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Chapter 0

Introduction

Functional analysis is an important tool in the investigation of all kind of
problems in pure mathematics, physics, biology, economics, etc.. In fact, it
is hard to find a branch in science where functional analysis is not used.

The main objects are (infinite dimensional) linear spaces with different
concepts of convergence. The classical theory focuses on linear operators
(i.e., functions) between these spaces but nonlinear operators are of course
equally important. However, since one of the most important tools in investi-
gating nonlinear mappings is linearization (differentiation), linear functional
analysis will be our first topic in any case.

0.1. Linear partial differential equations

Rather than overwhelming you with a vast number of classical examples
I want to focus on one: linear partial differential equations. We will use
this example as a guide throughout this first chapter and will develop all
necessary tools for a successful treatment of our particular problem.

In his investigation of heat conduction Fourier was lead to the (one

dimensional) heat or diffusion equation

0 0?

—u(t,x) = =—su(t,x). 0.1

Cou(t,2) = = sult,2) (0.1)
Here u(t,z) is the temperature distribution at time t at the point z. It
is usually assumed, that the temperature at x = 0 and x = 1 is fixed, say
u(t,0) = a and u(t, 1) = b. By considering u(t,z) — u(t,x)—a—(b—a)z it is
clearly no restriction to assume a = b = 0. Moreover, the initial temperature
distribution u(0, ) = up(z) is assumed to be known as well.

1



2 0. Introduction

Since finding the solution seems at first sight not possible, we could try
to find at least some solutions of (0.1) first. We could for example make an
ansatz for u(t,z) as a product of two functions, each of which depends on
only one variable, that is,

ult, @) = w(t)y(o). (0.2)
This ansatz is called separation of variables. Plugging everything into

the heat equation and bringing all ¢,  dependent terms to the left, right
side, respectively, we obtain

w(t) _ y'(z)

w(t)  ylx)
Here the dot refers to differentiation with respect to ¢ and the prime to
differentiation with respect to x.

(0.3)

Now if this equation should hold for all ¢t and x, the quotients must be
equal to a constant —\ (we choose — A\ instead of A for convenience later on).
That is, we are lead to the equations

—w(t) = Aw(t) (0.4)
and
—y"(z) =My(z),  y(0)=y(1)=0 (0.5)
which can easily be solved. The first one gives
w(t) = cre” M (0.6)

and the second one
y(z) = ca cos(VAz) + ez sin(VAz). (0.7)

However, y(z) must also satisfy the boundary conditions y(0) = y(1) = 0.
The first one y(0) = 0 is satisfied if co = 0 and the second one yields (c3 can
be absorbed by w(t))

sin(vV/A) = 0, (0.8)

which holds if A = (7n)2, n € N. In summary, we obtain the solutions

sin(nmx), n € N. (0.9)

Up(t,z) = cne_(m)275
So we have found a large number of solutions, but we still have not
dealt with our initial condition u(0,z) = wug(x). This can be done using
the superposition principle which holds since our equation is linear. Hence
any finite linear combination of the above solutions will be again a solution.
Moreover, under suitable conditions on the coefficients we can even consider
infinite linear combinations. In fact, choosing
(0.9}
u(t,z) = Z cpe— (Tt sin(nmx), (0.10)

n=1



0.1. Linear partial differential equations 3

where the coefficients ¢,, decay sufficiently fast, we obtain further solutions
of our equation. Moreover, these solutions satisfy

u(0,z) = Z ¢ sin(nme) (0.11)
n=1

and expanding the initial conditions into a Fourier series
o
uo(z) = E ug,n sin(nme), (0.12)
n=1

we see that the solution of our original problem is given by (0.10) if we
choose ¢, = ug .

Of course for this last statement to hold we need to ensure that the series
in (0.10) converges and that we can interchange summation and differenti-
ation. You are asked to do so in Problem 0.1.

In fact many equations in physics can be solved in a similar way:

¢ Reaction-Diffusion equation:

2

%u(t, x) — ;xQU(t,x) + q(z)u(t,x) =0,

u(0,2) = uo(x),

u(t,0) = u(t,1) = 0. (0.13)

Here u(t, x) could be the density of some gas in a pipe and ¢(z) > 0 describes
that a certain amount per time is removed (e.g., by a chemical reaction).

¢ Wave equation:

0? 0?
@u(t,x) - @u(t, x) =0,
ou
u(0,x) = up(x), a(o,x) = vp(z)
u(t,0) = u(t,1) = 0. (0.14)

Here u(t, z) is the displacement of a vibrating string which is fixed at z = 0
and x = 1. Since the equation is of second order in time, both the initial
displacement ug(z) and the initial velocity vo(z) of the string need to be
known.
e Schrodinger equation:
0 0?

iau(t,x) = —wu(t, x) + q(z)u(t, z),

u(0,2) = uo(x),

u(t,0) = u(t,1) = 0. (0.15)



4 0. Introduction

Here |u(t,z)|? is the probability distribution of a particle trapped in a box
x € [0,1] and ¢(z) is a given external potential which describes the forces
acting on the particle.

All these problems (and many others) lead to the investigation of the
following problem
d2

Ly(s) = (@), L=-15

+ q(z), (0.16)
subject to the boundary conditions

y(a) = y(b) = 0. (0.17)
Such a problem is called a Sturm—Liouville boundary value problem.

Our example shows that we should prove the following facts about our
Sturm—Liouville problems:

(i) The Sturm-Liouville problem has a countable number of eigen-
values FE,, with corresponding eigenfunctions u, (z), that is, u,(x)
satisfies the boundary conditions and Lu,(z) = E,u,(x).

(ii) The eigenfunctions u, are complete, that is, any nice function u(z)
can be expanded into a generalized Fourier series

u(z) = Z Cnln ().

This problem is very similar to the eigenvalue problem of a matrix and
we are looking for a generalization of the well-known fact that every sym-
metric matrix has an orthonormal basis of eigenvectors. However, our linear
operator L is now acting on some space of functions which is not finite
dimensional and it is not at all clear what even orthogonal should mean
for functions. Moreover, since we need to handle infinite series, we need
convergence and hence define the distance of two functions as well.

Hence our program looks as follows:

e What is the distance of two functions? This automatically leads
us to the problem of convergence and completeness.

e If we additionally require the concept of orthogonality, we are lead
to Hilbert spaces which are the proper setting for our eigenvalue
problem.

e Finally, the spectral theorem for compact symmetric operators will
be the solution of our above problem

Problem 0.1. Find conditions for the initial distribution ug(zx) such that
(0.10) is indeed a solution (i.e., such that interchanging the order of sum-
mation and differentiation is admissible). (Hint: What is the connection
between smoothness of a function and decay of its Fourier coefficients?)



Chapter 1

A first look at Banach
and Hilbert spaces

1.1. Warm up: Metric and topological spaces

Before we begin, I want to recall some basic facts from metric and topological
spaces. I presume that you are familiar with these topics from your calculus
course. As a general reference I can warmly recommend Kelly’s classical
book [4].
A metric space is a space X together with a distance function d :

X x X — R such that

(i) d(z,y) >0,

(ii) d(x,y) =0 if and only if z =y,

(iii) d(z,y) = d(y, ),

(iv) d(z, z)
If (ii) does not hold, d is called a pseudo-metric. Moreover, it is

straightforward to see the inverse triangle inequality (Problem 1.1)

‘d([l?,y) - d(zvy)| < d(xa Z)' (11)

< d(z,y) + d(y, 2) (triangle inequality).

Example. Euclidean space R” together with d(z,vy) = (37—, (v —yx)?)/?
is a metric space and so is C" together with d(z,y) = (37—, [wx—yx|?) /2. ©

The set
By(z) ={y € Xld(z,y) <r} (1.2)
is called an open ball around x with radius » > 0. A point x of some set
U is called an interior point of U if U contains some ball around z. If z

5



6 1. A first look at Banach and Hilbert spaces

is an interior point of U, then U is also called a neighborhood of z. A
point z is called a limit point of U (also accumulation or cluster point)
if (Br(z)\{z})NU # 0 for every ball around z. Note that a limit point
x need not lie in U, but U must contain points arbitrarily close to z. A
point x is called an isolated point of U if there exists a neighborhood of x
not containing any other points of U. A set which consists only of isolated
points is called a discrete set.

Example. Consider R with the usual metric and let U = (—1,1). Then
every point « € U is an interior point of U. The points £1 are limit points
of U. o

A set consisting only of interior points is called open. The family of
open sets O satisfies the properties

(i) 0,X € O,
(ii) O1,02 € O implies O1 N Oz € O,
(ili) {Oq} C O implies |, Oq € O.

That is, O is closed under finite intersections and arbitrary unions.

In general, a space X together with a family of sets O, the open sets,
satisfying (i)—(iii) is called a topological space. The notions of interior
point, limit point, and neighborhood carry over to topological spaces if we
replace open ball by open set.

There are usually different choices for the topology. Two not too inter-
esting examples are the trivial topology O = {0, X} and the discrete
topology O = P(X) (the powerset of X). Given two topologies O; and Os
on X, O is called weaker (or coarser) than O if and only if O; C Os.
Example. Note that different metrics can give rise to the same topology.
For example, we can equip R" (or C") with the Euclidean distance d(z,y)
as before or we could also use

d(z,y) =Y o — ykl- (1.3)
k=1

Then

3
3

1 n
D DIIEND SIALESD Pt (1.49)

SNhows B, m(x) C B,(z) C B,(z), where B, B are balls computed using d,

d, respectively. o
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Example. We can always replace a metric d by the bounded metric

7 d(i[}, y)
d = - 1-5
(@) = s (15)
without changing the topology (since the open balls do not change). o

Every subspace Y of a topological space X becomes a topological space
of its own if we call O C Y open if there is some open set O C X such that
O =0nNY (relative or induced topology).

Example. The set (0,1] C R is not open in the topology of X = R, but it is
open in the relative topology when considered as a subset of Y = [—1,1]. ©

A family of open sets B C O is called a base for the topology if for each
x and each neighborhood U(x), there is some set O € B with x € O C U(xz).
Since an open set O is a neighborhood of every one of its points, it can be
written as O = Jp~5ep O and we have

Lemma 1.1. If B C O is a base for the topology, then every open set can
be written as a union of elements from B.

If there exists a countable base, then X is called second countable.

Example. By construction the open balls B/, () are a base for the topol-
ogy in a metric space. In the case of R (or C") it even suffices to take balls
with rational center and hence R™ (and C™) is second countable. o

A topological space is called a Hausdorff space if for two different
points there are always two disjoint neighborhoods.

Example. Any metric space is a Hausdorff space: Given two different
points = and y, the balls By/o(x) and Bg/s(y), where d = d(z,y) > 0, are
disjoint neighborhoods (a pseudo-metric space will not be Hausdorff). o

The complement of an open set is called a closed set. It follows from
de Morgan’s rules that the family of closed sets C satisfies

(i) 0,X €,
(ii) C1,C5 € C implies C; U (5 € C,
(iii) {Cq} € C implies (), Cq € C.
That is, closed sets are closed under finite unions and arbitrary intersections.

The smallest closed set containing a given set U is called the closure

= (] ¢ (1.6)

cec,Uucc
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and the largest open set contained in a given set U is called the interior
= |J o (1.7)
0e0,0CU

It is not hard to see that the closure satisfies the following axioms (Kura-
towski closure axioms):

(1) 0 =0,
(ii) U c U,
(i) U =T,

(iv) UUV =UUV.
In fact, one can show that they can equivalently be used to define the topol-
ogy by observing that the closed sets are precisely those which satisfy A = A.

We can define interior and limit points as before by replacing the word
ball by open set. Then it is straightforward to check

Lemma 1.2. Let X be a topological space. Then the interior of U is the
set of all interior points of U and the closure of U is the union of U with
all limit points of U.

A sequence (z,,)2%; € X is said to converge to some point x € X if
d(xz,z,) — 0. We write lim,_,o, 2, = = as usual in this case. Clearly the
limit is unique if it exists (this is not true for a pseudo-metric).

Every convergent sequence is a Cauchy sequence; that is, for every
€ > 0 there is some N € N such that

d(Zp, xm) < €, n,m > N. (1.8)
If the converse is also true, that is, if every Cauchy sequence has a limit,
then X is called complete.

Example. Both R™ and C" are complete metric spaces. o

Note that in a metric space z is a limit point of U if and only if there
exists a sequence ()22, C U\{z} with lim,_o x, = z. Hence U is closed
if and only if for every convergent sequence the limit is in U. In particular,

Lemma 1.3. A closed subset of a complete metric space is again a complete
metric space.

Note that convergence can also be equivalently formulated in terms of
topological terms: A sequence z, converges to x if and only if for every
neighborhood U of x there is some N € N such that z,, € U for n > N. In
a Hausdorff space the limit is unique.

A set U is called dense if its closure is all of X, that is, if U = X. A
metric space is called separable if it contains a countable dense set. Note
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that X is separable if and only if it is second countable as a topological
space.

Lemma 1.4. Let X be a separable metric space. Every subset of X is again
separable.

Proof. Let A = {z,}nen be a dense set in X. The only problem is that
ANY might contain no elements at all. However, some elements of A must
be at least arbitrarily close: Let J C N? be the set of all pairs (n,m) for
which By, (zn) NY # 0 and choose some ynm € Byjpm(zn) NY for all
(n,m) € J. Then B = {Ynm}mnmyes €Y is countable. To see that B is
dense, choose y € Y. Then there is some sequence z,, with d(z,,,y) < 1/k.
Hence (ng, k) € J and d(Yn, &, ¥) < d(Yny k> Tny,) + d(@n,,y) <2/ —0. O

Next we come to functions f : X — Y, x — f(x). We use the usual
conventions f(U) = {f(z)|lz € U} for U C X and f~1(V) = {z|f(z) € V}
for V.C Y. The set Ran(f) = f(X) is called the range of f and X is called
the domain of f. A function f is called injective if for each y € Y there
is at most one x € X with f(z) = y (i.e., f~1({y}) contains at most one
point) and surjective or onto if Ran(f) =Y. A function f which is both
injective and surjective is called bijective.

A function f between metric spaces X and Y is called continuous at a
point x € X if for every € > 0 we can find a § > 0 such that

dy (f(x), f(y)) <e if  dx(z,y) <o (1.9)

If f is continuous at every point, it is called continuous.

Lemma 1.5. Let X be a metric space. The following are equivalent:

(i) f is continuous at x (i.e, (1.9) holds).
(ii) f(zn) — f(x) whenever x, — x.
(iii) For every neighborhood V of f(x), f~1(V) is a neighborhood of x.

Proof. (i) = (ii) is obvious. (ii) = (iii): If (iii) does not hold, there is
a neighborhood V' of f(z) such that Bs(z) € f~1(V) for every §. Hence
we can choose a sequence x, € Byj,(z) such that f(z,) & f~'(V). Thus
xTn — x but f(x,) 4 f(x). (ili) = (i): Choose V = B.(f(x)) and observe
that by (iii), Bs(z) C f~1(V) for some 4. O

The last item implies that f is continuous if and only if the inverse
image of every open set is again open (equivalently, the inverse image of
every closed set is closed). If the image of every open set is open, then f
is called open. A bijection f is called a homeomorphism if both f and
its inverse f~! are continuous. Note that if f is a bijection, then f~! is
continuous if and only if f is open.
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In a topological space, (iii) is used as the definition for continuity. How-
ever, in general (ii) and (iii) will no longer be equivalent unless one uses
generalized sequences, so-called nets, where the index set N is replaced by
arbitrary directed sets.

The support of a function f : X — C” is the closure of all points x for
which f(z) does not vanish; that is,

supp(f) = {z € X|f(x) # 0}. (1.10)
If X and Y are metric spaces, then X x Y together with
d((z1,91), (22, y2)) = dx(z1,22) + dy (y1,y2) (1.11)

is a metric space. A sequence (z,,y,) converges to (x,y) if and only if
xn — x and y, — y. In particular, the projections onto the first (z,y) — =z,
respectively, onto the second (x,y) — y, coordinate are continuous. More-
over, if X and Y are complete, so is X x Y.

In particular, by the inverse triangle inequality (1.1),

we see that d : X x X — R is continuous.

Example. If we consider R x R, we do not get the Euclidean distance of
R? unless we modify (1.11) as follows:

d((z1,31), (x2,92)) = Vdx (w1, 72)% + dy (41, y2)>. (1.13)
As noted in our previous example, the topology (and thus also conver-
gence/continuity) is independent of this choice. o

If X and Y are just topological spaces, the product topology is defined
by calling O C X x Y open if for every point (x,y) € O there are open
neighborhoods U of x and V of y such that U x V C O. In the case of
metric spaces this clearly agrees with the topology defined via the product
metric (1.11).

A cover of a set Y C X is a family of sets {U,} such that Y C |, Ua,.
A cover is called open if all U, are open. Any subset of {U,} which still
covers Y is called a subcover.

Lemma 1.6 (Lindelof). If X is second countable, then every open cover
has a countable subcover.

Proof. Let {U,} be an open cover for Y and let B be a countable base.
Since every U, can be written as a union of elements from B, the set of all
B € B which satisfy B C U, for some « form a countable open cover for Y.
Moreover, for every B,, in this set we can find an «,, such that B,, C U,,,.
By construction {U,,, } is a countable subcover. O
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A subset K C X is called compact if every open cover has a finite
subcover.

Lemma 1.7. A topological space is compact if and only if it has the finite
intersection property: The intersection of a family of closed sets is empty
if and only if the intersection of some finite subfamily is empty.

Proof. By taking complements, to every family of open sets there is a cor-
responding family of closed sets and vice versa. Moreover, the open sets
are a cover if and only if the corresponding closed sets have empty intersec-
tion. [l

Lemma 1.8. Let X be a topological space.

(i) The continuous image of a compact set is compact.

(ii) Ewvery closed subset of a compact set is compact.

(iii) If X is Hausdorff, every compact set is closed.
)

(iv) The product of finitely many compact sets is compact.
Proof. (i) Observe that if {O,} is an open cover for f(Y'), then {f~1(0,)}
is one for Y.

(ii) Let {On} be an open cover for the closed subset Y (in the induced
topology). Then there are open sets O, with O, = OaNY and {0, }U{X\Y}
is an open cover for X which has a finite subcover. This subcover induces a
finite subcover for Y.

(iii) Let Y C X be compact. We show that X\Y is open. Fix z € X\Y
(if Y = X, there is nothing to do). By the definition of Hausdorff, for
every y € Y there are disjoint neighborhoods V (y) of y and U,(z) of z. By
compactness of Y, there are yi,...,y, such that the V(y;) cover Y. But
then U(x) = ();—; Uy, (z) is a neighborhood of = which does not intersect
Y.

(iv) Let {O4} be an open cover for X x Y. For every (z,y) € X xY
there is some a(z,y) such that (z,y) € Oy(y,y)- By definition of the product
topology there is some open rectangle U(z,y) x V(z,y) C Oy(y,y)- Hence for
fixed =, {V(x,y)}yey is an open cover of Y. Hence there are finitely many
points y(x) such that the V(z,yx(x)) cover Y. Set U(x) =, U(x, yr(x)).
Since finite intersections of open sets are open, {U(x)},cx is an open cover
and there are finitely many points z; such that the U(z;) cover X. By
construction, the U(z;) X V(2;, yk(25)) € Og(a; yp(x;)) cOVer X x Y. O

As a consequence we obtain a simple criterion when a continuous func-
tion is a homeomorphism.
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Corollary 1.9. Let X and Y be topological spaces with X compact and Y
Hausdorff. Then every continuous bijection f : X — Y is a homeomor-
phism.

Proof. It suffices to show that f maps closed sets to closed sets. By (ii)
every closed set is compact, by (i) its image is also compact, and by (iii)
also closed. (]

A subset K C X is called sequentially compact if every sequence
has a convergent subsequence. In a metric space compact and sequentially
compact are equivalent.

Lemma 1.10. Let X be a metric space. Then a subset is compact if and
only if it is sequentially compact.

Proof. Suppose X is compact and let x,, be a sequence which has no conver-
gent subsequence. Then K = {x,,} has no limit points and is hence compact
by Lemma 1.8 (ii). For every n there is a ball B, (z,) which contains only
finitely many elements of K. However, finitely many suffice to cover K, a
contradiction.

Conversely, suppose X is sequentially compact. First of all note that
every cover of open balls with fixed radius € > 0 has a finite subcover since
if this were false we could construct a sequence x,, € X\ |J"_", Bc(2y) such
that d(zp,zm) > € for m <n.

In particular, we are done if we can show that for every open cover
{O4} there is some € > 0 such that for every & we have B.(z) C O, for
some a = o(x). Indeed, choosing {x;}}_; such that B.(xj) is a cover, we
have that O ,,) is a cover as well.

So it remains to show that there is such an . If there were none, for
every £ > 0 there must be an x such that B.(x) € O, for every a. Choose
€= % and pick a corresponding x,,. Since X is sequentially compact, it is no
restriction to assume z,, converges (after maybe passing to a subsequence).
Let z = lim x,,. Then z lies in some O, and hence B.(z) C O,. But choosing
n so large that 2 < £ and d(zp, ) < §, we have Bijn(xn) C Be(z) C Oa,
contradicting our assumption. ([

In a metric space, a set is called bounded if it is contained inside some
ball. Note that compact sets are always bounded (show this!). In R™ (or
C™) the converse also holds.

Theorem 1.11 (Heine-Borel). In R™ (or C") a set is compact if and only
if it is bounded and closed.
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Proof. By Lemma 1.8 (ii) and (iii) it suffices to show that a closed interval
in I C R is compact. Moreover, by Lemma 1.10 it suffices to show that
every sequence in I = [a,b] has a convergent subsequence. Let x,, be our
sequence and divide I = [a, 2%] U [%52,b]. Then at least one of these two
intervals, call it I7, contains infinitely many elements of our sequence. Let
Y1 = Tp, be the first one. Subdivide I; and pick y2 = z,,, with ny > n; as
before. Proceeding like this, we obtain a Cauchy sequence y,, (note that by

construction Ip,41 C I, and hence |y, — ym| < b*Ta for m > n). O

By Lemma 1.10 this is equivalent to

Theorem 1.12 (Bolzano-Weierstrafl). Every bounded infinite subset of R™
(or C™) has at least one limit point.

Combining Theorem 1.11 with Lemma 1.8 (i) we also obtain the ex-
treme value theorem.

Theorem 1.13 (Weierstra83). Let K be compact. Every continuous function
f: K — R attains its maximum and minimum.

A topological space is called locally compact if every point has a com-
pact neighborhood.

Example. R" is locally compact. o
The distance between a point x € X and a subset Y C X is

dist(z,Y) = inf d(z,y). (1.14)
yey

Note that x is a limit point of Y if and only if dist(x,Y’) = 0.
Lemma 1.14. Let X be a metric space. Then
|dist(z,Y) — dist(z,Y)| < d(z, 2). (1.15)

In particular, x — dist(x,Y) is continuous.

Proof. Taking the infimum in the triangle inequality d(x,y) < d(z,z) +
d(z,y) shows dist(z,Y") < d(z, z)+dist(z,Y). Hence dist(z,Y)—dist(z,Y) <
d(x, z). Interchanging = and z shows dist(z,Y) — dist(z,Y) < d(z,z). O

Lemma 1.15 (Urysohn). Suppose Cy and Cy are disjoint closed subsets of
a metric space X. Then there is a continuous function f : X — [0,1] such
that f is zero on Cy and one on Cs.

If X is locally compact and Cy is compact, one can choose f with compact
support.
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Proof. To prove the first claim, set f(z) = dist(x(ié’it)(igst)(x oy For the

second claim, observe that there is an open set O such that O is compact
and C; C O C O C X\Cy. In fact, for every z, there is a ball B.(z) such
that B.(z) is compact and B:(x) C X\C2. Since C is compact, finitely
many of them cover C1 and we can choose the union of those balls to be O.
Now replace Cy by X\O. O

Note that Urysohn’s lemma implies that a metric space is normal; that
is, for any two disjoint closed sets C and Cy, there are disjoint open sets
O1 and O such that C; C Oj, j = 1,2. In fact, choose f as in Urysohn’s
lemma and set O; = f71([0,1/2)), respectively, Oy = f~1((1/2,1]).

Lemma 1.16. Let X be a locally compact metric space. Suppose K is
a compact set and {Oj}?:1 an open cover. Then there is a partition of
unity for K subordinate to this cover; that is, there are continuous functions
hj : X — [0,1] such that h; has compact support contained in O; and

i:hj(x) <1 (1.16)

with equality for r € K.

Proof. For every x € K there is some € and some j such that B.(z) C O;.
By compactness of K, finitely many of these balls cover K. Let K; be the
union of those balls which lie inside O;. By Urysohn’s lemma there are
functions g; : X — [0, 1] such that g; =1 on K; and g; = 0 on X\O;. Now
set

j—1
hy=g; [T - a0
k1

Then h; : X — [0,1] has compact support contained in O; and

n n

D hi(@)=1-T]1 - gi(x))

j=1 Jj=1
shows that the sum is one for x € K, since x € Kj for some j implies
gj(z) = 1 and causes the product to vanish. O

Problem 1.1. Show that |d(z,y) — d(z,y)| < d(z, z).

Problem 1.2. Show the quadrangle inequality |d(x,y) — d(2/,y")] <
d(z, ') + d(y,y").

Problem 1.3. Let X be some space together with a sequence of distance
functions d,, n € N. Show that

L da(zy)
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is again a distance function. (Hint: Note that f(z) = z/(1 + x) is mono-
tone.)

Problem 1.4. Show that the closure satisfies the Kuratowski closure axioms.

Problem 1.5. Show that the closure and interior operators are dual in the
sense that

X\A = (x\4)° and  X\A° = (X\A).
(Hint: De Morgan’s laws.)

Problem 1.6. Let U C V be subsets of a metric space X. Show that if U
1s dense in'V and V' is dense in X, then U is dense in X.

Problem 1.7. Show that every open set O C R can be written as a count-
able union of disjoint intervals. (Hint: Let {I,} be the set of all mazimal
subintervals of O; that is, I, C O and there is no other subinterval of O
which contains I,. Then this is a cover of disjoint intervals which has a
countable subcover.)

1.2. The Banach space of continuous functions

Now let us have a first look at Banach spaces by investigating the set of
continuous functions C(I) on a compact interval I = [a,b] C R. Since we
want to handle complex models, we will always consider complex-valued
functions!

One way of declaring a distance, well-known from calculus, is the max-
imum norm:

17(@) = g(@)lle = max| (@) - g()] (1.17)

It is not hard to see that with this definition C'(I) becomes a normed linear
space:
A normed linear space X is a vector space X over C (or R) with a
nonnegative function (the norm) ||.|| such that
o ||f|l >0 for f # 0 (positive definiteness),

o |[af]l = |al|f] for all & € C, f € X (positive homogeneity),
and
o |lf+gll <|fIl+ llg| for all f,g € X (triangle inequality).
If positive definiteness is dropped from the requirements one calles ||.||
a seminorm.

From the triangle inequality we also get the inverse triangle inequal-
ity (Problem 1.8)

WA= Mgl < [If = gll- (1.18)
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Once we have a norm, we have a distance d(f, g) = || f—g|| and hence we
know when a sequence of vectors f,, converges to a vector f. We will write
fn — for lim, .o frn = f, as usual, in this case. Moreover, a mapping
F . X — Y between two normed spaces is called continuous if f, — f
implies F'(f,) — F(f). In fact, it is not hard to see that the norm, vector
addition, and multiplication by scalars are continuous (Problem 1.9).

In addition to the concept of convergence we have also the concept of
a Cauchy sequence and hence the concept of completeness: A normed
space is called complete if every Cauchy sequence has a limit. A complete
normed space is called a Banach space.

Example. The space £!(N) of all complex-valued sequences a = (a;)52, for
which the norm

o0
lally = lay] (1.19)
j=1

is finite is a Banach space.

To show this, we need to verify three things: (i) £!(N) is a vector space
that is closed under addition and scalar multiplication, (ii) ||.||; satisfies the
three requirements for a norm, and (iii) #*(N) is complete.

First of all observe
k k k
D ag + bl <> lagl+ > (bl < llally + (b)) (1.20)
j=1 j=1 j=1

for every finite k. Letting k — oo, we conclude that ¢*(N) is closed under
addition and that the triangle inequality holds. That ¢!(N) is closed under
scalar multiplication and the two other properties of a norm are straight-
forward. It remains to show that ¢!(N) is complete. Let a" = (a})72, be
a Cauchy sequence; that is, for given € > 0 we can find an N such that
|la™ —a"|[y < e for m,n > N.. This implies in particular |a]* — a}| < e for
every fixed j. Thus a} is a Cauchy sequence for fixed j and by completeness

of C has a limit: lim,, o a;‘ = aj. Now consider

k
> laf —aj| <e (1.21)
j=1
and take m — oc:
k
D laj —a}| <e. (1.22)
j=1

Since this holds for all finite k, we even have ||a—a"||; < e. Hence (a—a") €
¢*(N) and since a” € ¢! (N), we finally conclude a = a" + (a —a") € £(N). o
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Example. The space (>°(N) of all complex-valued bounded sequences a =
(a;)32, together with the norm

lalloo = Slelg\%‘\ (1.23)
J

is a Banach space (Problem 1.13). o

Now what about convergence in the space C(I)? A sequence of functions
fn(x) converges to f if and only if

Jim I = fulle = Jim sup | fu(x) — £(z)] = 0. (1.24)

That is, in the language of real analysis, f,, converges uniformly to f. Now
let us look at the case where f, is only a Cauchy sequence. Then f,(z)
is clearly a Cauchy sequence of real numbers for every fixed x € I. In
particular, by completeness of C, there is a limit f(z) for each z. Thus we
get a limiting function f(z). Moreover, letting m — oo in

|[fm(x) — fo(z)] <e VYm,n > N,, x € I, (1.25)

we see

|f(z) — fu(z)| <€ Vn > Ng, x € I; (1.26)
that is, f,(z) converges uniformly to f(x). However, up to this point we
do not know whether it is in our vector space C(I) or not, that is, whether
it is continuous or not. Fortunately, there is a well-known result from real
analysis which tells us that the uniform limit of continuous functions is again
continuous: Fix z € I and € > 0. To show that f is continuous we need
to find a 0 such that |z — y| < 0 implies |f(x) — f(y)| < e. Pick n so that
| fro — flloo < €/3 and ¢ so that |z —y| < d implies |f(x) — fu(y)| < €/3.
Then |z — y| < ¢ implies

@)= F )] < 1F@) = Fal@) |+ fu (@)= Fu@) |+ L) = F )] < SH5+5 =2

as required. Hence f(x) € C(I) and thus every Cauchy sequence in C(I)
converges. Or, in other words

Theorem 1.17. C(I) with the mazimum norm is a Banach space.

Next we want to look at countable bases. To this end we introduce a few
definitions first.

The set of all finite linear combinations of a set of vectors {u,} C X is
called the span of {u,,} and denoted by span{u,}. A set of vectors {u,} C X
is called linearly independent if every finite subset is. If {u,}Y_; C X,
N € NU {00}, is countable, we can throw away all elements which can be
expressed as linear combinations of the previous ones to obtain a subset of
linearly independent vectors which have the same span.
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We will call a countable set of linearly independent vectors {u, }_; C X
a Schauder basis if every element f € X can be uniquely written as a
countable linear combination of the basis elements:

N
f= chun, Cp = Cn(f) eC, (127)
n=1

where the sum has to be understood as a limit if N = oo (the sum is not
required to converge unconditionally). Since we have assumed the set to be
linearly independent, the coefficients ¢, (f) are uniquely determined.

Example. The set of vectors ", with 0 = 1 and 6], = 0, n # m, is a
Schauder Basis for the Banach space ¢! (N).

Let a = (a;)52, € ?1(N) be given and set a" = > =1 a;0’. Then

[e.9]

la—a™li= " lajl =0

j=n+1

since a} = a; for 1 < j <nand a} =0 for j > n. Hence

oo
_ Vi
a= E a;o
=1

and {0"}7°, is a Schauder basis (linear independence is left as an exer-
cise). o

A set whose span is dense is called total and if we have a countable total
set, we also have a countable dense set (consider only linear combinations
with rational coefficients — show this). A normed linear space containing a
countable dense set is called separable.

Example. Every Schauder basis is total and thus every Banach space with
a Schauder basis is separable (the converse is not true). In particular, the
Banach space ¢!(N) is separable. o

While we will not give a Schauder basis for C'(I), we will at least show
that it is separable. In order to prove this we need a lemma, first.

Lemma 1.18 (Smoothing). Let u,(x) be a sequence of nonnegative contin-
uous functions on [—1, 1] such that

/ up(x)de =1 and up(z)de — 0, 0 >0. (1.28)
lz|<1 o<a|<1

(In other words, uy, has mass one and concentrates near x =0 as n — c0.)
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Then for every f € C’[—%, %] which vanishes at the endpoints, f(—%) =
f(%) =0, we have that

1/2

fulz) = / wn(z — 4)f(y)dy (1.29)

~1/2

converges uniformly to f(x).

Proof. Since f is uniformly continuous, for given ¢ we can find a § <
1/2 (independent of x) such that |f(z) — f(y)| < & whenever |z — y| < 4.
Moreover, we can choose n such that | s<lyl<1 un(y)dy < e. Now abbreviate

M = maxge(_1/2,1/211,|f(z)|} and note

1/2 1/2
() - / un(z — ) f(2)dy| = | f(@)[ |1 - / e vyl < Me

—-1/2

In fact, either the distance of x to one of the boundary points :i:% is smaller
than § and hence |f(z)| < e or otherwise [—4,d] C [x —1/2,2+1/2] and the
difference between one and the integral is smaller than e.

Using this, we have

1/2

| fn(2) — f(2)] S/ un(x —y)|f(y) — f(z)|dy + Me

~1/2

:/ un(z —y)|f(y) — f(z)|dy
ly|<1/2,|z—y|<d

+f ualw = )|/ (9) = £(2)ldy+ Me
ly|<1/2,|z—y|>6
<e+2Me + Me = (1 + 3M)e, (1.30)

which proves the claim. O

Note that f,, will be as smooth as u,,, hence the title smoothing lemma.
Moreover, f, will be a polynomial if u,, is. The same idea is used to approx-
imate noncontinuous functions by smooth ones (of course the convergence
will no longer be uniform in this case).

Now we are ready to show:

Theorem 1.19 (Weierstral). Let I be a compact interval. Then the set of
polynomials is dense in C(I).

Proof. Let f(x) € C(I) be given. By considering f(x)— f(a) —W(m—

a
a) it is no loss to assume that f vanishes at the boundary points. Moreover,

without restriction we only consider I = [}, 3] (why?).
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Now the claim follows from Lemma 1.18 using
1

un(e) = (1 = )",
n

where

! 2 n ! 1 +1
L= | (1-2%"de = 1—a)" 11+ 2)"d
= [a=atrde = o [ e e
= n! ong1 _ (nd)?220 41 n!

(n+1)---(2n+1) (2n+1)! %(%4—1)(%—1—71)

Indeed, the first part of (1.28) holds by construction and the second part
follows from the elementary estimate

<I, <2
om+1- "

Corollary 1.20. C(I) is separable.

However, £*°(N) is not separable (Problem 1.14)!
Problem 1.8. Show that ||| f|| = llglll < I|f — gll-

Problem 1.9. Let X be a Banach space. Show that the norm, vector ad-
dition, and multiplication by scalars are continuous. That is, if fn, — f,
gn — g, and o, — «, then an” — ||f”; o+ gn — f+g, and angn — ag.

Problem 1.10. Let X be a Banach space. Show that Zjoil Ifill < oo

implies that
o0 n
> fi=Jim > f
Jj=1 Jj=1

exists. The series is called absolutely convergent in this case.

Problem 1.11. While ¢*(N) is separable, it still has room for an uncount-
able set of linearly independent vectors. Show this by considering vectors of
the form

fo=(1,a,a?,...), a € (0,1).
(Hint: Take n such vectors and cut them off after n + 1 terms. If the cut
off vectors are linearly independent, so are the original ones. Recall the
Vandermonde determinant.)

Problem 1.12. Show that (P(N), the space of all complez-valued sequences
a = (a;)32, for which the norm

1/p
o

lallp = > _las” | . pelloo), (1.31)
j=1
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is finite, is a separable Banach space.
Problem 1.13. Show that (*°(N) is a Banach space.

Problem 1.14. Show that ¢(*°(N) is not separable. (Hint: Consider se-
quences which take only the value one and zero. How many are there? What
is the distance between two such sequences?)

Problem 1.15. Show that if a € ¢P°(N) for some pg € [1,00), then a € ¢P(N)
for p > po and

lim lafl, = .

1.3. The geometry of Hilbert spaces

So it looks like C'(I) has all the properties we want. However, there is
still one thing missing: How should we define orthogonality in C(I)? In
Euclidean space, two vectors are called orthogonal if their scalar product
vanishes, so we would need a scalar product:

Suppose $) is a vector space. A map (.,..) : H x $H — C is called a
sesquilinear form if it is conjugate linear in the first argument and linear
in the second; that is,

<a1f1 +a2f27g> = O[{(flag> +a§<f27g>v
<f7algl +04292> = a1<fagl> +042<f,92>,

where ‘x’ denotes complex conjugation. A sesquilinear form satisfying the
requirements

(i) (f,f)>0for f#0 (positive definite),
(i) (f,9) =9, /)" (symmetry)

is called an inner product or scalar product. Associated with every
scalar product is a norm

1,09 € C, (1.32)

Il = VS f)- (1.33)

Only the triangle inequality is nontrivial. It will follow from the Cauchy—
Schwarz inequality below. Until then, just regard (1.33) as a convenient
short hand notation.

The pair (9, (.,..)) is called an inner product space. If §) is complete
(with respect to the norm (1.33)), it is called a Hilbert space.

Example. Clearly C" with the usual scalar product

n

(a,b) = > a’b; (1.34)

J=1

is a (finite dimensional) Hilbert space. o
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Example. A somewhat more interesting example is the Hilbert space ¢?(N),
that is, the set of all complex-valued sequences

{3 Yty < oo (1.35)
j=1
with scalar product
(a,b) =Y asb;. (1.36)
j=1

(Show that this is in fact a separable Hilbert space — Problem 1.12.) o

A vector f € $ is called normalized or a unit vector if ||f|| = 1.
Two vectors f,g € $) are called orthogonal or perpendicular (f L g) if
(f,g9) = 0 and parallel if one is a multiple of the other.

If f and g are orthogonal, we have the Pythagorean theorem:

IF+g1* =117+ llgl*, Ly, (1.37)

which is one line of computation (do it!).

Suppose u is a unit vector. Then the projection of f in the direction of
u is given by

fii = (u, flu (1.38)
and f, defined via
fo=1—(u,flu (1.39)

is perpendicular to u since (u, f|) = (u, f — (u, f)u) = (u, f) — (u, f){u,u) =
0.

f fL

fi

Taking any other vector parallel to u, we obtain from (1.37)

If = aull® = [IfL + (fj — aw)l* = I fLI7 + {u, f) — of? (1.40)

and hence f) = (u, f)u is the unique vector parallel to u which is closest to

As a first consequence we obtain the Cauchy—Schwarz—Bunjakowski
inequality:



1.3. The geometry of Hilbert spaces 23

Theorem 1.21 (Cauchy—Schwarz—Bunjakowski). Let 9 be an inner prod-
uct space. Then for every f,g € $Hy we have

[l < IFIHIgll (1.41)
with equality if and only if f and g are parallel.

Proof. It suffices to prove the case ||g|| = 1. But then the claim follows
from || fI* = [{g, /)> + I fII. O

Note that the Cauchy—Schwarz inequality entails that the scalar product
is continuous in both variables; that is, if f, — f and ¢, — g, we have

(fnsgn) = ([, 9)-

As another consequence we infer that the map ||.|| is indeed a norm. In
fact,

1 + gl = 117 + (£, 9) + g, £) + Ngll* < (1FI =+ gl (1.42)

But let us return to C'(I). Can we find a scalar product which has the
maximum norm as associated norm? Unfortunately the answer is no! The
reason is that the maximum norm does not satisfy the parallelogram law
(Problem 1.18).

Theorem 1.22 (Jordan-von Neumann). A norm is associated with a scalar
product if and only if the parallelogram law

If+ 9>+ 1Lf = gl =201 £1I* + 2[|glI? (1.43)
holds.

In this case the scalar product can be recovered from its norm by virtue
of the polarization identity

(fr9) = % (L +all> = 1f = gl* +illf —igl® =il f +igl?).  (1.44)

Proof. If an inner product space is given, verification of the parallelogram
law and the polarization identity is straightforward (Problem 1.20).

To show the converse, we define

s(f,9) = i (I1F + 91> = IIf = gll* +il f —igl® = illf +ig]?).

Then s(f, f) = ||f||?> and s(f,g) = s(g, f)* are straightforward to check.
Moreover, another straightforward computation using the parallelogram law
shows h
g

S(f7g) + S(f7 h) = 2$(f7 T)
Now choosing h = 0 (and using s(f,0) = 0) shows s(f,g) = 2s(f, %) and
thus s(f,g) + s(f,h) = s(f,g + h). Furthermore, by induction we infer
5w5(f,9) = s(f, 3w g); that is, a s(f, g) = s(f, ag) for every positive rational
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«. By continuity (which follows from continuity of ||.||) this holds for all
a > 0 and s(f,—g) = —s(f, g), respectively, s(f,ig) = is(f,g), finishes the
proof. O

Note that the parallelogram law and the polarization identity even hold
for sesquilinear forms (Problem 1.20).

But how do we define a scalar product on C'(I)? One possibility is

b
(f. ) = / [ (@)g(x)dz. (1.45)

The corresponding inner product space is denoted by £2,,(I). Note that

cont

1< V16 = alll flloo (1.46)

and hence the maximum norm is stronger than the £2,, norm.

we have

Suppose we have two norms ||.|[; and ||.||2 on a vector space X. Then
||.]2 is said to be stronger than ||.||; if there is a constant m > 0 such that

1f1lx < mlf]l2- (1.47)
It is straightforward to check the following.

Lemma 1.23. If||.||2 is stronger than ||.||1, then every ||.||2 Cauchy sequence
is also a ||.][1 Cauchy sequence.

Hence if a function F' : X — Y is continuous in (X, ||.||1), it is also
continuous in (X, ||.|2) and if a set is dense in (X, ||.||2), it is also dense in
(X, [I-[]1)-

In particular, £2,,, is separable. But is it also complete? Unfortunately
the answer is no:

Example. Take I = [0,2] and define

0, 0<z<1-g,
fa@) =< 14+n(z-1), 1-1<a<1, (1.48)
1, 1<z<2.
Then f,(z) is a Cauchy sequence in £2,,, but there is no limit in £2,,,!

Clearly the limit should be the step function which is 0 for 0 <z <1 and 1
for 1 < x < 2, but this step function is discontinuous (Problem 1.23)! o

This shows that in infinite dimensional vector spaces different norms
will give rise to different convergent sequences! In fact, the key to solving
problems in infinite dimensional spaces is often finding the right norm! This
is something which cannot happen in the finite dimensional case.
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Theorem 1.24. If X is a finite dimensional vector space, then all norms
are equivalent. That is, for any two given norms ||.||1 and ||.||2, there are
positive constants mq1 and mso such that

Sl < 15 < . (1.49)

Proof. Since equivalence of norms is an equivalence relation (check this!) we
can assume that ||.||2 is the usual Euclidean norm. Moreover, we can choose
an orthogonal basis uj, 1 < j < n, such that [| 3, aju;l3 = > lovj|?. Let
f=> ; ajuj. Then by the triangle and Cauchy—Schwartz inequalities

< D leglllugl < > lusliF 1112
j j

and we can choose mo = /> [|u;1-

In particular, if f,, is convergent with respect to ||.||2, it is also convergent
with respect to ||.||1. Thus ||.||1 is continuous with respect to ||.||2 and attains
its minimum m > 0 on the unit sphere (which is compact by the Heine-Borel
theorem, Theorem 1.11). Now choose m; = 1/m. O

Problem 1.16. Show that the norm in a Hilbert space satisfies ||f + g|| =
I+ llgll if and only if f = ag, & =0, or g =0.

Problem 1.17 (Generalized parallelogram law). Show that in a Hilbert

space
Yoo lmi—allP DD wllP=n Y el

1<j<k<n 1<j<n 1<j<n
The case n =2 is (1.43).

Problem 1.18. Show that the mazimum norm on C[0,1] does not satisfy
the parallelogram law.

Problem 1.19. In a Banach space the unit ball is convex by the triangle
inequality. A Banach space X is called uniformly convex if for every
e > 0 there is some & such that ||z|| < 1, |ly|| <1, and [|Z52| > 1 — 6 imply
lz =yl <e.

Geometrically this implies that if the average of two vectors inside the
closed unit ball is close to the boundary, then they must be close to each
other.

Show that a Hilbert space is uniformly conver and that one can choose
de) =1 —4/1— %. Draw the unit ball for R? for the norms |z||1 =
1] + |zal, |zl = V/]z1]? + |2, and ||z(lcc = max(|z1], |v2]). Which of

these norms makes R? uniformly convex?
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(Hint: For the first part use the parallelogram law.)

Problem 1.20. Suppose Q is a vector space. Let s(f,g) be a sesquilinear
form on Q and q(f) = s(f, f) the associated quadratic form. Prove the
parallelogram law

q(f +9)+aq(f —g) =2q(f) +2q(9) (1.50)

and the polarization identity

s(f,9) =~ ((f+9) —q(f —g) +iq(f —ig) —iq(f +1ig)). (1.51)

=

Conversely, show that every quadratic form q(f) : Q — R satisfying
q(af) = |a?q(f) and the parallelogram law gives rise to a sesquilinear form
via the polarization identity.

Show that s(f,g) is symmetric if and only if q(f) is real-valued.

Problem 1.21. A sesquilinear form is called bounded if

|s[[= sup [s(f,9)
I£1=lgll=1

is finite. Similarly, the associated quadratic form q is bounded if

lqll = sup |q(f)]
I£llI=1

is finite. Show
lall < lIsll < 2llqll-

(Hint: Use the parallelogram law and the polarization identity from the pre-
vious problem.)

Problem 1.22. Suppose Q is a vector space. Let s(f,qg) be a sesquilinear
form on Q and q(f) = s(f, f) the associated quadratic form. Show that the
Cauchy—Schwarz inequality

[s(f.9)] < a(f)2a(g)"? (1.52)

holds if q(f) > 0.

(Hint: Consider 0 < q(f + ag) = q(f) + 2Re(a s(f, g)) + |a|*q(g) and
choose o =t s(f,q)"/|s(f,g)| witht € R.)

Problem 1.23. Prove the claims made about f,, defined in (1.48), in the
last example.
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1.4. Completeness

Since £2,,, is not complete, how can we obtain a Hilbert space from it?
Well, the answer is simple: take the completion.

If X is an (incomplete) normed space, consider the set of all Cauchy
sequences X. Call two Cauchy sequences equivalent if their difference con-
verges to zero and denote by X the set of all equivalence classes. It is easy
to see that X (and X) inherit the vector space structure from X. Moreover,

Lemma 1.25. If x,, is a Cauchy sequence, then ||x,|| converges.

Consequently the norm of a Cauchy sequence (z,,)72; can be defined by
|(20)02 || = limp o0 ||zn || and is independent of the equivalence class (show
this!). Thus X is a normed space (X is not! Why?).

Theorem 1.26. X is a Banach space containing X as a dense subspace if
we identify x € X with the equivalence class of all sequences converging to
x.

Proof. (Outline) It remains to show that X is complete. Let &, = [(%n,5)721]
be a Cauchy sequence in X. Then it is not hard to see that £ = [(,7)524]
is its limit. U

Let me remark that the completion X is unique. More precisely every
other complete space which contains X as a dense subset is isomorphic to
X. This can for example be seen by showing that the identity map on X
has a unique extension to X (compare Theorem 1.28 below).

In particular it is no restriction to assume that a normed linear space
or an inner product space is complete. However, in the important case
of £2,, it is somewhat inconvenient to work with equivalence classes of
Cauchy sequences and hence we will give a different characterization using
the Lebesgue integral later.

1.5. Bounded operators

A linear map A between two normed spaces X and Y will be called a (lin-
ear) operator
A:DA)CX =Y. (1.53)
The linear subspace ©(A) on which A is defined is called the domain of A
and is usually required to be dense. The kernel (also null space)
Ker(A) ={f € D(A)|Af =0} C X (1.54)

and range
Ran(A) = {Af|f € D(A)} = AD(A) CY (1.55)
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are defined as usual. The operator A is called bounded if the operator
norm

Al = sup |Aflly (1.56)
Fe®d(A)llfllx=1
is finite.

By construction, a bounded operator is Lipschitz continuous,

[Afly < [[Alllfllx, — f € D(A), (1.57)

and hence continuous. The converse is also true

Theorem 1.27. An operator A is bounded if and only if it is continuous.

Proof. Suppose A is continuous but not bounded. Then there is a sequence

of unit vectors uy, such that ||Auy| > n. Then f,, = Lu, converges to 0 but

|Af.]l > 1 does not converge to 0. O

In particular, if X is finite dimensional, then every operator is bounded.
Note that in general one and the same operation might be bounded (i.e.
continuous) or unbounded, depending on the norm chosen.

Example. Consider the vector space of differentiable functions X = C1[0, 1]
and equip it with the norm (cf. Problem 1.26)

— /!
£l = i |£(@)] + mae |7/(@)

Let Y = C[0,1] and observe that the differential operator A = % X =Y

is bounded since

Aflloo = ! < ! = flloo1-
IAf mgl[gﬁ}lf(w)l_mlél[%ﬁ]lf(w)lergl[%ﬁ]!f(x)\ [l flloo,1

However, if we consider A = % :D(A) €Y — Y defined on D(A4) =
C10,1], then we have an unbounded operator. Indeed, choose

up(z) = sin(nrz)
which is normalized, ||uy|lco = 1, and observe that
Auy () = ul,(x) = nmcos(nrz)

is unbounded, ||Aup|cc = nm. Note that ©(A) contains the set of polyno-
mials and thus is dense by the Weierstral approximation theorem (Theo-
rem 1.19). o

If A is bounded and densely defined, it is no restriction to assume that
it is defined on all of X.

Theorem 1.28 (B.L.T. theorem). Let A: D(A) C X — Y be an bounded
linear operator and let Y be a Banach space. If ©(A) is dense, there is a
unique (continuous) extension of A to X which has the same operator norm.
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Proof. Since a bounded operator maps Cauchy sequences to Cauchy se-
quences, this extension can only be given by

Af = lim Af,,  fa€D(4), feX.

To show that this definition is independent of the sequence f,, — f, let
gn — f be a second sequence and observe

|Afn — Agnll = HA(fn —gn)ll < HAHan — gnll = 0.

Since for f € D(A) we can choose f, = f, we see that Af = Af in this case,
that is, A is indeed an extension. From continuity of vector addition and
scalar multiplication it follows that A is linear. Finally, from continuity of
the norm we conclude that the operator norm does not increase. O

The set of all bounded linear operators from X to Y is denoted by
L(X,Y). If X =Y, we write £(X, X) = £(X). An operator in £(X,C) is
called a bounded linear functional and the space X* = £(X,C) is called
the dual space of X.

Theorem 1.29. The space £(X,Y") together with the operator norm (1.56)
is a normed space. It is a Banach space if Y 1is.

Proof. That (1.56) is indeed a norm is straightforward. If Y is complete and
A, is a Cauchy sequence of operators, then A, f converges to an element
g for every f. Define a new operator A via Af = ¢g. By continuity of
the vector operations, A is linear and by continuity of the norm ||Af| =
lim, oo [|Anfl] < (limp—oo [|Anl)||f]], it is bounded. Furthermore, given
e > 0 there is some N such that |4, — A,,|| < € for n,m > N and thus
|Anf—Amfll <ellf]]. Taking the limit m — oo, we see ||A,f—Af| < el fl|;
that is, A, — A. O

The Banach space of bounded linear operators £(X) even has a multi-
plication given by composition. Clearly this multiplication satisfies

(A+B)C =AC+BC, A(B+C)=AB+BC, A/B,Cec £(X) (1.58)
and
(AB)C = A(BC), a(AB) = (a¢A)B = A(aB), a«ae€C. (1.59)
Moreover, it is easy to see that we have
IAB| < [|A[l|BI]- (1.60)

In other words, £(X) is a so-called Banach algebra. However, note that
our multiplication is not commutative (unless X is one-dimensional). We
even have an identity, the identity operator I satisfying ||I|| = 1.
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Problem 1.24. Consider X = C™ and let A : X — X be a matriz. Equip
X with the norm (show that this is a norm)

[2]|oo = gjagxnlle

and compute the operator norm ||A|| with respect to this matriz in terms of
the matriz entries. Do the same with respect to the norm

[zl = Z |25
1<j<n

Problem 1.25. Show that the integral operator

1
(K f)(x) = /O K (2, 9) f(y)dy,

where K(z,y) € C(]0,1] x [0,1]), defined on D(K) = C|0,1] is a bounded
operator both in X = C[0,1] (maz norm) and X = £2,,,(0,1).

cont

Problem 1.26. Show that the set of differentiable functions C1(I) becomes
a Banach space if we set ||f|co1 = maxger |f(x)] + maxger | f'(2)].

Problem 1.27. Show that | AB|| < ||A||||B]| for every A,B € £(X). Con-
clude that the multiplication is continuous: A, — A and B, — B imply
A,B, — AB.

Problem 1.28. Let A € £(X) be a bijection. Show

AN =  inf Afl.
A7 feXM:lH fll

Problem 1.29. Let
o0
@)=Y 17, |z <R,
5=0

be a convergent power series with convergence radius R > 0. Suppose A is
a bounded operator with ||A|| < R. Show that

FlA)=>" fA
§=0
exists and defines a bounded linear operator (cf. Problem 1.10).

1.6. Sums and quotients of Banach spaces

Given two Banach spaces X; and X we can define their (direct) sum
X = X7 & Xy as the cartesian product X; x Xy together with the norm
|(z1,22)|| = ||z1]| + ||z2]|. In fact, since all norms on R? are equivalent
(Theorem 1.24), we could as well take ||(z1,z2)|| = (||z1||P + ||z=2|/?)/? or
|(x1,x2)|] = max(||x1]], ||x2]|). In particular, in the case of Hilbert spaces
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the choice p = 2 will ensure that X is again a Hilbert space. Note that X3
and X9 can be regarded as subspaces of X1 x X5 by virtue of the obvious
embeddings 1 — (x1,0) and x2 < (0,22). It is straightforward to show
that X is again a Banach space and to generalize this concept to finitely
many spaces (Problem 1.30).

Moreover, given a closed subspace M of a Banach space X we can define
the quotient space X/M as the set of all equivalence classes [z] = = +
M with respect to the equivalence relation ¢z = y if xt —y € M. It is
straightforward to see that X/M is a vector space when defining [z] + [y] =
[ + y] and «[z] = [ax] (show that these definitions are independent of the
representative of the equivalence class).

Lemma 1.30. Let M be a closed subspace of a Banach space X. Then
X /M together with the norm

zl|| = inf ||z + y]. 1.61
is a Banach space.

Proof. First of all we need to show that (1.61) is indeed a norm. If ||[z]|| = 0
we must have a sequence x; € M with x; — z and since M is closed we
conclude = € M, that is [x] = [0] as required. To see ||a[z]|| = |al]|[x]| we
use again the definition

== = 1 f = 1 f
lefz] = lllaa]ll = inf llaz +y[ = inf oz + ayl]

= |a| inf = .
laf inf [l +yll = |e]l=]]

The triangle inequality follows with a similar argument and is left as an
exercise.

Thus (1.61) is a norm and it remains to show that X /M is complete. To
this end let [z,,] be a Cauchy sequence. Since it suffices to show that some
subsequence has a limit, we can assume ||[x, 1] —[z,]]] < 27" without loss of
generality. Moroever, by definition of (1.61) we can chose the representatives
xy, such that ||z, +1 — x| < 27" (start with 21 and then chose the remaining
ones inductively). By construction z,, is a Cauchy sequence which has a limit
x € X since X is complete. Moreover, it is straightforward to check that [z]
is the limit of [z,]. O

Problem 1.30. Let X;, j = 1,...,n be Banach spaces. Let X be the
cartesian product X1 X --- x X,, together with the norm

n 2\ P
(S llzlr) ™ 1< <o,

maxj—1_.n|l7;ll, p=oc0.

H(J:l"" vxn)”p =

Show that X is a Banach space. Show that all norms are equivalent.



32 1. A first look at Banach and Hilbert spaces

Problem 1.31. Suppose A € £(X,Y). Show that Ker(A) is closed. Show
that A is well defined on X/Ker(A) and that this new operator is again
bounded (with the same norm) and injective.



Chapter 2

Hilbert spaces

2.1. Orthonormal bases

In this section we will investigate orthonormal series and you will notice
hardly any difference between the finite and infinite dimensional cases. Through-
out this chapter $ will be a Hilbert space.

As our first task, let us generalize the projection into the direction of
one vector:

A set of vectors {u;} is called an orthonormal set if (uj,ui) = 0
for j # k and (uj,u;) = 1. Note that every orthonormal set is linearly
independent (show this).

Lemma 2.1. Suppose {uj};-‘zl is an orthonormal set. Then every f € H
can be written as

n

=1+ rfL T :Z<Uj,f>uj7 (2.1)

Jj=1

where f and f1 are orthogonal. Moreover, (uj, f1) =0 for all 1 < j < n.
In particular,

AP =D g, AP+ LI (2.2)
j=1

Moreover, every f in the span of {u;}i_y satisfies

1F = Al = 11 £ ] (2.3)

with equality holding if and only iff = f- In other words, f is uniquely
characterized as the vector in the span of {%‘}?;1 closest to f.
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Proof. A straightforward calculation shows (uj, f — f) = 0 and hence fj
and f, = f — f are orthogonal. The formula for the norm follows by
applying (1.37) iteratively.

Now, fix a vector
n
f=2_ a5
j=1
in the span of {u;}7_;. Then one computes

If = fIP = fy+ fo = FIP = 1A + Ny = fIP
n
= IFLIP+ Dl — (ug, £
j=1
from which the last claim follows. O

From (2.2) we obtain Bessel’s inequality
> i HP < IFIP (2.4)
j=1

with equality holding if and only if f lies in the span of {u;}}_;.
Of course, since we cannot assume ) to be a finite dimensional vec-
tor space, we need to generalize Lemma 2.1 to arbitrary orthonormal sets

{u;j}jes. We start by assuming that J is countable. Then Bessel’s inequality
(2.4) shows that

> g, P (2.5)
JjeJ

converges absolutely. Moreover, for any finite subset K C J we have
1Y~ Cug Hugl® =D 1wy, I (2.6)
JEK jEK
by the Pythagorean theorem and thus ) jeJ
if and only if >, |(uj, f)|? is. Now let J be arbitrary. Again, Bessel’s
inequality shows that for any given £ > 0 there are at most finitely many

J for which [(u;, f)| > ¢ (namely at most || f||/¢). Hence there are at most
countably many j for which |(u;, f)| > 0. Thus it follows that

> g, )P (2.7)

jeJ

(uj, f)u; is a Cauchy sequence

is well-defined and (by completeness) so is
Z(uj,ﬁuj. (2.8)
jed

Furthermore, it is also independent of the order of summation.
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In particular, by continuity of the scalar product we see that Lemma 2.1
can be generalized to arbitrary orthonormal sets.

Theorem 2.2. Suppose {u;j}jcs is an orthonormal set in a Hilbert space
. Then every f € § can be written as

F=h+fn f =), Hu, (2.9)
Jj€J
where f and f1 are orthogonal. Moreover, (uj, f1) =0 for all j € J. In
particular,

AP =D gy AP+ I1FLI2. (2.10)
jeJ

Furthermore, every f € span{u;}jes satisfies

1f = Fll = 152 (2.11)

with equality holding if and only z'ff = f|- In other words, f is uniquely
characterized as the vector in span{u;};cs closest to f.

Proof. The first part follows as in Lemma 2.1 using continuity of the scalar
product. The same is true for the last part except for the fact that every
f € span{u;}cs can be written as f = ZjeJ ajuj (ie., f = f). To see this
let f, € span{u;};cs converge to f. Then || f—f,[* = ‘|fH—an2+HfJ_||2 —0
implies f, — f” and f; =0. (]

Note that from Bessel’s inequality (which of course still holds) it follows
that the map f — f) is continuous.

Of course we are particularly interested in the case where every f € $
can be written as > ;(u;, f)u;. In this case we will call the orthonormal
set {u;}jcs an orthonormal basis (ONB).

If $ is separable it is easy to construct an orthonormal basis. In fact,
if ) is separable, then there exists a countable total set { fj}évzl. Here
N € N if § is finite dimensional and N = oo otherwise. After throwing
away some vectors, we can assume that f, 11 cannot be expressed as a linear

combination of the vectors f1, ..., f,. Now we can construct an orthonormal
set as follows: We begin by normalizing fi:
N
Uy = ——. (2.12)
£l

Next we take fo and remove the component parallel to u; and normalize
again:
"y = f2 = (w1, fo)u . (2.13)
1f2 = (u1, fo)ua |
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Proceeding like this, we define recursively
-1

. Jn— Z?:l <Uj, fn>u]
= — .

| fn — Z?:l <uj7 fn>u]H
This procedure is known as Gram—Schmidt orthogonalization. Hence
we obtain an orthonormal set {u; }jN:1 such that span{u;}7_; = span{f;}7_,
for any finite n and thus also for n = N (if N = c0). Since {fj}j-v:l is total,
S0 1s {u]}évzl Now suppose there is some f = f|+ f1 € $ for which f, # 0.
Since {uj};v:l is total, we can find a f in its span, such that || f — f|| < ||fL]
contradicting (2.11). Hence we infer that {u; };VZI is an orthonormal basis.

(2.14)

Un

Theorem 2.3. FEvery separable Hilbert space has a countable orthonormal
basis.

Example. In £2,(—1,1) we can orthogonalize the polynomial f,(z) = z"

(which are total by the Weierstrafl approximation theorem — Theorem 1.19)
The resulting polynomials are up to a normalization equal to the Legendre
polynomials

Po(z) =1, Pi(z) =z, Pyla)= ?””22_1 (2.15)

(which are normalized such that P,(1) = 1). o
Example. The set of functions

up(z) = Leim, n € Z, (2.16)

V2T
2

forms an orthonormal basis for $ = £Z,,,(0,27). The corresponding orthog-
onal expansion is just the ordinary Fourier series. (That these functions are
total will follow from the Stone-Weierstrafl theorem — Problem 8.8) o

The following equivalent properties also characterize a basis.

Theorem 2.4. For an orthonormal set {u;j}jc; in a Hilbert space ) the
following conditions are equivalent:
(i) {uj}jes is a mazimal orthogonal set.
(ii) For every vector f € $) we have
f=" (uj, fru;. (2.17)
jeJ
(iii) For every vector f € $) we have
P17 =D 1wy, NI (2.18)
jeJ
(iv) (uj, f) =0 for all j € J implies f = 0.
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Proof. We will use the notation from Theorem 2.2.

(i) = (ii): If fi # 0, then we can normalize f| to obtain a unit vector f|
which is orthogonal to all vectors u;. But then {u;};c; U {f,} would be a
larger orthonormal set, contradicting the maximality of {u;};e..

(ii) = (iii): This follows since (ii) implies f; = 0.

(iii) = (iv): If (f,u;) = 0 for all j € J, we conclude ||f||*> = 0 and hence
f=0.

(iv) = (i): If {u;};cs were not maximal, there would be a unit vector g such
that {u;};cs U{g} is a larger orthonormal set. But (uj,g) =0 for all j € J
implies g = 0 by (iv), a contradiction. O

By continuity of the norm it suffices to check (iii), and hence also (ii),
for f in a dense set.

It is not surprising that if there is one countable basis, then it follows
that every other basis is countable as well.

Theorem 2.5. In a Hilbert space $ every orthonormal basis has the same
cardinality.

Proof. Without loss of generality we assume that §) is infinite dimensional.
Let {uj}jes and {vip}rerx be two orthonormal bases. Set K; = {k €
K|(vk,u;) # 0}. Since these are the expansion coefficients of u; with re-
spect to {vg }rex, this set is countable. Hence the set K = U;es K; has the

same cardinality as J. But k € K \f( implies vy = 0 and hence K = K. [0

The cardinality of an orthonormal basis is also called the Hilbert space
dimension of $.

It even turns out that, up to unitary equivalence, there is only one
separable infinite dimensional Hilbert space:

A bijective linear operator U € £($1, $2) is called unitary if U preserves
scalar products:

Ug,Uf)2=(9: /), 9. €. (2.19)
By the polarization identity (1.44) this is the case if and only if U preserves
norms: ||Ufl|l2 = ||f|1 for all f € $; (note the a norm preserving linear

operator is automatically injective). The two Hilbert space $; and £, are
called unitarily equivalent in this case.

Let $ be an infinite dimensional Hilbert space and let {u;};cn be any
orthogonal basis. Then the map U : § — (2(N), f — ((uj, f))jen is uni-
tary (by Theorem 2.4 (ii) it is onto and by (iii) it is norm preserving). In
particular,

Theorem 2.6. Any separable infinite dimensional Hilbert space is unitarily
equivalent to *(N).
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Finally we briefly turn to the case where ) is not separable.

Theorem 2.7. Fvery Hilbert space has an orthonormal basis.

Proof. To prove this we need to resort to Zorn’s lemma (see Appendix A):
The collection of all orthonormal sets in $) can be partially ordered by inclu-
sion. Moreover, every linearly ordered chain has an upper bound (the union
of all sets in the chain). Hence a fundamental result from axiomatic set
theory, Zorn’s lemma, implies the existence of a maximal element, that is,
an orthonormal set which is not a proper subset of every other orthonormal
set. O

Hence, if {u;} e is an orthogonal basis, we can show that §) is unitarily
equivalent to ¢2(J) and, by prescribing .J, we can find an Hilbert space of
any given dimension.

Problem 2.1. Let {u;} be some orthonormal basis. Show that a bounded
linear operator A is uniquely determined by its matriz elements Ajp =
(uj, Aug) with respect to this basis.

2.2. The projection theorem and the Riesz lemma

Let M C § be a subset. Then M+ = {f|{g,f) = 0,Vg € M} is called
the orthogonal complement of M. By continuity of the scalar prod-
uct it follows that M= is a closed linear subspace and by linearity that
(span(M))+ = M+. For example we have $+ = {0} since any vector in $*
must be in particular orthogonal to all vectors in some orthonormal basis.

Theorem 2.8 (Projection theorem). Let M be a closed linear subspace of
a Hilbert space §). Then every f € §) can be uniquely written as f = f+ f1

with f € M and f, € M~ One writes
Mo Mt =46 (2.20)

i this situation.

Proof. Since M is closed, it is a Hilbert space and has an orthonormal
basis {u;}jcs. Hence the existence part follows from Theorem 2.2. To see
uniqueness suppose there is another decomposition f = f| + fi. Then

fi—=fi=/1o—fLeMnM*={o}. 0

Corollary 2.9. Every orthogonal set {u;}je; can be extended to an orthog-
onal basis.

Proof. Just add an orthogonal basis for ({u;};es)*. O
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Moreover, Theorem 2.8 implies that to every f € $ we can assign a
unique vector f; which is the vector in M closest to f. The rest, f — fj,
lies in M*. The operator Py f = J| is called the orthogonal projection
corresponding to M. Note that we have

PYy=Py and  (Pug. f)= (9. Puf) (2.21)

since (Pupg, f) = (g, f)) = (9,Puf). Clearly we have Py f = f —
Py f = fi. Furthermore, (2.21) uniquely characterizes orthogonal pro-
jections (Problem 2.4).

Moreover, if M is a closed subspace we have P11 =1 — Py =1—
(I — Pyy) = Py, that is, M+ = M. If M is an arbitrary subset, we have
at least

M+t = span(M). (2.22)

Note that by $+ = {0} we see that M+ = {0} if and only if M is total.

Finally we turn to linear functionals, that is, to operators ¢ : $5 — C.
By the Cauchy-Schwarz inequality we know that ¢, : f — (g, f) is a bounded
linear functional (with norm ||g||). In turns out that in a Hilbert space every
bounded linear functional can be written in this way.

Theorem 2.10 (Riesz lemma). Suppose £ is a bounded linear functional on
a Hilbert space $). Then there is a unique vector g € $ such that £(f) = (g, f)
for all f € 9.

In other words, a Hilbert space is equivalent to its own dual space H* = §
via the map f — (f,.) which is a conjugate linear isometric bijection between

£ and H*.

Proof. If / = 0, we can choose g = 0. Otherwise Ker(¢) = {f|¢(f) = 0}
is a proper subspace and we can find a unit vector § € Ker(é)J-. For every
f €9 we have ((f)g —£(g)f € Ker(¢) and hence

0=(g,(f)g —Ug)f) = £(f) — €9)(3, f)-
In other words, we can choose g = £(g)*g. To see uniqueness, let g1, g2 be

two such vectors. Then (g1 — g2, f) = (g1, f) — {92, f) = L(f) — £(f) = 0 for
every f € $, which shows g; — go € H+ = {0}. O

Problem 2.2. Suppose U : $§ — $ is unitary and M C $. Show that
UM+ = (UM)*.

Problem 2.3. Show that an orthogonal projection Py; # 0 has norm one.
Problem 2.4. Suppose P € £($) satisfies

P*=P  and  (Pf.g)={(f, Pg)
and set M = Ran(P). Show
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o Pf=1f for fe M and M is closed,
e g€ Mt implies Pg € M+ and thus Pg = 0,

and conclude P = Pyy.

2.3. Operators defined via forms

In many situations operators are not given explicitly, but implicitly via their
associated sesquilinear forms (f, Ag). As an easy consequence of the Riesz
lemma, Theorem 2.10, we obtain that there is a one to one correspondence
between bounded operators and bounded sesquilinear forms:

Lemma 2.11. Suppose s is a bounded sesquilinear form; that is,

s(f,9)| < ClIfI lgll- (2.23)
Then there is a unique bounded operator A such that
s(f,9) = (f, Ag). (2.24)
Moreover, the norm of A is given by
[All=sup [s(f g)| (2.25)
IflI=llgll=1

Proof. For every g € §) we have an associated bounded linear functional
ly(f) = s(f,g)*. By Theorem 2.10 there is a corresponding h € $) (depend-
ing on g) such that £,(f) = (h, f), that is s(f, g) = (f, h) and we can define
A via Ag = h. It is not hard to check that A is linear and from

IAfII* = (Af, Af) = s(Af, f) < CIIAFII £

we infer ||[Af]| < C||f]|, which shows that A is bounded with ||A] < C.
Equation (2.25) is left as an exercise (Problem 2.6). O

Note that by the polarization identity (Problem 1.20), A is already
uniquely determined by its quadratic form ga(f) = (f, Af).

As a first application we introduce the adjoint operator via Lemma 2.11
as the operator associated with the sesquilinear form s(f,g) = (Af,g).

Theorem 2.12. For every bounded operator A there is a unique bounded
operator A* defined via

(f, A%g) = (Af. g). (2.26)
Example. Iff) = Cn and A = (ajk)1§j7k§n, then A* = (azj)1§j7k§n. &
A few simple properties of taking adjoints are listed below.

Lemma 2.13. Let A,B € £(9) and o € C. Then
(i) (A+ B)* = A* + B*, (aA)* = a*A*,
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(i) A=A,

(iii) (AB)* = B*A*,

(iv) [ A" = [[A]l and [|A]]* = [|A*Al| = [[AA*].
Proof. (i) is obvious. (ii) follows from (f, A**¢) = (A*f,g) = (f, Ag). (iii)
follows from (f, (AB)g) = (A*f, Bg) = (B*A*f,g). (iv) follows using (2.25)

from

|A*[l = sup  [{f,A"g)| = sup [(Af,g)|
I1=llgll=1 I1fI=llgll=1
= sup  [(g,Af)| = [4]
Ifl1=llgll=1
and
|A*All = sup  [(f,A"Ag)| = sup [(Af, Ag)|
IF1=llgll=1 I I=llgll=1
= sup [|Af]* = || A]?
I fll=1
where we have used that [(Af, Ag)| attains its maximum when Af and Ag
are parallell (compare Theorem 1.21). O

Note that ||A]| = |[|A*|| implies that taking adjoints is a continuous op-
eration. For later use also note that (Problem 2.8)

Ker(A*) = Ran(A4)*. (2.27)

A sesquilinear form is called nonnegative if s(f, f) > 0 and we will call
A nonnegative, A > 0, if its associated sesquilinear form is. We will write
A>BifA-—B>0.

Lemma 2.14. Suppose A > el for some e > 0. Then A is a bijection with
bounded inverse, ||A7]| < 1.

Proof. By definition e|[f2 < (f, Af) < ||f||Af]| and thus ]l f < |Af].
In particular, Af = 0 implies f = 0 and thus for every g € Ran(A) there is
a unique f = A~'g. Moreover, by [|[A™ g = ||f|| < e '[|Af]| =" g]| the
operator A~! is bounded. So if g, € Ran(A) converges to some g € §, then
fn = A7 lg, converges to some f. Taking limits in g, = Af, shows that
g = Af is in the range of A, that is, the range of A is closed. To show that
Ran(A) = $ we pick h € Ran(A)*. Then 0 = (h, Ah) > | h||? shows h = 0
and thus Ran(A)* = {0}. O

Combining the last two results we obtain the famous Lax—Milgram the-
orem which plays an important role in theory of elliptic partial differential
equations.
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Theorem 2.15 (Lax—Milgram). Let s be a sesquilinear form which is
e bounded, |s(f,g)| < C|f| llgll, and
e coercive, s(f, f) > el f|I*.
Then for every g € $ there is a unique f € 9 such that
s(h, f) = (h, g), Vh € . (2.28)
Proof. Let A be the operator associated with s. Then A > ¢ and f =
A~ lg. O
Problem 2.5. Let $ a Hilbert space and let u,v € §. Show that the operator
Af = (u, flv
is bounded and compute its norm. Compute the adjoint of A.

Problem 2.6. Prove (2.25). (Hint: Use || f|| = sup|q=1 [{9, f)| — compare
Theorem 1.21.)

Problem 2.7. Suppose A has a bounded inverse A~1. Show (A™1)* =
(A")~L.

Problem 2.8. Show (2.27).

2.4. Orthogonal sums and tensor products

Given two Hilbert spaces $); and )3, we define their orthogonal sum
1@ $H2 to be the set of all pairs (fi, f2) € H1 x H2 together with the scalar
product

((91592), (f1, f2)) = (g1, f1)1 + (g2, f2)2- (2.29)
It is left as an exercise to verify that $; ® o is again a Hilbert space.

Moreover, $; can be identified with {(f1,0)|f1 € $:1} and we can regard $;
as a subspace of $1 ® 2, and similarly for $o. It is also customary to write

f1 + f2 instead of (fi, f2).

More generally, let $;, j € N, be a countable collection of Hilbert spaces
and define

B9 = _filfi €9 > 5 < oo}, (2.30)
j=1 j=1 j=1

which becomes a Hilbert space with the scalar product

oo

<Zgjaij> = (g5 fi)i- (2.31)

j=1

Example. B2, C = 2(N). o
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Similarly, if $ and § are two Hilbert spaces, we define their tensor
product as follows: The elements should be products f® f of elements f € $
and f € $. Hence we start with the set of all finite linear combinations of
elements of § x 5:3

F($,9) = > a;(£i, I, f;) € Hx 9, aj € C}. (2.32)
j=1
Since we want (f1+f2)(§©f: f1®f+f2®f,~f®(f1-i:f2) =f@fi+[®f,
and (af) ® f = f ® (af) we consider F(,9)/N (9, ), where

N($,9) =span{ > a;Bk(f5, fr) — O ajf;, Y Befi)} (2.33)
dk=1 Jj=1 k=1
and write f ® f for the equivalence class of (f, f ).
Next we define
(fef g0 =(f,9(f.9) (2:34)
which extends to a sesquilinear form on F (8, 9)/N($,$). To show that we
obtain a scalar product, we need to ensure positivity. Let f =", a; fi® f; #

0 and pick orthonormal bases u;, @y for span{f;}, span{ fi}, respectively.
Then )

= ognuy @i, e =Y ouluy, fi) (i, f) (2.35)

gk i
and we compute
1) =) loul* > 0. (2.36)
j.k

The completion of F($),9)/N (533.5')) with respect to the induced norm is
called the tensor product $ ® $H of H and .

Lemma 2.16. If u;, 4y are orthonormal bases for $, 9, respectively, then
u; @ Uy 18 an orthonormal basis for H ® 9.

Proof. That u; ® 4, is an orthonormal set is immediate from (2.34). More-
over, since span{u;}, span{u} are dense in ), $), respectively, it is easy to
see that u; ® 4 is dense in F($,9)/N($,9). But the latter is dense in
H&H. O

Example. We have $H ® C" = H". o

It is straightforward to extend the tensor product to any finite number
of Hilbert spaces. We even note

(P9 en=EP®;9n), (2.37)
j=1 j=1
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where equality has to be understood in the sense that both spaces are uni-
tarily equivalent by virtue of the identification

O mefr=> fiof (2.38)
=1 =1

Problem 2.9. Show that f ® f =0 if and only if f =0 or f = 0.

Problem 2.10. We have f ® f = g® g # 0 if and only if there is some
a € C\{0} such that f = ag and f = a™13.

Problem 2.11. Show (2.37)



Chapter 8

Compact operators

3.1. Compact operators

A linear operator A defined on a normed space X is called compact if every
sequence Af, has a convergent subsequence whenever f,, is bounded. The
set of all compact operators is denoted by €(X). It is not hard to see that
the set of compact operators is an ideal of the set of bounded operators
(Problem 3.1):

Theorem 3.1. Every compact linear operator is bounded. Linear combina-
tions of compact operators are compact and the product of a bounded and a
compact operator is again compact.

If X is a Banach space then this ideal is even closed:

Theorem 3.2. Let X be a Banach space, and let A, be a convergent se-
quence of compact operators. Then the limit A is again compact.

Proof. Let f](o) be a bounded sequence. Choose a subsequence f](l) such
that Ay f](l) converges. From f}l) choose another subsequence f]@) such that
Ag fJ(Q) converges and so on. Since f](n) might disappear as n — co, we con-
sider the diagonal sequence f; = f;j ), By construction, f; is a subsequence

of fj(") for j > n and hence A, f; is Cauchy for every fixed n. Now

[AS; = Afell = (A = An)(f5 = fi) + An(f5 — fi)l
<A = Aullllfj = full + 1 Anfj — Anfll
shows that Af; is Cauchy since the first term can be made arbitrary small
by choosing n large and the second by the Cauchy property of A, f;. O

45
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Note that it suffices to verify compactness on a dense set.

Theorem 3.3. Let X be a normed space and A € €(X). Let X be its
completion, then A € €(X), where A is the unique extension of A.

Proof. Let f, € X be a given bounded sequence. We need to show that
Af, has a convergent subsequence. Pick f;, € X such that || f7— fal < % and

by compactness of A we can assume that Af; — g. But then |Afn — gl <
[ANfn = frll + [[Af7 — gl shows that Afn, — g. O

One of the most important examples of compact operators are integral
operators:

Lemma 3.4. The integral operator

b
(KN = [ Krw)dy, (3.1
where K (x,y) € C([a,b] x [a,b]), defined on L2,,,(a,b) is compact.

Proof. First of all note that K(.,..) is continuous on [a, b] X [a, b] and hence
uniformly continuous. In particular, for every € > 0 we can find a § > 0
such that |K(y,t) — K(z,t)| < ¢ whenever |y — x| < J. Let g(z) = K f(z).
Then

b
l9(z) — 9(y)| S/ [K(y,t) — K(z, t)] [f(t)]dt

b
gs/\ﬂmﬁ§6MHmL

whenever |y — z| < 6. Hence, if f,(z) is a bounded sequence in £2,,,(a,b),

then gn(z) = K f,(x) is equicontinuous and has a uniformly convergent
subsequence by the Arzela—Ascoli theorem (Theorem 3.5 below). But a
uniformly convergent sequence is also convergent in the norm induced by
the scalar product. Therefore K is compact. [l

Note that (almost) the same proof shows that K is compact when defined
on Cla,b].

Theorem 3.5 (Arzela—Ascoli). Suppose the sequence of functions fn(x),
n € N, on a compact interval is (uniformly) equicontinuous, that is, for
every € > 0 there is a 6 > 0 (independent of n) such that

[fu(z) = fu(y)l < if |o—y] <o (3.2)

If the sequence fp is bounded, then there is a uniformly convergent subse-
quence.
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Proof. Let {z;}32, be a dense subset of our interval (e.g., all rational num-
bers in this set). Since f,(x1) is bounded, we can choose a subsequence

7(11)(33) such that f,gl)(:vl) converges (Bolzano—Weierstrafl). Similarly we can
extract a subsequence f,SQ) (z) from fr(Ll)(x) which converges at x5 (and hence
also at x1 since it is a subsequence of fy(Ll)(:n)). By induction we get a se-
quence G )(a:) converging at x1, ..., z;. The diagonal sequence fn = () ()
will hence converge for all = x; (why?). We will show that it converges
uniformly for all z:

Fix € > 0 and chose § such that |f,(z) — fn(y)| < § for [z —y| < J. The
balls Bs(x;) cover our interval and by compactness even finitely many, say
1 < j < p suffice. Furthermore, choose N. such that |fo(z;) — fu(z;)] < 5
forn,m> N.and 1 <j <p.

Now pick = and note that « € Bs(x;) for some j. Thus
| fn(@) = Fu(@)] < (@) = Fon(@))] + [ fn(25) = Fula;)]
+ | fulzy) = ful@)| <€

for n,m > N, which shows that fn is Cauchy with respect to the maximum
norm. O

Compact operators are very similar to (finite) matrices as we will see in
the next section.

Problem 3.1. Show that compact operators form an ideal.

Problem 3.2. Show that adjoint of the integral operator from Lemma 3.4
is the integral operator with kernel K (y,x)*.

3.2. The spectral theorem for compact symmetric operators

Let $ be a Hilbert space. A linear operator A is called symmetric if its
domain is dense and if

(9. Af)=(Ag, ) [f,9€D(A). (3.3)
If A is bounded (with ©(A) = ), then A is symmetric precisely if A = A*,
that is, if A is self-adjoint. However, for unbounded operators there is a
subtle but important difference between symmetry and self-adjointness.

A number z € C is called eigenvalue of A if there is a nonzero vector
u € ©®(A) such that
Au = zu. (3.4)
The vector u is called a corresponding eigenvector in this case. The set of
all eigenvectors corresponding to z is called the eigenspace

Ker(A — 2) (3.5)
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corresponding to z. Here we have used the shorthand notation A — z for A—
zI. An eigenvalue is called simple if there is only one linearly independent
eigenvector.

Theorem 3.6. Let A be symmetric. Then all eigenvalues are real and
etgenvectors corresponding to different eigenvalues are orthogonal.

Proof. Suppose )\ is an eigenvalue with corresponding normalized eigen-
vector w. Then A\ = (u, Au) = (Au,u) = \*, which shows that A is real.
Furthermore, if Au; = A\ju;, j = 1,2, we have

()\1 — )\2)<U1,’LL2> = <AU1,UQ> — (ul,AuQ> =0
finishing the proof. O

Note that while eigenvectors corresponding to the same eigenvalue A\ will
in general not automatically be orthogonal, we can of course replace each
set of eigenvectors corresponding to A by an set of orthonormal eigenvectors
having the same linear span (e.g. using Gram—Schmidt orthogonalization).

Now we show that A has an eigenvalue at all (which is not clear in the
infinite dimensional case)!

Theorem 3.7. A symmetric compact operator A has an eigenvalue ay which
satisfies |a1| = ||A]|.

Proof. We set @ = ||A|| and assume a # 0 (i.e, A # 0) without loss of
generality. Since
1AI? = sup |Af|*= sup (Af Af)= sup (f A%f)
fiAlflI=1 fiAlflI=1 flfll=1
there exists a normalized sequence u,, such that
2

lim (up,, A%u,) = o?.
n—o0

Since A is compact, it is no restriction to assume that A%u,, converges, say
lim,, 00 AU, = o>u. Now

||(A2 — 042)un||2 = ||A2un||2 — 2a2<un, AQun> +at
< 2a2(a2 — <un,A2un))

(where we have used [|A%u,| < ||A||[[Aun| < ||A||?||un|l| = o?) implies
lim,, 500 (AU, — a?uy,) = 0 and hence lim, ;o0 4, = u. In addition, u is
a normalized eigenvector of A2 since (A? — a?)u = 0. Factorizing this last
equation according to (A — a)u = v and (A + a)v = 0 show that either
v # 0 is an eigenvector corresponding to —a or v = 0 and hence u # 0 is an
eigenvector corresponding to . U
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Note that for a bounded operator A, there cannot be an eigenvalue with
absolute value larger than || Al|, that is, the set of eigenvalues is bounded by
|All (Problem 3.3).

Now consider a symmetric compact operator A with eigenvalue «; (as
above) and corresponding normalized eigenvector uj. Setting

1 = {w} = {f € Hl(w, f) =0} (3.6)
we can restrict A to $)1 since f € $; implies
<U1,Af>:<AU1,f>:a1<U1,f>:0 (37)

and hence Af € $;. Denoting this restriction by Aj, it is not hard to see
that A; is again a symmetric compact operator. Hence we can apply Theo-
rem 3.7 iteratively to obtain a sequence of eigenvalues o; with corresponding
normalized eigenvectors u;. Moreover, by construction, u; is orthogonal to
all u, with £ < j and hence the eigenvectors {u;} form an orthonormal set.
This procedure will not stop unless $) is finite dimensional. However, note
that a; = 0 for j > n might happen if A, = 0.

Theorem 3.8. Suppose §) is an infinite dimensional Hilbert space and A :
H — $ is a compact symmetric operator. Then there exists a sequence of real
eigenvalues o; converging to 0. The corresponding normalized eigenvectors
u; form an orthonormal set and every f € $ can be written as

f= Z<Uj7 f>Ug +h, (3.8)

j=1
where h is in the kernel of A, that is, Ah = 0.

In particular, if 0 is not an eigenvalue, then the eigenvectors form an
orthonormal basis (in addition, $) need not be complete in this case).

Proof. Existence of the eigenvalues «; and the corresponding eigenvectors
u; has already been established. If the eigenvalues should not converge to
zero, there is a subsequence such that |a;, | > e. Hence v, = aj_kl
bounded sequence (||vg| < 1) for which Av, has no convergent subsequence

uj, is a

since || Avg — Av||? = |Juj, — uj||* = 2, a contradiction.

Next, setting

Fa = (g, frug,
j=1
we have
[ACf = f)ll < law[llf = full < lanll[f]]
since f — f, € 9, and ||A,|| = |an|. Letting n — oo shows A(fs — f) =
proving (3.8). O
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By applying A to (3.8) we obtain the following canonical form of compact
symmetric operators.

Corollary 3.9. Every compact symmetric operator A can be written as

o0
Af =" ajluj, frug, (3.9)
j=1
where o are the nonzero eigenvalues with corresponding eigenvectors u;
from the previous theorem.

Remark: There are two cases where our procedure might fail to con-
struct an orthonormal basis of eigenvectors. One case is where there is
an infinite number of nonzero eigenvalues. In this case a, never reaches 0
and all eigenvectors corresponding to 0 are missed. In the other case, 0 is
reached, but there might not be a countable basis and hence again some of
the eigenvectors corresponding to 0 are missed. In any case by adding vec-
tors from the kernel (which are automatically eigenvectors), one can always
extend the eigenvectors u; to an orthonormal basis of eigenvectors.

Corollary 3.10. Every compact symmetric operator has an associated or-
thonormal basis of eigenvectors.

This is all we need and it remains to apply these results to Sturm-—
Liouville operators.

Problem 3.3. Show that if A is bounded, then every eigenvalue o satisfies
laf < [|A[l.

Problem 3.4. Find the eigenvalues and eigenfunctions of the integral op-
erator

1
(K£)@) = [ ulayow) sy
in L2,,,(0,1), where u(x) and v(z) are some given continuous functions.

Problem 3.5. Find the eigenvalues and eigenfunctions of the integral op-
erator

1
<Kﬁ@»:2ﬁ<m@—x—y+1vwmy
in £2,,,(0,1).

cont

3.3. Applications to Sturm—Liouville operators

Now, after all this hard work, we can show that our Sturm—Liouville operator
d2

L= g2t q(x), (3.10)
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where ¢ is continuous and real, defined on

D(L) = {f € C*[0,1]|(0) = f(1) = 0} C L£Z,,,4(0, 1), (3.11)
has an orthonormal basis of eigenfunctions.

The corresponding eigenvalue equation Lu = zu explicitly reads

—u"(x) + q(z)u(z) = zu(z). (3.12)
It is a second order homogenous linear ordinary differential equations and
hence has two linearly independent solutions. In particular, specifying two
initial conditions, e.g. u(0) = 0,%/(0) = 1 determines the solution uniquely.
Hence, if we require u(0) = 0, the solution is determined up to a multiple
and consequently the additional requirement u(1) = 0 cannot be satisfied
by a nontrivial solution in general. However, there might be some z € C for
which the solution corresponding to the initial conditions «(0) = 0,4/(0) = 1
happens to satisfy u(1) = 0 and these are precisely the eigenvalues we are
looking for.

Note that the fact that £2,,,(0,1) is not complete causes no problems
since we can always replace it by its completion $ = L?(0,1). A thorough
investigation of this completion will be given later, at this point this is not
essential.

We first verify that L is symmetric:

(f.Lg) = / F(@)(~¢" (@) + a(@)g())dz

= /f Yg'( dx+/ f(x (x)dx
_ / P ) o) + /O F@) q(@)g(x)dr  (3.13)

= (Lf,9).
Here we have used integration by part twice (the boundary terms vanish
due to our boundary conditions f(0) = f(1) =0 and ¢(0) = g(1) = 0).
Of course we want to apply Theorem 3.8 and for this we would need to

show that L is compact. But this task is bound to fail, since L is not even
bounded (see the example in Section 1.5)!

So here comes the trick: If L is unbounded its inverse L~ might still
be bounded. Moreover, L~ might even be compact and this is the case
here! Since L might not be injective (0 might be an eigenvalue), we consider
Rr(z) = (L — 2)71, 2 € C, which is also known as the resolvent of L.

In order to compute the resolvent, we need to solve the inhomogenous
equation (L — z)f = g. This can be done using the variation of constants
formula from ordinary differential equations which determines the solution



52 3. Compact operators

up to an arbitrary solution of the homogenous equation. This homogenous
equation has to be chosen such that f € ©(L), that is, such that f(0) =

f(1)=0.
Define

fa) = e ([ u e ngtar)
u_(z

W(;;C) ( /x 1 “+(Z7t>9<t)dt>, (3.14)

where uy (z,z) are the solutions of the homogenous differential equation
—u!l (z,2)+ (q(x) —2)us(z,x) = 0 satisfying the initial conditions u_(z,0) =
0, u’_(2,0) = 1 respectively uy(z,1) =0, v/ (2,1) =1 and

W(z) = W(uy(2),u-(2) = vl (z,2)uy (2, 2) — u_(z,2)u) (2,2)  (3.15)
is the Wronski determinant, which is independent of x (check this!).

Then clearly f(0) = 0 since u—(z,0) = 0 and similarly f(1) = 0 since
u4+(z,1) = 0. Furthermore, f is differentiable and a straightforward compu-

tation verifies
Fla) = W( /0 Cu_ (= 0g(0)at)

l 1
+“Véz(;§)( /x u+(z,t)g(t)dt). (3.16)
Thus we can differentiate once more giving
woy o us(z@)" 7
ey = ([t nao)
u_(z. )" 1
([ st nata) - gte)
= (q(z) = 2)f(z) — g(2). (3.17)
In summary, f is in the domain of L and satisfies (L — 2)f = g.

Note that z is an eigenvalue if and only if W(z) = 0. In fact, in this
case u4(z,x) and u_(z,x) are linearly dependent and hence u_(z,1) =
cu4(z,1) = 0 which shows that u_(z, z) satisfies both boundary conditions
and is thus an eigenfunction.

Introducing the Green function

B 1 us(z,x)u_(z,t), x>t
Gt = @) L ), a2t 19

we see that (L — z)~! is given by

1
(L—2)"tg(x) = /0 G(z,x,t)g(t)dt. (3.19)
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Moreover, from G(z,,t) = G(z,t,z) it follows that (L — 2)~! is symmetric
for z € R (Problem 3.6) and from Lemma 3.4 it follows that it is compact.
Hence Theorem 3.8 applies to (L — z)~! and we obtain:

Theorem 3.11. The Sturm—Liouwille operator L has a countable number of
eigenvalues E,. All eigenvalues are discrete and simple. The corresponding

normalized eigenfunctions u, form an orthonormal basis for £2,,,(0,1).

Proof. Pick a value A € R such that Ry ()\) exists. By Lemma 3.4 Ry ()\)
is compact and by Theorem 3.3 this remains true if we replace £2,,,(0,1)
by its completion. By Theorem 3.8 there are eigenvalues o, of R () with
corresponding eigenfunctions u,. Moreover, Ry (\)u, = anu, is equivalent
to Lu, = (A + i)un, which shows that E,, = \ + é are eigenvalues
of L with corresponding eigenfunctions w,. Now everything follows from
Theorem 3.8 except that the eigenvalues are simple. To show this, observe
that if u,, and v, are two different eigenfunctions corresponding to F,, then
un(0) = v, (0) = 0 implies W (uy,v,) = 0 and hence w,, and v,, are linearly
dependent. O

Problem 3.6. Show that for our Sturm-Liouville operator ui(z,x)* =
ut(z*,x). Conclude Rr(z)* = R (z*). (Hint: Problem 3.2.)

Problem 3.7. Show that the resolvent Ra(z) = (A—2)~' (provided it exists
and is densely defined) of a symmetric operator A is again symmetric for
z € R. (Hint: g € D(Ra(2)) if and only if g = (A—2z) f for some f € D(A)).

3.4. More on compact operators

Our first aim is to find a generalization of Corollary 3.9 for general compact
operators. The key observation is that if K is compact, then K* K is compact
and symmetric and thus, by Corollary 3.9, there is a countable orthonormal
set {u;} and nonzero numbers s; # 0 such that

oo
K*Kf = Z s (uj, f)u;. (3.20)
j=1
Moreover, ||Ku;|? = (uj, K*Ku;) = (u;, s?uj) = 5? implies
sj = || Kuj || > 0. (3.21)

The numbers s; = s;(K) are called singular values of K. There are either
finitely many singular values or they converge to zero.

Theorem 3.12 (Canonical form of compact operators). Let K be compact
and let sj be the singular values of K and {u;} corresponding orthonormal
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eigenvectors of K*K. Then

K = Z Sj <Uj, .>Uj, (3.22)

where vj = s; Ku] The norm of K is given by the largest singular value
K] = max s,(K). (3.23)
J

Moreover, the vectors v are again orthonormal and satisfy K*v; = sju;. In

particular, v; are eigenvectors of KK* corresponding to the eigenvalues s?.

Proof. For any f € $ we can write

F=> (uj, Hru; + fo
J
with f; € Ker(K*K) = Ker(K) (Problem 3.8). Then
Kf=) (uj f)Kuj =3 si(uj, f)v;
J

J
as required. Furthermore,
(vj,0) = (sj8) " (Kug, Kug) = (sjs) " (K Kug,ug) = sjs (g, up)

shows that {v;} are orthonormal. Finally, (3.23) follows from
172 = | Zsj w, fos” = 2521 uj NP < (maxsi (5)°) 117,

where equality holds for f = uj, if s;, = max; s;(K). O

If K is self-adjoint, then u; = ojv;, 0]2

and ojs; are the corresponding eigenvalues.

= 1, are the eigenvectors of K

An operator K € £(9) is called a finite rank operator if its range is
finite dimensional. The dimension

rank(K') = dim Ran(K)
is called the rank of K. Since for a compact operator
Ran(K) = span{v;} (3.24)

we see that a compact operator is finite rank if and only if the sum in (3.22)
is finite. Note that the finite rank operators form an ideal in £($) just as
the compact operators do. Moreover, every finite rank operator is compact
by the Heine-Borel theorem (Theorem 1.11).

Lemma 3.13. The closure of the ideal of finite rank operators in £($) is
the ideal of compact operators.
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Proof. Since the limit of compact operators is compact, it remains to show
that every compact operator K can be approximated by finite rank ones.
To this end assume that K is not finite rank and note that

n
K, = Z sj(uj, )vj
j=1

converges to K as n — oo since

K — K| = I;lggSj(K)
by (3.23). O

Moreover, this also shows that the adjoint of a compact operator is again
compact.

Corollary 3.14. An operator K is compact (finite rank) if and only K* is.
In fact, s;(K) = s;(K*) and

K* =Y si(v, Ju;. (3.25)

J
Proof. First of all note that (3.25) follows from (3.22) since taking adjoints
is continuous and ((uj,.)v;)* = (v}, .)u;j. The rest is straightforward. O

Problem 3.8. Show that Ker(A*A) = Ker(A) for any A € £(9).
Problem 3.9. Show (3.23).

3.5. Fredholm theory for compact operators

In this section we want to investigate solvability of the equation
f=Kf+g (3.26)

for given g. Clearly there exists a solution if ¢ € Ran(l — K) and this
solution is unique if Ker(1— K) = {0}. Hence these subspaces play a crucial
role. Moreover, if the underlying Hilbert space is finite dimensional it is
well-known that Ker(1 — K') = {0} automatically implies Ran(1 — K) = §
since

dimKer(1 — K) + dimRan(1 — K) = dim . (3.27)

Unfortunately this formula is of no use if ) is infinite dimensional, but if we
rewrite it as

dimKer(1 — K) = dim $ — dim Ran(1 — K) = dimRan(1 — K)* (3.28)

there is some hope. In fact, we will show that this formula (makes sense
and) holds if K is a compact operator.
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Lemma 3.15. Let K € €($)) be compact. Then Ker(1— K) is finite dimen-
sional and Ran(1 — K) is closed.

Proof. We first show dim Ker(1 — K) < co. If not we could find an infinite
orthogonal system {u;}52; C Ker(1 — K). By Ku;j = u; compactness of K
implies that there is a convergent subsequence u;,. But this is impossible
by [|u; — ugl|? = 2 for j # k.

To see that Ran(l — K) is closed we first claim that there is a v > 0
such that

10— K)fI 2 fl, VF € Ker(1— K)*. (3.20)

In fact, if there were no such v, we could find a normalized sequence f; €
Ker(1— K)* with || f; — K fj|| < %, that is, f; — K f; — 0. After passing to a
subsequence we can assume K f; — f by compactness of K. Combining this
with f; — K f; — 0 implies f; — f and f — K f =0, that is, f € Ker(1 - K).
On the other hand, since Ker(1—K ) is closed, we also have f € Ker(1—K)+
which shows f = 0. This contradicts || f|| = lim ||f;|| = 1 and thus (3.29)
holds.

Now choose a sequence g; € Ran(l — K') converging to some g. By
assumption there are f such that (1 — K)fr = gx and we can even assume
fx € Ker(1— K)* by removing the projection onto Ker(1— K). Hence (3.29)
shows

17 = fell 47 A= E) 5 = foll =7 lgs — gxl
that f; converges to some f and (1 — K)f = g implies g € Ran(1 — K). O

Since
Ran(1 — K)* = Ker(1 — K*) (3.30)
by (2.27) we see that the left and right hand side of (3.28) are at least finite
for compact K and we can try to verify equality.

Theorem 3.16. Suppose K is compact. Then
dimKer(1 — K) = dimRan(1 — K)*, (3.31)

where both quantities are finite.

Proof. It suffices to show

dimKer(1 — K) > dimRan(1 — K)*, (3.32)
since replacing K by K* in this inequality and invoking (2.27) provides the
reversed inequality.

We begin by showing that dimKer(l — K) = 0 implies dim Ran(1 —
K)+ =0, that is Ran(1 — K) = $). To see this suppose $; = Ran(l1 — K) =
(1 — K)$ is not equal to . Then $Ho = (1 — K)$; can also not be equal
to $;. Otherwise for any given element in $; there would be an element
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in $2 with the same image under 1 — K contradicting our assumption that
1— K is injective. Proceeding inductively we obtain a sequence of subspaces
H; = (1 - K)jf) with $j4+1 C $j. Now choose a normalized sequence
fi € 9; ﬂﬁj{rl. Then for k > j we have

IKfj — Kfel®> = fi — fr — A= K)(f; — fu)lI?
=fI1P+1f+ (A= K)(f; — foll?>1

since f; € J’Jj;rl and fr, + (1 — K)(fj — fx) € $;+1. But this contradicts the
fact that K f; must have a convergent subsequence.

To show (3.32) in the general case, suppose dim Ker(1—K) < dim Ran(1—
K)* instead. Then we can find a bounded map A : Ker(1 — K) — Ran(1 —
K)* which is injective but not onto. Extend A to a map on ) by setting
Af =0for f € Ker(1—K)'. Since A is finite rank, the operator K = K+ A
is again compact. We claim Ker(1 — K) = {0}. Indeed, if f € Ker(1 — K),
then f — Kf = Af € Ran(1 — K)* implies f € Ker(1 — K) N Ker(A). But
A is injective on Ker(1 — K) and thus f = 0 as claimed. Thus the first

step applied to K implies Ran(1 — K') = $. But this is impossible since the
equation

f-Kf=(Q-K)f+Af=g
for g € Ran(1 — K)* reduces to (1 — K)f = 0 and Af = g which has no
solution if we choose g & Ran(A). O

As a special case we obtain the famous

Theorem 3.17 (Fredholm alternative). Suppose K € €($) is compact.
Then either the inhomogeneous equation

f=Kf+g (3.33)

has a unique solution for every g € $ or the corresponding homogenous
equation

f=Kf (3.34)
has a nontrivial solution.
Note that (3.30) implies that in any case the inhomogenous equation

f = Kf + g has a solution if and only if ¢ € Ker(1 — K*)*. Moreover,
combining (3.31) with (3.30) also shows

dimKer(1 — K) = dim Ker(1 — K*) (3.35)

for compact K.

This theory can be generalized to the case of operators where both
Ker(1 — K) and Ran(l — K)* are finite dimensional. Such operators are
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called Fredholm operators (also Noether operators) and the number
ind(1 — K) = dimKer(1 — K) — dim Ran(1 — K)* (3.36)

is the called the index of K. Theorem 3.16 now says that a compact oper-
ator is Fredholm of index zero.

Problem 3.10. Compute Ker(1 — K) and Ran(1 — K)* for the operator
K = (v, .)u, where u,v € § satisfy (u,v) = 1.



Chapter 4

Almost everything
about Lebesgue
integration

4.1. Borel measures in a nut shell

The first step in defining the Lebesgue integral is extending the notion of
size from intervals to arbitrary sets. Unfortunately, this turns out to be too
much, since a classical paradox by Banach and Tarski shows that one can
break the unit ball in R? into a finite number of (wild — choosing the pieces
uses the Axiom of Choice and cannot be done with a jigsaw;-) pieces, rotate
and translate them, and reassemble them to get two copies of the unit ball
(compare Problem 4.1). Hence any reasonable notion of size (i.e., one which
is translation and rotation invariant) cannot be defined for all sets!

A collection of subsets A of a given set X such that

e X A
e A is closed under finite unions,

e A is closed under complements

is called an algebra. Note that () € A and that, by de Morgan, A is also
closed under finite intersections. If an algebra is closed under countable
unions (and hence also countable intersections), it is called a o-algebra.
Moreover, the intersection of any family of (o-)algebras {A,} is again
a (o-)algebra and for any collection S of subsets there is a unique smallest

59
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(0-)algebra X(S) containing S (namely the intersection of all (o-)algebras
containing S). It is called the (o-)algebra generated by S.

If X is a topological space, the Borel g-algebra of X is defined to be
the o-algebra generated by all open (respectively, all closed) sets. Sets in
the Borel o-algebra are called Borel sets.

Example. In the case X = R"™ the Borel g-algebra will be denoted by B"
and we will abbreviate B = B'. o

Now let us turn to the definition of a measure: A set X together with
a o-algebra Y is called a measurable space. A measure p is a map
p: X — [0,00] on a o-algebra ¥ such that

® :u(@) =0,
o« w(UZ, Aj) = i u(A) i A;0 Ay = 0 for all j # k (o-additivity).
]:

It is called o-finite if there is a countable cover {X;}32; of X with u(X;) <
oo for all j. (Note that it is no restriction to assume X; C Xj;1q.) It is
called finite if (X)) < co. The sets in ¥ are called measurable sets and
the triple X, 3, and p is referred to as a measure space.

If we replace the o-algebra by an algebra A, then p is called a premea-
sure. In this case o-additivity clearly only needs to hold for disjoint sets
A, for which {J,, 4, € A.

We will write 4,, /A if A,, C A1 (note A =, An) and A4, \, A if
Apt1 C A, (note A=), An).

Theorem 4.1. Any measure i satisfies the following properties:

(i) A C B implies u(A) < u(B) (monotonicity).
(il) pu(Ap) — p(A) if A, N A (continuity from below).
(iii) p(An) — p(A) if Ay N A and pu(Ar) < oo (continuity from above).

Proof. The first claim is obvious. The second follows using A, = Ap\An—1
and o-additivity. The third follows from the second using A, = A1\A, and

1(An) = p(Ar) — p(An). O

Example. Let A € P(M) and set (A) to be the number of elements of A
(respectively, oo if A is infinite). This is the so-called counting measure.

Note that if X = N and A4,, = {j € N|j > n}, then p(A4,) = oo, but
(N, Arn) = p(0) = 0 which shows that the requirement p(A;) < oo in the
last claim of Theorem 4.1 is not superfluous. o
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A measure on the Borel o-algebra is called a Borel measure if u(C) <
oo for every compact set C. A Borel measures is called outer regular if

mA) =, O,lonfopen'u(O) (4.1)
and inner regular if
u(A) = sup n(C). (4.2)

CCA,C compact

It is called regular if it is both outer and inner regular.

But how can we obtain some more interesting Borel measures? We will
restrict ourselves to the case of X = R for simplicity. Then the strategy
is as follows: Start with the algebra of finite unions of disjoint intervals
and define p for those sets (as the sum over the intervals). This yields a
premeasure. Extend this to an outer measure for all subsets of R. Show
that the restriction to the Borel sets is a measure.

Let us first show how we should define p for intervals: To every Borel
measure on B we can assign its distribution function

—u((x,O]), T <07
plx) =4 0, x =0, (4.3)
p((0,2]), = >0,

which is right continuous and nondecreasing. Conversely, given a right con-
tinuous nondecreasing function pu: R — R, we can set

T

_ ) () — p(a—), = [a, b],

HA =Y W) —ula), A= (ab), (4.4)
u(b—) — pla—), A=1[a,b),

where p(a—) = lim. o p1(a —€). In particular, this gives a premeasure on the
algebra of finite unions of intervals which can be extended to a measure:

Theorem 4.2. For every right continuous nondecreasing function u: R —
R there exists a unique regular Borel measure p which extends (4.4). Two
different functions generate the same measure if and only if they differ by a
constant.

Since the proof of this theorem is rather involved, we defer it to the next
section and look at some examples first.

Example. Suppose O(z) =0 for x < 0 and ©(z) = 1 for z > 0. Then we

obtain the so-called Dirac measure at 0, which is given by O(A) = 1 if
0€ Aand ©(A) =0if 0 ¢ A. o
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Example. Suppose A(z) = xz. Then the associated measure is the ordinary
Lebesgue measure on R. We will abbreviate the Lebesgue measure of a
Borel set A by A(A4) = |A]. o

It can be shown that Borel measures on a locally compact second count-
able space are always regular ([3, Thm. 29.12]).

A set A € ¥ is called a support for p if u(X\A) = 0. A property is
said to hold p-almost everywhere (a.e.) if it holds on a support for u or,
equivalently, if the set where it does not hold is contained in a set of measure
ZEro.

Example. The set of rational numbers has Lebesgue measure zero: A\(Q) =
0. In fact, every single point has Lebesgue measure zero, and so has every
countable union of points (by countable additivity). S

Example. The Cantor set is an example of a closed uncountable set of
Lebesgue measure zero. It is constructed as follows: Start with Cy = [0, 1]
and remove the middle third to obtain C; = [0, 1]U[2, 1]. Next, again remove

the middle third’s of the remaining sets to obta?n C’; = [0, 3]U[3, 3]U[3, JU
(5 1]:
Co
S}
- O
o _ oA

Proceeding like this, we obtain a sequence of nesting sets (), and the limit
C =), Cy is the Cantor set. Since C,, is compact, so is C. Moreover,
C,, consists of 2" intervals of length 37", and thus its Lebesgue measure
is AM(Cy) = (2/3)™. In particular, \(C) = lim,, o, A(C,) = 0. Using the
ternary expansion, it is extremely simple to describe: C is the set of all
x € [0, 1] whose ternary expansion contains no one’s, which shows that C'is
uncountable (why?). It has some further interesting properties: it is totally
disconnected (i.e., it contains no subintervals) and perfect (it has no isolated
points). o

Problem 4.1 (Vitali set). Call two numbers x,y € [0, 1) equivalent if x —y
is rational. Construct the set V' by choosing one representative from each
equivalence class. Show that V' cannot be measurable with respect to any
nontrivial finite translation invariant measure on [0,1). (Hint: How can
you build up [0,1) from translations of V 2)
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4.2. Extending a premeasure to a measure

The purpose of this section is to prove Theorem 4.2. It is rather technical and
should be skipped on first reading.

In order to prove Theorem 4.2, we need to show how a premeasure can
be extended to a measure. As a prerequisite we first establish that it suffices
to check increasing (or decreasing) sequences of sets when checking whether
a given algebra is in fact a o-algebra:

A collection of sets M is called a monotone class if A, ~ A implies
A € M whenever A,, € M and A, \, A implies A € M whenever A, € M.
Every o-algebra is a monotone class and the intersection of monotone classes
is a monotone class. Hence every collection of sets S generates a smallest
monotone class M(S).

Theorem 4.3. Let A be an algebra. Then M(A) = X(A).

Proof. We first show that M = M(A) is an algebra.

Put M(A) = {B € M|[AUB € M}. If B, is an increasing sequence
of sets in M(A), then AU B, is an increasing sequence in M and hence
U, (AU B,) € M. Now

AU (UBn) =JauB,)

shows that M (A) is closed under increasing sequences. Similarly, M(A) is
closed under decreasing sequences and hence it is a monotone class. But
does it contain any elements? Well, if A € A, we have A C M(A) implying
M(A) =M for A e A. Hence AU B € M if at least one of the sets is in A.
But this shows A C M(A) and hence M(A) = M for every A € M. So M

is closed under finite unions.

To show that we are closed under complements, consider M = {4 €
M|X\A € M}. If A, is an increasing sequence, then X\ A, is a decreasing
sequence and X\J,, 4, = ), X\4, € M if A, € M and similarly for
decreasing sequences. Hence M is a monotone class and must be equal to
M since it contains A.

So we know that M is an algebra. To show that it is a o-algebra, let
An € M be given and put A, = Uy, An € M. Then A, is increasing and
U, 4n =U,, An € M. O

The typical use of this theorem is as follows: First verify some property
for sets in an algebra A. In order to show that it holds for every set in X(A),
it suffices to show that the collection of sets for which it holds is closed under
countable increasing and decreasing sequences (i.e., is a monotone class).

Now we start by proving that (4.4) indeed gives rise to a premeasure.
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Lemma 4.4. The interval function u defined in (4.4) gives rise to a unique
o-finite regular premeasure on the algebra A of finite unions of disjoint in-
tervals.

Proof. First of all, (4.4) can be extended to finite unions of disjoint intervals
by summing over all intervals. It is straightforward to verify that p is well-
defined (one set can be represented by different unions of intervals) and by
construction additive.

To show regularity, we can assume any such union to consist of open
intervals and points only. To show outer regularity, replace each point {z}
by a small open interval (x+¢, 2z —¢) and use that p({z}) = lim. o pu(x+¢)—
wu(x—e). Similarly, to show inner regularity, replace each open interval (a, b)
by a compact one, [a,,b,] C (a,b), and use u((a,b)) = limy, oo p(by) — p(an)
if a, L @ and b,, 1 0.

It remains to verify o-additivity. We need to show
M(U Iy) = Z 1(1k)
k k

whenever I, € A and I = |J, I, € A. Since each I, is a finite union of in-
tervals, we can as well assume each I, is just one interval (just split I,, into
its subintervals and note that the sum does not change by additivity). Sim-
ilarly, we can assume that I is just one interval (just treat each subinterval
separately).

By additivity p is monotone and hence

S u) = u(| In) < (1)
k=1 k=1

which shows
S ulI) < ().
k=1

To get the converse inequality, we need to work harder.
By outer regularity we can cover each I, by some open interval Ji such

that pu(Jk) < pu(Ix) + 55 First suppose I is compact. Then finitely many of
the Jg, say the first n, cover I and we have

n n o0
p() < p(J Je) <D nlh) <> nlle) +e.
k=1 k=1 k=1
Since € > 0 is arbitrary, this shows o-additivity for compact intervals. By
additivity we can always add/subtract the endpoints of I and hence o-
additivity holds for any bounded interval. If I is unbounded, say I = [a, 00),
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then given x > 0, we can find an n such that J,, cover at least [0,z] and
hence

n
Z/J, Iy) ZZ (Jg) —e > p(fa,z]) —e.
k=
Since z > a and € > 0 are arbltrary, we are done. O

This premeasure determines the corresponding measure p uniquely (if
there is one at all):

Theorem 4.5 (Uniqueness of measures). Let v be a o-finite premeasure on
an algebra A. Then there is at most one extension to ¥(A).

Proof. We first assume that ;(X) < co. Suppose there is another extension
i1 and consider the set

S = {A € S(A)u(A) = i(A)}.
I claim S is a monotone class and hence S = ¥(A) since A C S by assump-
tion (Theorem 4.3).

Let A, " A. If A, € S, we have u(A,) = fi(A,) and taking limits
(Theorem 4.1 (ii)), we conclude pu(A) = fi(A). Next let A, \, A and take
limits again. This finishes the finite case. To extend our result to the o-finite
case, let X; X be an increasing sequence such that p(X;) < co. By the
finite case (AN X;) = (AN X;) (just restrict p, i to X;). Hence

p(A) = lim p(ANX;) = lim (AN X;) = ji(A)
J—00 j—o0
and we are done. O

Note that if our premeasure is regular, so will the extension be:

Lemma 4.6. Suppose p is a o-finite measure on the Borel sets 8. Then
outer (inner) reqularity holds for all Borel sets if it holds for all sets in some
algebra A generating the Borel sets *B.

Proof. We first assume that pu(X) < co. Set

° = >
uo(A) = Aco%lfopen“(O) > pu(A)

and let M = {A € B|u°(A) = p(A)}. Since by assumption M contains
some algebra generating ‘B, it suffices to prove that M is a monotone class.

Let A,, € M be a monotone sequence and let O,, O A,, be open sets such
that 1(On) < u(An) + 57. Then

umwguwwgum)+§;
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Now if A, N\, A4, just take limits and use continuity from below of u to see
that O, 2 A,, O A is a sequence of open sets with ©(0,) — p(A). Similarly
if A, /A, observe that O = J,, O, satisfies O D A and

p(0) < u(A) + > 1(On\A) < p(A) + ¢
since u(Op\A) < u(Ox\Ap) < 5.
Next let p be arbitrary. Let X; be a cover with p(X;) < oo. Given
A, we can split it into disjoint sets A; such that A; € X; (41 = AN Xy,
Ay = (A\A1)N Xy, etc.). By regularity, we can assume X; open. Thus there
are open (in X) sets O; covering A; such that p(0O;) < p(4;) + 5. Then
0= Uj Oj is open, covers A, and satisfies

w(A) < p(0) < w(0)) < u(A) + .
i

This settles outer regularity.

Next let us turn to inner regularity. If u(X) < oo, one can show as
before that M = {A € B|u.(A) = n(A)}, where

fo(A) = sup 1(C) < p(A)
CCA,C compact
is a monotone class. This settles the finite case.

For the o-finite case split A again as before. Since X; has finite measure,
there are compact subsets K of A; such that u(4;) < u(Kj) + 5. Now
we need to distinguish two cases: If p(A4) = oo, the sum }_; u(A;) will
diverge and so will ; u(Kj). Hence K, = Uj—1 € A is compact with
w(K,) — oo = u(A). If u(A) < oo, the sum > 1(A;) will converge and
choosing n sufficiently large, we will have

p(Kn) < p(A) < p(Ky) + 2.
This finishes the proof. ([

So it remains to ensure that there is an extension at all. For any pre-
measure u we define

ut(4) = inf {37 p(4n)
n=1

AC G Ap, Ay € A} (4.5)
n=1

where the infimum extends over all countable covers from A. Then the
function p* : P(X) — [0,00] is an outer measure; that is, it has the
properties (Problem 4.2)

o 1*(0) =0,

e A1 C Ay = u*(A41) < p*(Az), and

o 1 (Unly An) < 3005 15 (Ay)  (subadditivity).
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Note that p*(A) = u(A) for A € A (Problem 4.3).

Theorem 4.7 (Extensions via outer measures). Let u* be an outer measure.
Then the set 3 of all sets A satisfying the Carathéodory condition
p(E)=p"(ANE)+u*(A'NE), VECX (4.6)

(where A" = X\ A is the complement of A) forms a o-algebra and p* re-
stricted to this o-algebra is a measure.

Proof. We first show that ¥ is an algebra. It clearly contains X and is closed
under complements. Let A, B € Y. Applying Carathéodory’s condition
twice finally shows
p(E) =p*(ANBNE)+u*(AANBNE)+u*(ANB'NE)
+u* (A'NB'NE)
> ((AUB)NE) + p*((AUB)NE),
where we have used de Morgan and
p(ANBNE)+p (ANBNE)+u (ANB'NE) > (AUB)NE)

which follows from subadditivity and (AUB)NE = (ANBNE)U (AN
BNE)U(ANB'NE). Since the reverse inequality is just subadditivity, we
conclude that ¥ is an algebra.

Next, let A, be a sequence of sets from Y. Without restriction we
can assume that they are disjoint (compare the last argument in proof of
Theorem 4.3). Abbreviate A, = J,<,, An, A = ,, An. Then for every set
E we have -

(A, NE) = p* (A, N A, NE) + p*(A,NA,NE)

= (A, NE)+p (A1 NE)

=... =) _u(ANE).

k=1
Using A4, € ¥ and monotonicity of x*, we infer

pH(E) = p* (A, N E) + p*(A,N E)

n
> (AN E) + p* (AN E).
k=1
Letting n — oo and using subadditivity finally gives

o0

p(E) > Y p (AxNE)+u* (ANE)

=1
> P (ANE) +p*(B'NE) > p*(E) (4.7)
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and we infer that X is a o-algebra.
Finally, setting £ = A in (4.7), we have

i,u (Ag N A) + p*(A'N A) :i,u
k=1 k=1

and we are done. O

Remark: The constructed measure p is complete; that is, for every
measurable set A of measure zero, every subset of A is again measurable
(Problem 4.4).

The only remaining question is whether there are any nontrivial sets

satisfying the Carathéodory condition.

Lemma 4.8. Let u be a premeasure on A and let u* be the associated outer
measure. Then every set in A satisfies the Carathéodory condition.

Proof. Let A, € A be a countable cover for E. Then for every A € A we
have

D An) = An A+ (AN A > (BN A) + pt(EN A)

n=1 n=1

since A, NA € Ais a cover for ENAand A,NA" € Ais a cover for EN A’
Taking the infimum, we have p*(E) > p*(ENA)+p*(ENA’), which finishes
the proof. O

Thus, as a consequence we obtain Theorem 4.2.

Problem 4.2. Show that p* defined in (4.5) is an outer measure. (Hint
for the last property: Take a cover {Bpni}p, for Ay, such that p*(Ay,) =
on T 2 _hey #(Buk) and note that { By }yo—; is a cover for J,, An.)

Problem 4.3. Show that p* defined in (4.5) extends p. (Hint: For the
cover Ay, it is no restriction to assume A, N Ay, =0 and A, C A.)

Problem 4.4. Show that the measure constructed in Theorem 4.7 is com-
plete.

Problem 4.5. Let p be a finite measure. Show that
d(A, B) = n(AAB), AAB = (AUB)\(ANB) (4.8)

is a metric on X if we identify sets of measure zero. Show that if A is an
algebra, then it is dense in X(A). (Hint: Show that the sets which can be
approximated by sets in A form a monotone class.)
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4.3. Measurable functions

The Riemann integral works by splitting the « coordinate into small intervals
and approximating f(z) on each interval by its minimum and maximum.
The problem with this approach is that the difference between maximum
and minimum will only tend to zero (as the intervals get smaller) if f(x) is
sufficiently nice. To avoid this problem, we can force the difference to go to
zero by considering, instead of an interval, the set of z for which f(z) lies
between two given numbers a < b. Now we need the size of the set of these
x, that is, the size of the preimage f~!((a,b)). For this to work, preimages
of intervals must be measurable.

A function f : X — R" is called measurable if f~1(A) € ¥ for every
A € 98" A complex-valued function is called measurable if both its real and
imaginary parts are. Clearly it suffices to check this condition for every set A
in a collection of sets which generate 28", since the collection of sets for which
it holds forms a o-algebra by f~'(R™\A) = X\f~!(A) and f_l(Uj Aj) =

U; F71(4)).
Lemma 4.9. A function f: X — R" is measurable if and only if

n

i ex vI=]](a;,0). (4.9)

j=1

In particular, a function f : X — R™ is measurable if and only if every
component is measurable.

Proof. We need to show that B is generated by rectangles of the above
form. The o-algebra generated by these rectangles also contains all open
rectangles of the form I = [[7_,(ay;,b;). Moreover, given any open set O,
we can cover it by such open rectangles satisfying I C O. By Lindelof’s
theorem there is a countable subcover and hence every open set can be
written as a countable union of open rectangles. ([

Clearly the intervals (aj,00) can also be replaced by [a;, o), (—o0, a;),
or (—o0, ajl.

If X is a topological space and ¥ the corresponding Borel o-algebra,
we will also call a measurable function Borel function. Note that, in
particular,

Lemma 4.10. Let X be a topological space and X its Borel o-algebra. Any
continuous function is Borel. Moreover, if f : X - R" andg:Y CR" —
R™ are Borel functions, then the composition g o f is again Borel.
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Sometimes it is also convenient to allow £oco as possible values for f,
that is, functions f : X — R, R = RU {—o00,00}. In this case A C R is
called Borel if ANR is.

The set of all measurable functions forms an algebra.

Lemma 4.11. Let X be a topological space and % its Borel o-algebra. Sup-
pose f,g : X — R are measurable functions. Then the sum f + g and the
product fg are measurable.

Proof. Note that addition and multiplication are continuous functions from
R? — R and hence the claim follows from the previous lemma. O

Moreover, the set of all measurable functions is closed under all impor-
tant limiting operations.

Lemma 4.12. Suppose f, : X — R is a sequence of measurable functions.
Then

inf f,, supfn, liminff,, limsupf, (4.10)
neN n—00

neN n—00

are measurable as well.

Proof. It suffices to prove that sup f, is measurable since the rest follows
from inf f,, = —sup(—fy,), liminf f,, = sup, inf,,>; fn, and limsup f,, =
inf sup,,>, fn. But (sup f,)"*((a,00)) = U, f, *((a,00)) and we are done.

Ul

A few immediate consequences are worthwhile noting: It follows that
if f and g are measurable functions, so are min(f,g), max(f,g), |f| =
max(f, —f), and f* = max(&f,0). Furthermore, the pointwise limit of
measurable functions is again measurable.

4.4. Integration — Sum me up, Henri

Now we can define the integral for measurable functions as follows. A mea-
surable function s : X — R is called simple if its range is finite; that is,
if

P
s = Zaj XA, Aj=s5"1(a;) €. (4.11)
j=1

Here x4 is the characteristic function of A; that is, xa(z) =1ifz € A
and x(z) = 0 otherwise.

For a nonnegative simple function we define its integral as

/Asd,u = Z aj (AjNA). (4.12)

J=1
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Here we use the convention 0 - co = 0.
Lemma 4.13. The integral has the following properties:
fAsd,u = fXXASdM-
(11) fU]‘?C:IAde“:Z?ilfAde“’ AjNAp =0 for j #k.
(iil) [yasdp=a [sdu, a>0.
(iv) [4(s+t)dp= [, sdu+ [,tdpu.
(v) ACB = [,sdu< [5sdpu.
(vi) s<t = [,sdp< [ tdu.
Proof. (i) is clear from the definition. (ii) follows from o-additivity of p.

(iii) is obvious. (iv) Let s = > ajxa;, t = >_;Bjxp, and abbreviate
Cjk = (A] N By) N A. Then, by (ii),

/A(S +t)dp = jz,; /Cjk(s +t)dp =Y (a + Br)i(Ci)

j?k

—Z(/ sd,u+/cjtdu> /sd,u+/tdu

(v) follows from monotonicity of . (vi) follows since by (iv) we can write
5= Zj ajxo;, t= Zj Bj Xc; where, by assumption, a; < ;. O

Our next task is to extend this definition to arbitrary positive functions

by
/fdu:sup/ sdpu, (4.13)
A s<fJA

where the supremum is taken over all simple functions s < f. Note that,
except for possibly (ii) and (iv), Lemma 4.13 still holds for this extension.

Theorem 4.14 (Monotone convergence). Let f,, be a monotone nondecreas-
ing sequence of nonnegative measurable functions, f, /~ f. Then

/A fodpi = /A fd. (4.14)

Proof. By property (vi), f 4 Jn dp is monotone and converges to some num-
ber a. By f, < f and again (vi) we have

04</Afdu.

To show the converse, let s be simple such that s < f and let § € (0,1). Put
Ay =A{x € A|fn(x) > 0s(z)} and note A,, /" A (show this). Then

/fndy>/ fndu>9/ sdp.
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Letting n — oo, we see

a>0 / sdpu.
A
Since this is valid for every 6 < 1, it still holds for 8 = 1. Finally, since
s < f is arbitrary, the claim follows. O
In particular
/ fdu= lim [ s,du, (4.15)
A n—oo A

for every monotone sequence s, " f of simple functions. Note that there is
always such a sequence, for example,

n2™
k k k+1
Sn(fll') = E 27Xf_1(14k)(l‘)? Ak = [27, 27”), Angn = [n,oo) (416)
k=0

By construction s, converges uniformly if f is bounded, since s,(z) = n if
F(2) > n and f(x) — sn() < 3k if f(z) < n.

Now what about the missing items (ii) and (iv) from Lemma 4.137 Since
limits can be spread over sums, the extension is linear (i.e., item (iv) holds)
and (ii) also follows directly from the monotone convergence theorem. We
even have the following result:

Lemma 4.15. If f > 0 is measurable, then dv = f du defined via

v(A) = / fdu (4.17)
A
1s a measure such that

/gduz /gfd,u. (4.18)

Proof. As already mentioned, additivity of u is equivalent to linearity of the
integral and o-additivity follows from the monotone convergence theorem:

v(|J An) = /(Z Xa,)f dp = Z/XAnf dp =" v(Ap).
n=1 n=1 n=1 n=1

The second claim holds for simple functions and hence for all functions by
construction of the integral. O

If f,, is not necessarily monotone, we have at least

Theorem 4.16 (Fatou’s lemma). If f,, is a sequence of nonnegative mea-
surable function, then

/ liminf f,, du < lim inf/ frndp. (4.19)
A n—o0 A

n—oo
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Proof. Set g, = inf;>, fr. Then g, < f,, implying

/gndué/fndu-
A A

Now take the liminf on both sides and note that by the monotone conver-
gence theorem

lim inf/ gndp = lim / gn dp = / lim g,dp = / liminf f, du,
proving the claim. O

If the integral is finite for both the positive and negative part f* of an
arbitrary measurable function f, we call f integrable and set

L‘fdMZAf+du—Afdu. (4.20)

The set of all integrable functions is denoted by £(X, du).

Lemma 4.17. Lemma 4.13 holds for integrable functions s, t.

Similarly, we handle the case where f is complex-valued by calling f
integrable if both the real and imaginary part are and setting

/ fdp= / Re(f)du—l—i/ Im(f)dp. (4.21)
A A A
Clearly f is integrable if and only if | f] is.

Lemma 4.18. For all integrable functions f, g we have

[ sal< [ 110 (4.22)

and (triangle inequality)

/A|f+9!du§/A|f!du+/A!9!du- (4.23)

Proof. Put a = %, where z = [, fdp (without restriction z # 0). Then
[ tan=a [ fan= [ afdu= [ Retapyanz [ |fldn
A A A A A
proving the first claim. The second follows from |f + g| < |f]| + |g|- O

In addition, our integral is well behaved with respect to limiting opera-
tions.
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Theorem 4.19 (Dominated convergence). Let f,, be a convergent sequence
of measurable functions and set f = lim,_,o0 fr. Suppose there is an inte-
grable function g such that |f,| < g. Then f is integrable and

lim / Fodp = / fdu. (4.24)

Proof. The real and imaginary parts satisfy the same assumptions and so
do the positive and negative parts. Hence it suffices to prove the case where
frn and f are nonnegative.

By Fatou’s lemma
liminf/ fnd,u,z/fdu

lim inf/A(g — fn)dp > /A(g — f)dp.

n—oo

and

Subtracting [ 4 9dp on both sides of the last inequality finishes the proof
since lim inf(—f,) = — limsup f,. O

Remark: Since sets of measure zero do not contribute to the value of the
integral, it clearly suffices if the requirements of the dominated convergence
theorem are satisfied almost everywhere (with respect to p).

Note that the existence of g is crucial, as the example f,(z) = % X[=nn)(Z)
on R with Lebesgue measure shows.

Example. If p(z) = >, 0,0(z — z,,) is a sum of Dirac measures, O(z)
centered at x = 0, then

[ H@du() = 3 ant(an). (4.25)

Hence our integral contains sums as special cases. o

Problem 4.6. Show that the set B(X) of bounded measurable functions with
the sup norm is a Banach space. Show that the set S(X) of simple functions
is dense in B(X). Show that the integral is a bounded linear functional on
B(X) if u(X) < oo. (Hence Theorem 1.28 could be used to extend the
integral from simple to bounded measurable functions.)

Problem 4.7. Show that the dominated convergence theorem implies (under
the same assumptions)

i [ 12— Sldu = 0.

n—oo
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Problem 4.8. Let X C R, Y be some measure space, and f: X x Y — R.
Suppose y — f(x,y) is measurable for every x and x — f(x,y) is continuous
for every y. Show that

F@) = [ S duto) (4.26)
is continuous if there is an integrable function g(y) such that | f(z,y)| < g(y).

Problem 4.9. Let X C R, Y be some measure space, and f: X xY — R.
Suppose y — f(x,y) is measurable for all x and x — f(z,y) is differentiable
for a.e. y. Show that

F(z) = /A f(.y) du(y) (4.27)

is differentiable if there is an integrable function g(y) such that \%f(x, y)| <
9(y). Moreover, y — a%f(a:, y) is measurable and

Fl(z) = /A 2 Fy) duty) (4.28)

i this case.

4.5. Product measures

Let p1 and po be two measures on X1 and g, respectively. Let X1 ® Yo be
the o-algebra generated by rectangles of the form A; x As.

Example. Let B8 be the Borel sets in R. Then B2 = B ® B are the Borel
sets in R? (since the rectangles are a basis for the product topology). o
Any set in X1 ® X9 has the section property; that is,
Lemma 4.20. Suppose A € ¥1 @ ¥o. Then its sections
Ai(zg) = {z1|(z1,22) € A} and Az(x1) = {xa|(z1,22) € A} (4.29)

are measurable.

Proof. Denote all sets A € ¥1 ® X9 with the property that A;(x2) € 31 by
S. Clearly all rectangles are in S and it suffices to show that S is a o-algebra.
Now, if A € S, then (A")1(x2) = (A1(z2)) € X9 and thus S is closed under
complements. Similarly, if A, € S, then (|J,, An)1(x2) = U,,(An)1(22) shows
that S is closed under countable unions. O

This implies that if f is a measurable function on X x Xo, then f(., z9) is
measurable on X7 for every xo and f(x1,.) is measurable on X for every x;
(observe Ay (xe) = {x1|f(x1,22) € B}, where A = {(x1,x2)|f(z1,22) € B}).
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Given two measures 1 on Y7 and ps on Yo, we now want to construct
the product measure p; ® po on X7 ® Y9 such that

1 @ p2(Ar X Ag) = p1(Ar)pa(A2), Aj; €35, j=1,2 (4.30)

Theorem 4.21. Let p1 and ps be two o-finite measures on X1 and Yo,
respectively. Let A € X1 @ ¥o. Then pua(Aa(z1)) and pi(Ai(z2)) are mea-
surable and

/ ia(Ao(r))dpn (1) = / p(Ay(@o))dpa(zs). (4.31)
X3

Xo

Proof. Let S be the set of all subsets for which our claim holds. Note that S
contains at least all rectangles. It even contains the algebra of finite disjoint
unions of rectangles. Thus it suffices to show that S is a monotone class
by Theorem 4.3. If u; and uo are finite, measurability and equality of both
integrals follow from the monotone convergence theorem for increasing se-
quences of sets and from the dominated convergence theorem for decreasing
sequences of sets.

If 1 and po are o-finite, let X;; 7 X; with p1;(X; ;) < oo for i = 1,2.
Now /,LQ((A N XL]' X XQJ‘)Q(xl)) = /LQ(AQ(xl) N XQJ‘)XXLJ- (1’1) and similarly
with 1 and 2 exchanged. Hence by the finite case

/ p2(A2 N Xoj)xx, ,dpn = / (AL N X1 5)xx,  dpe (4.32)
X1 X2
and the o-finite case follows from the monotone convergence theorem. [

Hence we can define

1 ® po(A) = / p2(Az(z1))dpn (x1) = / p1(Ar(z2))dpa(z2)  (4.33)
X1 X2

or equivalently, since X 4, (z,)(%1) = X4, (21)(72) = xa(T1, 72),

p1 ® p2(A) = / </)(2 XA(3?17332)dM2(9€2)> dpa (1)

X1

- /X2 (/X1 XA<JJ1,:U2)CZ/L1(-%'1)> dpa(x2). (4.34)

Additivity of p1 ® pe follows from the monotone convergence theorem.

Note that (4.30) uniquely defines p; ® pg as a o-finite premeasure on
the algebra of finite disjoint unions of rectangles. Hence by Theorem 4.5 it
is the only measure on ¥ ® 3 satisfying (4.30).

Finally we have

Theorem 4.22 (Fubini). Let f be a measurable function on X1 x Xo and
let p1, po be o-finite measures on X1, Xo, respectively.
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(i) If f > 0, then [ f(.,z2)dpa(x2) and [ f(z1,.)dpi(z1) are both
measurable and

J[ s asiam @ patera) = ( / f(xl,@)dm(xl)) dus()
= [ ([ st anduaten ) (o) (4.35)

(ii) If f is complex, then

[ 1wl € £ ) (4.36)
respectively,
/!f(fchm)\dm(xz) € LY(X1,dm), (4.37)

if and only if f € LY(X1 x Xo,dpy @ dug). In this case (4.35)
holds.

Proof. By Theorem 4.21 and linearity the claim holds for simple functions.
To see (i), let s,  f be a sequence of nonnegative simple functions. Then it
follows by applying the monotone convergence theorem (twice for the double
integrals).

For (ii) we can assume that f is real-valued by considering its real and
imaginary parts separately. Moreover, splitting f = f™— f~ into its positive
and negative parts, the claim reduces to (i). O

In particular, if f(x1,x2) is either nonnegative or integrable, then the
order of integration can be interchanged.

Lemma 4.23. If 1 and uo are o-finite reqular Borel measures, then so is
1 ® po.

Proof. Regularity holds for every rectangle and hence also for the algebra of
finite disjoint unions of rectangles. Thus the claim follows from Lemma 4.6.

O
Note that we can iterate this procedure.
Lemma 4.24. Suppose u;, j = 1,2,3, are o-finite measures. Then
(11 @ p2) ® pz = p1 @ (pg ® pu3). (4.38)

Proof. First of all note that (X1 ® ¥2) ® ¥3 = ¥; ® (X2 ® X3) is the sigma
algebra generated by the rectangles A x Ay x Az in X7 x X9 x X3. Moreover,



78 4. Almost everything about Lebesgue integration

since

(11 ® p2) @ ps)(Ar x Az x Az) = p1(Ar)pa(A2)ps(As)
= (11 ® (p2 ® p3))(Ar x Az x As),

the two measures coincide on the algebra of finite disjoint unions of rectan-
gles. Hence they coincide everywhere by Theorem 4.5. U

Example. If ) is Lebesgue measure on R, then A" = A®---® X is Lebesgue
measure on R™. Since A is regular, so is \". o

Problem 4.10. Show that the set of all finite union of rectangles A1 x As
forms an algebra.

Problem 4.11. Let U C C be a domain, Y be some measure space, and f :
UxY — R. Suppose y — f(z,y) is measurable for every z and z — f(z,y)
is holomorphic for every y. Show that

F(z) = /A f(z ) dpu(y) (4.39)

is holomorphic if for every compact subset V. C U there is an integrable
function g(y) such that |f(z,y)| < g(y), z € V. (Hint: Use Fubini and
Morera.)



Chapter 5

The Lebesgue spaces
LP

5.1. Functions almost everywhere

We fix some o-finite measure space (X, X, u) and define the LP norm by

1/p
IIpr:(/X \flpdﬂ) . 1< (5.1)

and denote by L£P(X, du) the set of all complex-valued measurable functions
for which || f||, is finite. First of all note that £P(X,dp) is a linear space,
since |f + gP < 2 max(|], [g)? < 2 max(|fI7, |gI") < 2°(|f|” + |gl?). Of
course our hope is that £P(X,du) is a Banach space. However, there is
a small technical problem (recall that a property is said to hold almost
everywhere if the set where it fails to hold is contained in a set of measure
Z€ero):

Lemma 5.1. Let f be measurable. Then

[ 1rdu=o (5.2)
X

if and only if f(x) =0 almost everywhere with respect to .

Proof. Observe that we have A = {z|f(z) # 0} = U,, An, where 4, =
{z||f(x)| > %} If [|f[Pdp = 0 we must have p(A,) = 0 for every n and
hence p(A) = limy, 00 pt(A4,) = 0.

Conversely we have [y [f[Pdu = [, |f[P du = 0 since u(A) = 0 implies
J4sdp = 0 for every simple function and thus for any integrable function
by definition of the integral. O

79
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Note that the proof also shows that if f is not 0 almost everywhere,
there is an € > 0 such that u({z||f(z)| > €}) > 0.

Example. Let A be the Lebesgue measure on R. Then the characteristic
function of the rationals xq is zero a.e. (with respect to \).

Let © be the Dirac measure centered at 0. Then f(z) = 0 a.e. (with
respect to O) if and only if f(0) = 0. o

Thus || f||, = 0 only implies f(x) = 0 for almost every z, but not for all!
Hence ||.||, is not a norm on £P(X,dp). The way out of this misery is to
identify functions which are equal almost everywhere: Let

N(X,du) = {f|f(z) = 0 p-almost everywhere}. (5.3)

Then N (X, du) is a linear subspace of £P(X,du) and we can consider the
quotient space

LP(X, dp) = LP(X, dp) /N (X, dp). (5.4)

If du is the Lebesgue measure on X C R™, we simply write LP(X). Observe
that || f||, is well-defined on LP(X, du).

Even though the elements of LP(X,du) are, strictly speaking, equiva-
lence classes of functions, we will still call them functions for notational
convenience. However, note that for f € LP(X,du) the value f(z) is not
well-defined (unless there is a continuous representative and different con-
tinuous functions are in different equivalence classes, e.g., in the case of
Lebesgue measure).

With this modification we are back in business since LP(X,du) turns
out to be a Banach space. We will show this in the following sections.

But before that let us also define L>°(X,du). It should be the set of
bounded measurable functions B(X) together with the sup norm. The only
problem is that if we want to identify functions equal almost everywhere, the
supremum is no longer independent of the representative in the equivalence
class. The solution is the essential supremum

[flloc = mf{C'| p({z[|f(x)] > C}) = 0}. (5.5)
That is, C' is an essential bound if |f(z)| < C almost everywhere and the
essential supremum is the infimum over all essential bounds.

Example. If A is the Lebesgue measure, then the essential sup of xq with
respect to A is 0. If © is the Dirac measure centered at 0, then the essential
sup of xq with respect to © is 1 (since xg(0) = 1, and = = 0 is the only
point which counts for ©). o

As before we set

L¥(X, dp) = B(X)/N(X, du) (5.6)
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and observe that || f||~ is independent of the equivalence class.

If you wonder where the co comes from, have a look at Problem 5.2.

Problem 5.1. Let ||.|| be a seminorm on a vector space X. Show that
N = {x € X|||z|| = 0} is a vector space. Show that the quotient space X/N
is a normed space with norm ||x + N|| = ||z|.

Problem 5.2. Suppose u(X) < oo. Show that L>°(X,dp) C LP(X,dp) and
T Sy = Wfller S € LK du).

Problem 5.3. Construct a function f € LP(0,1) which has a singularity at
every rational number in [0,1] (such that the essential supremum is infinite
on every open subinterval). (Hint: Start with the function fo(x) = |x|™¢
which has a single singularity at 0, then fj(z) = fo(z —x;) has a singularity
at xj.)

5.2. Jensen < Holder < Minkowski

As a preparation for proving that LP is a Banach space, we will need Holder’s
inequality, which plays a central role in the theory of LP spaces. In particu-
lar, it will imply Minkowski’s inequality, which is just the triangle inequality
for LP. Our proof is based on Jensen’s inequality and emphasizes the con-
nection with convexity. In fact, the triangle inequality just states that a
norm is convex:

A S+ @ =Ngll < AIF+ @ =Nllgll, A€ (0,1). (5.7)

Recall that a real function ¢ defined on an open interval (a,b) is called
convex if

p((1 =Nz +Ay) < (1= Np(x) +re(y), Ae(0,1) (5-8)
that is, on (z,y) the graph of ¢(z) lies below or on the line connecting
(z, p(z)) and (y, (y)):

A

¥

] ] >
T T -

L Y

If the inequality is strict, then ¢ is called strictly convex. It is not hard
to see (use z = (1 — A)z + Ay) that the definition implies

p(2) — @) _ oly) —¢(@) _ ely) = »(2)
22— B Yy— B Yy—z

, r<z<y, (5.9)
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where the inequalities are strict if ¢ is strictly convex.

Lemma 5.2. Let ¢ : (a,b) — R be convex. Then

(i) ¢ is continuous.

(ii) The left/right derivatives ¢, (x) = lim. g %;‘p(x) exist and are

monotone nondecreasing. Moreover, ©' exists except at a countable
number of points.

(iii) o(y) > ¢(z)+aly—x) for every o with ¢’_(z) < o < ¢!, (z). The
inequality is strict for y # x if ¢ is strictly convex.

xT

Proof. Abbreviate D(z,y) = % and observe that (5.9) implies
D(z,z) < D(y,z2) for z < y.

Hence ¢y () exist and we have ¢’ (z) < ¢/, (z) < ¢’ (y) < ¢/, (y) for z < y.
So (ii) follows after observing that a monotone function can have at most a
countable number of jumps. Next

@'y (2) < D(y,z) < ¢ (y)

o(x)+¢ (z)(y—x) if £(y—x) > 0 and proves (iii). Moreover,
(

" (z) for z,y < z proves (i). O

shows p(y) >
[D(y, )| <

Remark: It is not hard to see that ¢ € C! is convex if and only if ¢'(x)
is monotone nondecreasing (e.g., ¢” > 0 if p € C?).

With these preparations out of the way we can show
Theorem 5.3 (Jensen’s inequality). Let ¢ : (a,b) — R be convex (a = —oo
or b= oo being allowed). Suppose u is a finite measure satisfying u(X) =1

and f € LY(X,du) with a < f(x) < b. Then the negative part of @ o f is
integrable and

o /X fdu) < /X (0o f) dp. (5.10)

For ¢ > 0 nondecreasing and f > 0 the requirement that f is integrable can
be dropped if p(b) is understood as lim,_p, ().

Proof. By (iii) of the previous lemma we have
PH@) 2 oD +alf@ =D, 1= [ fdue (b

This shows that the negative part of ¢ o f is integrable and integrating
over X finishes the proof in the case f € £!. If f > 0 we note that for
X ={z € X|f(z) < n} the first part implies

1
o gam < s [ ewennan
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Taking n — oo we obtain

¢§[;fdu)=ygg;¢§[;lfdu)s lim XW¢OA)GJf)du::/;4%f)du,

n—oo

where we have used u(X,) 1 and the monotone convergence theorem in
the last step. O

Observe that if ¢ is strictly convex, then equality can only occur if f is
constant.

Now we are ready to prove

Theorem 5.4 (Holder’s inequality). Let p and q be dual indices; that is,
1 1
P q
with 1 < p < oco. If f € LP(X,du) and g € LY(X,du), then fg € L' (X, du)
and

=1 (5.11)

1 gl < [ £llpllgllg- (5.12)

Proof. The case p =1, ¢ = 0o (respectively p = 0o, ¢ = 1) follows directly
from the properties of the integral and hence it remains to consider 1 <
P, q < 00.

First of all it is no restriction to assume ||g||; = 1. Let A = {z]||g(z)| >
0}, then (note (1 — q)p = —q)

_ P _
£l =] [ 1511l =0lgan]" < [ (A1 1al=Ploltd = [ 157du < 1515,

where we have used Jensen’s inequality with ¢(z) = |z|P applied to the
function h = |f||g|'™¥ and measure dv = |g|%du (note v(X) = [ |g|%du =
lgllg = 1) O

As a consequence we also get
Theorem 5.5 (Minkowski’s inequality). Let f,g € LP(X,du). Then
1f +glly < I llp + llgllp- (5.13)

Proof. Since the cases p = 1,00 are straightforward, we only consider 1 <
p < oo. Using |f +g|P < |fI|f +g|P~ + |g||f + g[P~!, we obtain from
Holder’s inequality (note (p — 1)g = p)

1F -+l < IFIIGE + )P g + lgllall(f + 9)P g

= (Ifllp + gl I1Cf + iR~ (5.14)
O

This shows that LP(X,du) is a normed linear space.
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Problem 5.4. Prove
n n n
=0 <> awan, if Y ap=1, (5.15)
k=1 k=1 k=1

for o, >0, i, > 0. (Hint: Take a sum of Dirac-measures and use that the

exponential function is convet.)

Problem 5.5. Show the following generalization of Holder’s inequality:
1 1 1

< -+ -=-. 5.16
1 gll- < 17 lIpllgllg, »Te=7 (5.16)
Problem 5.6. Show the iterated Holder’s inequality:
i 1 11
oo flle < LISl b == (5.17)
j=1 b1 Pm r
Problem 5.7. Show that
11
[ullpy < p(X)ro #llully, 1 <po<p.

(Hint: Holder’s inequality.)

Problem 5.8 (Lyapunov inequality). Let 0 < 6 < 1. Show that if f €
LPr N LP2 ) then f € LP and

1l < 1A lp, 11y (5.18)

1_ 6 , 1-6
wherep— 1+p2.

5.3. Nothing missing in L?
Finally it remains to show that LP(X,du) is complete.
Theorem 5.6. The space LP(X,du), 1 < p < oo, is a Banach space.

Proof. We begin with the case 1 < p < oo. Suppose f, is a Cauchy
sequence. It suffices to show that some subsequence converges (show this).
Hence we can drop some terms such that

1
an+1 - fn”p S 27

Now consider g, = f,, — fn—1 (set fo =0). Then
G(z) = |gr()]
k=1

is in LP. This follows from

n n 1
I > tanl || =3 Nallo < sl + 5
k=1 Pk=
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using the monotone convergence theorem. In particular, G(z) < co almost
everywhere and the sum

Zgn(az) = lim f,(z)
n=1

is absolutely convergent for those x. Now let f(x) be this limit. Since
|f(x) = fu(x)|P converges to zero almost everywhere and |f(z) — fn(2)|P <
(2G(x))P € L', dominated convergence shows ||f — fu|l, — 0.

In the case p = oo note that the Cauchy sequence property |f,(z) —
fm(z)| < e for n,m > N holds except for sets A,,, of measure zero. Since
A= Unm Apm is again of measure zero, we see that f,(x) is a Cauchy
sequence for x € X\ A. The pointwise limit f(x) = lim, o0 fn(x), 2 € X\A,
is the required limit in L*>°(X,du) (show this). O

In particular, in the proof of the last theorem we have seen:

Corollary 5.7. If || fn — fl|lp — 0, then there is a subsequence (of represen-
tatives) which converges pointwise almost everywhere.

Note that the statement is not true in general without passing to a
subsequence (Problem 5.9).

It even turns out that LP is separable.

Lemma 5.8. Suppose X is a second countable topological space (i.e., it
has a countable basis) and p is a regular Borel measure. Then LP(X,dpu),
1 < p < oo, is separable. In particular, the set of characteristic functions
Xo(x) with O in a basis is total.

Proof. The set of all characteristic functions y4(x) with A € ¥ and p(4) <
oo is total by construction of the integral. Now our strategy is as follows:
Using outer regularity, we can restrict A to open sets and using the existence
of a countable base, we can restrict A to open sets from this base.

Fix A. By outer regularity, there is a decreasing sequence of open sets
Oy, such that ;(Oy) — u(A). Since p(A) < oo, it is no restriction to assume
w(Oy) < o0, and thus p(O,\A) = 1(O,) — u(A) — 0. Now dominated
convergence implies x4 — X0, ||[p — 0. Thus the set of all characteristic
functions yo(z) with O open and u(O) < oo is total. Finally let B be a
countable basis for the topology. Then, every open set O can be written as

O = U(;il O; with O; € B. Moreover, by considering the set of all finite
unions of elements from B, it is no restriction to assume U?Zl Oj € B. Hence

there is an increasing sequence O,, * O with O, € B. By monotone con-
vergence, ||xo — xg, |lp — 0 and hence the set of all characteristic functions

Xg with O € B is total. O
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To finish this chapter, let us show that continuous functions are dense
in LP.

Theorem 5.9. Let X be a locally compact metric space and let p be a o-
finite regular Borel measure. Then the set C.(X) of continuous functions
with compact support is dense in LP(X,du), 1 < p < oo.

Proof. As in the previous proof the set of all characteristic functions x i (x)
with K compact is total (using inner regularity). Hence it suffices to show
that yx(x) can be approximated by continuous functions. By outer regu-
larity there is an open set O D K such that u(O\K) < e. By Urysohn’s
lemma (Lemma 1.15) there is a continuous function f. which is 1 on K and
0 outside O. Since

[ e = pda= [ i< pO\R) <
X O\K

we have ||f: — xk|| — 0 and we are done. O

If X is some subset of R™, we can do even better. A nonnegative function
u € CX(R") is called a mollifier if

/ u(z)dr = 1. (5.19)

The standard mollifier is u(z) = exp(w%l) for || < 1 and u(z) = 0
otherwise.

If we scale a mollifier according to uy(z) = k"u(k z) such that its mass is
preserved (||ug||y = 1) and it concentrates more and more around the origin,

\
Uk

JARN :

we have the following result (Problem 5.10):

Lemma 5.10. Let u be a mollifier in R™ and set ug(x) = k"u(kxz). Then
for every (uniformly) continuous function f : R™ — C we have that

fule) = [ e~ i) 1wy (5.20)

is in C°°(R™) and converges to [ (uniformly).
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Now we are ready to prove

Theorem 5.11. If X CR" is open and u is a reqular Borel measure, then
the set C°(X) of all smooth functions with compact support is dense in
LP(X,dp), 1 < p < oo.

Proof. By our previous result it suffices to show that every continuous
function f(z) with compact support can be approximated by smooth ones.
By setting f(z) = 0 for x ¢ X, it is no restriction to assume X = R™.
Now choose a mollifier v and observe that f; has compact support (since
f has). Moreover, since f has compact support, it is uniformly continuous
and fr — f uniformly. But this implies fi — f in LP. O

We say that f € LY (X)if f € LP(K) for every compact subset K C X.

loc

Lemma 5.12. Suppose f € L} (R™). Then

loc

/n o(z) f(x)dx =0, Vo € C°(R™), (5.21)
if and only if f(z) =0 (a.e.).

Proof. First of all we claim that for every bounded function g with compact
support K, there is a sequence of functions ¢, € C2°(R™) with support in
K which converges pointwise to g such that ||¢n|leo < [|g]]co-

To see this, take a sequence of continuous functions ¢,, with support in
K which converges to g in L!. To make sure that ||on s < [|g]lco, just set
it equal to sign(yn)||g|lec Whenever |@,| > ||g|lcc (show that the resulting
sequence still converges). Finally use (5.20) to make ¢,, smooth (note that
this operation does not change the sup) and extract a pointwise convergent

subsequence.

Now let K be some compact set and choose g = sign(f)*xx. Then

[ \rldz = [ £ sign(pyda = tim_ [ fionda =0,

which shows f =0 for a.e. z € K. Since K is arbitrary, we are done. O

Problem 5.9. Find a sequence f, which converges to 0 in LP([0,1],dx),
1 < p < oo, but for which f,(x) — 0 for a.e. x € [0,1] does not hold.
(Hint: Every n € N can be uniquely written as n = 2™ + k with 0 < m
and 0 < k < 2™. Now consider the characteristic functions of the intervals

Im,k = [k;Q_mv (k + 1)2—m])

Problem 5.10. Prove Lemma 5.10. (Hint: To show that fi is smooth, use
Problems 4.8 and 4.9.)
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5.4. Integral operators

Using Holder’s inequality, we can also identify a class of bounded operators
in LP.

Lemma 5.13 (Schur criterion). Consider LP(X,du) and LP(Y,dv) and let
% + % = 1. Suppose that K(x,y) is measurable and there are measurable
functions Ki(z,y), Kao(z,y) such that |K(z,y)| < Ki(z,y)Ka(z,y) and

HKl(.ﬁL‘, ')HL‘?(Y,dV) < (y, HK2('7y>”LP(X,du) <Oy (522)

for p-almost every x, respectively, for v-almost every y. Then the operator

K : LP(Y,dv) — LP(X,du), defined by
- [ K@nrwi), (5:29)

for p-almost every x is bounded with ||K|| < C1Cs.

Proof. We assume 1 < p < oo for simplicity and leave the cases p = 1, oo to
the reader. Choose f € LP(Y,dv). By Fubini’s theorem [, |K (x,y)f(y)|dv(y)
is measurable and by Holder’s inequality we have

/|Kx W) ()]dv(y) /K £, y) Ka(z, )| £ ()| dv(y)

<(/ K1<x,y>wu<y>)1/q (f |K2<x,y>f<y>|pdu<y>>l/p

< < /Y rK2<m,y>f<y>|pdu<y>)l/p

(if Ko(z,.)f(.) & LP(X,dv), the inequality is trivially true). Now take this
inequality to the p’th power and integrate with respect to = using Fubini

/s (/ e Wl >) duta) < f [ [ 1Kol f)Pdvg)auta)

e / / K (2, ) £ (4) Pdpu(x)d(y) < CECE| fI2.

Hence [y |K(z,y)f(y)|dv(y) € LP(X,dp) and in particular it is finite for
= almost every x. Thus K(z,.)f(.) is v integrable for u-almost every x and
Iy K (y)dv(y) is measurable. 0

Note that the assumptions are for example satisfied if || K (@, .) || L1 (v,q) <
Cand ||K(.,y)||z1(x,au) < C which follows by choosing K1 (z,y) = [K (=, y)|V/a
and Ka(x,y) = | K (z,y)| /.

Another case of special importance is the case of integral operators

—/XK(M/)f(y)du(y), fe L*(X,du), (5.24)
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where K (x,y) € L?(X x X, du®du). Such an operator is called a Hilbert—
Schmidt operator.

Lemma 5.14. Let K be a Hilbert-Schmidt operator in L?(X,du). Then

[ [ 1K G aPau@ut) = 3 1w (5.25)

jeJ

for every orthonormal basis {u;}jes in L*(X,dw).

Proof. Since K(x,.) € L*(X,du) for ,u—almost every x we infer

Ka;yuj )du(y

/IKwyldu)

for u—almost every x and thus

EJ:”K%‘H? :%:/X ‘/X K(z,y)u;(y)dp(y) 2
Z/XZ‘/XK(:B,:L/)W(Q/)W@)Q

dp(x)

du(z)

as claimed. O

Hence, for an operator K € £(£)) we define the Hilbert—Schmidt
norm by

1/2
1K s = (3 Iusl?) (5.26)
jedJ
where {u;};ecs is some orthonormal base in § (we set it equal to oo if
| Kuj|| > 0 for an uncountable number of j’s). Our lemma for integral

operators above indicates that this definition should not depend on the par-
ticular base chosen. In fact,

Lemma 5.15. The Hilbert—Schmidt norm does not depend on the orthonor-
mal base. Moreover, | K| gs = [|[K*||ps and ||K|| < ||K||fs-

Proof. To see the first claim let {v;};c; be another orthonormal base. Then
> Ew)? = Z! vk, Kuj)|* = Z! (uj, K o) =Y | K o)
j k

shows || K||gs = ||K*HHS upon choosing vj = u; and hence also base inde-
pendence.
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To see [|K|| < [[K|[ns let f=3_;cju; and observe

15717 = 3 e, K AP = 32| et B[
k k J
<3 (3 s Kug) 2) (D les ) = 1K s 1111
k J J

which establishes the claim. O

Generalizing our previus definition for integral operators we will call K
a Hilbert—Schmidt operator if | K| gs < oo.

Lemma 5.16. Every Hilbert—Schmidt operator is compact. The set of Hilbert—
Schmidt operators forms an ideal in £($) and

1K Allus < [[Alll[Kl#s,  respectively,  [[AK|as < Al Klzs.  (5.27)

Proof. To see that a Hilbert—Schmidt operator K is compact, let P, be the
projection onto span{uj}?zl, where {u;} is some orthonormal base. Then
K, = K P, is finite-rank and by

1K = Kullfrs = D 1K1,
jzn
converges to K in Hilbert—Schmidt norm and thus in norm.
Let K be Hilbert—Schmidt and A bounded. Then AK is compact and
IAK s = > IAKu; > < [JAIP D 1Kusll? = (1A K | Frs-
J J
For K A just consider adjoints. U

Note that this gives us an easy to check test for compactness of an
integral operator.
Example. Let [a,b] be some compact interval and suppose K(z,y) is
bounded. Then the corresponding integral operator in L?(a,b) is Hilbert—
Schmidt and thus compact. This generalizes Lemma 3.4. o

Problem 5.11. Let $ = ¢*(N) and let A be multiplication by a sequence
a = (a;);2,. Show that A is Hilbert-Schmidt if and only if a € 2(N).
Furthermore, show that | A||gs = ||a|| in this case.

Problem 5.12. Show that K : (?(N) — (2(N), f, ~ > jen kntifi is

Hilbert-Schmidt with ||K||gs < |lc|li if |k;j| < ¢j, where ¢; is decreasing
and summable.



Chapter 6

The main theorems
about Banach spaces

6.1. The Baire theorem and its consequences

Recall that the interior of a set is the largest open subset (that is, the union
of all open subsets). A set is called nowhere dense if its closure has empty
interior. The key to several important theorems about Banach spaces is the
observation that a Banach space cannot be the countable union of nowhere
dense sets.

Theorem 6.1 (Baire category theorem). Let X be a complete metric space.
Then X cannot be the countable union of nowhere dense sets.

Proof. Suppose X = J,;~; X,,. We can assume that the sets X,, are closed
and none of them contains a ball; that is, X\ X, is open and nonempty for
every n. We will construct a Cauchy sequence z,, which stays away from all
Xn.

Since X\ X is open and nonempty, there is a closed ball B, (x1) C
X\Xi. Reducing r a little, we can even assume By, (x1) € X\X;. More-
over, since Xy cannot contain B, (1), there is some z2 € B, (z1) that is
not in Xs. Since B, (x1) N (X\X2) is open, there is a closed ball B,,(z2) C
By, (z1) N (X\X2). Proceeding by induction, we obtain a sequence of balls

such that
By, (xn) C By, (2p-1) N (X\X5y).
Now observe that in every step we can choose r,, as small as we please; hence

without loss of generality r, — 0. Since by construction z, € B, (zy) for
n > N, we conclude that x, is Cauchy and converges to some point z € X.

91
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But =z € B, (z,) C X\X, for every n, contradicting our assumption that
the X,, cover X. O

Remark: The set of rational numbers QQ can be written as a countable
union of its elements. This shows that completeness assumption is crucial.

(Sets which can be written as the countable union of nowhere dense sets
are said to be of first category. All other sets are second category. Hence
we have the name category theorem.)

In other words, if X, € X is a sequence of closed subsets which cover
X, at least one X, contains a ball of radius € > 0.

Since a closed set is nowhere dense if and only if its complement is open
and dense (cf. Problem 1.5), there is a reformulation which is also worthwhile
noting:

Corollary 6.2. Let X be a complete metric space. Then any countable
intersection of open dense sets is again dense.

Proof. Let O, be open dense sets whose intersection is not dense. Then
this intersection must be missing some closed ball B.. This ball will lie in
U,, X, where X,, = X\O,, are closed and nowhere dense. Now note that
Xn = X,, U B are closed nowhere dense sets in B.. But B. is a complete
metric space, a contradiction. ([l

Now we come to the first important consequence, the uniform bound-
edness principle.

Theorem 6.3 (Banach—Steinhaus). Let X be a Banach space and' Y some
normed linear space. Let {A,} C £(X,Y) be a family of bounded operators.
Suppose || Aqz|| < C(x) is bounded for fixzed x € X. Then {Ay} is uniformly
bounded, || Al < C.

Proof. Let
X, = {z|[|[Aaz] < n for all a} = m{x] |Aaz| < n}.

Then (J,, X, = X by assumption. Moreover, by continuity of A, and the
norm, each X, is an intersection of closed sets and hence closed. By Baire’s
theorem at least one contains a ball of positive radius: Be(zg) C X,,. Now
observe

[Aayll < [[Aa(y + o)l + [Aazoll < n+ C(z0)

J

, we obtain
llzll

for ||y|| <e. Setting y = ¢

|Aaz|| <

]

for every =x. ([

n + C(zo)
€
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The next application is

Theorem 6.4 (Open mapping). Let A € £(X,Y) be a bounded linear oper-
ator from one Banach space onto another. Then A is open (i.e., maps open
sets to open sets).

Proof. Denote by B;X(r) C X the open ball with radius 7 centered at z
and let BX = BX(0). Similarly for BY (y). By scaling and translating balls
(using linearity of A), it suffices to prove BY C A(B:X) for some ¢ > 0.
Since A is surjective we have

Y = G A(BX)
n=1

and the Baire theorem implies that for some n, A(B;)) contains a ball
BY (y). Without restriction n = 1 (just scale the balls). Since —A(B;*) =
A(=B{") = A(B{) we see BY (—y) C A(B{X) and by convexity of A(B{X)
we also have BY C A(B;{Y).

So we have BY C A(B{¥), but we would need BY C A(B;*). To complete

the proof we will show A(B;{*) C A(B3") which implies B;//Q C A(B{).

For every y € A(B;X) we can choose some sequence y, € A(B;*) with
Yn — y. Moreover, there even is some x,, € Bj* with y, = A(z,). How-
ever r, might not converge, so we need to argue more carefully and ensure
convergence along the way: start with z; € BiX such that y — Az; € B(Z/Q.

Scaling the relation BY C A(B;X) we have B;//Q C A(Bf;z) and hence we can

choose z2 € Bf;Q such that (y — Azy) — Azy € BEY/4 C A(Bf§4). Proceeding

like this we obtain a sequence of points x,, € Bgﬁ_n such that

n
y—Y Awg € B ..
k=1
By |lzk|| < 217F the limit z = >3 | @, exists and satisfies ||z|| < 2. Hence
y = Az € A(B5) as desired. 0

Remark: The requirement that A is onto is crucial (just look at the
one-dimensional case X = C). Moreover, the converse is also true: If A is
open, then the image of the unit ball contains again some ball BY C A(B5).
Hence by scaling BY. C A(B;X) and letting r — oo we see that A is onto:
Y = A(X).

As an immediate consequence we get the inverse mapping theorem:

Theorem 6.5 (Inverse mapping). Let A € £(X,Y) be a bounded linear
bijection between Banach spaces. Then A~ is continuous.
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Example. Consider the operator (Aa)}_; = (%aj)?zl in /2(N). Then its
inverse (A_la)?:1 = (ja;)j—; is unbounded (show this!). This is in agree-
ment with our theorem since its range is dense (why?) but not all of ¢£2(N):
For example (b; = %)J"‘;l ¢ Ran(A) since b = Aa gives the contradiction

o (0.] o0
o= 1= [jb* = |a;* < 0.
j=1 j=1 j=1

In fact, for an injective operator the range is closed if and only if the inverse
is bounded (Problem 6.2). o

Another important consequence is the closed graph theorem. The graph
of an operator A is just

I'A) = {(z, Ax)|z € D(A)}. (6.1)

If A is linear, the graph is a subspace of the Banach space X @Y (provided
X and Y are Banach spaces), which is just the cartesian product together
with the norm

1@, Yl xey = llzllx + lylly (6.2)
(check this). Note that (zy,y,) — (x,y) if and only if x,, — = and y,, — ¥.
We say that A has a colsed graph if I'(A4) is a closed set in X @ Y.

Theorem 6.6 (Closed graph). Let A : X — Y be a linear map from a
Banach space X to another Banach space Y. Then A is bounded if and only
if its graph is closed.

Proof. IfT'(A) is closed, then it is again a Banach space. Now the projection
m1(z, Az) = x onto the first component is a continuous bijection onto X.
So by the inverse mapping theorem its inverse m; ! is again continuous.
Moreover, the projection mo(x, Ax) = Az onto the second component is also
continuous and consequently so is A = mp o7 1. The converse is easy. [0

Remark: The crucial fact here is that A is defined on all of X!

Operators whose graphs are closed are called closed operators. Being
closed is the next option you have once an operator turns out to be un-
bounded. If A is closed, then x, — x does not guarantee you that Ax,
converges (like continuity would), but it at least guarantees that if Az,
converges, it converges to the right thing, namely Ax:

e A bounded: x, — x implies Az, — Ax.
e A closed: z, — = and Ax, — y implies y = Ax.

If an operator is not closed, you can try to take the closure of its graph,
to obtain a closed operator. If A is bounded this always works (which is
just the contents of Theorem 1.28). However, in general, the closure of the



6.1. The Baire theorem and its consequences 95

graph might not be the graph of an operator as we might pick up points
(x,y12) € T'(A) with y; # y2. Since I'(A) is a subspace, we also have
(z,y2) — (z,y1) = (0,y2 —y1) € T'(A) in this case and thus I'(A) is the graph
of some operator if and only if

I'(A) n{(0,y)ly € Y} = {(0,0)}. (6.3)
If this is the case, A is called closable and the operator A associated with
I'(A) is called the closure of A.

In particular, A is closable if and only if x,, — 0 and Ax,, — y implies
y = 0. In this case

D(A)={z € X|Fr, € D(A), y€Y : 2, — x and Ax,, — y},
Az =y. (6.4)

For yet another way of defining the closure see Problem 6.5.

Example. Consider the operator A in ¢P(N) defined by Aa; = ja; on
D(A) = {a € P(N)|a; # 0 for finitely many j}.
(i). A is closable. In fact, if a™ — 0 and Aa™ — b then we have a7 — 0
and thus ja7 — 0 = b, for any j € N.
(ii). The closure of A is given by
D(4) = {a € /(N)|(ja;)52, € 7(N)}

and Aa; = ja;. In fact, if a® — a and Aa™ — b then we have aj — aj
and jaj — bj for any j € N and thus b; = ja; for any j € N. In particular

(Jaj)5e, = (bj)52, € £P(N). Conversely, suppose (ja;)72; € ((N) and

consider
ai, j<n
a? = { 7 ’

J 0, j>n.

Then a" — a and Aa" — (ja;)52,.

(iii). Note that the inverse of A is the bounded operator Zilaj =

j~ta; defined on all of /P(N). Thus A" is closed. However, since its range

Ran(4~ ') = D(A) is dense but not all of P(N), A does not map closed

sets to closed sets in general. In particular, the concept of a closed operator
should not be confused with the concept of a closed map in topology! o

The closed graph theorem tells us that closed linear operators can be
defined on all of X if and only if they are bounded. So if we have an
unbounded operator we cannot have both! That is, if we want our operator
to be at least closed, we have to live with domains. This is the reason why in
quantum mechanics most operators are defined on domains. In fact, there
is another important property which does not allow unbounded operators
to be defined on the entire space:
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Theorem 6.7 (Hellinger—Toeplitz). Let A : $ — § be a linear operator on
some Hilbert space $). If A is symmetric, that is (g, Af) = (Ag, f), f,g € 9,
then A is bounded.

Proof. It suffices to prove that A is closed. In fact, f, — f and Af, = ¢
implies

(h,g) = lim (h, Af,) = lim (Ah, f) = (Ah, f) = (h, Af)
for every h € $). Hence Af = g. O

Problem 6.1. Is the sum of two closed operators also closed? (Here A+ B
is defined on (A + B) =9(A)ND(B).)

Problem 6.2. Suppose A : D(A) — Ran(A) is closed and injective. Show
that A=! defined on ®(A~1) = Ran(A) is closed as well.
Conclude that in this case Ran(A) is closed if and only if A= is bounded.

Problem 6.3. Show that the differential operator A = % defined on D(A) =
C10,1] € C[0,1] (sup norm) is a closed operator. (Compare the example in
Section 1.5.)

Problem 6.4. Consider A = ‘L defined on D(A) = C[0,1] C L*(0,1).
Show that its closure is given by

D(A) = {f € L*(0,1)|3g € L*(0,1), c€ C: f(z) = c+ /O:Cg(y)dy}

and Af = g.

Problem 6.5. Consider a linear operator A : D(A) C X — Y, where X
and Y are Banach spaces. Define the graph norm associated with A by

[2lla = llzllx + [[Az]]y- (6.5)

Show that A : ©(A) — Y is bounded if we equip ©(A) with the graph norm.
Show that the completion Xz of (D(A),|.]|a) can be regarded as a subset of
X if and only if A is closable. Show that in this case the completion can

be identified with ®(A) and that the closure of A in X coincides with the
extension from Theorem 1.28 of A in X 4.

6.2. The Hahn—Banach theorem and its consequences

Let X be a Banach space. Recall that we have called the set of all bounded
linear functionals the dual space X* (which is again a Banach space by
Theorem 1.29).
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Example. Consider the Banach space ¢’(N) of all sequences z = (x;)
for which the norm

o]
J=1

1/p
]l = (Z !wn!p> (6.6)

neN
is finite. Then, by Hoélder’s inequality, every y € ¢4(N) gives rise to a
bounded linear functional

Ly(x) =) yntn (6.7)
neN

whose norm is ||l,|| = ||y|l; (Problem 6.7). But can every element of ¢’(N)*
be written in this form?

Suppose p = 1 and choose | € /}(N)*. Now define

Yn = 1(0"), (6.8)
where 6;) =1 and 9}, = 0, n # m. Then
[yn] = [LQ™)] < L[ 1]0™ 11 = [I2] (6.9)

shows ||y||oo < ||1]|, that is, y € £>°(N). By construction l(z) = [, (x) for every
x € span{d"}. By continuity of £ it even holds for z € span{é”} = ¢!(N).
Hence the map y ~ I, is an isomorphism, that is, ¢*(N)* 2 ¢>°(N). A similar
argument shows (P(N)* = (¢(N), 1 < p < oo (Problem 6.8). One usually
identifies /P(N)* with ¢9(N) using this canonical isomorphism and simply
writes /P(N)* = (4(N). In the case p = oo this is not true, as we will see
soon. o

It turns out that many questions are easier to handle after applying a
linear functional ¢ € X*. For example, suppose z(t) is a function R — X
(or C — X), then £(z(t)) is a function R — C (respectively C — C) for
any ¢ € X*. So to investigate ¢(x(t)) we have all tools from real/complex
analysis at our disposal. But how do we translate this information back to
x(t)? Suppose we have £(z(t)) = £(y(t)) for all £ € X*. Can we conclude
x(t) = y(t)? The answer is yes and will follow from the Hahn-Banach
theorem.

We first prove the real version from which the complex one then follows
easily.

Theorem 6.8 (Hahn—Banach, real version). Let X be a real vector space
and ¢ : X — R a convex function (i.e., p(Ax+(1-=N)y) < Ap(z)+(1—=N)p(y)
for A€ (0,1)).

If € is a linear functional defined on some subspace Y C X which satisfies
Uy) < ¢(y), y € Y, then there is an extension { to all of X satisfying

Uz) < p(x), z€ X.
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Proof. Let us first try to extend ¢ in just one direction: Take z ¢ Y and

set Y = span{z,Y}. If there is an extension ¢ to Y it must clearly satisfy
Uy + ax) = Ly) + al(z).

So all we need to do is to choose () such that £(y + ax) < p(y 4+ ax). But

this is equivalent to

sup oy —ax) — L(y) <im)< inf oy + ax) — L(y)

oc>0,y6Y — - a>0,yEY (6%

and is hence only possible if

e(y1 — arz) — L(y1) < ©(y2 + agz) — L(y2)

—Q Qa2

for every a1,a9 > 0 and y1,y2 € Y. Rearranging this last equations we see
that we need to show

a2l(y1) + arl(y2) < azp(yr — a1z) + a1p(y2 + azr).
Starting with the left-hand side we have

a2l(y1) + arl(y2) = (o1 + a2)l (Ay1 + (1 — N)yz)
< (o1 +a2)p (Ayr + (1 = N)y2)
= (a1 4+ a2)p (A(y1 — a1z) + (1 — A)(y2 + az2x))
< ap(y1 — aqz) + (Y2 + asx),

a2
aj+tag

To finish the proof we appeal to Zorn’s lemma (see Appendix A): Let E
be the collection of all extensions ¢ satisfying ¢(x) < ¢(x). Then E can be
partially ordered by inclusion (with respect to the domain) and every linear
chain has an upper bound (defined on the union of all domains). Hence there
is a maximal element ¢ by Zorn’s lemma. This element is defined on X, since
if it were not, we could extend it as before contradicting maximality. O

where \ = . Hence one dimension works.

Theorem 6.9 (Hahn—Banach, complex version). Let X be a complex vector
space and ¢ : X — R a convex function satisfying o(ax) < o(x) if |a] = 1.

If € is a linear functional defined on some subspace Y C X which satisfies
1L(y)l < (y), y € Y, then there is an extension £ to all of X satisfying
U(x)] < p(x), z € X.

Proof. Set ¢, = Re(¢) and observe
Uz) =L (x) — il (iz).

By our previous theorem, there is a real linear extension ?, satisfying £, (x) <
o(z). Now set {(z) = l.(x) — il.(ix). Then ¢(x) is real linear and by
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l(iz) = 0.(ix) + il (x) = il(x) also complex linear. To show |[/(x)] < ¢(x)
14

x)*

we abbreviate o = @] and use
|6(z)] = al(z) = l(az) = l:(az) < p(az) < @(2),
which finishes the proof. ([

Note that ¢(az) < ¢(z), |a] =1 is in fact equivalent to p(azx) = ¢(x),
la = 1.

If 7 is a linear functional defined on some subspace, the choice p(z) =
[[€][l]x[| implies:

Corollary 6.10. Let X be a Banach space and let { be a bounded linear
Junctional defined on some subspace Y C X. Then there is an extension
{ e X* preserving the norm.

Moreover, we can now easily prove our anticipated result

Corollary 6.11. Suppose {(x) = 0 for all £ in some total subset Y C X*.
Then x = 0.

Proof. Clearly if {(xz) = 0 holds for all ¢ in some total subset, this holds
for all £ € X*. If x # 0 we can construct a bounded linear functional on
span{z} by setting ¢(cx) = « and extending it to X* using the previous
corollary. But this contradicts our assumption. ([

Example. Let us return to our example ¢*°(N). Let ¢(N) C ¢°°(N) be the
subspace of convergent sequences. Set

l(x) = nlggo T, z € ¢(N), (6.10)

then [ is bounded since
(@) = T[] < [l (6.11)
Hence we can extend it to £°°(N) by Corollary 6.10. Then {(z) cannot be
written as [(z) = I, (x) for some y € ¢}(N) (as in (6.7)) since y,, = [(6") = 0

shows y = 0 and hence ¢, = 0. The problem is that span{é"} = ¢o(N) #
¢>(N), where ¢y(N) is the subspace of sequences converging to 0.

Moreover, there is also no other way to identify £>°(N)* with ¢!(N), since
¢*(N) is separable whereas £*°(N) is not. This will follow from Lemma 6.15 (iii)
below. o

Another useful consequence is

Corollary 6.12. Let Y C X be a subspace of a normed linear space and let
xg € X\Y. Then there exists an £ € X* such that (i) l(y) =0,y €Y, (ii)
U(xo) = dist(x0,Y), and (i) ||¢|| = 1.
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Proof. Replacing Y by Y we see that it is no restriction to assume that
Y is closed. (Note that zp € X\Y if and only if dist(zo,Y) > 0.) Let

Y = span{zo, Y} and define
Uy + axg) = a dist(zg,Y).

By construction ¢ is linear on Y and satisfies (i) and (ii). Moreover, by
dist(z0,Y) < |lwg — 2| for every y € Y we have

10(y + azxg)| = |af dist(zo,Y) < ||y + azo|, y €Y.

Hence [|¢|| < 1 and there is an extension to X* by Corollary 6.10. To see
that the norm is in fact equal to one, take a sequence y, € Y such that
dist(z0,Y) > (1 — 2)||xo + yn||- Then

. 1
[0y + 0)| = dist(z0,Y) > (1= ~)[lyn + o]
establishing (iii). O

A straightforward consequence of the last corollary is also worthwhile
noting:

Corgllary 6.13. Let Y C X be a subspace of a normed linear space. Then
x €Y if and only if {(x) = 0 for every £ € X* which vanishes on Y .

If we take the bidual (or double dual) X** then the Hahn-Banach
theorem tells us, that X can be identified with a subspace of X**. In fact,
consider the linear map J : X — X** defined by J(z)(¢) = ¢(x) (i.e., J(z)
is evaluation at ). Then

Theorem 6.14. Let X be a Banach space. Then J : X — X™** is isometric
(norm preserving).

Proof. Fix zp € X. By |J(x0)(?)| = |€(x0)| < ||€]|«]|zo|| we have at least
|J (o) [+« < [|zo||- Next, by Hahn—Banach there is a linear functional £y with
norm |[{||« = 1 such that o(xg) = ||zo||. Hence |J(z0)(lo)| = |lo(x0)| =
ol shows [|.J (o) [« = l|zoll- O

Thus J : X — X** is an isometric embedding. In many cases we even
have J(X) = X** and X is called reflexive in this case.
Example. The Banach spaces ¢P(N) with 1 < p < oo are reflexive: Identify
P(N)* with ¢9(N) and choose z € (P(N)**. Then there is some z € P(N)
such that

2y) =S s,y e LUN) = (N
JEN

But this implies z(y) = y(z), that is, z = J(z), and thus J is surjective.
(Warning: It does not suffice to just argue /P(N)** = ¢49(N)* = (P(N).)
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However, ¢! is not reflexive since ¢/!(N)* = ¢>°(N) but ¢>°(N)* 2 ((N)
as noted earlier. o

Example. By the same argument (using the Riesz lemma), every Hilbert
space is reflexive. o

Lemma 6.15. Let X be a Banach space.

(i) If X is reflexive, so is every closed subspace.
(i1) X s reflexive if and only if X* is.
(iii) If X* is separable, so is X.

Proof. (i) Let Y be a closed subspace. Denote by j : Y < X the natural
inclusion and define j.. : Y** — X** via (ju (")) (¢) = y"({]y) for y" € Y**
and £ € X*. Note that j.. is isometric by Corollary 6.10. Then

x X xe

JT T Jux

Y — v
Jy

commutes. In fact, we have ju.(Jy (v))(¢) = Jy (v)(l]y) = L(y) = Jx(y)(£).
Moreover, since Jx is surjective, for every y” € Y** there is an z € X such
that j.(y") = Jx(z). Since j.u(y")(¢) = y"(f]y) vanishes on all £ € X*
which vanish on Y, so does £(z) = Jx(2)(¢) = ju(y")(¢) and thus z € Y
by Corollary 6.13. That is, ju(Y**) = Jx(Y) and Jy = jo Jyx oj;! is
surjective.

(ii) Suppose X is reflexive. Then the two maps

(Jx)s: X* — X* (Jx)*: X — X~

x! — a:’oJ)El " — l‘”/OJX
are inverse of each other. Moreover, fix 2/ € X** and let x = Jy'(2").
Then Jx«(2')(z") = 2" (2') = J(x)(2') = 2'(z) = 2/ (J' (2")), that is Ty =
(Jx )« respectively (Jx«)~! = (Jx)*, which shows X* reflexive if X reflexive.
To see the converse, observe that X* reflexive implies X ** reflexive and hence
Jx(X) = X is reflexive by (i).

(iii) Let {€,}2°, be a dense set in X*. Then we can choose z,, € X such
that ||z,| = 1 and £, (x,) > [|€n]|/2. We will show that {z,}7°, is total in
X. If it were not, we could find some x € X \span{z,}>°; and hence there
is a functional £ € X* as in Corollary 6.12. Choose a subsequence ¢,, — £.
Then

which implies ¢, — 0 and contradicts [|¢]] = 1. O
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If X is reflexive, then the converse of (iii) is also true (since X = X**
separable implies X* separable), but in general this fails as the example
H(N)* = £>°(N) shows.

Problem 6.6. Let X be some Banach space. Show that

|z = sup  |€(z)] (6.12)
tex+, |[e]=1

forallx € X.

Problem 6.7. Show that ||l,|| = ||y|lq, wherel, € (P(N)* as defined in (6.7).
(Hint: Choose x € (P such that zpyn = |yn|9.)

Problem 6.8. Show that every I € (P(N)*, 1 < p < oo, can be written as

l(.il?) = Z YnTn

neN

with some y € L4(N). (Hint: To see y € (4(N) consider xV defined such that
Tptn = |yn|? forn < N and z, = 0 for n > N. Now look at [((z"V)| <

1eMl=1p-)

Problem 6.9. Let co(N) C ¢>°(N) be the subspace of sequences which con-
verge to 0, and ¢(N) C ¢*°(N) the subspace of convergent sequences.

(i) Show that co(N), ¢(N) are both Banach spaces and that ¢(N) =
span{co(N), e}, where e = (1,1,1,...) € ¢(N).

(ii) Show that every l € co(N)* can be written as

l($) = Z YnTn

neN
with some y € (1(N) which satisfies |ly|l1 = ||£]-
(iii) Show that every l € ¢(N)* can be written as

neN

with some y € £1(N) which satisfies |yo| + |yl = ||£]-

Problem 6.10. Let {x,} C X be a total set of linearly independent vectors
and suppose the complex numbers ¢, satisfy |c,| < c||zy||. Is there a bounded
linear functional £ € X* with {(xy,) = cn, and ||¢|| < c¢? (Hint: Consider e.g.
X =1%(2).)
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6.3. Weak convergence

In the last section we have seen that ¢(z) = 0 for all £ € X™* implies z = 0.
Now what about convergence? Does ¢(z,) — ¢(z) for every £ € X* imply
zn — 27 Unfortunately the answer is no:

Example. Let u, be an infinite orthonormal set in some Hilbert space.
Then (g, u,) — 0 for every g since these are just the expansion coefficients
of g which are in £? by Bessel’s inequality. Since by the Riesz lemma (Theo-
rem 2.10), every bounded linear functional is of this form, we have ¢(u,) — 0
for every bounded linear functional. (Clearly u,, does not converge to 0, since
Jun]l = 1.) o

If ¢(xy,) — £(x) for every ¢ € X* we say that x,, converges weakly to
x and write

w-limz, =z or =z, — . (6.13)
n—roo

Clearly x,, — x implies x,, — x and hence this notion of convergence is
indeed weaker. Moreover, the weak limit is unique, since ¢(z,) — ¢(z) and
U(xy) — £(Z) imply ¢(x — Z) = 0. A sequence z,, is called a weak Cauchy
sequence if {(z,,) is Cauchy (i.e. converges) for every ¢ € X*.

Lemma 6.16. Let X be a Banach space.
(i) zp — x implies ||z|| < liminf ||z,||.

(ii) Every weak Cauchy sequence x, is bounded: ||z,| < C.

)
(iii) If X is reflexive, then every weak Cauchy sequence converges weakly.
)

(iv) A sequence x,, is Cauchy if and only if ¢(xy,) is Cauchy, uniformly
for 0 € X* with ||¢] = 1.

Proof. (i) Choose ¢ € X* such that ¢(z) = ||z|| (for the limit z) and ||¢|| = 1.
Then

llz|| = ¢(x) = liminf ¢(x,,) < liminf ||z,].
(ii) For every ¢ we have that |J(zy)(¢)| = |¢(x,)| < C(¢) is bounded. Hence
by the uniform boundedness principle we have ||z,| = ||J(z,)| < C.
(iii) If =, is a weak Cauchy sequence, then ¢(z,,) converges and we can define
j(€) = lim{(zy,). By construction j is a linear functional on X*. Moreover,
by (ii) we have [j(¢)| < sup [[l(zn)] < ||¢]| sup ||zn] < C||¢]] which shows
j € X**. Since X is reflexive, j = J(z) for some z € X and by construction
Uzy) — J(x)(€) = l(x), that is, z,, — z. (iv) This follows from

|Zn — Zm| = Hshlp [(y, — )|
ll|l=1

(cf. Problem 6.6). O
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Remark: One can equip X with the weakest topology for which all
{ € X* remain continuous. This topology is called the weak topology and
it is given by taking all finite intersections of inverse images of open sets
as a base. By construction, a sequence will converge in the weak topology
if and only if it converges weakly. By Corollary 6.12 the weak topology is
Hausdorff, but it will not be metrizable in general. In particular, sequences
do not suffice to describe this topology.

In a Hilbert space there is also a simple criterion for a weakly convergent
sequence to converge in norm.

Lemma 6.17. Let § be a Hilbert space and let f, — f. Then f, — f if
and only if limsup || fn|] < || f]l-

Proof. By (i) of the previous lemma we have lim || f,|| = || f|| and hence
1f = fall® = ILF17 = 2Re((f, fa)) + [l full* — 0.
The converse is straightforward. ([

Now we come to the main reason why weakly convergent sequences are
of interest: A typical approach for solving a given equation in a Banach
space is as follows:

(i) Construct a (bounded) sequence xz,, of approximating solutions
(e.g. by solving the equation restricted to a finite dimensional sub-
space and increasing this subspace).

(ii) Use a compactness argument to extract a convergent subsequence.

(iii) Show that the limit solves the equation.
Our aim here is to provide some results for the step (ii). In a finite di-
mensional vector space the most important compactness criterion is bound-

edness (Heine-Borel theorem, Theorem 1.11). In infinite dimensions this
breaks down:

Theorem 6.18. The closed unit ball in X is compact if and only if X is
finite dimensional.

For the proof we will need

Lemma 6.19. Let X be a normed linear space and Y C X some subspace.
IfY # X, then for every e € (0,1) there exists an z. with ||xzc|| =1 and

inf flz. —yl| > 1—c. 6.14
inf |l —yll 2 1-¢ (6.14)
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Proof. Pick z € X\Y and abbreviate d = dist(z,Y) > 0. Choose y. € Y
such that ||z — ye| < 1%5' Set

T —Ye
Te = ———.
[ — yell
Then zx. is the vector we look for since
1
Te—Y|| = 7|l — (Ye + || — Ye ||y
d

> ——2>1—¢
[z — vl

as required. O

Proof. (of Theorem 6.18) If X is finite dimensional, then X is isomorphic
to C™ and the closed unit ball is compact by the Heine-Borel theorem (The-
orem 1.11).

Conversely, suppose X is infinite dimensional and abbreviate S* = {x €
X|||z|| = 1}. Choose x1 € S and set Y; = span{z;}. Then, by the lemma
there is an x5 € S! such that ||zg — 21| > % Setting Y5 = span{x1,z9} and
invoking again our lemma, there is an z3 € S' such that ||zg — z;|| > 3 for
j = 1,2. Proceeding by induction, we obtain a sequence z,, € S' such that
|n — Tm|| > 4 for m # n. In particular, this sequence cannot have any
convergent subsequence. (Recall that in a metric space compactness and

sequential compactness are equivalent — Lemma 1.10.) O

If we are willing to treat convergence for weak convergence, the situation
looks much brighter!

Theorem 6.20. Let X be a reflexive Banach space. Then every bounded
sequence has a weakly convergent subsequence.

Proof. Let z;,, be some bounded sequence and consider Y = span{xz,}.
Then Y is reflexive by Lemma 6.15 (i). Moreover, by construction Y is
separable and so is Y* by the remark after Lemma 6.15.

Let ¢ be a dense set in Y*. Then by the usual diagonal sequence
argument we can find a subsequence x,, such that ¢x(x,, ) converges for

every k. Denote this subsequence again by z, for notational simplicity.
Then,

1€(zn) = £(@m) | <N€(zn) = Le(zn)ll + 1k (2n) — lr(zm)]
+ [k (zm) — L(zm)|
<208 = L[| + [1€x (2n) — & (zm)|

shows that ¢(z,) converges for every ¢ € span{f;} = Y*. Thus there is a
limit by Lemma 6.16 (iii). O
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Note that this theorem breaks down if X is not reflexive.

Example. Let X = L'(R). Every bounded ¢ gives rise to a linear functional

0o(f) = / f(@)p() da

in L!'(R)*. Take some nonnegative u; with compact support, |jul; = 1,
and set ug(z) = kuy(kz). Then we have

/ w(@) () dz — (0)

(see Problem 5.10) for every continuous ¢. Furthermore, if uy, — u we
conclude

[ u@ota) d = o(0)

In particular, choosing ¢y (x) = max(0, 1 —k|z|) we infer from the dominated
convergence theorem

1= /u(:c)gpk($) dr — /u(az)x{o}(x) dr =0,

a contradiction.
In fact, ug converges to the Dirac measure centered at 0, which is not in

LY(R). o

Finally, let me remark that similar concepts can be introduced for oper-
ators. This is of particular importance for the case of unbounded operators,
where convergence in the operator norm makes no sense at all.

A sequence of operators A, is said to converge strongly to A,

slimA,=A4 & Ay — Az VYVre®D(A) CD(A4,). (6.15)

n—o0

It is said to converge weakly to A,

w-limA, =A4 & Ayx— Az Ve D(A) CD(A4,). (6.16)

n—oQ

Clearly norm convergence implies strong convergence and strong conver-
gence implies weak convergence.

Example. Consider the operator S,, € £(¢2(N)) which shifts a sequence n
places to the left, that is,

Sp(x1,29,...) = (Tpt+1, Tnt2,---) (6.17)

and the operator S € £(¢?(N)) which shifts a sequence n places to the right
and fills up the first n places with zeros, that is,

S* (x1,22,...) = (0,...,0,21, 9, ...). 6.18
n(T1,m0,...) = ( T1,T2,. ) (6.18)

n places
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Then S,, converges to zero strongly but not in norm (since ||S,|| = 1) and S}
converges weakly to zero (since (x, S}y) = (Spz,y)) but not strongly (since
[Spzll = ll=l) - o

Lemma 6.21. Suppose A,, € £(X) is a sequence of bounded operators.
(1) s-limyyoo Ap = A implies || A|| < liminf || A4,]|.
(ii) Ewvery strong Cauchy sequence Ay, is bounded: |Ay| < C.

(i) If Apy — Ay fory in a dense set and || Ay, || < C, then s-lim, o Ay, =
A.

The same result holds if strong convergence is replaced by weak convergence.
Proof. (i) and (ii) follow as in Lemma 6.16 (i).
(iii) Just use
[Anz — Az| < [|Anz — Anyl| + [[Any — Ayl + [| Ay — Ax||
<20z =yl + | Any — Ay||

and choose y in the dense subspace such that ||z —y|| < % and n large such
that || Any — Ay] < 5.

The case of weak convergence is left as an exercise. U

For an application of this lemma see Problem 6.15.

Lemma 6.22. Suppose A, B,, € £(X) are two sequences of bounded oper-
ators.

(i) s-limy o0 Ap = A and s-limy, oo By, = B implies s-limy, o0 Ap By, =

AB.

(ii) s-limp o0 Ap = A and w-limy,_,oc By, = B implies w-lim,, oo Ap By, =
AB.

Proof. For the first case just observe
[(AnBn — AB)z| < [[(An — A)Bz|| + [[An]l[|(Bn — B)z|| — 0.

The second case is similar and again left as an exercise. ([l

Example. Consider again the last example. Then

Sns;;(l'l,l'Q, . ) = (0, e ,O,l’n+1,$n+2, e )
——
n places

converges to 0 weakly (in fact even strongly) but
SrSn (1,9, ...) = (21,29,...)

does not! Hence the second claim in the previous lemma cannot be im-
proved. o
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Remark: For a sequence of linear functionals /,,, strong convergence is
also called weak-* convergence. That is, the weak-* limit of £,, is £ if

lp(x) — () Vo e X. (6.19)
Note that this is not the same as weak convergence on X*, since /¢ is the
weak limit of ¢,, if

J(ln) = j6)  Vje X, (6.20)
whereas for the weak-* limit this is only required for j € J(X) C X** (recall
J(x)(¢) = £(x)). So the weak topology on X* is the weakest topology for
which all j € X** remain continuous and the weak-* topology on X* is the
weakest topology for which all j € J(X) remain continuous. In particular,

the weak-* topology is weaker than the weak topology and both are equal
if X is reflexive.

With this notation it is also possible to slightly generalize Theorem 6.20
(Problem 6.16):

Theorem 6.23. Suppose X is separable. Then every bounded sequence
by, € X* has a weak-x convergent subsequence.

Example. Let us return to the example after Theorem 6.20. Consider the
Banach space of bounded continuous functions X = C(R). Using £;(p) =
[ of dz we can regard L'(R) as a subspace of X*. Then the Dirac measure
centered at 0 is also in X™* and it is the weak-x limit of the sequence ug. ©

Problem 6.11. Suppose £, — ¢ in X* and x,, — x in X. Then {,(x,) —
x).
Similarly, suppose s-lim¥,, — ¢ and x,, — x. Then ly(x,) — {(x).

Problem 6.12. Show that x,, — x implies Az, — Az for A € £(X).

Problem 6.13. Show that if {{;} C X* is some total set, then z, — z if
and only if x, is bounded and {;(xy) — £j(x) for all j. Show that this is
wrong without the boundedness assumption (Hint: Take e.g. X = (*(N)).

Problem 6.14 (Convolution). Show that for f € L'(R"™) and g € LP(R"),
the convolution

e D@ = [ ge-piwis= [ swira-ndy (620

n

is in LP(R™) and satisfies Young’s inequality

1F* gllp < 111 llgllp- (6.22)
(Hint: Without restriction ||f|1 = 1. Now use Jensen and Fubini.)
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Problem 6.15 (Smoothing). Suppose f € LP(R™). Show that fi defined
as in (5.20) converges to f in LP. (Hint: Use Lemma 6.21 and Young’s
inequality. )

Problem 6.16. Prove Theorem 6.23






Chapter 7

The dual of L?

7.1. Decomposition of measures

Let u, v be two measures on a measure space (X,>). They are called
mutually singular (in symbols p L v) if they are supported on disjoint
sets. That is, there is a measurable set NV such that u(N) = 0 and v(X\N) =
0.

Example. Let A be the Lebesgue measure and © the Dirac measure (cen-
tered at 0). Then A L ©: Just take N = {0}; then A({0}) = 0 and
O(R\{0}) = 0. o

On the other hand, v is called absolutely continuous with respect to
w (in symbols v < p) if p(A) = 0 implies v(A) = 0.

Example. The prototypical example is the measure dv = fdu (compare
Lemma 4.15). Indeed u(A) = 0 implies

v(A) = /Afdu =0 (7.1)

and shows that v is absolutely continuous with respect to . In fact, we will
show below that every absolutely continuous measure is of this form. o

The two main results will follow as simple consequence of the following
result:

Theorem 7.1. Let p, v be o-finite measures. Then there exists a unique
(a.e.) nonnegative function f and a set N of u measure zero, such that

v(A)=v(ANN) + /A fdp. (7.2)

111
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Proof. We first assume pu, v to be finite measures. Let a = pu + v and
consider the Hilbert space L?(X,da). Then

o(h) = /thy

is a bounded linear functional by Cauchy—Schwarz:

()2 = ‘/thdf < (/m?dy) </\h\2du>
X) ([ Pda) =)l

Hence by the Riesz lemma (Theorem 2.10) there exists a g € L?(X, da) such
that

o(h) = /X hg do.

o) = [xadv= [xagda = [ gao. (7.3)

In particular, g must be positive a.e. (take A the set where g is negative).
Furthermore, let N = {z|g(z) > 1}. Then

v(V) = [ gda > a() = () + (),
N
which shows p(N) = 0. Now set
f= %gxw, N’ = X\N.

By construction

Then, since (7.3) implies dv = g da, respectively, du = (1 — g)da, we have
/fd,u, / dp = /XAmegda:y(AﬁN’)

as desired. Clearly f is unique, since if there is a second function f, then
Ja(f — f)dp = 0 for every A shows f — f =0 a.e.

To see the o-finite case, observe that X,, /' X, u(X,) < candy, "X,
v(Y,) < oo implies X,, NY,, / X and a(X, NY,) < co. Hence when
restricted to X,,NY,,, we have sets N,, and functions f,,. Now take N = [J N,
and choose f such that f|x, = f, (this is possible since fn4+1|x, = fn a.e.).
Then p(N) =0 and

vV(ANN') = lim v(AN(X,\N)) = lim fdu= / fdu,
which finishes the proof. O

Now the anticipated results follow with no effort:
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Theorem 7.2 (Lebesgue decomposition). Let p, v be two o-finite measures
on a measure space (X,X). Then v can be uniquely decomposed as v =
Vac + Vsing, where Vae and Vging are mutually singular and v, is absolutely
continuous with respect to .

Proof. Taking vgng(A) = v(AN N) and dvee = fdu, there is at least
one such decomposition. To show uniqueness, first let v be finite. If there
is another one, v = Uge + Uging, then let N be such that ,u(N) = 0 and
Using(N') = 0. Then Using(A) — Using(A) = [4(f — f)dp. In particular,
fAmN’ﬂN’(f_ f)dp = 0 and hence f = f a.e. away from N U N. Since
w(N U N) = 0, we have f = f a.e. and hence Vyc = Ve as well as Ugpg =
V — Uge = V — Vge = Vging. The o-finite case follows as usual. O

Theorem 7.3 (Radon-Nikodym). Let u, v be two o-finite measures on a
measure space (X,3). Then v is absolutely continuous with respect to u if
and only if there is a positive measurable function f such that

v(4) = [ s (7.4)

for every A € X.. The function [ is determined uniquely a.e. with respect to

w and is called the Radon—Nikodym derivative - of v with respect to

dp
.

Proof. Just observe that in this case v(A N N) = 0 for every A; that is,
Vsing = 0. O

Problem 7.1. Let u be a Borel measure on B and suppose its distribution
function u(z) is differentiable. Show that the Radon—Nikodym derivative
equals the ordinary derivative p'(x).

Problem 7.2. Suppose u and v are inner reqular measures. Show that
v < pif and only if u(C) = 0 implies v(C) = 0 for every compact set.

Problem 7.3. Let dv = fdu. Suppose f > 0 a.e. with respect to u. Then
u<vanddy= fldv.

Problem 7.4 (Chain rule). Show that v < p is a transitive relation. In
particular, if w < v < u, show that

do _ dodv
dp — dvdp’
Problem 7.5. Suppose v < p. Show that for every measure w we have
dw dw
—dp = —dv+d
= + d¢,

where  is a positive measure (depending on w) which is singular with respect
to v. Show that ( =0 if and only if p < v.
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7.2. Complex measures

Let (X,3) be some measure space. A map v : X — C is called a complex
measure if

UA => v(A, ApNAn =0, n#m. (7.5)
n=1 n=1

Note that a positive measure is a complex measure only if it is finite (the
value oo is not allowed for complex measures). Moreover, the definition
implies that the sum is independent of the order of the sets A;, hence the
sum must be absolutely convergent.

Example. Let u be a positive measure. For every f € L'(X,du) we have
that f du is a complex measure (compare the proof of Lemma 4.15 and use
dominated in place of monotone convergence). In fact, we will show that
every complex measure is of this form. o

The total variation of a measure is defined as

|v|(A) = sup { Z V(A )]‘An € X disjoint, A = D An}. (7.6)

n=1

Note that by construction we have
v[(4) < [v(A)]. (7.7)

Theorem 7.4. The total variation is a positive measure.

Proof. Suppose A = (Jo7 | A,. We need to show [v[(4) = Y 07 [v|(An)
for disjoint sets A,,.

Let B, 1 be a disjoint cover for A such that

o0
|V| Z‘V nk ’+
k=1
Then

> vl(An) Z\ Bup)l +e < |v|(A) +e
n=1

n,k=1
since (U, y—1 Bnx = A. Letting e — 0 shows [v|(A) > 3772, [v|(An).
Conversely, if A =J,7 | By, then

Z\uwkﬂ:Z\Zu(Ban) <
k=1 =1 n=
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Taking the supremum shows |[v|(A) < > [v[(A4,). O

Theorem 7.5. The total variation |v| of a complex measure v is a finite
measure.

Proof. Splitting v into its real and imaginary part, it is no restriction to
assume that v is real-valued since |v|(A) < |Re(v)|(A) + |Im(v)|(A).

The idea is as follows: Suppose we can split any given set A with |v|(A) =
oo into two subsets B and A\B such that |v(B)| > 1 and |v|(A\B) = .
Then we can construct a sequence B, of disjoint sets with |v(B,)| > 1 for

which
Z v(Bn)

n=1
diverges (the terms of a convergent series must converge to zero). But o-
additivity requires that the sum converges to v(J,, Brn), a contradiction.

It remains to show existence of this splitting. Let A with |v|(A) = oo
be given. Then there are disjoint sets A; such that

ZI Al 221+ [p(A))).

Now let Ay = [J{A4;] :l:y( Aj) > 0}. Then for one of them we have |v(A,)| >
1+ |v(A)] and hence

W(A\AG)| = [v(A) — v(Ag)| = [v(Aq)| — [(A)] = 1.
Moreover, by |[v|(A) = |v|(As) + |V|(A\As) either A, or A\A, must have
infinite |v| measure. O

Note that this implies that every complex measure v can be written as
a linear combination of four positive measures. In fact, first we can split v
into its real and imaginary part

v =1+ iy, vr(A) = Re(v(A)), vi(A) = Im(v(A)). (7.8)
Second we can split every real (also called signed) measure according to
)

vV=v4 —V_, Vi(A):||(2().

By (7.7) both v_ and vy are positive measures. This splitting is also known
as Hahn decomposition of a signed measure.

(7.9)

If p is a positive and v a complex measure we say that v is absolutely
continuous with respect to p if u(A) = 0 implies v(A) = 0.

Lemma 7.6. If u is a positive and v a complex measure then v < p if and
only if v| < p.
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Proof. If v < p, then p(A) = 0 implies u(B) = 0 for every B C A
and hence |p|(A) = 0. Conversely, if |v| < p, then u(A) = 0 implies
(A < [v|(4) = 0. O

Now we can prove the complex version of the Radon—Nikodym theorem:

Theorem 7.7 (Complex Radon-Nikodym). Let (X,X) be a measure space,
W a positive o-finite measure and v a complexr measure which is absolutely
continuous with respect to p. Then there is a unique f € L'(X,du) such
that

I/(A)—/Afd,u. (7.10)

Proof. By treating the real and imaginary part separately it is no restriction
to assume that v is real-valued. Let v = v, —v_ be its Hahn decomposition.
Then both v; and v_ are absolutely continuous with respect to p and by
the Radon—-Nikodym theorem there are functions fi such that dvy = fidu.
By construction

/ Fad = v (X) < p|(X) < oo,
X

which shows f = f, — f_ € L'(X,du). Moreover, dv = dvy —dv_ = fdpu
as required. O

In this case the total variation of dv = f du is just d|v| = | f|du:

Lemma 7.8. Suppose dv = fdu, where p is a positive measure and f €
LY(X,du). Then

vI(a) = [ 1fla (.11)
Proof. If A,, are disjoint sets and A = J,, A, we have

S = | [ ra <3 [ 1= [ 1w

Hence |v|(A) < [, |f|dp. To show the converse define

kE—1  arg(f(z)) k
n—= < — 1<k<n.

b=l n 2 < n}7 - "
Then the simple functions

converge to f(z)*/|f(z)| pointwise and hence

lim snfdu—/\fldu
A A

n—o0
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by dominated convergence. Moreover,

‘/Asnfd“‘ = ;n::l \ /A fdu\ < kf::l v(AR)] < |v|(A)
shows [\ | fldu < [v](A). -

As a consequence we obtain (Problem 7.6):

Corollary 7.9. If v is a complex measure, then dv = hd|v|, where |h| = 1.

In particular, note that

| [ 5v] < el (12

Problem 7.6. Prove Corollary 7.9 (Hint: Use the complex Radon—Nikodym
theorem to get existence of f. Then show that 1 — |f| vanishes a.e.).

Problem 7.7. Let v be a complex measure and let
V="Vt — V- + iy — i)

be its decompostition into positive measures. Show the estimate
1
V2

vs(A) < |V|(A) Svs(A), vs=vpy + U+ Vi + V.

7.3. The dual of LP, p < o0
After these preparations we are able to compute the dual of LP for p < oo.

Theorem 7.10. Consider LP(X,du) for some o-finite measure and let q be
the corresponding dual index, %—i—% = 1. Then the map g € L? — {, € (LP)*
given by

€g(f)=/ngdu (7.13)

is isometric. Moreover, for 1 < p < oo it is also surjective.

Proof. Given g € LY it follows from Holder’s inequality that £, is a bounded
linear functional with ||44]| < ||g||q- That in fact ||¢,4]| = ||g|lq can be shown
as in the discrete case (compare Problem 6.7).

To show that this map is surjective, first suppose (X ) < oo and choose
some £ € (LP)*. Since ||xall, = 1(A)"/P, we have x4 € LP for every A € %
and we can define

v(A) = £(xa)-
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Suppose A = [J7Z; Aj. Then, by dominated convergence, || 3 7_; xa; —
XAllp — 0 (this is false for p = oo!) and hence

=) xa,) ZEXA = (4
j=1 = J=1

Thus v is a complex measure. Moreover, u(A) = 0 implies x4 = 0 in L?
and hence v(A) = £(xa) = 0. Thus v is absolutely continuous with respect
to p and by the complex Radon—Nikodym theorem dv = gdu for some
g € LY(X,dp). In particular, we have

=/ngdu

for every simple function f. Clearly, the simple functions are dense in L?, but
since we only know g € L' we cannot control the integral. So suppose f is
bounded and pick a sequence of simple function f, converging to f. Without
restriction we can assume that f, converges also pointwise and ||fnllco <
| flloo- Hence by dominated convergence £(f) = lim (f,) = lim [y fogdp =
J + fgdp. Thus equality holds for every bounded function.

Next let A, = {z|0 < |g| < n}. Then, if 1 < p,

lg|? Igl lgl?
HXAng!ZZ/A J ~—gdp="{(xa p =) < I4lllIxa., ||;1/p= 1€l x 91127

and hence
Ixangllg < 1€l
Letting n — oo shows g € L9. If p =1, let A, = {z|[g| > [|¢|| + 2}. Then

1
160+ 2wlda) < [ adloldu < 1€l

which shows p(A4,) = 0 and hence [|g]|o < ||¢], that is g € L>. This finishes
the proof for finite pu.

If p is o-finite, let X,, X with pu(X,) < co. Then for every n there is
some g, on X, and by uniqueness of g,, we must have g, = g,, on X, N X,,.

Hence there is some g and by ||g,| < ||¢|| independent of n, we have g €
L9 U

Corollary 7.11. Let u be some o-finite measure. Then LP(X,du) is reflez-
we.

Proof. Identify LP(X,dp)* with LY(X,du) and choose h € LP(X,du)**
Then there is some f € LP(X,du) such that

h(g) = / o(0)f(@)dp(z), g€ LUX,du) = IP(X, dp)"

But this implies h(g) = g(f), that is, h = J(f), and thus J is surjective. [
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7.4. The dual of L>*° and the Riesz representation theorem

In the last section we have computed the dual space of LP for p < co. Now
we want to investigate the case p = co. Recall that we already know that the
dual of L® is much larger than L' since it cannot be separable in general.

Example. Let v be a complex measure. Then

/ fdv (7.14)

is a bounded linear functional on B(X) (the Banach space of bounded mea-
surable functions) with norm

10|} = 1v1(X) (7.15)

by (7.12) and Corollary 7.9. If v is absolutely continuous with respect to
, then it will even be a bounded linear functional on L>(X, du) since the
integral will be independent of the representative in this case. o

So the dual of B(X) contains all complex measures. However, this is
still not all of B(X)*. In fact, it turns out that it suffices to require only
finite additivity for v.

Let (X,Y) be a measure space. A complex content v is a map v :
Y — C such that (finite additivity)

U Ap) = Z (Ar), A;NAL=0, 5 # k. (7.16)
k=1

Given a content v we can define the corresponding integral for simple func-
tions s(xz) = Y ;_; agXa, as usual

/Asdu = apr(Ax N A). (7.17)

k=1
As in the proof of Lemma 4.13 one shows that the integral is linear. More-
over,

| /A sdv] < v](A) [|slloe (7.18)

where
v|(A) = sup { 3 \M(Ak)wAk € T disjoint, A= | J Ak}. (7.19)
k=1 k=1

(Note that this definition agrees with the one for complex measures.) We
will require |v|(X) < oo. Hence this integral can be extended to all of
B(X) by Theorem 1.28 (compare Problem 4.6). However, note that our
convergence theorems (monotone convergence, dominated convergence) will
no longer hold in this case (unless v happens to be a measure).
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In particular, every complex content gives rise to a bounded linear func-
tional on B(X) and the converse also holds:

Theorem 7.12. FEvery bounded linear functional ¢ € B(X)* is of the form

o) = / Fdv (7.20)
b's
for some unique complex content v and ||¢| = |v|(X).

Proof. Let ¢ € B(X)* be given. If there is a content v at all it is uniquely
determined by v(A) = ¢(xa). Using this as definition for v, we see that
finite additivity follows from linearity of . Moreover, (7.20) holds for char-
acteristic functions and by

0O " arxay) =Y awv(Ay) =) (A)l, g = sign(v(4y)),
k=1 k=1 k=1

we see |[V[(X) < ||
Since the characteristic functions are total, (7.20) holds everywhere by
continuity. O

Remark: To obtain the dual of L*° (X, du) from this you just need to re-
strict to those linear functionals which vanish on V' (X, du) (cf. Problem 7.8),
that is, those whose content is absolutely continuous with respect to p (note
that the Radon-Nikodym theorem does not hold unless the content is a
measure).

Example. Consider B(R) and define

(0N =lm(Af(-e)+1-NfE),  Ae[L1, (121

for f in the subspace of bounded measurable functions which have left and
right limits at 0. Since ||¢|| = 1 we can extend it to all of B(R) using the
Hahn-Banach theorem. Then the corresponding content v is no measure:

A= u((=1,0) = (-3 - ) £ vl — ) = 0. (7.22)
n=1 n=1

Observe that the corresponding distribution function (defined as in (4.3))
is nondecreasing but not right continuous! If we render the distribution
function right continuous, we get the Dirac measure (centered at 0). In
addition, the Dirac measure has the same integral at least for continuous
functions! o
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Theorem 7.13 (Riesz representation). Let I C R be a compact interval.
Every bounded linear functional £ € C(I)* is of the form

o0f) = / fdv (7.23)
X
for some unique complex Borel measure v and ||¢|| = |v|(X).

Proof. Without restriction I = [0,1]. Extending ¢ to a bounded linear
functional ¢ € B(I)* we have a corresponding content v. Splitting this
content into real and imaginary part we see that it is no restriction to assume
that v is real. Moreover, the same proof as in the case of measures shows
that |v| is a positive content and splitting v into vy = (Jv| £ v)/2 it is no
restriction to assume v is positive.

Now the idea is as follows: Define a distribution function for v. By
finite additivity of v it will be nondecreasing, but it might not be right-
continuous. However, right-continuity is needed to use Theorem 4.2. So
why not change the distribution function at each jump such that it becomes
right continuous? This is fine if we can show that this does not alter the
value of the integral of continuous functions.

Let f € C(I) be given. Fix points a < zf < z} < ...z} < b such that
xg — a, . — b, and supy, |z} _; — x| — 0 as n — oco. Then the sequence
of simple functions

n—10"n

converges uniformly to f by continuity of f. Moreover,
n
L L n B
[ rav=tim [ foaw= in > el a)(v(ar) = Va0

where v(z) = v([0,2)), v(1) = v([0,1]), and the points z} are chosen to
stay away from all discontinuities of v(x). Since v is monotone, there are at
most countably many discontinuities and this is possible. In particular, we
can change v(z) at its discontinuities such that it becomes right continuous
without changing the value of the integral (for continuous functions). Now
Theorem 4.2 ensures existence of a corresponding measure.

To see ||£]| = |v|(X) recall dv = hd|v| where |h| =1 (Corollary 7.9) and
approximate h by continuous functions as in the proof of Lemma 5.12. [J

Note that v will be a positive measure if £ is a positive functional,
that is, £(f) > 0 whenever f > 0.

Problem 7.8. Let M be a closed subspace of a Banach space X. Show that
(X/M)*={l e X*IM C Ker(¢)}.
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Problem 7.9 (Vague convergence of measures). A sequence of measures vy,
is said to converge vaguely to a measure v if

/ Fdv, — / fdv,  fecC(). (7.24)
I I

Show that every bounded sequence of measures has a vaguely convergent
subsequence. Show that the limit v is a positive measure if all v, are.
(Hint: Compare this definition to the definition of weak-x convergence in
Section 6.3.)



Chapter 8

Bounded linear
operators

8.1. Banach algebras

In this section we want to have a closer look at the set of bounded linear
operators £(X) from a Banach space X into itself. We already know from
Section 1.5 that they form a Banach space which has a multiplication given
by composition. In this section we want to further investigate this structure.

A Banach space X together with a multiplication satisfying
(r+y)z=xz+yz, z(y+z) =zy+zxz, x,y,2€X, (8.1)
and
(zy)z = z(yz), a(zy) = (ax)y =z (ay), «oe€C. (8.2)
and
eyl < [l lyl]- (8.3)
is called a Banach algebra. In particular, note that (8.3) ensures that
multiplication is continuous (Problem 8.1). An element e € X satisfying
er = re = x, Ve e X (8.4)
is called identity (show that e is unique) and we will assume |le]| = 1 in
this case.
Example. The continuous functions C(I) over some compact interval form
a commutative Banach algebra with identity 1. o
Example. The bounded linear operators £(X) form a Banach algebra with
identity I. o

123
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Example. The space L'(R") together with the convolution

(g f)(z) = /Rn g(xz —y) f(y)dy = / g) f(z —y)dy (8.5)

n

is a commutative Banach algebra (Problem 8.3) without identity. o

Let X be a Banach algebra with identity e. Then z € X is called
invertible if there is some y € X such that

Ty =yr = e. (8.6)

In this case y is called the inverse of  and is denoted by x~!. It is straight-
forward to show that the inverse is unique (if one exists at all) and that

(y) =y 2t (8.7)
Example. Let X = £(¢1(N)) and let ST be defined via

S xn—{ ey n>1 STx, = Tpaa (8.8)

(i.e., S~ shifts each sequence one place right (filling up the first place with a
0) and ST shifts one place left (dropping the first place)). Then STS~ =1
but S~S* # 1. So you really need to check both zy = e and yz = ¢ in
general. o

Lemma 8.1. Let X be a Banach algebra with identity e. Suppose ||z|| < 1.
Then e — x s invertible and

(e—z) 1= ZO:L"”. (8.9)

Proof. Since ||z|| < 1 the series converges and

[e.e] o0 o0
(e—x)Zaz":Zx"—Zx”:e
n=0 n=0 n=1
respectively

(Zm”) (e —x) = Zx" - Z:c" =e.
n=0 n=0 n=1
[l

Corollary 8.2. Suppose x is invertible and |[yz=t| < 1 or |27 1y| < 1.
Then (x —y) is invertible as well and

@—y) =) @yt o (x—y) =) e yaTH) (8.10)
n=0 n=0

In particular, both conditions are satisfied if ||y|| < ||==%|~" and the set of
invertible elements is open.
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Proof. Just observe  —y = z(e — 27 1y) = (e — yx ). O

The resolvent set is defined as
p(z) ={acC3(x—a) '} CC, (8.11)

where we have used the shorthand notation x —a = x — ae. Its complement
is called the spectrum

o(x) = C\p(z). (8.12)
It is important to observe that the fact that the inverse has to exist as an
element of X. That is, if X are bounded linear operators, it does not suffice
that z — « is bijective, the inverse must also be bounded!

Example. If X = £(C") is the space of n by n matrices, then the spectrum
is just the set of eigenvalues. o

Example. If X = C(I), then the spectrum of a function =z € C(I) is just
its range, o(z) = z(I). o

The map a + (z — a)~! is called the resolvent of x € X. If ag € p(x)
we can choose © — = — ap and y — a — o in (8.10) which implies
oo
(z-a) =3 (a—ag)"(z—ag) ™, |a—ao| < [I(@—ao) . (8.13)
n=0
This shows that (z — ) ™! has a convergent power series with coefficients in
X around every point ag € p(x). As in the case of coefficients in C, such
functions will be called analytic. In particular, £((x — a)~!) is a complex-
valued analytic function for every £ € X* and we can apply well-known
results from complex analysis:

Theorem 8.3. For every x € X, the spectrum o(z) is compact, nonempty
and satisfies

o(z) C{allal <[]} (8.14)
Proof. Equation (8.13) already shows that p(x) is open. Hence o(z) is
closed. Moreover, z — a = —a(e — é:r) together with Lemma 8.1 shows
@-a =2 ()", fal >
a = \a

which implies o(x) C {a||a| < ||z||} is bounded and thus compact. More-
over, taking norms shows

[e.e]

- LS =" 1
I —a) <> = o] > [J]],

T )
lal = la[*  Jo| = [|lz]|

which implies (z — a)~! — 0 as @ — oo. In particular, if o(x) is empty,

then ¢((x — a)~ 1) is an entire analytic function which vanishes at infinity.
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By Liouville’s theorem we must have £((z — a)~!) = 0 in this case, and so
(r — a)~! = 0, which is impossible. O

As another simple consequence we obtain:

Theorem 8.4. Suppose X is a Banach algebra in which every element ex-
cept 0 is invertible. Then X is isomorphic to C.

Proof. Pick z € X and a € o(z). Then z — « is not invertible and hence
x—a = 0, that is x = a. Thus every element is a multiple of the identity. [J

Theorem 8.5 (Spectral mapping). For every polynomial p and x € X we
have

o(p(z)) = p(o(z)). (8.15)
Proof. Fix ag € C and observe
p(z) — p(ao) = (x — a0)qo().
If p(ao) & o(p(z)) we have
(x — a0) ™" = go(2)((z — ao)qo(=)) ™" = ((& — a0)go(x)) " qo()

(check this — since go(z) commutes with (z — ag)go(x) it also commutes
with its inverse). Hence oy & o(x).

Conversely, let ag € o(p(z)). Then
p(x) —apg=alx— A1) - (x — \y)
and at least one \; € o(x) since otherwise the right-hand side would be

invertible. But then p(\;) = o, that is, ap € p(o(x)). O

Next let us look at the convergence radius of the Neumann series for

the resolvent -
(x—a) = —éz (2" (8.16)

n=0
encountered in the proof of Theorem 8.3 (which is just the Laurent expansion
around infinity).

The number

r(x) = sup |o] (8.17)
aco(x)
is called the spectral radius of x. Note that by (8.14) we have
r(z) < . (8.18)

Theorem 8.6. The spectral radius satisfies

"= dim (8.19)

= inf
() ;LrelNllfc
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Proof. By spectral mapping we have r(x)" = r(z") < ||z"|| and hence
r(z) < inf [|2" ||/

Conversely, fix £ € X*, and consider

w—a)y )= -1 i Lo, (8.20)
o= a™

Then ¢((x — a)™!) is analytic in |a| > r(z) and hence (8.20) converges

absolutely for |a] > r(xz) by a well-known result from complex analysis.

Hence for fixed o with |a| > r(z), ¢(2™/a™) converges to zero for every

{ € X*. Since every weakly convergent sequence is bounded we have

[Eal
ap =)
and thus
lim sup [|z"[|Y/™ < limsup C(a)"/"|a| = |a].
n—00 n—0o0

Since this holds for every |a| > r(z) we have
r(z) < inf 2" < liminf ||z"|"" < limsup ||2"||"/" < r(2),
n—oo n—00
which finishes the proof. ([

To end this section let us look at two examples illustrating these ideas.

Example. Let X = £(C?) be the space of two by two matrices and consider

:r:<8 é) (8.21)

Then 22 = 0 and consequently r(z) = 0. This is not surprising, since = has
the only eigenvalue 0. The same is true for any nilpotent matrix. o

Example. Consider the linear Volterra integral operator

K(x)(t) = /O Ck(ts)e(s)ds, e C(0,1)), (8.22)
then, using induction, it is not hard to verify (Problem 8.2)
K@) < Py (3.23)
Consequently
K e < P

that is ||[K™|| < %, which shows

Al
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Hence r(K) = 0 and for every A € C and every y € C(I) the equation

r—AKzx=y (8.24)
has a unique solution given by
oo
z=(I-AK)ly=> AN'K"y. (8.25)
n=0
o

Problem 8.1. Show that the multiplication in a Banach algebra X is con-
tinuous: T, — x and y, — y imply Ty, — Y.

Problem 8.2. Show (8.23).

Problem 8.3. Show that L*(R™) with convolution as multiplication is a
commutative Banach algebra without identity (Hint: Problem 6.14).

8.2. The C* algebra of operators and the spectral theorem

We begin by recalling that if £ is some Hilbert space, then for every A €
£($H) we can define its adjoint A* € £($)). Hence the Banach algebra £(9)
has an additional operation in this case. In general, a Banach algebra X
together with an involution

(z+y)" =2"4+y", (ax)"=az", 2=z (2y)"=y"z", (8.26)
satisfying

lz]|* = [la*z| (8.27)

is called a C* algebra. Any subalgebra which is also closed under involution,

is called a *-subalgebra. Note that (8.27) implies ||z||? = ||z*z| < ||=||||=*||

and hence ||z| < ||z*||. By 2** = x this also implies ||z*|| < [|z**| = ||=||
and hence

lzll = =, ll=l* = ll=*2]| = [laz*]. (8.28)

Example. The continuous functions C(I) together with complex conjuga-

tion form a commutative C* algebra. o

Example. The Banach algebra £()) is a C* algebra by Lemma 2.13. ¢

If X has an identity e, we clearly have e* = e and (x71)* = (2*)~! (show
this). We will always assume that we have an identity. In particular,

o(z*) =o(x)". (8.29)

If X is a C* algebra, then x € X is called normal if z*x = za*, self-

adjoint if z* = z, and unitary if 2* = 2='. Moreover, z is called positive

if + = 92 for some y = y* € X. Clearly both self-adjoint and unitary
elements are normal and positive elements are self-adjoint.
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Lemma 8.7. If x € X is normal, then ||2?| = ||z||* and r(x) = ||z]|.
Proof. Using (8.27) twice we have

122 = ()" (@)]? = [|(@a*)* (@a*)[|'/? = [lo*2]| = |||
M = el 0

Lemma 8.8. If x is self-adjoint, then o(x) C R.

and hence r(z) = limg_, ||z

Proof. Suppose a +if € o(z), A € R. Then a+i(f + A) € o(x +i\) and
o+ (B+X2)? < [la + A7 = [I(z + ) (z — )| = [l + N|| < [l]® + A%
Hence o? + 32 + 28X\ < ||x||? which gives a contradiction if we let |A\| — oo
unless 5 = 0. O

Given z € X we can consider the C* algebra C*(x) (with identity)
generated by z (i.e., the smallest closed x-subalgebra containing z). If x is
normal we explicitly have

C*(z) = {p(x,z*)|p : C?> — C polynomial}, xx* =z, (8.30)

and in particular C*(z) is commutative (Problem 8.5). In the self-adjoint
case this simplifies to

C*(z) = {p(z)|p : C — C polynomial}, x=z". (8.31)

Moreover, in this case C*(x) is isomorphic to C(o(x)) (the continuous func-
tions on the spectrum).

Theorem 8.9 (Spectral theorem). If X is a C* algebra and z is self-adjoint,
then there is an isometric isomorphism ® : C(o(x)) — C*(x) such that
f(t) =t maps to ®(t) = x and f(t) =1 maps to (1) =e.

Moreover, for every f € C(o(x)) we have
o(f(x)) = flo(x)), (8.32)
where f(x) = ®(f(t)).

Proof. First of all, ® is well-defined for polynomials. Moreover, by spectral
mapping we have
Ip(@)[| = r(p(z)) = sup |o| = sup [p(e)] =[Pl
aco(p(x)) aco(x)

for every polynomial p. Hence @ is isometric. Since the polynomials are
dense by the Stone-Weierstrafl theorem (see the next section) ® uniquely
extends to a map on all of C(c(z)) by Theorem 1.28. By continuity of the
norm this extension is again isometric. Similarly we have ®(f g) = ®(f)®(g)
and ®(f)* = ®(f*) since both relations hold for polynomials.
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To show 0( (x)) = f(o(x)) fix some v € C. If a & f(o(z)), then
9(t) = s=5 € Clo()) and ®(g) = (f(2) — a)~! € X shows o & o(f(2)).
Conversely, 1f a g o(f(z)) then g =& 1((f(z)—a)™t) = f—a is continuous,
which shows o & f(o(x)). O

In particular this last theorem tells us that we have a functional calculus
for self-adjoint operators, that is, if A € £() is self-adjoint, then f(A) is
well defined for every f € C(o(A)). If f is given by a power series, f(A)
defined via ® coincides with f(A) defined via its power series. Using the
Riesz representation theorem we get another formulation in terms of spectral
measures:

Theorem 8.10. Let ) be a Hilbert space, and let A € £(9) be self-adjoint.
For every u,v € §) there is a corresponding complex Borel measure fi,, (the
spectral measure) such that

-/ G, J 0. 63

We have

Huwi+ve = Huwy T Huvey  Huav = Clluw,  Hou = ui,v (8.34)

and |pyu|(0(A)) < ||ull||v]|. Furthermore, pn, = iy is a positive Borel
measure with pu,(o(A)) = |jul]?.

Proof. Consider the continuous functions on I = [—|A||,||4]]] and note
that every f € C(I) gives rise to some f € C(o(A)) by restricting its
domain. Clearly ¢, ,(f) = (u, f(A)v) is a bounded linear functional and the
existence of a corresponding measure i, , With |fy|(1) = [[Cupl < [Jull|lv]]
follows from Theorem 7.13. Since ¢, ,(f) depends only on the value of f on
0(A) C I, pu, is supported on o(A).

Moreover, if f > 0 we have £,(f) = (u, f(A)u) = (f(A)Y?u, f(A)/?u) =
| £(A)/2u|> > 0 and hence £, is positive and the corresponding measure 1,
is positive. The rest follows from the properties of the scalar product. [

It is often convenient to regard i, , as a complex measure on R by using
P () = pun (2N (A)). If we do this, we can also consider f as a function
on R. However, note that f(A) depends only on the values of f on o(A)!

Note that the last theorem can be used to define f(A) for every bounded
measurable function f € B(o(A)) via Lemma 2.11 and extend the functional
calculus from continuous to measurable functions:

Theorem 8.11 (Spectral theorem). If $ is a Hilbert space and A € £(9)
is self-adjoint, then there is an homomorphism ® : B(o(A)) — £($) given
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by
(u, f(A)o) = / FOduan(t),  feBo(A).  (8.35)
o(A)

Moreover, if fn(t) — f(t) pointwise and sup,, || fn||co i bounded, then f,(A)u —
f(A)u for every u € $.

Proof. The map & is well-defined linear operator by Lemma 2.11 since we
have

/(A)f(t)duu,v(t) < N flloolttul (0 (A)) < [ flloo ][]

and (8.34). Next, observe that ®(f)* = ®(f*) and ®(fg) = ®(f)P(9)
holds at least for continuous functions. To obtain it for arbitrary bounded
functions, choose a (bounded) sequence f,, converging to f in L?(c(A), dy.,)
and observe

1(fn(A) = f(A))ul® = / |fu(t) = ()] dpa(t)

(use ||h(A)ul|> = (h(A)u,h(A)u) = (u, h(A)*h(A)u)). Thus f,(A)u —
f(A)u and for bounded g we also have that (¢f,)(A)u — (¢9f)(A)u and
g(A) fn(A)u — g(A)f(A)u. This establishes the case where f is bounded
and g is continuous. Similarly, approximating g removes the continuity re-
quirement from g.

The last claim follows since f,, — f in L? by dominated convergence in
this case. O

In particular, given a self-adjoint operator A we can define the spectral
projections

PA() = xo(4), Qe B(R). (8.36)
They are orthogonal projections, that is P> = P and P* = P.

Lemma 8.12. Suppose P is an orthogonal projection. Then $ decomposes
in an orthogonal sum

$ = Ker(P) @ Ran(P) (8.37)
and Ker(P) = (I — P)$), Ran(P) = P$.

Proof. Clearly, every u € § can be written as u = (I — P)u + Pu and
(T = P)u, Pu) = (P(I — P)u,u) = ((P — P*)u,u) =0

shows ) = (I-P)H®P$H. Moreover, P(I—P)u = 0 shows (I—P)$H C Ker(P)
and if u € Ker(P) then u = (I-P)u € (I-P)$ shows Ker(P) C (I-P)$. O
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In addition, the spectral projections satisfy

PaR) =1,  Pa({JQ)u=>)_ Pa@)u, ucHh. (8.38)
n=1 n=1
Such a family of projections is called a projection valued measure and
Py(t) = PA((—OO,t]) (8.39)
is called a resolution of the identity. Note that we have
P () = (u, Pa(Q)v). (8.40)

Using them we can define an operator-valued integral as usual such that
A= /thA(t). (8.41)

In particular, if P4({a}) # 0, then « is an eigenvalue and Ran(P4({a}))
is the corresponding eigenspace since

APa({a}) = aPa({a}). (8.42)

The fact that eigenspaces to different eigenvalues are orthogonal now
generalizes to

Lemma 8.13. Suppose Q1 NQy = (. Then
Ran(Pa(Q1)) L Ran(Pa(Qs)). (8.43)

Proof. Clearly xq,xq, = xa,nn, and hence
Py(21)P4(22) = Pa(21 N Qo).
Now if Q1 N Qy = 0, then
(PA(Q1)u, Pa(Q2)0) = {u, Pa(1) Pa(Q2)) = (u, PA(B)v) =0,
which shows that the ranges are orthogonal to each other. ([

Example. Let A € £(C") be some symmetric matrix and let aq,...,apn
be its (distinct) eigenvalues. Then

A=>"a;Pa({a;}), (8.44)

j=1
where P4({c;}) is the projection onto the eigenspace corresponding to the
eigenvalue ;. o

Problem 8.4. Let X be a C* algebra and Y a *-subalgebra. Show that if
Y is commutative, then so is'Y .

Problem 8.5. Show that the map ® from the spectral theorem is positivity
preserving, that is, f > 0 if and only if ®(f) is positive.
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Problem 8.6. Show that o(x) C {t € R|t > 0} if and only if x is positive.
Problem 8.7. Let A € £(9)). Show that A is normal if and only if

|Au|| = ||A%ul|, Yu e $H. (8.45)
(Hint: Problem 1.20.)

8.3. The Stone—Welerstrafl theorem

In the last section we have seen that the C* algebra of continuous functions
C(K) over some compact set K C C plays a crucial role and that it is
important to be able to identify dense sets. We will be slightly more general
and assume that K is some compact metric space. Then it is straightforward
to check that the same proof as in the case K = [a,b] (Section 1.2) shows
that C'(K,R) and C(K) = C(K,C) are Banach spaces when equipped with
the maximum norm || f||cc = max,cx | f(z)|.

Theorem 8.14 (Stone-Weierstraf}, real version). Suppose K is a compact
metric space and let C(K,R) be the Banach algebra of continuous functions
(with the maximum norm).

If F C C(K,R) contains the identity 1 and separates points (i.e., for
every xy # xa there is some function f € F such that f(x1) # f(x2)), then
the algebra generated by F' is dense.

Proof. Denote by A the algebra generated by F. Note that if f € A, we
have |f| € A: By the Weierstral approximation theorem (Theorem 1.19)
there is a polynomial py(t) such that |[t| — p,(t)] < L for t € f(K) and
hence p,(f) — |f]-

In particular, if f, g are in A, we also have

(f+9) +1f -4l
2 )

(f+9)—1f -4l
2

max{f, g} = min{f, g} =

in A.
Now fix f € C(K,R). We need to find some f¢ € A with ||f — f¥]| < e.

First of all, since A separates points, observe that for given y,z € K
there is a function f,. € A such that fy,.(y) = f(y) and f,.(2) = f(2)
(show this). Next, for every y € K there is a neighborhood U(y) such that

fy=() > f(x) =2, x € Uy),

and since K is compact, finitely many, say U(y1),...,U(y;), cover K. Then

fz = max{fyl,z, cee 7fyj72} = Z
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and satisfies f, > f —e by construction. Since f,(z) = f(z) for every z € K,
there is a neighborhood V' (z) such that

fo(z) < f(x)+e, zeV(z),
and a corresponding finite cover V(z1),...,V (z;). Now

ff=min{f.,...,fs,} €A
satisfies f® < f +¢e. Since f —e < f,, we also have f — ¢ < f® and we have
found a required function. O

Theorem 8.15 (Stone—Weierstrafl). Suppose K is a compact metric space
and let C(K) be the C* algebra of continuous functions (with the mazimum
norm).

If F C C(K) contains the identity 1 and separates points, then the *-
subalgebra generated by F' is dense.

Proof. Just observe that F = {Re(f),Im(f)|f € F} satisfies the assump-
tion of the real version. Hence every real-valued continuous functions can be
approximated by elements from the subalgebra generated by F, in particular
this holds for the real and imaginary parts for every given complex-valued
function. Finally, note that the subalgebra spanned by F contains the -
subalgebra spanned by F'. O

Note that the additional requirement of being closed under complex
conjugation is crucial: The functions holomorphic on the unit ball and con-
tinuous on the boundary separate points, but they are not dense (since the
uniform limit of holomorphic functions is again holomorphic).

Corollary 8.16. Suppose K is a compact metric space and let C(K) be the
C* algebra of continuous functions (with the maximum norm,).

If F C C(K) separates points, then the closure of the x-subalgebra gen-
erated by F is either C(K) or {f € C(K)|f(to) = 0} for some ty € K.

Proof. There are two possibilities: either all f € F vanish at one point
to € K (there can be at most one such point since F' separates points)
or there is no such point. If there is no such point, we can proceed as in
the proof of the Stone—Weierstral theorem to show that the identity can
be approximated by elements in A (note that to show |f| € A if f € A,
we do not need the identity, since p,, can be chosen to contain no constant
term). If there is such a tg, the identity is clearly missing from A. However,
adding the identity to A, we get A+ C = C(K) and it is easy to see that
A ={f € C(K)|f(ts) = 0}. O

Problem 8.8. Show that the functions ¢n(z) = \/%eim, n € Z, form an
orthonormal basis for $§ = L?(0,2T).
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Problem 8.9. Let k € N and I C R. Show that the x-subalgebra generated

by f(t) = ﬁ for one zg € C is dense in the C* algebra Coo(I) of

continuous functions vanishing at infinity
o for [ =R if zo € C\R and k = 1,2,
o for I =a,00) if zp € (—o0,a) and every k,
o for I = (—o0,a]U[b,00) if 20 € (a,b) and k odd.
(Hint: Add oo to R to make it compact.)
Problem 8.10. Let K C C be a compact set. Show that the set of all

functions f(z) = p(x,y), where p : R? — C is polynomial and z = x + iy, is
dense in C(K).






Appendix A

Zorn’s lemma

A partial order is a binary relation ”=<” over a set P such that for all
A, B,C eP:

o A < A (reflexivity),

e if A< B and B X A then A = B (antisymmetry),
e if A< B and B <X C then A < C (transitivity).

Example. Let P(X) be the collections of all subsets of a set X. Then P is
partially ordered by inclusion C. o

It is important to emphasize that two elements of P need not be com-
parable, that is, in general neither A < B nor B < A might hold. However,
if this is the case P will be called totally ordered.

Example. R with < is totally ordered. o

If P is partially ordered, then every totally ordered subset is also called
a chain. If @ C P. Then an element M € P satisfying A < M for all
A € @ is called an upper bound.

Example. Let P(X) as before. Then a collection of subsets {A,}nen C
P(X) satisfying A,, C Ay 41 is a chain. The set | J,, Ay, is an upper bound. ©

An element M € P for which M < A for some A € P is only possible if
M = A is called a maximal element.

Theorem A.1 (Zorn’s lemma). Every partially ordered set in which every
chain has an upper bound contains at least one maximal element.

137
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Zorn’s lemma is one of the equivalent incarnations of the Axiom of
Choice and we are going to take it, as well as the rest of set theory, for
granted.
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Glossary of notation

arg(z) ...argument of a complex number

B, (x) ...open ball of radius r around z, 5

B(X) ... Banach space of bounded measurable functions
B = B!

B ... Borel o-field of R™, 60

C ...the set of complex numbers

¢(H) ...set of compact operators, 45

c(U) ...set of continuous functions from U to C
cU,v) ...set of continuous functions from U to V'
C>(U,V) ...set of compactly supported smooth functions
xa(.) ... characteristic function of the set

dim ... dimension of a linear space

dist(x,Y)  =inf ey [|x — yl|, distance between 2 and Y’
D(.) ... domain of an operator

e ...exponential function, e* = exp(z)

9 ...a Hilbert space

i ...complex unity, i? = —1

Im(.) ...imaginary part of a complex number

inf ... infimum

Ker(A) ... kernel of an operator A, 27

£(X,Y) ...set of all bounded linear operators from X to Y, 29
£(X) = £(X,X)

LP(X,du) ...Lebesgue space of p integrable functions, 80

L>*(X,du) ...Lebesgue space of bounded functions, 80
L} (X,dw) ...locally p integrable functions, 87
I) ...space of continuous square integrable functions, 24

£2

cont (
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142 Glossary of notation
P(N) .. Banach space of p summable sequences, 20
/2(N) .. Hilbert space of square summable sequences, 22
(> (N) .. Banach space of bounded summable sequences, 17
max .. maximum
N .. the set of positive integers
Ny NU {0}

Q .. the set of rational numbers

R .. the set of real numbers

Ran(A) ..range of an operator A, 27

Re(.) ..real part of a complex number

sign(x) x/|z| for x # 0 and 0 for x = 0; sign function
sup .. supremum

supp ..support of a function, 10

span(M) ...set of finite linear combinations from M, 17
Z .. the set of integers

I ..identity operator

VZz ..square root of z with branch cut along (—o0,0)
z* ..complex conjugation

Il ..norm, 21

.1l ...norm in the Banach space % and LP, 20, 79
I\l zrs .. Hilbert-Schmidt norm, 89

(o5 .0) ..scalar product in £, 21

&) ..orthogonal sum of linear spaces or operators, 42
0 .. gradient

Oa, .. partial derivative

M+ ...orthogonal complement, 38

(A1, A2)  ={XeR|A < A< A2}, open interval

[A1, A2] ={AeR| A <X < Ay}, closed interval



Index

a.e., see almost everywhere

absolute convergence, 20

absolutely continuous
measure, 111

accumulation point, 6

algebra, 59

almost everywhere, 62

B.L.T. theorem, 28
Baire category theorem, 91
Banach algebra, 123
Banach space, 16
Banach-Steinhaus theorem, 92
base, 7
basis, 18

orthonormal, 35
Bessel inequality, 34
bidual space, 100
bijective, 9
Bolzano—Weierstrafl theorem, 13
Borel

function, 69

measure, 61

regular, 61

set, 60

o-algebra, 60
boundary condition, 4
boundary value problem, 4
bounded

operator, 28

sesquilinear form, 26

set, 12

Cantor
set, 62
Cauchy sequence, 8

Cauchy—Schwarz—Bunjakowski inequality,
22
characteristic function, 70
closed set, 7
closure, 7
cluster point, 6
compact, 11
locally, 13
sequentially, 12
complete, 8, 16
completion, 27
content, 119
continuous, 9
convergence, 8
convex, 81
convolution, 108
cover, 10
C* algebra, 128

dense, 8

diffusion equation, 1
dimension, 37

Dirac measure, 61, 74
direct sum, 30

discrete set, 6

discrete topology, 6
distance, 5, 13
distribution function, 61
domain, 27

dominated convergence theorem, 74
double dual, 100

eigenspace, 47
eigenvalue, 47
simple, 48
eigenvector, 47
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Index

equivalent norms, 25
essential supremum, 80
Extreme value theorem, 13

finite intersection property, 11
form
bounded, 26
Fourier series, 36
Fredholm alternative, 57
Fredholm operator, 58
Fubini theorem, 76
function
open, 9

Gram—Schmidt orthogonalization, 36

graph, 94
graph norm, 96
Green function, 52

Hahn decomposition, 115
Hausdorff space, 7
heat equation, 1
Heine—Borel theorem, 12
Hilbert space, 21
dimension, 37
Hilbert—Schmidt
norm, 89
operator, 89
Holder’s inequality, 83
homeomorphism, 9

identity, 29, 123
index, 58

induced topology, 7
injective, 9

inner product, 21
inner product space, 21
integrable, 73
integral, 70
interior, 8

interior point, 5
involution, 128
isolated point, 6

Jensen’s inequality, 82

kernel, 27
Kuratowski closure axioms, 8

Lebesgue
decomposition, 113
measure, 62

limit point, 6

Lindel6f theorem, 10

linear
functional, 29, 39
operator, 27

linearly independent, 17

maximum norm, 15
measurable

function, 69

set, 60

space, 60
measure, 60

absolutely continuous, 111

complete, 68

complex, 114

finite, 60

Lebesgue, 62

mutually singular, 111

product, 76

space, 60

support, 62
metric space, 5
Minkowski’s inequality, 83
mollifier, 86

monotone convergence theorem, 71

neighborhood, 6
Neumann series, 126
Noether operator, 58
norm, 15

Hilbert—Schmidt, 89

operator, 28
normal, 14, 128
normalized, 22
normed space, 15
nowhere dense, 91
null space, 27

onto, 9

open
ball, 5
function, 9
set, 6

operator
adjoint, 40
bounded, 28
closeable, 95
closed, 94
closure, 95

compact, 45

domain, 27

finite rank, 54

Hilbert—Schmidt, 89

linear, 27

nonnegative, 41

self-adjoint, 47

strong convergence, 106

symmetric, 47

unitary, 37

weak convergence, 106
order
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partial, 137

total, 137
orthogonal, 22
orthogonal complement, 38
orthogonal projection, 39
orthogonal projections, 131
orthogonal sum, 42
outer measure, 66

parallel, 22
parallelogram law, 23
partial order, 137
partition of unity, 14
perpendicular, 22
polarization identity, 23
premeasure, 60

product measure, 76
product topology, 10
projection valued measure, 132
pseudo-metric, 5
Pythagorean theorem, 22

quadrangle inequality, 14
quotient space, 31

Radon—Nikodym
derivative, 113
theorem, 113

range, 27

rank, 54

reflexive, 100

relative topology, 7

resolution of the identity, 132

resolvent, 51, 125

resolvent set, 125

Riesz lemma, 39

scalar product, 21
Schauder basis, 18
Schur criterion, 88
second countable, 7
self-adjoint, 128
seminorm, 15
separable, 8, 18
separation of variables, 2
series
absolutely convergent, 20
sesquilinear form, 21
bounded, 26
parallelogram law, 26
polarization identity, 26
o-algebra, 59
o-finite, 60
simple function, 70
singular values, 53
span, 17
spectral measure, 130

spectral projections, 131
spectral radius, 126

spectrum, 125

x-subalgebra, 128
Stone—Weierstrafl theorem, 134
strong convergence, 106
Sturm-Liouville problem, 4
subcover, 10

support, 10

surjective, 9

tensor product, 43
Theorem
Lax—Milgram, 42

theorem

Arzela—Ascoli, 46
B.L.T., 28
Bair, 91
Banach—Steinhaus, 92
Bolzano—Weierstraf3, 13
closed graph, 94
dominated convergence, 74
Fubini, 76
Hahn—Banach, 98
Heine—Borel, 12
Hellinger—Toeplitz, 96
Lebesgue decomposition, 113
Lindelof, 10
monotone convergence, 71
open mapping, 93
Pythagorean, 22
Radon-Nikodym, 113
Riesz representation, 121
Schur, 88
Stone—Weierstraf3, 134
Urysohn, 13
Weierstraf3, 13, 19
Zorn, 137

topological space, 6

topology

base, 7
product, 10

total, 18
total order, 137
total variation, 114

triangel inequality, 5, 15
inverse, 5, 15
trivial topology, 6

uniform boundedness principle, 92

uniformly convex space, 25
unit vector, 22

unitary, 128

Urysohn lemma, 13

vague convergence

measures, 122
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Vandermonde determinant, 20
Vitali set, 62

wave equation, 3

weak convergence, 103

weak topology, 104

weak-* convergence, 108
weak-* topology, 108
Weierstrafl approximation, 19
Weierstraf3 theorem, 13

Young inequality, 108

Zorn’s lemma, 137
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