
W (@) C L9(2)
with continuous embedding, that is, there exists C = C(p,q) > 0 such that
lullze < Cllullyip foreveryuc WP (Q).

Theorem 10.22 (Rellich-Kondrachov). Let Q C R9 pe an open and bounded set
with C' boundary. Let 1 < p < oo and define p* as in the Sobolev embedding theo-
rem. Then, for every p < g < oo the embedding

WP (Q) C L1(Q)

is compact, that is, every bounded sequence in W' (Q) has a subsequence which
converges in L1(Q).
10.4 * Elliptic partial differential equations

Let Q C R9 be an open, bounded set, f € Lz(_Q), and consider the elliptic partial
differential equation

{u—Au:fin Q,
(10.5)
u=0 in 092,
where
d 82
Au(x) := Za—xlzu(x)

stands for the Laplace operator.
Ifu € H}(Q)NH?*(Q) is a solution of (T0.5), then, by definition of the Sobolev
spaces, for every v € 9 (a,b)
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By density of the test functions in H] (€2), this equality holds actually for all v €
Hg (). This may justify the following definition of a weak solution. A function
u € H} () is called a weak solution of (T0.5) if for every v € HJ ()

(u,v)H(%:./uquv—&—/QVqu:/va, (10.6)

where Vu is the usual, euclidean gradient of u.

Theorem 10.23. Let Q C R be an open, bounded set. Then, for every f € L*(Q)
there exists a unique weak solution u € H} (Q) of the problem (10.3).

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

leMI < IIfll2vll2 < 12 VIl -

By the theorem of Riesz-Fréchet, there exists a unique u € H} (€2) such that (T0.6)
holds true for all v € H} (a,b). The claim is proved.






Chapter 11
Bochner-Lebesgue and Bochner-Sobolev spaces

11.1 The Bochner integral

Let X and Y be Banach spaces with norms denoted by ||| and ||-||, respectively.
If the norm is clear from the context, we simply write ||-||. The space of all bounded,
linear operators from X into Y is denoted by .Z(X,Y). Let (22,7, 1) be a measure
space. A function f : 2 — X is called step function, if there exists a sequence
(A,) C o of mutually disjoint measurable sets and a sequence (x,) C X such that
S =2X,14,x,. Afunction f: Q — X is called measurable, if there exists a sequence
(fn) of step functions f, : Q — X such that f, — f pointwise {-almost everywhere.

Remark 11.1. Note that there may be a difference to the definition of mesurability
of scalar valued functions. On the one hand, measurability of a function is here
depending on the measure (. However, if the measure space (2,.27, 1) is complete
in the sense that (A) =0 and B C A implies B € <7, then the above definition of
measurability and the classical definition of measurability coincide. Note that one
may always consider complete measure spaces. On the other hand, measurability of
a function between two measurable spaces is defined via the property that preimages
of measurable sets are measurable. Although one may always equip a Banach space
with the Borel-o-algebra, this definition via preimages is not appropriate for the
following purposes.

Lemma 11.2. If f : Q — X is measurable, then ||f||y : & — R is measurable. More
generally, if f : Q — X is measurable and if g : X — Y is continuous, then go f :
Q — Y is measurable.

Proof. This is an easy consequence of the definition of measurability and the conti-
nuity of g. Note that in particular the norm |||y : X — R is continuous.

Lemma11.3.If f: Q — X and g : Q — K are measurable, then fg: Q — X is
measurable. Similarly, if f : Q — X and g : Q — X' are measurable, then (g, f)x x
Q — K is measurable.

211
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Proof. For the proof it suffices to use the definition of measurability and to show
that the (duality) product of two step functions is again a step function. This is,
however, straightforward.

Theorem 11.4 (Pettis). A function f : Q — X is measurable if and only if (X, f)
is measurable for every x' € X' (we say that f is weakly measurable) and if there
exists a W-null set N € o such that f(Q \ N) is separable (we say that f is almost
separably valued).

For the following proof of Pettis’ theorem, see HILLE & PHILLIPS [?].

Proof. Sufficiency. Assume that f is measurable. Then f is weakly measurable by
Lemma Moreover, by definition, there exists a sequence (f;,) of step functions
and a u-null set N € &7 such that

fat) = f(t) forallr € Q\N.

Hence,

F(Q\N) C|Jf(Q).

Since for every step function f, the range is countable, the set on the right-hand side
of this inclusion is separable, and hence f is almost separably valued.

Necessity. Assume that f is weakly measurable and almost separably valued. We
first show that || f||y is measurable. By assumption, there exists a p-null set and
a sequence (x,) in X such that D := {x, : n € N} is dense in f(Q \ N). By the
Hahn-Banach theorem, there exists a sequence (x),) in X’ such that ||x},||, =1 and
(x},,xn) = ||xn]|x- Since f is weakly measurable, |(x],, )| is measurable for every n.
As a consequence, sup, | (x),, f)| is measurable. But sup,, |(x},, /)| = || f||y on 2\ N
by the choice of the sequence (x/,) and the density of D in the f(Q \ N). Since
our measure space (2,7, ) is supposed to be complete, we obtain that || f||y is
measurable. In a similar way, one shows that | f — x|x is measurable for every x € X,
and in particular for x = x,,.

Now fix m € N and define

Anl = — < inf — ,
V=l < inf[1f =)

= — < 1 _
Amp = f lelelslgéfmﬂf Xellx } \ A,

Ans =1 ~xallx < inf[1F =5l )\ (Awt UAma),
1<k<m

m—1

A = | f = xmllx < 1Si£1£m||f_xk||x}\(gAmk)-
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Then (Apmn)i<n<m is a family of measurable, mutually disjoint sets such that
U™ A = Q. Defind]

m
fm = Z 14, %n-
n=1

Then (f,,) is a sequence of step functions, (||fn — f|lx)m is decreasing pointwise
everywhere, and since D is dense in f(2 \ N),

liin | fin(2) — f(2)|[x =0 forevery t € Q\N.

that is, f,, — f u-almost everywhere. As a consequence, f is measurable.

Remark 11.5. The above proof of Pettis’ theorem shows that a measurable func-
tion can always be approximated almost everywhere by a sequence of finite step
functions. The proof in [?] is slightly different and shows that a measurable, sepa-
rably valued function can always be approximated uniformly by a sequence of step
functions.

Corollary 11.6. If (f,) is a sequence of measurable functions Q — X such that
fn — f pointwise L-almost everywhere, then f is measurable.

Proof. We assume that this corollary is known in the scalar case, that is, when X =
K.

By Pettis’s theorem (Theorem [I1.4), for all n there exists a u-null set N, € &
such that f,,(2 \ N,) is separable. Moreover there exists a p-null set Ny € Q such
that f, (1) — f(z) forall r € Q\ Np. Let N := |J,;>N,; as a countable union of p-null
sets, N is a u-null set. -

Then f (restricted to Q \ N) is the pointwise limit everywhere of the sequence
(fn)- In particular f is weakly measurable. Moreover, f(£2 \ N) is separable since

FQ\N) CUM(Q\N),

and since f,(2 \ N) is separable. The claim follows from Pettis’ theorem.
A measurable function f : Q — X is called integrable if [, ||f]lx du < .

Lemma 11.7. For every integrable step function f: Q — X, f =Y, 14,x, the series
Y, xalL(A,) converges absolutely and its limit is independent of the representation

of f.

Proof. Let f =Y, 14,%, be an integrable step function. The sets (4,) C & are
mutually disjoint and (x,,) C X. Then

Y [lally 1(An) = /Q 11l dit < oo,

1 We are grateful to Anton Clauf3nitzer for the idea of the definition of the sets A,,,, and the functions

Jm-
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Let f: 2 — X be an integrable step function, f =Y, 14,x,. We define the
Bochner integral (for integrable step functions) by

Aﬂw:;MMM)

Lemma 11.8. (a) For every measurable function f : Q — X there exists a se-
quence (f,) of step functions & — X such that ||fyllx < ||fllx and fu — f
pointwise [L-almost everywhere.

(b) Let f: Q — X be integrable. Let (f,) be a sequence of integrable step func-

tions such that || fu|lx < ||fllx and fu — f pointwise p-almost everywhere.
Then

n—oo

X:i= lim/ fn du exists
Q
and

< du.
Il < [ 171 du

Proof. (a)Let f:  — X be measurable. Then || ]|y : 2 — R is measurable. There-
fore there exists a sequence (g,) of real step functions such that 0 < g, <|| f||x and
gn — ||f]lx pointwise u-almost everywhere.

Since f is measurable, there exists a sequence ( f;,) of step functions £ — X such
that f, — f pointwise y-almost everywhere. Put

fngn
fn e T R TR B
1 Fanll +

(b) For every integrable step function g : 2 — X one has

‘/ gdu’ S/ lellx du.
Q X Q

Hence, for every n, m

’Aﬁ—h@i

< n—Jm d,
< 1l am

and by Lebesgue’s dominated convergence theorem the sequence (g, f, di) is a
Cauchy sequence. When we put x = lim,, . [, f» di then

Il <timint [ [1£le die= [ 171 an.

Let f: 2 — X be integrable. We define the Bochner integral

d = 1i /,,d,
/qu nggﬂfu
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where (f,) is a sequence of (integrable) step functions 2 — X such that || f, ||y <
|flly and f, — f pointwise p-almost everywhere (Lemma|[11.8](a)). The definition
of the Bochner integral for integrable functions is independent of the choice of the
sequence (f,) of step functions, by Lemma (b). Moreover, if f is a step func-
tion, then this definition of the Bochner integral and the previous definition coincide.

Finally, by Lemma (b),

Léfdu

Remark 11.9. We will also use the following notation for the Bochner integral:

| ror [ dut),

and if Q = (a,b) is an interval in R:

lffmlﬁmmmy

If = A is the Lebesgue measure then we also write

§/ Il flly du (triangle inequality). (11.1)
X Q

/Qf(t) dr or /abf(t)dt.

Lemma 11.10. Let f : Q — X be integrable and T € £ (X,Y). Then Tf : Q —Y
is integrable and

/ de,u:T/ fdu.
Ja JQ
Proof. Exercise.

Theorem 11.11 (Lebesgue, dominated convergence). Let (f,) be a sequence of
integrable functions. Suppose there exists an integrable function g : 2 — R and
an (integrable) measurable function f : Q — X such that ||f,|| < g and f, — f
pointwise L-almost everywhere. Then

/ fdu = lim / fodut.
JQ n—eo JQ

Proof. By the triangle inequality and the classical Lebesgue dominated convergence

theorem,
Vfw—/ﬁw
Q Q

S/‘ ”f_anx dIJ—>OaSn—)oo,
X Q
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11.2 Bochner-Lebesgue spaces

Given a measure space (2,47, 1) and a Banach space X, we define
LP(Q2;X) :={f: 2 — X measurable :/ I £lI% du < oo} if 1 < p < oo, and
Q
ZL7(2;X) :={f: 2 — X measurable : 3C > 0 such that u({|| f||x > C}) = 0}.

Similarly as in the scalar case one shows that these sets a linear spaces and that

171, = Cf 10 )77 (1< p <o), resp
Il i=inf{C 2 0: ({7 = €}) =0,

are seminorms. Starting with these definitions, and building on the following general
principle, the proof of which is left as an exercise, we define the Bochner-Lebesgue
L? spaces.

Lemma 11.12. If ||-|| - is a seminorm on the vector space %, then
N i={xe X :|x||4 =0}
is a linear subspace. Moreover, the quotient space
X=2/

becomes a normed space for the norm

Il = llxll o (] = x4+ 4" € X).
By Lemma|[IT.12] for every 1 < p <o

Sy = {f € 27(Q:X): £, = 0}
={f € £P(Q2;X): f =0u-almost everywhere }

is a linear subspace of .£?(Q;X). The Bochner-Lebesgue L” space is then defined
to be the quotient space

L(Q;X) = ZP(2:X) ) A,
which is the space of all equivalence classes
fl:=r+AMp feLP(Q:X).
By Lemmal(T1.T2] it is a normed space for the norm

LA, = A1, -
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Remark 11.13. As in the scalar case we will in the following identify functions
f € .2P(Q;X) with their equivalence classes [f] € LP(£2;X), and we say that L7 is
a function space although we should be aware that it is only a space of equivalence
classes of functions.

Remark 11.14. For Q = (a,b) an interval in R and for 4 = A the Lebesgue measure
we simply write
LP(a,b;X) :=1"((a,b);X).

We can do so since the spaces L7 ([a,b];X) and L”((a,b); X) coincide since the end
points {a} and {b} have Lebesgue measure zero and there is no danger of confusion.

Theorem 11.15 (Fischer-Riesz). For every 1 < p < oo, the space 17(Q:;X) is a
Banach space.

Proof. The proof follows the same lines as in the classical case, that is, when X = K.

Lemma 11.16. For every 1 < p < oo, the set of all p-integrable step functions 2 —
X is dense in LP(Q;X).

Proof.

Lemma 11.17. Let the measure space (2,97, L) be such that L7 (Q) is separable
for 1 < p < oo (for example, Q C R? be an open set with the Lebesgue measure).
Let X be separable. Then 17 (Q;X) is separable for 1 < p < oo,

Proof. By assumption the spaces I”(£) and X are separable. Let (h,) C L”(Q;X)
and (x,) C X be two dense sequences. Then the set

Fo={f:Q—=X:f=hxn}

is countable. It suffices to shows that & C 17(;X) is total, that is, span.Z is dense
in L?(Q;X). This is an exercise.

Lemma 11.18. Let Q C R? be open and bounded. Then C(Q2;X) C 17(Q;X) for
every 1 < p < oo,

Proof. Actually, for finite measure spaces, we have the more general inclusions
L°(2:X) CLP(Q:X) CLY(Q:X) CL'(Q2:X)
if1<g<p<e.

Theorem 11.19. Let 2 be as in Lemma Let 1 < p < oo and assume that X is
reflexive. Then the space 1P (Q;X) is reflexive and

L7(2;X) =17 (Q:X).

Proof. Without proof.
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11.3 The convolution

Theorem 11.20 (Young’s inequality). Let T € LY(RM; Z(X,Y)) and f €
L7(RVN;X) (1 < p < o). Then for almost every x € RY the integral

T f() = [ T=9)r0)dy
converges absolutely, and for the function T * f thus defined one has

Txfecl?(RY;Y) and
1T flly < IT N (11l -

Proof. The case p = oo is almost trivial. Actually, the strong continuity of the shift

semigroup on L! yields continuity (and thus measurability) of T * f while the bound-

edness of T * f and Young’s inequality are immediate from the triangle inequality.
Assume now that p = 1. By Tonnelli’s theorem, we have

/]RN /RN HT(X_3’)H$(X.Y) £ )l dy dx

:/]RN /]RN 7= )l zx ) 1FO)x dxdy
= T{le ([l s

and from this equality follows the claim.
Assume now 1 < p < oo, From the previous case we deduce that for almost all
xeRN

IT(x =)l 2y £ € LHRY),
and thus .
|7 (x— ')”;(Xy) 1£()lIx € LP(RY).

1

On the other hand, || T (x — ~)||§;<X y) € L7 (RV) for every x € RV. By Holder’s in-

equality, for almost every x € RV,

IT (=) ey 1FOllx €L (RY),

and
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‘ P
/RN (,/RN 1T (x =) e,y 17O lx dY> dx
= /RN (/RN (7 (=)l 2y dy> ’ /RN 1T (=)l 2y IF Ol dy dx

=TI [ TG =) i IO dxdy
=71, A1
< oo,

For every T € L'(RV;.#(X,Y)) and every f € L!(RV;X) we call the function
T % f € 17(RV;Y) the convolution of 7 and f. It is a fundamental tool in harmonic
analysis and the theory of partial differential equations. One first property is the
following regularizing effect of the convolution. We recall that we adopt multi-index
notation. For example, for every multi-index o € NIOV we define

N
| == Z O
k=1

N
ol = H(xk!, and
k=1

ka xE(CN

Moreover, we denote by d; the partial derivative operator with respect to the k-th
variable, and define the a-th partial derivative

9% =M .

Let Q C RN be an open set. For every function f € C(2;X) we define the sup-
port

supp £ := [x€ @ 7(x) 20T,
where the closure has to be taken in 2! We then define for k € Ny U {eo}

CY(Q:X) := {f € CK(2;X) : supp f is compact},
the space of compactly supported C*-functions. In the special case X = K we define
2(Q):=CZ(Q).
Elements of Z(£2) are called test functions.

Lemma 11.21 (Regularization). Forevery f € Lloc (RV;X) and every ¢ € C2(RN)
one has f* @ € C*(RY;X) and

%(f+o)=fxd%
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Proof. Let ¢; € R be the i-th unit vector. Then

.1 _do
lim - (¢ (x+hei) —9(x)) = x, (x)

uniformly in x € R (note that ¢ has compact support). Hence, for every x € R¢

L(F > 0cther) — f ()

= o [0t +he =)~ ox =) dy

d
— Rdf(y)aj(fi(x*y) dy.

Proof. Leti€ {1,...,N} and let ¢; € R be the i-th canonical unit basis vector.

Lemma 11.22 (Strong continuity of the shift-group). For every x € RN and every
1 < p < oo we define the shift operator S(x) € £ (L”(RV;X)) by

(S@NO):=fx+y) (FEL/(RY:X),y€RY).
Then S(x) is an isometric isomorphism and, if p < oo,

lim [[S(x)f = ]l = 0 for every f € LV (R:X).

Proof. The first statement about S(x) being an isometric isomorphism is easy (with
S(x)~! = 8(—x)). Next, for every simple step function f = 1o ® x with a cube Q C
RV, the second statement follows easily from Lebesgue’s dominated convergence
theorem. By linearity, the second statement holds for every f in the dense subspace

D:=span{lp®x: QQRNacube,xeX}.

Now fix f € I”(RV;X) and let € > 0. Then there exists g € D such that || f — g|;, <
€. Moreover, there exists § > 0 such that ||S(x)g — g||;, < € for every x € RV with
|lx[|x < &. Hence, for every x € RY with ||x||y < &

1S f = flly < NS@)f —Sx)glly + 1S(x)g — gl + g — fllL
<2|lg—fliy +IS(x)g — gl
< 3e.

If @ € L'(R") is such that [z @ = 1, then we call the sequence (¢,), given by

@u(x) :=n"@p(nx) (x€R¥ neN)

an approximate identity or an approximate unit. The reason for this notion fol-
lows from the following lemma.
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Lemma 11.23 (Property of an approximate identity). Let f ¢ I7(RV;X) (1 <
p < o) and let (¢,), be an approximate identity. Then

lim f* @, = f in LP(RV;X).

n—oo

Proof. By Tonnelli’s theorem, the Holder inequality, by the strong continuity of the
shift-group and by Lebesgue’s dominated convergence theorem we have

p

7001 = [ | [, fr=3)on0) dy— £

< [ (L= -sol o0 @) " a

< [ L =) = f Il dy gl
=l [, [ 1= = £l axlgnl
=l [, [ a2 =r)| axoo) ay

=0 (n—o0).

Corollary 11.24. For every 1 < p < oo the space CZ(RY;X) is dense in L7 (RV; X).

Proof (by regularization and truncation). Let f € 17 (RY;X). In the first step, the
regularization step, we choose an approximate identity (¢,) starting with a test func-
tion @ € CZ(RY). By Young’s inequality, f * ¢, € I”(RY;X), by Lemma
f*@, € C°(RY), and by Lemma

Tim £ %94~ fllyy = 0.
In the second step, the truncation step, we choose a sequence (), of test func-
tions satisfying 0 < y,, < 1 and y;,, = 1 on the ball B(0,m) (such functions can
be obtained by convolving characteristic functions ¥p (g 2,) With appropriate posi-
tive test functions, relying on Lemma|l1.21). It is clear from Lebesgue’s dominated
convergence theorem, that for every g € L/ (RN ;X) one has

lim [lgyn — gl =0
Combining the preceding two equalities, we find a sequence (m,,), in N such that

Jg&“(f*‘l’ﬂ Vi, — fll, =0,

and since (f * @) W, € CZ(RY;X), the claim is proved.

Corollary 11.25. Let f € L} .(RV;X) be such that



222 11 Bochner-Lebesgue and Bochner-Sobolev spaces
Nf(p = 0 for every @ € 2(RN).
R

Then f =0.

Proof. The assumption implies that
1200 = [ F0)px—y) dy=0forevery xR, g € 2(RY),

which just means that
f*@ =0 forevery ¢ € Z(RM).

The claim now follows upon choosing an approximate identity (¢,) out of a test
function ¢ and by applying Lemma

11.4 Bochner-Sobolev spaces

Let Q C RY be an open set, 1 < p <coand k € N. We define the Bochner-Sobolev
space

WEP(Q:X) = {u € 1P(2;X) : Vo € N) Ty € I (2;X)Vo € 2(Q)

o=t s

The functions v in this definition of the space W*? (Q;X) are uniquely determined.
We write vq =: d%u and we call the function d%u the weak a-th partial derivative
of u. The space W*?(Q;X) becomes a Banach space for the norm

lllyer ==} 19%ully-

N
aeNy
|| <k

Similarly as in the case of the L”-spaces we write W5”(a,b;X) instead of
WP ((a,b);X). In the special case when p =2 and X = H is a Hilbert space, we
also write

HY(Q:H) =Wk (Q:H).

This space is a Hilbert space for the inner product

(u,v) g == Z (0%u,0%V) 2

N
aeNO
|ox|<k

The resulting norm |||z is equivalent to the norm ||-||«2 defined above.
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The main results about Sobolev spaces of scalar-valued functions remain true for
Sobolev spaces of Banach space valued functions if interpreted properly. In particu-
lar, the Sobolev embedding theorem, a version of the product rule, the integration by
parts formula and Poincaré’s inequality remain true. Even a version of the Rellich-
Kondrachev theorem remains true.

Lemma 11.26. For every —oo < a < b < o and every 1 < p < o one has
WP (a,b;X) C C°((a,b);X). For every u € W'P(a,b;X) and every s, t € (a,b)
one has

u(t) —u(s) = Kt u'(r) dr.

Lemma 11.27. Assume that the embedding V — H is continuous and let u €
W12(0,T;H)NL>(0,T;V). Then u is weakly continuous with values in V, that is,
for everyv € V' the function t — (v,u(t))yy is continuous on [0, T].

Proof. Since every function u € W'2(0,T;H) is continuous (and hence weakly con-
tinuous) with values in H, the claim follows from [?, Lemma 1.4, page 263] .

Lemma 11.28. Assume that the embedding V — H is continuous and let (uy,) be a
sequence such that

Uy — u in WH2(0,T:H) and
Uy — u in L2(0,T:V).
Then there exists a subsequence of (uy) (which we denote again by (uy)) such that
un(t) = u(t) in V foreveryt €[0,T].

Proof. Using the fact that the point evaluation in ¢ € [0,T] from W!2(0,T; H) into
H is bounded and linear, and maps weakly convergent sequences into weakly con-
vergent sequences, the assumption implies that for every ¢ € [0,

un(t) = u(t) in H.
Let now w € H' and ¢ € [0, T]. Then one has
(Wyun () = u(t))yry = (Wyun (1) = u(t)) g g — 0.

Using the fact that H' is dense in V’ and that the sequence (u,(t)) is bounded in V,
the claim follows from Lemma ??.
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