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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 method 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,z) = —su(t, x), 0.1

cou(t,2) = = ult,v) 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,z) = up(z) is assumed to be know 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,

u(t,z) = w(t)y(zx). (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' (@)

w(t)  y(z)
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 —\. That is, we are lead to the equations

—i(t) = Mw() (0.4)

and
—y"(x) = 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(x) = ez cos(VAz) + e3sin(vVAz). (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 ¢ = 0 and the second one yields (c3 can
be absorbed by w(t))

sin(vVA) = 0, (0.8)

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

un(t,x) = cpe” (Tt sin(nmz), n € N. (0.9)

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. In fact,

choosing
o

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 Fourier series
o
uo(z) = Z ug,n, sin(nmex), (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) = —mu(t, x) + q(z)u(t, z),

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

u(t,0) = u(t,1) = 0. (0.15)
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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) leads to the investigation of the
following problem

Ly(z) = My(x),  L=——=5+q(x), (0.16)
subject to the boundary conditions

y(a) = y(b) = 0. (0.17)
Such a problem is called 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 E,, with corresponding eigenfunctions uy,(z), that is, uy,(z)
satisfies the boundary conditions and Luy(z) = Epu,(z).

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

u(z) = Z Cnlin ().
n=1

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 what even orthogonal should mean for func-
tions. 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(z) such that
(0.10) is indeed a solution (i.e., such that interchanging the order of sum-
mation and differentiation is admissible).



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.

A metric space is a space X together with a function d: X x X — R
such that

(i) d(z,y) =0
(ii) d(z,y) =0 if and only if x =y
(i) d(z,y) = d(y, z)
(iv) d(z,z) < d(z,y) + d(y, z) (triangle inequality)
If (ii) does not hold, d is called a semi-metric.

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—, [zx—yxl?) /2. ©

The set
B, (z) ={y € Xl|d(z,y) <r} (1.1)

is called an open ball around z with radius r > 0. A point x of some set
U is called an interior point of U if U contains some ball around z. If z is
an interior point of U, then U is also called a neighborhood of x. A point
x is called a limit point of U if B,.(z) N (U\{x}) # 0 for every ball. Note
that a limit point need not lie in U, but U contains points arbitrarily close

5



6 1. A first look at Banach and Hilbert spaces

to x. Moreover,  is not a limit point of U if and only if it is an interior
point of the complement of U.

Example. Consider R with the usual metric and let U = (—1,1). Then
every point x € 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 following properties
(i) 0,X €O
(ii) 01,02 € O implies O1 N O3 € O
(ili) {Oq} C O implies J, O € 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 usually not
very interesting examples are the trivial topology O = {0, X} and the
discrete topology O = P(X) (the powerset of X). Given two topologies
O and O3 on X, O is called weaker (or coarser) than O if and only if
01 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 as before,
or we could also use

d(e,y) = > o — il (1.2)

Since

=Ykl <[ Sl < Yl (1.3)
k

shows Br/ﬁ((x,~y)) C B,((x,y)) € B,((x,y)), where B, B are balls com-

puted using d, d, respectively. Hence the topology is the same for both
metrics. ©

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

7 d(ZL', y)

d(z,y) = T+ d(z.g) (1.4)

without changing the topology. o
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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 (induced topology).

Example. The set (0, 1] C R is not open in the topology of X = R, but it is
open in the incuded 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(z), there is some set O € B with x € O C U.
Since O = (o U(x) 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 /,,(z) 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™) are second countable. o

A topological space is called 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 Byy(x) and Bgjs(y), where d = d(x,y) > 0, are
disjoint neighborhoods (a semi-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 eC
(ii) C1,Co € C implies C1 UCy € C
(ili) {Ca} € 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
= (] ¢ (1.5)
cec,uce
and the largest open set contained in a given set U is called the interior

= |J o (1.6)

0e0,0CU
It is straightforward to check that

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 1is the set of all limit points
of U.
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A sequence (z,,)2%; C X is said to converge to some point x € X if
d(z,z,) — 0. We write lim,,_, ,, = x as usual in this case. Clearly the
limit is unique if it exists (this is not true for a semi-metric).

Every convergent sequence is a Cauchy sequence, that is, for every
€ > 0 there is some N € N such that
d(xp, m) <& n,m > N. (1.7)
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

A point z is clearly a limit point of U if and only if there is some sequence
x, € U converging to . Hence

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 x, € U forn > N. In
a Hausdorff space the limit is unique.

A metric space is called separable if it contains a countable dense set.
A set U is called dense, if its closure is all of X, that is if U = X.

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, (2,) NY # 0 and choose some ypm € By/m(zn) NY for all
(n,m) € J. Then B = {ynm}(m,myes € Y is countable. To see that B is
dense choose y € Y. Then there is some sequence x,, with d(zy,,y) < 1/4.
Hence (ng, k) € J and d(Yn, &, ¥) < d(Yny k> Tny,) + d(@n,,y) < 2/k— 0. O

A function 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) <. (1.8)
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, (1.8) holds).

(ii) f(zn) — f(x) whenever x, — x
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(iii) For every neighborhood V of f(x), f~1(V) is a neighborhood of x.

Proof. (i) = (ii) is obvious. (ii) = (iii): If (ili) 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
xn — x but f(x,) /4 f(z). (ili) = (i): Choose V = B.(f(x)) and observe
that by (iii) Bs(x) C f~1(V) for some 6. O

The last item implies that f is continuous if and only if the inverse image
of every open (closed) set is again open (closed).

Note: In a topological space, (iii) is used as definition for continuity.
However, 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.

If X and X are metric spaces then X x Y together with

d((z1,y1), (v2,y2)) = dx (v1,72) + dy (y1,%2) (1.9)

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

In particular, by

|d(l'n,yn) - d(l'ay)| < d(linvl') + d(ynyy) (1'10)

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 (1.9) as follows:

d((z1,91), (w2, 92)) = Vdx (21,72)? + dy (y1,92)°. (1.11)
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 (1.9).

A cover of aset Y C X is a family of sets {U, } such that Y C |J, Uy. A
cover is call open if all U, are open. A subset of {U,} is called a subcover.

A subset K C X is called compact if every open cover has a finite
subcover.
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Lemma 1.6. 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

A subset K C X is called sequentially compact if every sequence has
a convergent subsequence.

Lemma 1.7. 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.
)
)
)

(v) A compact set is also sequentially compact.

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

(iv) The product of compact sets is compact.

Proof. (i) Just observe that if {O,} is an open cover for f(Y), then {f~1(04)}
is one for Y.

(ii) Let {On} be an open cover for the closed subset Y. Then {O,} U
{X\Y} is an open cover for X.

(iii) Let Y € X be compact. We show that X\Y is open. Fix x € 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 Uy (z) of . By
compactness of Y, there are yi,...y, such that V(y;) cover Y. But then
U(z) = (V;=1 Uy, () 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(x,y) such that (z,y) € Oq(y,y)- By definition of the product
topology there is some open rectangle U(z,y) x V(z,y) C O (x,y)- Hence
for fixed x, {V(z,y)}yey is an open cover of Y. Hence there are finitely
many points yi(z) such V(z,yg(x)) cover Y. Set U(z) = (), U(z, yx(x)).
Since finite intersections of open sets are open, {U(z)}zex is an open cover
and there are finitely many points z; such U(x;) cover X. By construction,
U(x;) x V(zj,y(25)) € Oa(e; yp(e;)) cOVer X x Y.

(v) Let z, be a sequence which has no convergent subsequence. Then
K = {x,} has no limit points and is hence compact by (ii). For every n
there is a ball B, (x,) which contains only finitely many elements of K.
However, finitely many suffice to cover K, a contradiction. O

In a metric space compact and sequentially compact are equivalent.
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Lemma 1.8. Let X be a metric space. Then a subset is compact if and only
if it is sequentially compact.

Proof. 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\ U"_Y, B-(z,) such that d(z,,z,,) > ¢ for m < n.

m=

In particular, we are done if we can show that for every open cover
{O4} there is some ¢ > 0 such that for every x we have B.(z) C O, for
some o = (). Indeed, choosing {1 }}_, such that B.(x}) 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 x,, converges (after maybe passing to a subsequence).
Let = lim z,, then z lies in some O, and hence B;(z) C O,. But choosing
n so large that L < £ and d(zy,z) < 5 we have Bin(7n) € Be(z) € Oq
contradicting our assumption. ([

Please also recall the Heine-Borel theorem:

Theorem 1.9 (Heine-Borel). In R™ (or C") a set is compact if and only if
it 1s bounded and closed.

Proof. By Lemma 1.7 (ii) and (iii) it suffices to show that a closed interval
in I C R is compact. Moreover, by Lemma 1.8 it suffices to show that
every sequence in I = [a,b] has a convergent subsequence. Let x, be our
sequence and divide I = [a, “T‘H’] U [“T‘H’] Then at least one of these two
intervals, call it I7, contains infinitely many elements of our sequence. Let
Y1 = Zp, be the first one. Subdivide I; and pick y2 = z,,, with ng > ng as
before. Proceeding like this we obtain a Cauchy sequence y, (note that by
construction I,4+1 C I,, and hence |y, — ym| < b*Ta for m > n). O

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 and a subset Y C X is

dist(z,Y) = inf d(x,y). (1.12)
yey

Note that z € Y if and only if dist(z,Y) = 0.
Lemma 1.10. Let X be a metric space, then

|dist(z,Y) — dist(z,Y)| < dist(z, 2). (1.13)
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In particular, x — dist(x,Y") is continuous.

Proof. Taking the infimum in the triangle inequality d(z,y) < d(z,z) +
d(z,y) shows dist(z,Y") < d(x, z)+dist(z,Y"). Hence dist(z,Y)—dist(z,Y) <
dist(z, z). Interchanging = and z shows dist(z,Y") — dist(z,Y) < dist(z, 2).

([

Lemma 1.11 (Urysohn). Suppose C1 and Cs 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 C is compact, one can choose f with compact
support.

Proof. To prove the first claim set f(z) = dist(zd(ijslt)(ig:t)(z 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 x, there is a ball B.(x) such
that B.(z) is compact and B:(x) C X\C2. Since C is compact, finitely
many of them cover C7 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 Oy such that C; € Oj, j = 1,2. In fact, choose f as in Urysohn’s
lemma and set O = f~1([0,1/2)) respectively Oy = f~1((1/2,1]).

Lemma 1.12. Let X be a locally compact metric space. Suppose K is a
compact set and {Oj}?zl an open cover. Then there is a continuous func-
tions hj : X — [0,1] such that hj has compact support contained in O;
and

zn:hj(:c) <1 (1.14)
j=1

with equality for x € 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
hj=g; [1(1—gw) (1.15)

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

n

> hi(z) =1~ [](1 - g;()) (1.16)
j=1

J=1

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

1.2. The Banach space of continuous functions

So let us start with the set of continuous functions C(I) on a compact
interval I = [a,b] C R. Since we want to handle complex models (e.g.,
the Schrodinger equation) as well, we will always consider complex valued
functions!

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

1f (@) = 9(2)lloc = max|f(z) - 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
real-valued function (the norm) ||.|| such that

e ||f]|>0forall fe X and ||f|| =0 if and only if f =0,
o [Nfll=IA|f]l forall A € C and f € X, and
o |[f+gll <|fll+ gl for all f,g € X (triangle inequality).

From the triangle inequality we also get the inverse triangle inequality
(Problem 1.1)

WA= llglll < [1f = gll- (1.18)

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 — forlim, . fn = 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 1.2).

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.
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Example. The space ¢!(N) of all sequences a = (a;)32; for which the norm

oo
lally =" la] (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 lag bl <> lagl+ > [bil < llally + (bl (1.20)
j=1 j=1 j=1

for any finite k. Letting ¥ — 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})52, be
a Cauchy sequence, that is, for given ¢ > 0 we can find an N; such that
|la™ —a"|[1x < e for m,n > N.. This implies in particular |a]* — a}| < e for
any fixed j. Thus a” is a Cauchy sequence for fixed j and by completeness

J

of C has a limit: lim,_ . a;-l = a;. Now consider

k
>l —aj| <e (1.21)
j=1
and take m — oc: i
> laj—aj| <e. (1.22)
j=1

Since this holds for any finite k we even have ||a—a,||1 < . Hence (a—a,) €
?}(N) and since a,, € ¢*(N) we finally conclude a = a,, + (a — a,) € (*(N). o

Example. The space £>°(N) of all bounded sequences a = (a;)32; together
with the norm

jE
is a Banach space (Problem 1.3). o

lalloe = Sug|ag‘| (1.23)

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

Jim |[f = full = lim Sup |fu(z) = f(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,(x) is
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clearly a Cauchy sequence of real numbers for any fixed € I. In particular,
by completeness of C, there is a limit f(z) for each x. Thus we get a limiting
function f(z). Moreover, letting m — oo in

|fm(z) — fu(@)| <e  Vm,n>N,z€l (1.25)

we see
1f(z) = fulz)| <e  Yn>N,zel, (1.26)

that is, f,(z) converges uniformly to f(z). However, up to this point we
don’t 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. Hence f(z) € C(I) and thus every Cauchy sequence in C(I)
converges. Or, in other words

Theorem 1.13. C(I) with the mazimum norm is a Banach space.

Next we want to know if there is a basis for C'(I). In order to have only
countable sums, we would even prefer a countable basis. If such a basis
exists, that is, if there is a set {u,} C X of linearly independent vectors
such that every element f € X can be written as

f = chuna Ccp € (C, (127)

then the span span{u,} (the set of all finite linear combinations) of {u,} is
dense in X. A set whose span is dense is called total and if we have a 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. The Banach space £!(N) is separable. In fact, the set of vectors
6", with 67 = 1 and 67, = 0, n # m is total: Let a € £}(N) be given and set
a™ = 3"}, ai6F, then

[e.9]

la—a™li= )" lajl =0 (1.28)
Jj=n+1
since aj = a; for 1 < j <n and a} =0 for j > n. o

Luckily this is also the case for C(I):

Theorem 1.14 (Weierstra8}). Let I be a compact interval. Then the set of
polynomials is dense in C(I).

Proof. Let f(z) € C(I) be given. By considering f(x) — f(a) 4+ (f(b) —
f(a))(z —b) it is no loss to assume that f vanishes at the boundary points.

Moreover, without restriction we only consider I = [}, 1] (why?).
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Now the claim follows from the lemma below using

() = %(1 iy (1.29)

n

where

I /1(1 2yng n!

(1+0(). (1.30)

_ ST0dm)
_f( n)

=
ep
+|+

™
n

(Remark: The integral is known as Beta function and the asymptotics follow
from Stirling’s formula.) O

Lemma 1.15 (Smoothing). Let u,(x) be a sequence of nonnegative contin-
uous functions on [—1, 1] such that

/ up(z)der =1 and / up(z)der — 0, §>0. (1.31)
lz|<1 0<|z|<1

(In other words, uy, has mass one and concentrates near x =0 as n — 00.)

Then for every f € C’[—%, %] which vanishes at the endpoints, f(—%) —
f(%) =0, we have that

1/2
fulz) = / un(z — ) f (4)dy (1.32)

—-1/2

converges uniformly to f(x).

Proof. Since f is uniformly continuous, for given ¢ we can find a ¢ (indepen-
dent of z) such that | f(z)— f(y)| < e whenever |x—y| < §. Moreover, we can
choose n such that f5<|y|<1 un(y)dy < e. Now abbreviate M = max{1, |f|}
and note

1/2 1/2
1@ [ o= f@dy] = 5@ - [ |ty < Me. (13)

—-1/2

In fact, either the distance of x to one of the boundary points :l:% is smaller
than 0 and hence | f(z)| < € or otherwise the difference between one and the
integral is smaller than e.



1.3. The geometry of Hilbert spaces 17

Using this we have

1/2
fale) = f(@)] < / un(z — )|f (y) — F(2)|dy + Me

—-1/2

< [ (e = 9)A() ~ F(@)ldy
ly|<1/2,|z—y|<5

+f unli = ) 7(w) ~ F(@)ldy + M
ly|<1/2,e—y|>6

= e+ 2Me+ Me = (1+3M)e, (1.34)

which proves the claim. O

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

Corollary 1.16. C(I) is separable.

The same is true for ¢*(N), but not for £>°(N) (Problem 1.4)!
Problem 1.1. Show that ||| f]| — |lglll < |I.f — gll-

Problem 1.2. Show that the norm, vector addition, and multiplication by
scalars are continuous. That is, if fn, — f, gn — ¢, and A\, — X\ then

[fnll = AN fo+ gn — f + g, and Angn — Ag.
Problem 1.3. Show that (*°(N) is a Banach space.

Problem 1.4. Show that {>°(N) is not separable (Hint: Consider sequences
which take only the value one and zero. How many are there? What is the
distance between two such sequences?).

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'(1)? 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 skew
linear form if it is conjugate linear in the first and linear in the second
argument, that is,

(AMfi+Aaf2,9) = A{f1,9) +A5(f2,9)
, A,A €C, 1.35
(fidigr + X2g2) = M(f,01) + A2(f, 92) b (1.35)
where ‘%’ denotes complex conjugation. A skew linear form satisfying the
requirements
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(i) (f,f)y>0for f#0 (positive definite)
(i) (f,9) =(g,f)"  (symmetry)

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

Ifll = /s £)- (1.36)

The pair (9, (.,..)) is called inner product space. If §) is complete it is
called a Hilbert space.

Example. Clearly C" with the usual scalar product

n

(a,b) =Y a’b; (1.37)

=1

is a (finite dimensional) Hilbert space. o

Example. A somewhat more interesting example is the Hilbert space ¢?(N),
that is, the set of all sequences

o
{(@)5| > Iyl < oo} (1.38)
j=1
with scalar product
(a,b) = alb;. (1.39)
j=1
ow that this is in fact a separable Hilbert space! Problem 1.5 o
Sh hat this is in f ble Hilb ! Probl

Of course I still owe you a proof for the claim that /(f, f) is indeed a
norm. Only the triangle inequality is nontrivial which will follow from the
Cauchy-Schwarz inequality below.

A vector f € § is called normalized or unit vector if ||f| = 1. Two
vectors f, g € 9 are called orthogonal or perpendicular (f L g)if (f,g) =
0 and parallel if one is a multiple of the other.

For two orthogonal vectors we have the Pythagorean theorem:

IF+g1* =117+ llgl*,  FLg, (1.40)

which is one line of computation.
Suppose u is a unit vector, then the projection of f in the direction of
u is given by
fii = (u, flu (1.41)
and f, defined via
fr=f—(uflu (1.42)
is perpendicular to u since (u, f|) = (u, f — (u, fu) = (u, f) — (u, f){u,u) =
0.



1.3. The geometry of Hilbert spaces 19

f fJ_

Ty

Taking any other vector parallel to u it is easy to see
1 =Xl = I+ (= M)l® = [l + [{u, £) = AP (1.43)

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:

Theorem 1.17 (Cauchy-Schwarz-Bunjakowski). Let $o be an inner product
space, then for every f,g € Ho we have

(Ll < IFIHIgll (1.44)
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 || f[1> = [{g, /)1 + [lf*. .

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

<fnagn> - <f7g>-

As another consequence we infer that the map ||.|| is indeed a norm.
1f + 9> = IF11” + (£, 9) + {g..f) + llall® < (IF1 + gl (1.45)

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 1.7).

Theorem 1.18 (Jordan-von Neumann). A norm is associated with a scalar
product if and only if the parallelogram law

If+ 9>+ ILf = glI> = 2|1 £1I* + 2[|glI? (1.46)
holds.

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

(f.9) = % (If + gl = 1If = gli* +illf —igl* =il f +ig?).  (1.47)
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Proof. If an inner product space is given, verification of the parallelogram
law and the polarization identity is straight forward (Problem 1.6).

To show the converse, we define

s(h,9) =3 (1 + gl = 1F =gl 437 ~ gl ~ilf +igl?) . (1.49)

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

g+h

s(f,9) +s(f, h) =2s(f, =——

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 As(f, g) = s(f, Ag) for every positive rational \.

By continuity (check this!) this holds for all A > 0 and s(f, —g) = —s(f,9)

respectively s(f,ig) =1is(f,g) finishes the proof. O

). (1.49)

Note that the parallelogram law and the polarization identity even hold
for skew linear forms (Problem 1.6).

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

b
(f.9) = / F*(2)g(x)dz. (1.50)

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

we have
£l < V16— alll fllso (1.51)

and hence the maximum norm is stronger than the £2

font DOTIN.

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

£l < mllfll2. (1.52)
It is straightforward to check that

Lemma 1.19. If ||.||2 is stronger than ||.||1, then any ||.||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 [1-[12)-

In particular, £
the answer is no:

2

‘Zont 15 separable. But is it also complete? Unfortunately
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Example. Take I = [0, 2] and define

0, 0<z<1-1
fa@)=< 14n(xz-1), 1-1<z<1 (1.53)
1, 1<z<2

then f,(r) 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 1.8)! o

This shows that in infinite dimensional spaces different norms will give
raise to different convergent sequences! In fact, the key to solving prob-
lems in infinite dimensional spaces is often finding the right norm! This is
something which cannot happen in the finite dimensional case.

Theorem 1.20. If X is a finite dimensional case, then all norms are equiv-
alent. That is, for given two norms ||.||1 and ||.||2 there are constants my
and my such that

£l < 15 < 1. (1.59)

Proof. Clearly we can choose a basis uj, 1 < j < n, and assume that ||.||2 is
the usual Euclidean norm, || 3, ajujl3 = > laj|?. Let f = _j jug, then
by the triangle and Cauchy Schwartz inequalities

Il <D leslliuglle < D llusli LAl (1.55)
j j

and we can choose mg = Zj [l ll1-

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). Now choose m; = 1/m. O

Problem 1.5. Show that (*(N) is a separable Hilbert space.

Problem 1.6. Let s(f,g) be a skew linear form and p(f) = s(f, f) the
associated quadratic form. Prove the parallelogram law

p(f+9)+p(f —g)=2p(f) + 2p(g) (1.56)
and the polarization identity
s(£.9)= 5 0(f +9) ~p(f — ) +1p(f —ig) ~ip(f +ig)).  (L5T)

4

Problem 1.7. Show that the mazimum norm (on C|0,1]) does not satisfy
the parallelogram law.
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Problem 1.8. Prove the claims made about f,, defined in (1.53), in the
last example.

1.4. Completeness

Since £2,,; is not complete, how can we obtain a Hilbert space out of it?

Well the answer is simple: take the completion.

If X is a (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 1.21. If x,, is a Cauchy sequence, then ||x,|| converges.

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

Theorem 1.22. 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)524]
be a Cauchy sequence in X. Then it is not hard to see that & = [(%5,5)524]
is its limit. (|

Let me remark that the completion X is unique. More precisely any
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 1.25 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:D(A)CX —-Y. (1.58)
The linear subspace ©(A) on which A is defined, is called the domain of A
and is usually required to be dense. The kernel

Ker(A) ={f € ©(A)|Af =0} (1.59)
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and range
Ran(A) = {Af|f € D(A)} = AD(A) (1.60)

are defined as usual. The operator A is called bounded if the following
operator norm
|All = sup [[Aflly (1.61)
I fllx=1
is finite.

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).

Theorem 1.23. The space £(X,Y") together with the operator norm (1.61)
is a normed space. It is a Banach space if Y 1is.

Proof. That (1.61) 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 [|Anf]] < (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|l. Taking the limit m — oo we see ||A,f—Af] <e|fll,
that is 4,, — A. Ul

By construction, a bounded operator is Lipschitz continuous

[Af Iy < Il llx (1.62)

and hence continuous. The converse is also true

Theorem 1.24. 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

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

Theorem 1.25. Let A € £(X,Y) and let Y be a Banach space. If D(A)
is dense, there is a unique (continuous) extension of A to X, which has the
same norm.

Proof. Since a bounded operator maps Cauchy sequences to Cauchy se-
quences, this extension can only be given by

Af=lim Afa,  f.€D(4), feX. (1.63)
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To show that this definition is independent of the sequence f,, — f, let
gn — f be a second sequence and observe

HAfn - Agn” = HA(fn - gn)” < HAHan - gnH — 0. (1'64)

From continuity of vector addition and scalar multiplication it follows that
our extension is linear. Finally, from continuity of the norm we conclude
that the norm does not increase. O

An operator in £(X, C) is called a bounded linear functional and the
space X* = £(X,C) is called the dual space of X.

Problem 1.9. Show that the integral operator

1
(K f)(x) = /O K(z,9)f(y)dy, (1.65)

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] (mazx norm) and X = LZ,,,(0,1).

Problem 1.10. Show that the differential operator A = % defined on
D(A) = C0,1] C C[0,1] is an unbounded operator.



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.

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

A set of vectors {u;} is called orthonormal set if (u;, ux) = 0 for j # k
and (uj,uj) = 1.

Lemma 2.1. Suppose {u]-};?zl 1s an orthonormal set. Then every f € H
can be written as

F=h+fn f =), Hu, (2.1)

=1

where f| and fi are orthogonal. Moreover, (uj, f1) =0 foralll1 < j <n.
In particular,

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

Moreover, every f in the span of {uj}’J721 satisfies

1F = Al = 11 £ ] (2.3)

with equality holding if and only z'ff = f|- In other words, f| is uniquely
characterized as the vector in the span of {uj};?zl being 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 (1.40) iteratively.

Now, fix a vector

n
f = ZCjUj. (2.4)

j=1

in the span of {u;}7_;. Then one computes
1F=f17 = Wfy+fo = FIP =1+ 1y = fIP

n
LI+ ley — (ug, ) (2.5)

j=1

from which the last claim follows. O

From (2.2) we obtain Bessel’s inequality
n
> Ky, HP < (IFIP (2.6)
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
(2.6) shows that

> g, £I (2.7)
JjeJ
converges absolutely. Moreover, for any finite subset K C J we have
1Yo Prugl =D 1wy (2.8)
jEK JEK
by the Pythagorean theorem and thus ) je gluj, fluj is a Cauchy sequence
if and only if >, ; |(uj, £)|? 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||/e). Hence there are at most
countably many j for which |(u;, f)| > 0. Thus it follows that

> lu HIP (2.9)
jeJ
is well-defined and (by completeness) so is

>y, fug. (2.10)

jeJ
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In particular, by continuity of the scalar product we see that Lemma 2.1
holds for arbitrary orthonormal sets without modifications.

Theorem 2.2. Suppose {u;};cs is an orthonormal set in an inner product
space $). Then every f € § can be written as

F=H+rfe =) (ufu, (2.11)
JjeJ
where f| and fi are orthogonal. Moreover, (uj, f1) =0 for all j € J. In
particular,

1P =D g AP+ 1AL (2.12)
jedJ

Moreover, every f in the span of {uj}tjes satisfies

If = Fll = 152 (2.13)

with equality holding if and only iff = fy- In other words, f is uniquely
characterized as the vector in the span of {u;}jcs being closest to f.

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 ;. ;(uj, f)u;. In this case we will call the orthonormal
set {u;}jcs an orthonormal basis.

If § is separable it is easy to construct an orthonormal basis. In fact, if $

is separable, then there exists a countable total set { f; évzl. After throwing
away some vectors we can assume that f,,41 cannot be expressed as a linear

combinations of the vectors f1, ... f,,. Now we can construct an orthonormal
set as follows: We begin by normalizing f;
fi
Ul = 7. (2.14)
1 fall

Next we take fo and remove the component parallel to u; and normalize
again
wy = f2 — (w1, fo)ur (2.15)
1f2 = (u1, fo)u |

Proceeding like this we define recursively
_ fn— Z;L;11<ujafn>uj

This procedure is known as Gram-Schmidt orthogonalization. Hence
we obtain an orthonormal set {u; }é\le such that span{u;}}_; = span{f;}]_,

(2.16)

Un,

for any finite n and thus also for V. Since {fj}jvzl is total, we infer that
{u; }év: 1 is an orthonormal basis.
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Theorem 2.3. Fvery separable inner product space has a countable or-
thonormal basis.

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

The resulting polynomials are up to a normalization equal to the Legendre
polynomials

Po(z) =1, Pi(z) =z, Pyx)= 3”“’22_1 (2.17)

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

L gine nez, (2.18)

up(z) = E ,

forms an orthonormal basis for $ = £2,,,(0,27). The corresponding orthog-

onal expansion is just the ordinary Fourier series. o

If fact, if there is one countable basis, then it follows that any other basis
is countable as well.

Theorem 2.4. If §) is separable, then every orthonormal basis is countable.

Proof. We know that there is at least one countable orthonormal basis
{uj}jes. Now let {u}rex be a second basis and consider the set K; =
{k € K|(ug,u;) # 0}. Since these are the expansion coefficients of u; with
respect to {ux}rer, this set is countable. Hence the set K = UjeJ K; is

countable as well. But k € K \f( implies u; = 0 and hence K = K. O

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

A Dbijective operator U € £($1,92) is called unitary if U preserves
scalar products:

<U97Uf>2:<guf>17 gafeﬁl- (219)

By the polarization identity this is the case if and only if U preserves norms:
U flle2 = If|l1 for all f € $;. The two Hilbert space $; and $2 are called
unitarily equivalent in this case.

Let $ be an infinite dimensional Hilbert space and let {u;};cy be any
orthogonal basis. Then the map U : $ — ¢2(N), f — ({uj, f));en is unitary
(by Theorem 2.6 (iii)). In particular,

Theorem 2.5. Any separable infinite dimensional Hilbert space is unitarily
equivalent to *(N).
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To see that any Hilbert space has an orthonormal basis we need to
resort to Zorn’s lemma: The collection of all orthonormal sets in § can be
partially ordered by inclusion. Moreover, any 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 any other orthonormal set.

Theorem 2.6. For an orthonormal set {u;j}jc; in a Hilbert space $ the
following conditions are equivalent:

(1) {uj}jcs is a mazimal orthogonal set.

(i1) For every vector f € $) we have

F=> (uj, fu,. (2.20)

jeJ
(i11) For every vector f € $) we have

1P =D 1, £ (2.21)

jeJ
() (uj, f) =0 for all j € J implies f = 0.

Proof. We will use the notation from Theorem 2.2.

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

(74) = (i77): Follows since (i7) implies f, = 0.

(i4i) = (iv): If (f,u;) = 0 for all j € J we conclude ||f||*> = 0 and hence
f=0.

(tv) = (i): If {uj}je; were not maximal, there would be a unit vector g
such that {u;}jes U {g} is larger orthonormal set. But (u;,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.

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 HT
must be in particular orthogonal to all vectors in some orthonormal basis.
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Theorem 2.7 (projection theorem). Let M be a closed linear subspace of
a Hilbert space $), then every f € § can be uniquely written as f = fj + f1
with f € M and f, € M. One writes

Mo M=9 (2.22)

i this situation.

Proof. Since M is closed, it is a Hilbert space and has an orthonormal basis
{u;}jes. Hence the result follows from Theorem 2.2. O

In other words, to every f € ) we can assign a unique vector f| which

is the vector in M closest to f. The rest f — f lies in M. The operator
Py f = [ is called the orthogonal projection corresponding to M. Note
that we have

Pyy=Py  and  (Pug,f) = (g, Puf) (2.23)
since (Pung, f) = (g, fi) = (9, Pu f). Clearly we have Pyj1 f = f — Py f =
Ji

Moreover, we see that the vectors in a closed subspace M are precisely

those which are orthogonal to all vectors in M=, that is, M- = M. If M
is an arbitrary subset we have at least

M*+ = span(M). (2.24)

Note that by $ = {} we see that M+ = {0} if and only if M is dense.
Finally we turn to linear functionals, that is, to operators £ : $§ — 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 2.8 (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* = 9.

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(¢)*. For every f € $
we have £(f)g — €(g)f € Ker(¢) and hence

0=(g.£(f)g —g)f) =L(f) —€(g)(g, f) (2.25)
In other words, we can choose g = £(§)*g. To see uniqueness, let g1, g2 be

two such vectors. Then (g1 — g2, f) = (91, f) — (g2, f) = £(f) — £(f) = 0 for
any f € 9, which shows g; — go € H = {0}. O

The following easy consequence is left as an exercise.
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Corollary 2.9. Suppose B is a bounded skew linear form, that is,

1B(f,9)| < CllfIHgll (2.26)
Then there is a unique bounded operator A such that
B(f,9) =(Af,9)- (2.27)

Problem 2.1. Prove Corollary 2.9.

2.3. Orthogonal sums and tensor products

Given two Hilbert spaces £1 and ) we define their orthogonal sum $;®5)2
to be the set of all pairs (f1, f2) € $H1 X H2 together with the scalar product

((91,92), (f1, f2)) = (g1, fi)1 + (g2, f2)2- (2.28)

It is left as an exercise to verify that $; @ $9 is again a Hilbert space.
Moreover, $); can be identified with {(f1,0)|f1 € 91} and we can regard $;
as a subspace of $1 @ . Similarly for £o. It is also custom to write f; + fo
instead of (f1, f2).

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

B o= filfi €9, D> Ifil; < oo}, (2.29)
j=1 j=1 j=1

which becomes a Hilbert space with the scalar product

Zgjvzfj Z (955 f3)5- (2.30)
7j=1

Example. @32, C = (*(N). o

Suppose § and § are two Hilbert spaces. Our goal is to construct their
tensor product. 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 .‘?)

F($,9) = > (£, I f5) € 9 x 9, aj € C}. (2.31)
j=1

Since we want (f1+ f2)@ f = A f+fo®f, fo(fi+fa) = fOfi+ @ fa,
and (af) ® f = f ® (af) we consider F($,9)/N($,9), where

N($,9) = span{ Z ;i B (fj, fr) — (Z ajfjaZﬁkfk)} (2.32)
—1 k=1

Jk=1

and write f ® f for the equivalence class of (f, f).
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Next we define

(fof.g®g) = (f.9(f.9 (2.33)
which extends to a skew linear form on F($, 5;_)) JN (9, 5%) 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{f;}, respectively.
Then

F=> ajeu; @ig, g =>_ ailuy, fi) i, f;) (2.34)
Jk i
and we compute
(1) = lail> > 0. (2.35)
J:k
The completion of F($),9)/N (5’)35:3) with respect to the induced norm is
called the tensor product $H ® $H of $ and $.

Lemma 2.10. If u;, 4y are orthonormal bases for 9, f), respectively, then
uj @ Uy is an orthonormal basis for H ® 5.

Proof. That u; ® 4, is an orthonormal set is immediate from (2.33). More-
over, since span{u;}, span{ty} is dense in $), §, respectively, it is easy to
see that u; ® 4 is dense in F($,9)/N($,$). 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

P 9) @9 =EP®,®9), (2.36)
j=1 j=1

where equality has to be understood in the sense, that both spaces are
unitarily equivalent by virtue of the identification

O_mer=> fiof (2.37)
j=1 =1

2.4. 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 2.2):
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Theorem 2.11. Fvery compact linear operator is bounded. Linear combi-
nations of compact operators are bounded 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 2.12. Let X be a Banach space, and let A, be a convergent
sequence 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 Aq f](l) converges. From f;l) choose another subsequence fJ@) such that
Ao fj@) converges and so on. Since f;n) might disappear as n — 0o, we con-
sider the diagonal sequence f; = f;j ), By construction, f; is a subsequence

of f;n) for j > n and hence A, f; is Cauchy for any fixed n. Now

[Af; = fell = I(A—=An)(f5 = fx) + An(fs — i)l
< A= Anflllf5 = fell + 1 Anfs = Anfill - (2:38)

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;. U

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

Theorem 2.13. 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 || f— f.| < % and

by compactness of A we can assume that Af;’ — g. But then |Afn — gl <
Al fn = f2ll + |Af7 — gl shows that Af, — g. O

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

Lemma 2.14. The integral operator
b
(K@) = [ K)fw)dy, (2:39)
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



34 2. Hilbert spaces

such that |K(y,t) — K(z,t)| < e whenever |y — x| < 4. Let g(z) = K f(z),
then

b
9(@) — gw)| < / K (y, ) — K (a, )] | £(2))dt

b
< < [ Irede <<l (2.40)

a
whenever |y — z| < 6. Hence, if f,(z) is a bounded sequence in £2,,,(a,b),
then g,(x) = K f,(x) is equicontinuous and has a uniformly convergent

subsequence by the Arzela-Ascoli theorem (Theorem 2.15 below). But a
uniformly convergent sequence is also convergent in the norm induced by
the scalar product. Therefore K is compact. ([

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

Theorem 2.15 (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 (2.41)

If the sequence f, is bounded, then there is a uniformly convergent subse-
quence.

Proof. Let {a:j}“;;’l be a dense subset of our interval (e.g., all rational in
this set). Since f,,(z;) is bounded, we can choose a convergent subsequence

Y )(xj) (Bolzano-Weierstra}). The diagonal subsequence f,, = fy(Ln) (x) will
hence converge for all x = x;. We will show that it converges uniformly for
all z:

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

Now pick = and note that « € Bs(x;) for some j. Thus

[ fin(@) = Fa(@)] < | fn(@) = fin ()| + | Fn(@g) = Fu(@j)| 4 | fa(2s) = ful2)| < €

(2.42)
for n,m > N, which shows that f, 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 2.2. Show that compact operators form an ideal.
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2.5. The spectral theorem for compact
symmetric operators

Let $ be an inner product space. A linear operator A is called symmetric
if its domain is dense and if

(9, Af) =(Ag, f)  f,9€D(A). (2.43)

A number z € C is called eigenvalue of A if there is a nonzero vector
u € D(A) such that
Au = zu. (2.44)

The vector u is called a corresponding eigenvector in this case. An eigen-
value is called simple if there is only one linearly independent eigenvector.

Theorem 2.16. Let A be symmetric. Then all eigenvalues are real and
eigenvectors corresponding to different eigenvalues are orthogonal.

Proof. Suppose A 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,U,2> = <AU1,UQ> - (ul, AU2> =0 (2.45)

finishing the proof. (]

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

Theorem 2.17. A symmetric compact operator has an eigenvalue o1 which
satisfies |a1| = || A].

Proof. We set @ = ||A|| and assume a # 0 (i.e, A # 0) without loss of
generality. Since

IAI? = sup [Afl]® = sup (Af Af)= sup (f A°f) (2.46)

filflI=1 filflI=1 A fll=1
there exists a normalized sequence u,, such that
lim (u,, A%u,) = o? (2.47)
n—oo

Since A is compact, it is no restriction to assume that A%u,, converges, say
: 2, _ .2
lim,,— o A%u, = a*u. Now

(A% = a®)unl? = [[A%un? — 20% (up, A%up) + o
< 20°%(a? = (un, A%uy)) (2.48)
(where we have used ||A%u,| < [JA|l||Aun] < [JA|?||un] = o2) implies

lim,, o0 (AU, — a?uy,) = 0 and hence lim, oo, = u. In addition, u is

a normalized eigenvector of A2 since (A? — a?)u = 0. Factorizing this last
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equation according to (A — @)u = v and (A 4+ a)v = 0 show that either
v # 0 is an eigenvector corresponding to —« or v = 0 and hence u # 0 is an
eigenvector corresponding to «. O

Note that for a bounded operator A, there cannot be an eigenvalue with
absolute value larger than ||A||, that is, the set of eigenvalues is bounded by
|Al| (Problem 2.3).

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

9 ={w}" ={f € H|(u, f) =0} (2.49)
we can restrict A to £ using
D(A1) =2(A) N H1 ={f € D(A)[(u1, f) = 0} (2.50)

since f € ®(A;) implies
(u1, Af) = (A, f) = a1 (u, f) = 0 (2.51)

and hence Af € $1. Denoting this restriction by Aj, it is not hard to
see that A; is again a symmetric compact operator. Hence we can apply
Theorem 2.17 iteratively to obtain a sequence of eigenvalues a; with cor-
responding normalized eigenvectors u;. Moreover, by construction, u, is
orthogonal to all u; with j < n 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 2.18. Suppose $) is a Hilbert space and A : $ — $ is a compact
symmetric operator. Then there ewists 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= (uj, flu; +h, (2.52)
1

j:
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, $) needs not to be complete in this case).

Proof. Existence of the eigenvalues o; and the corresponding eigenvectors
has already been established. If the eigenvalues should not converge to zero,

there is a subsequence such that |a;, | > €. Hence vy, = oz;klujk is a bounded

sequence (||vg|| < 1) for which Avj, has no convergent subsequence since

| Avy, — Ale2 = Hujk - ujl||2 = 2.
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Next, setting

fo = {u, fluy, (2.53)
j=1
we have
[ACf = fa)ll < lan[llf = fall < lan[l[£]] (2.54)
since f — fn € 9. Letting n — oo shows A(fs — f) = 0 proving (2.52). O

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 one can show
that by adding vectors from the kernel (which are automatically eigenvec-
tors), one can always extend the eigenvectors u; to an orthonormal basis of
eigenvectors.

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

Problem 2.3. Show that if A is bounded, then every eigenvalue o satisfies
laf < [|All.
2.6. Applications to Sturm-Liouville operators

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

d2
L:—d2+q() (2.55)

where ¢ is continuous and real, defined on

@(L) = {f € 02[07 1”_]('(0) - f( ) - O} - Econt( ) (256)
has an orthonormal basis of eigenfunctions.

We first verify that L is symmetric:

(f.Lg) = / F(@) (~¢" (@) + a(@)g(x))dz

— /f Yg'( dx—l—/ f(x (x)dx
_ / (@) g(x)de + /O Fla)yq@)g()de  (2.57)

= (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 ¢g(0) = g(1) = 0).
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Of course we want to apply Theorem 2.18 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 (Problem 1.10)!

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
Rp(z) = (L — z)7!, z € C, which is also known as the resolvent of L.

Define

fa) = e[ engta)

N “W(’z’z;”)(/: (= )g(1)dt). (2.58)

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, v’ (z,0) = 1 respectively uy(z,1) =0, v/, (2,1) = 1 and

W(z) = W(ug(z),u—(2)) = u_(z,2)us(z,2) — u_(z,z)u/ (z,2) (2.59)

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

flx) = W(/Oxu_(z,t)g(t)dt)

i %( /x 1 u+(z,t)g(t)dt>. (2.60)

Thus we can differentiate once more giving

) = S [ ogo)

W)
u_(z.x)" 1
([ st natar) - gte)

= (4le) - 2)(z) — o(z). (2.61)

In summary, f is in the domain of L and satisfies (L — z)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, x) satisfies both boundary conditions
and is thus an eigenfunction.
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Introducing the Green function

L 1 uy(z,x)u_(z,t), x>t
Gz 2,t) = W (uy(2),u_(z2)) { uy(z,t)u_(z,x), =<t (2.62)
1

we see that (L — z)~

is given by

1
(L — 2)"Lg(z) = / Glz, 2, D)g(b)dL. (2.63)
0

Moreover, from G(z,z,t) = G(z,t, ) it follows that (L — 2)~! is symmetric
for z € R (Problem 2.4) and from Lemma 2.14 it follows that it is compact.
Hence Theorem 2.18 applies to (L — z)~! and we obtain:

Theorem 2.19. The Sturm-Liouville 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 Theorem 2.18 there
are eigenvalues «,, of Ry () with corresponding eigenfunctions Uy. More-
over, RL()\)un = apuy, is equivalent to Lu, = (A+ - )un, which shows that
E, = X+ ;- are eigenvalues of L with correspondlng eigenfunctions ,,.
Now everythlng follows from Theorem 2.18 except that the eigenvalues are
simple. To show this, observe that if u, and v, are two different eigenfunc-
tions corresponding to F,, then u,(0) = v,(0) = 0 implies W (uy,v,) = 0
and hence u,, and v, are linearly dependent. O

Problem 2.4. Show that the integral operator

/ K(z,y)f(y)dy, (2.64)
where K (x,y) € C([0,1] x [0,1]) is symmetric if K(x,y)* = K(y, ).

Problem 2.5. Show that the resolvent Ra(z) = (A—2)~"! (provided it evists
and is densely defined) of a symmetric operator A is again symmetric for
z € R. (Hint: g € D(Ra(z)) if and only if g = (A—2)f for some f € D(A).






Chapter 3

Almost everything
about Lebesgue
integration

3.1. 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 3.1). 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 c 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

41
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(0-)algebra 3(S) containing S (namely the intersection of all (o-)algebra
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

When checking wether a given algebra is in fact a g-algebra it turns out
that it suffices to check increasing (or decreasing) sequences of sets: We will
write A, /" Aif A, C Apyq (note A =1J,, A,) and A, \, Aif A4 C A,
(note A =), 4n).

A collections 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(.9).

Theorem 3.1. Let A be an algebra. Then M(A) = Z(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,) (3.1)

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 € A4 we have A C M(A) implying
M(A) = M. 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 any A € M. So M is closed
under finite unions.

To show that we are closed under complements consider M = {A €
M|X\A € M}. If A, is an increasing sequence then X\ A4,, is a decreasing
sequence and X\ |J,, An =, X\A4n € M if A, € M. Similarly for decreas-
ing 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 an o-algebra let
A, be given and put A, = ngn A,. Then A, is increasing and |J,, A, =
U, An € A O
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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 any set in X(.A),
it suffices to show that the sets for which it holds is closed under countable
increasing and decreasing sequences (i.e., is a monotone class).

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

e u(0) =0,
o u(U7Zy Aj) = D252, u(4;) if AjnAg =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; / X.) It is called
finite if ;(X) < co. The sets in ¥ are called measurable sets.

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,, A, € A.

Theorem 3.2. Any measure p satisfies the following properties:
(i) A C B implies p(A) < u(B) (monotonicity).
(ii) pu(Ap) — p(A) if A, A (continuity from below).
(iii) p(An) — p(A) if Ay A and p(Aq) < oo (continuity from above).

Proof. The first claim is obvious. The second follows using A, = Ap\An—1
anc} o-additivity. The third follows from the second using 4,, = A;\A4,, and

1(An) = p(Ar) — p(Ay). O

Example. Let A € P(M) and set p(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 A, = {j € N|j > n}, then u(A,) = oo, but
(N, Arn) = p(0) = 0 which shows that the requirement p(A;) < oo in the
last claim of Theorem 3.2 is not superfluous. o

A measure on the Borel o-algebra is called a Borel measure if y(C) <
oo for any compact set C'. A Borel measures is called outer regular if

mA) =, o,lélfopen“(o) (3:2)
and inner regular if
n(A) = sup 1(C). (3.3)

CCA,C compact

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



44 3. Almost everything about Lebesgue integration

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

—/L((.T,O]), r <0
pu(x) = ¢ 0, x=0 (3.4)
p((0,2]), x>0

which is right continuous and non-decreasing. Conversely, given a right
continuous non-decreasing function p : R — R we can set

52, 10l

_ 2 — pla—), = |a,

M= o)~ pla). A= (ab) (35
ILL(b_) - M(a_)v A= [a7 b)

where p(a—) = limg o pu(a — €).

Lemma 3.3. p as defined in (3.5) gives rise to a unique o-finite regular
premeasure on the algebra A of finite unions of disjoint intervals.

Proof. First of all, (3.5) 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 +¢, 2 —¢) and use that p({z}) = lim.| p(x+e¢) —
wu(x—e). Similarly, to show inner regularity, replace each open interval (a, b)
by a compact one [ay, b,] C (a,b) and use u((a,b)) = limy, o0 p(by) — p(an)
if a,, | @ and b, T 0.

It remains to verify o-additivity. We need to show
p(JTk) =Dl (3.6)
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).
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By additivity © is monotone and hence

> ) = p(|J I) < (D) (3.7)
k=1 k=1
which shows -
> u(Iy) < (). (3.8)
k=1

To get the converse inequality we need to work harder.

By outer regularity we can cover each I by open interval Ji such that
(Jx) < p(Iy) + 5. Suppose I is compact first. Then finitely many of the
Ji, say the first n, cover I and we have

p(I) < p({ Jk) <D Te) < ully) +e. (3.9)
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 end points of I and hence o-
additivity holds for any bounded interval. If I is unbounded, say I = [a, 00),
then given x > 0 we can find an n such that .J,, cover at least [0, z] and hence

Sl = Y u) - = plla,2]) — <. (3.10)
k=1

k=1
Since = > a and € > 0 are arbitrary we are done. O

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

Theorem 3.4 (Uniqueness of measures). Let p 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 ={AeX(A)uA) = i(A)}. (3.11)
I claim S is a monotone class and hence S = ¥(A) since A C S by assump-
tion (Theorem 3.1).

Let A, / A. If A, € S we have u(A,) = ji(A,) and taking limits
(Theorem 3.2 (ii)) we conclude p(A) = fi(A). Next let A, \, A and take
again limits. 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;) = G(AN X;) (just restrict p, i to X;). Hence

p(A) = lim p(ANX;) = lim (AN X;) = fi(4) (3.12)

and we are done. O
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Note that if our premeasure is regular, so will be the extension:

Lemma 3.5. Suppose i is a o-finite premeasure on some algebra A gen-
erating the Borel sets B. Then outer (inner) regularity holds for all Borel
sets if it holds for all sets in A.

Proof. We first assume that u(X) < oo. Set

pe(A) = Ago,ié‘fopen“(()) > p(A) (3.13)

and let M = {A € B|u°(A) = p(A)}. Since by assumption M contains
some algebra generating 9 it suffices to proof that M is a monotone class.

Let A,, € M be a monotone sequence and let O,, O A,, be open sets such
that p(Oy) < pu(A,) + 1. Then

pA) < 1°(An) < p(On) < p(An) + (3.14)

Now if A,, " A just take limits and use continuity from below of x. Similarly
if A, "\, A.

Now let p be arbitrary. Given A we can split it into disjoint sets A;
such that Aj - Xj (A1 =ANXy, Ay = (A\Al) N Xo, etc.). Let Xj be a
cover with p1(X;) < co. By regularity, we can assume X; open. Thus there
are open (in X) sets O; covering A; such that u(0O;) < p(A;) + 5. Then
0= Uj Oj is open, covers A, and satisfies

i(A) < u(0) <y u(0;) < p(A) +e. (3.15)

This settles outer regularity.

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

po(A) = sup 1(C) < p(A) (3.16)
CCA,C compact

is a monotone class. This settles the finite case.

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

u(Ky) < plA) < p(Ky) + 2. (3.17)
This finishes the proof. ([
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So it remains to ensure that there is an extension at all. For any pre-
measure u we define

wr(A) = inf { 3 p(A)
n=1

AC | An, A e A} (3.18)
n=1

where the infimum extends over all countable covers from 4. Then the
function p* : P(X) — [0,00] is an outer measure, that is, it has the
properties (Problem 3.2)

o w*(0) =0,

o A) C Ay = p*(Ar) < p*(A2), and

o 1 (UnliAn) < D02 1w (A,)  (subadditivity).
Note that p*(A) = u(A) for A € A (Problem 3.3).

Theorem 3.6 (Extensions via outer measures). Let u* be an outer measure.
Then the set 3 of all sets A satisfying the Carathéodory condition

pW(E)=p*(ANE)+u(A'NE) VECX (3.19)

(where A" = X\ A is the complement of A) form a o-algebra and p* restricted
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)+p (ANBNE)+u* (ANBNE)
+u*(ANB'NE)
> W ((AUB)NE)+p ((AUB)NE), (3.20)
where we have used De Morgan and
W (ANBNE)+p* (AANBNE)+u (ANB'NE) > u*((AUB)NE) (3.21)

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 3.1). Abbreviate A, = {Uy<,, An, A =, An. Then for any set £
we have

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

= (A NE)+p (A1 N E)

= ... =) u(4nNE). (3.22)
k=1
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Using A,, € ¥ and monotonicity of w*, we infer

W(E) = (AN E)+ (A0 E)

> f: 1 (Ax N E) + " (AN E). (3.23)
k=1

Letting n — oo and using subadditivity finally gives

pH(E) > > @ (AcNE)+ pt(ANE)
k=1
> W(ANE)+p (BNE)> p*(E) (3.24)

and we infer that X is a o-algebra.
Finally, setting £ = A in (3.24) we have

=Y pr(ARNA) +pf(ANA) =) pi(A (3.25)
k=1 k=1
and we are done. O

Remark: The constructed measure i is complete, that is, for any mea-
surable set A of measure zero, any subset of A is again measurable (Prob-
lem 3.4).

The only remaining question is wether there are any nontrivial sets sat-
isfying the Carathéodory condition.

Lemma 3.7. Let pu be a premeasure on A and let pu* 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 any 4 € A we
have

> (An) =Y p(Ann A+ p(AnnA') =t (BNA)+p*(ENA") (3.26)
n=1 n=1

since A, NA € Ais a cover for ENA and A,NA" € Ais a cover for ENA’.

Taking the infimum we have p*(E) > p*(ENA) + p*(ENA") which finishes

the proof. O

Thus, as a consequence we obtain:

Theorem 3.8. For every right continuous non-decreasing function yu : R —
R there exists a unique regular Borel measure p which extends (3.5). Two
different functions generate the same measure if and only if they differ by a
constant.
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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 ©(A) = 1 if
0 Aand O(A)=0if 0 ¢ A. o

Example. Suppose A(z) = x, then the associated measure is the ordinary
Lebesgue measure on R. We will abbreviate the Lebesgue measure of a
Borel set A by A(A) = |A]. o

It can be shown that Borel measures on a separable metric space are
always regular.

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 the 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, any single point has Lebesgue measure zero, and so has any
countable union of points (by countable additivity). o

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 Cy = [0, §]U[2, 1]. Next, again remove
the middle third’s of the remaining sets to obtain Cy = [0, 2]U[2, }]U[2, T]U

’ 9 973 3’9
[5,1].
Co
C1
o -

- N

Proceeding like this we obtain a sequence of nesting sets C,, 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 A(Cy) = (2/3)". In particular, A(C') = lim,— 0 A(Cy,) = 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 3.1 (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
finite translation invariant measure on [0,1). (Hint: How can you build up
[0,1) from V ?)
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Problem 3.2. Show that p* defined in (3.18) is an outer measure. (Hint
for the last property: Take a cover {Bpni}, for Ay, such that p*(Ay,) =
gw + 2oper #(Bnk) and note that {Bpy}30.—, is a cover for |, An.)

Problem 3.3. Show that p* defined in (3.18) extends p. (Hint: For the
cover Ay, it is no restriction to assume A, N Ay =0 and A, C A.)

Problem 3.4. Show that the measure constructed in Theorem 3.6 is com-
plete.

3.2. 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~!(A) € ¥ for every
A € B". 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 98", say for all open intervals or
even for open intervals which are products of (a,o0):

Lemma 3.9. A function f: X — R" is measurable if and only if

n
e vI=](aj,o0). (3.27)
j=1
In particular, a function f : X — R™ is measurable if and only if every
component is measurable.

Proof. All you have to use is f~1(R"\A) = X\f !(A), f_l(Uj Aj) =
U; f1(A;) and the fact that any open set is a countable union of open
intervals. g

If 3 is the Borel o-algebra, we will call a measurable function also Borel
function. Note that, in particular,

Lemma 3.10. Any continuous function is measurable and the composition
of two measurable functions is again measurable.
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Moreover, sometimes it is also convenient to allow 0o as possible values
for f, that is, functions f: X — R, R = RU{—00,00}. In this case A C R
is called Borel if ANR is.

The set of all measurable functions forms an algebra.

Lemma 3.11. Suppose f,g : X — R are measurable functions. Then the
sum f + g and the product fg is measurable.

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

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

Lemma 3.12. Suppose f, : X — R is a sequence of measurable functions,
then

inlf\I fn, sup fn, liminf f,, limsup f, (3.28)
ne n—oo

neN n—00

are measurable as well.

Proof. It suffices to proof that sup f,, is measurable since the rest follows
from inf f,, = —sup(—f,), liminf f,, = supyinf,,>; fn, and limsup f,, =
infy, sup,, >4 fn. But (sup frn)~*((a,00)) = U, fn *((a,00)) and we are done.

O

It follows that if f and g are measurable functions, so are min(f,g),

max(fag)v |f’ = maX(f: _f)v fi = max(i.ﬁO)'

3.3. Integration — Sum me up Henri

Now we can define the integral for measurable functions as follows. A
measurable function s : X — R is called simple if its range is finite
s(X) = {a;};_,, that is, if

P
s = Zaj XA, Aj=sYa;) X (3.29)
j=1

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

For a positive simple function we define its integral as

/AS dp = z": a; p(A;NA). (3.30)

J=1

Here we use the convention 0 - co = 0.

Lemma 3.13. The integral has the following properties:
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(i) [ysdu= [xxasdu.

(ii) onc A, sdp =322 1fA sdp.
(iil) [,asdp=a [, sdp.

(iv) [4(s+t)du= [, sdu+ [,tdpu.
(v) ACB = [,sdu< [5sdpu.
(vi) s<t = [,sdu< [ tdpu.

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 Bk) N A. Then

/A(S +t)dy = JZ;/Cjk(s +t)dp = Z(Oéj + Bi)(Ciik)

jk
= Z(/ sd,u+/ tdu) :/sdu+/tdu(3.31)
T\ Cji A A

(v) follows from monotonicity of u. (vi) follows using ¢t — s > 0 and arguing
as in (iii). O
Our next task is to extend this definition to arbitrary positive functions
by
/ fdu= sup/ sdyu, (3.32)
A

s<fJA

where the supremum is taken over all simple functions s < f. Note that,
except for possibly (ii) and (iv), Lemma 3.13 still holds for this extension.

Theorem 3.14 (monotone convergence). Let f,, be a monotone non-decreas-
ing sequence of positive measurable functions, fn, / f. Then

/A fodpi— /A fdp. (3.33)

Proof. By property (v) [ 4 Jn dis monotone and converges to some number
a. By f, < f and again (v) we have

aéAf@- (3.34)

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

/fnd,u>/ fndu>0/ sdpu. (3.35)
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Letting n — co we see

a> 9/ sdp. (3.36)
A
Since this is valid for any 6 < 1, it still holds for § = 1. Finally, since s < f
is arbitrary, the claim follows. ([l
In particular
/ fdu = hm sn du, (3.37)

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

— k kk+1
- Z ﬁXffl(Ak)(x% Ay = [ﬁa 7)7 An2 = [n,oo) (338)

By construction s, converges uniformly if f is bounded, since s,(z) = n if
f(z) =00 and f(z) — sp(x) < L if f(z) <n+1.

Now what about the missing items (ii) and (iv) from Lemma 3.137 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 3.15. If f > 0 is measurable, then dv = f du defined via

_ / Fdu (3.39)
A
1s a measure such that

/ gdv = / gf dp. (3.40)

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

u(UAn)z/ZXA )f dp = Z/XA Fdu=Yw(A).  (341)
n=1 n=

1

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

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

Theorem 3.16 (Fatou’s Lemma). If f,, is a sequence of nonnegative mea-
surable function, then

/ liminf f,, du < hm 1nf/ fndu, (3.42)
A

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

/A Indp < /A fndp. (3.43)

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

liminf/gnduz lim /gn du:/ lim g, d,u,:/liminffn du, (3.44)

proving the claim. ([

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

/A fdu= /A frdp— /A fdp. (3.45)

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

Lemma 3.17. Lemma 3.13 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

/A Fdp = /A Re(f)dpi + i /A Tm( f)dy. (3.46)

Clearly f is integrable if and only if | f] is.

Lemma 3.18. For any integrable functions f, g we have

| /A ful < /A fldu (3.47)

and (triangle inequality)

/A|f+9!du§/A|f!du+/A!9!du- (3.48)

Proof. Put a = i%*‘, where z = [, fdp (without restriction z # 0). Then
[ tani=a | fan= [ afdu= [ Retapyan< [ iflan @)
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 3.19 (dominated convergence). Let f,, be a convergent sequence
of measurable functions and set f = lim,_.o0 frn. Suppose there is an inte-
grable function g such that |f,| < g. Then f is integrable and

nh_)rglo fnd,u:/fd,u. (3.50)

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

hmmf/fndu>/fdu (3.51)
and

imint [ (9= > [ (9= (3.52)

n—oo

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) = Y a,0(x — x,) is a sum of Dirac measures O(z)
centered at x = 0, then

/f Ydp(x Zanf Tn). (3.53)

Hence our integral contains sums as special cases. o

Problem 3.5. Show that the set B(X) of bounded measurable functions
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).
(Hence Theorem 1.25 could be used to extend the integral from simple to
bounded measurable functions.)

Problem 3.6. Show that the dominated convergence theorem implies (under
the same assumptions)

Jim 17, - fldu =0, (3.54)
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Problem 3.7. Suppose y — f(x,y) is measurable for every x and x +—
f(z,y) is continuous for every y. Show that

Fla) = [ fe.p)duty) (355)
is continuous if there is an integrable function g(y) such that | f(x,y)| < g(y).

Problem 3.8. Suppose y — f(z,y) is measurable for fixred x and x —
f(x,y) is differentiable for fized y. Show that

F(z) = /A F(.y) du(y) (3.56)

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

F(@) = [ 5 i) duty) (357)

i this case.

3.4. Product measures

Let pqp and po be two measures on Y1 and Yo, respectively. Let 31 ® Yo be
the o-algebra generated by rectangles of the form A; x As.

Example. Let B 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 ® Yo has the section property, that is,

Lemma 3.20. Suppose A € 31 ® Xa then its sections
Ai(z2) = {z1|(z1,22) € A} and Asx(z1) = {x2|(x1,22) € A} (3.58)

are measurable.

Proof. Denote all sets A € ¥1®Y5 in 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.
Moreover, if A € S, then (A')1(z2) = (A1(z2)) € X2 and thus S is closed
under complements. Similarly, if A, € S, then (|J,, An)1(z2) = U,,(An)1(22)
shows that S is closed under countable unions. ([

This implies that if f is a measurable function on X x Xo, then f(., z9) is
measurable on X7 for every xy 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}).
In fact, this is even equivalent since X 4, (z,)(Z1) = X a,(21)(T2) = x4 (71, T2).
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Given two measures p1 on Y1 and ue on Yo we now want to construct
the product measure, ;11 ® p2 on X1 ® Y9 such that

1 ® pa(Ar X Ag) = i (A)pe(A2),  Aj €%5, 5 =1,2. (3.59)

Theorem 3.21. Let p1 and ps be two o-finite measures on X1 and Yo,
respectively. Let A € X1 ® Yo. Then pg(Az(x1)) and py(A1(x2)) are mea-
surable and

/u2(z42(961))du1(331)=/ p1(Ar(z2))dpg(w2). (3.60)
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. If p; and po are finite, this follows from continuity from above and
below of measures. The case if 1 and uo are o-finite can be handled as in
Theorem 3.4. O

Hence we can define
@) = [ (e = [ pAe)dn@) 6o

or equivalently

1 @ pp(A) = /X1 </X2 XA(:m,sz)duz(xz)) dpa (1)

- /. (f | xalae)din(en) ) diaea). (362

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

Note that (3.59) uniquely defines p; ® po as a o-finite premeasure on
the algebra of finite disjoint unions of rectangles. Hence by Theorem 3.4 it
is the only measure on ¥; ® ¥4 satisfying (3.59).

Finally we have:

Theorem 3.22 (Fubini). Let f be a measurable function on X1 x Xo and
let u1, po be o-finite measures on X1, Xo, respectively.

(i) If f > 0 then [ f(.,z2)dpa(z2) and [ f(z1,.)dpi(z1) are both mea-
surable and

J[ fer i s e = [ ( [ or e ) dusten)

= [ ([ s andnaten) duatan) (3.63)
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(ii) If f is complex then

/]f(wl,xg)]d,ul(xl) € LY ( Xy, dus) (3.64)
respectively

/ (21, ) |dpia(ws) € £1(X1, dpir) (3.65)
if and only if f € LY(X1 x Xo,dp1 ® dug). In this case (3.63)

holds.

Proof. By Theorem 3.21 the claim holds for simple functions. Now (i)
follows from the monotone convergence theorem and (ii) from the dominated
convergence theorem. ([l

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

Lemma 3.23. If 41 and pe are o-finite reqular Borel measures with, so is
B & p2.

Proof. Regularity holds for every rectangle and hence also for the algebra of

finite disjoint unions of rectangles. Thus the claim follows from Lemma 3.5.
O

Note that we can iterate this procedure.
Lemma 3.24. Suppose u;, j = 1,2,3 are o-finite measures. Then
(11 @ p2) @ p3 = 1 @ (2 @ p3). (3.66)

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

(11 ® p2) @ ps)(Ar x Az x Az) = p1(Ar)pa(Az2)ps(As)

= (11 ® (p2 @ p3)) (A1 x Ag x Ajg) (3.67)
the two measures coincide on the algebra of finite disjoint unions of cuboids.
Hence they coincide everywhere by Theorem 3.4. O

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



Chapter 4

The Lebesgue spaces
LP

4.1. Functions almost everywhere

We fix some measure space (X, ¥, 1) and define the LP norm by

1/p
||f||p=</X !f\pdu> L 1<y (4.1)

and denote by LP(X,du) the set of all complex valued measurable functions
for which || f|, is finite. First of all note that £P(X,du) is a linear space,
since £+ gl < 22 max(|f], |gl)? < 22 max(|f?, |gl") < 22(|f[P + |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
zero):

Lemma 4.1. Let f be measurable, then
J P au=o (42)
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 A, =
{a||f(z)| > L}. If [|f[Pdp = O we must have p(A,) = 0 for every n and
hence p(A) = limy, oo pt(Ay) = 0. The converse is obvious. O

Note that the proof also shows that if f is not 0 almost everywhere,
there is an € > 0 such that p({x||f(z)| > €}) > 0.
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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(x) = 0 a.e. (with respect to ©) 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,dp) ={f|f(x) =0 p-almost everywhere}. (4.3)

Then N (X, du) is a linear subspace of LP(X,du) and we can consider the
quotient space

LP(X,dp) = LP(X, dp) /N (X, dp). (4.4)
If dp 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 equivalence
classes of functions, we will still call them functions for notational conve-
nience. However, note that for f € LP(X,du) the value f(x) is not well
defined (unless there is a continuous representative and different continuous
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 equivalence class. The solution
is the essential supremum

[flloc = mf{C'| p({z[|f(x)] > C}) = 0}. (4.5)
That is, C is an essential bound if |f(x)| < 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 xg with
respect to A is 0. If © is the Dirac measure centered at 0, then the essential
sup of xg 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, dr) = B(X) /N (X, dy) (46)

and observe that || f||~ is independent of the equivalence class.

If you wonder where the co comes from, have a look at Problem 4.1.
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Problem 4.1. Suppose u(X) < oo. Show that
S [|Fllp = 11l (4.7)

for any bounded measurable function.

4.2. 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:

IAf+ 1 =Xgll < AllfIT+ @ =Nlgll, Ae(0,1). (4.8)

Recall that a real function ¢ defined on an open interval I = (a,b) is
called convex if

P((T =Nz +Ay) < (1= Ne(z) +Ap(y), A€ (0,1) (4.9)

that is, on (z,y) the graph of ¢(z) lies below or on the line connecting
(z,0(x)) and (y, ¢(y)):

A

¥

] ]

T T -

b2 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) — @) _ ely) —v(@) _ oly) —»(2)

< < , x<z<y. (4.10)
z—x Yy—T Y —z

Lemma 4.2. Let ¢ : (a,b) — R be convex. Then

(i) @ is continuous.

ii) The left/right derivatives ¢/ (x) = limg g e@te)=e(@) orist and are
(ii) Y+ 1 E

monotone nondecreasing. Moreover, ©' exists except at a countable
number of points.

(i) ¢(y) > (@) + aly — ) for any a with ¢'_(x) < a < ¢, ().
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Proof. Abbreviate D(z,y) = w and observe that (4.10) implies

D(z,z) < D(y,z2) for z < y. (4.11)

Hence ¢y () exist and we have ¢’ (z) < ¢, (z) < ¢’ (y) < ¢/, (y) for z < y.
So (ii) follows. Next

¢l (2) < D(y,x) < ¢ (y) (4.12)
shows p(y) > p(z)+¢.(z)(y—x) if £(y—x) > 0 and proves (iii). Moreover,
|D(y,z)| < ¢’ (2) for 2,y < z proves (i). O

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 4.3 (Jensen’s inequality). Let ¢ : (a,b) — R be convezr (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

@(/deﬂ)ﬁ/x(wf)dﬂ- (4.13)

For ¢ > 0 and f > 0 the requirement that f is integrable can be dropped if
p(b) is understood as lim,_.;, p(x) (note that ¢ is either always decreasing
or eventually increasing).

Proof. By (iii) of the previous lemma we have

o(f(@) > o) +alf(z) — 1), 1= /X fdue (ab).  (414)

This shows that the negative part of ¢ o f is integrable and integrating over
X finishes the proof in the case f € L. If f > 0 the claim holds at least if
X is replaced by X,, = {z € X|f(x) < n}. Since X,, / X we can now let
n — 00. [l

Observe that if ¢ is strictly convex, then equality can only occur if f is
constant.

Now we are ready to prove

Theorem 4.4 (Holder’s inequality). Let p and q be dual indices, that is,

1 1
Sy =1 (4.15)
P q
with 1 < p < oo. If f € LP(X,du) and g € LY(X,du) then fg € L' (X, dp)
and

1 gl < [ £llpllgllg- (4.16)
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Proof. The case p = 1,q = oo (respectively p = oo, q = 1) follows directly
from the properties of the integral and hence it remains to consider 1 <
P, q < Q.

First of all it is no restriction to assume ||g|l; = 1. Let A = {z||g(x)| >
0}, then (note (1 —¢q)p = —q)

_ p _
£t =| [ 1010a-lgpan” < [ (511610 Plaloa = [ 1< 71,
(4.17)
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|%dp =
lgllg =1). O

As a consequence we also get
Theorem 4.5 (Minkowski’s inequality). Let f,g € LP(X,dpu), then
1f +allp < Ifllp + llgllp- (4.18)

Proof. Since the cases p = 1, 00 are straightforward, we only consider 1 <
p < oco. Using [f+g|P < |f||f+g/P~ +]|g| |f+9|P~" we obtain from Hélder’s
inequality (note (p — 1)g = p)

1F+glE < IFIICE+ )Mo + lgllall (f +9)P g

= (I£llp + gl ICf + 5~ (4.19)
O

This shows that LP(X,du) is a normed linear space.
Problem 4.2. Prove

n n n
H ph < Zakxk, if Zak =1, (4.20)
k=1 k=1 k=1

for o, >0, z, > 0. (Hint: Take a sum of Dirac-measures and use that the
exponential function is convez.)

Problem 4.3. Show the following generalization of Hélder’s inequality

1 gll- < 1 1pllgllg, (4.21)

1, 1_1
wherep—l—q -

Problem 4.4 (Lyapunov inequality). Let 0 < 6 < 1. Show that if f €
LPr N LP2 ) then f € LP and

1l < 1A lp, 11 (4.22)

where 1 = & 4 1=0
p p1 p2
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4.3. Nothing missing in L?
Finally it remains to show that LP(X,du) is complete.
Theorem 4.6. The space LP(X,du) is a Banach space.

Proof. Suppose f, is a Cauchy sequence. It suffices to show that some
subsequence converges (show this). Hence we can drop some terms such

that )
anJrl - fn”p < 27 (4.23)

Now consider g, = f,, — fn—1 (set fo =0). Then
G(x) =) |g(x)| (4.24)
k=1
is in LP. This follows from

I taul | < S el < 1l + 5 (4:25)
k=1 k=1 2

using the monotone convergence theorem. In particular, G(z) < oo almost
everywhere and the sum

Z gn(T) = nh_{lgo fn(2) (4.26)
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 <
2PG(z)P € L', dominated convergence shows || f — f,||, — O. O

In particular, in the proof of the last theorem we have seen:

Corollary 4.7. If || fn,— f|lp — O then there is a subsequence which converges
pointwise almost everywhere.

It even turns out that LP is separable.

Lemma 4.8. 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.

Proof. The set of all characteristic functions x 4(x) with A € ¥ and u(A) <
00, 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
O,, such that u(O,) — pu(A). Since u(A) < oo it is no restriction to assume
w(Oyp) < oo, and thus pu(O,\A) = u(0O,) — u(A) — 0. Now dominated
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convergence implies |[x4 — xo,|[p — 0. Thus the set of all characteristic
functions xo(z) with O open and p(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 Oj with Oj € B. Moreover, by considering the set of all finite

unions of elements from B it is no restriction to assume U;”:l O; € B. Hence

there is an increasing sequence On /O with On € B. By monotone con-
vergence, [[xo — Xg, [p — 0 and hence the set of all characteristic functions

Xg with O € B is total. 0

To finish this chapter, let us show that continuous functions are dense
in LP.

Theorem 4.9. 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 ()
with K compact is total (using inner regularity). Hence it suffices to show
that xx(x) can be approximated by continuous functions. By outer regu-
larity there is an open set O O K such that u(O\K) < e. By Urysohn’s
lemma (Lemma 1.11) there is a continuous function f. which is one on K
and 0 outside O. Since

[ b= fpdn= [ Ippaespo\m) <= @
D' 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 v € CZ°(R"™) is called a mollifier if
/ u(z)dr =1 (4.28)

The standard mollifier is u(x) = exp(‘wl%l) for |x| < 1 and u(x) = 0 else.

If we scale a mollifier according to u(z) = k"u(k z) such that its mass is
preserved (||ug|1 = 1) and it concentrates more and more around the origin
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U

JARN ;

we have the following result (Problem 4.6):

Lemma 4.10. Let u be a mollifier in R™ and set ug(x) = k"u(kxz). Then
for any (uniformly) continuous function f:R™ — C we have that

fulw) = [ e =) 1wy (1.29)
is in C°(R™) and converges to f (uniformly).

Now we are ready to prove

Theorem 4.11. If X CR"™ and p is a Borel measure, then the set C°(X) of
all smooth functions with compact support is dense in LP(X,du), 1 < p < oc.

Proof. By our previous result it suffices to show that any continuous func-
tion f(z) with compact support can be approximated by smooth ones. By
setting f(z) = 0 for = ¢ 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. U

Problem 4.5. Let i be a finite measure. Show that
d(A, B) = n(AAB), AAB = (AUB)\(ANB) (4.30)

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.)

Problem 4.6. Prove Lemma 4.10. (Hint: To show that fy, is smooth use
Problem 3.7 and 3.8.)



Chapter 5

The main theorems
about Banach spaces

5.1. 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 5.1 (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, (z1) C
X\Xi. Reducing 7 a little, we can even assume By, (x1) € X\X;. More-
over, since Xy cannot contain B, (z1) there is some z3 € B, (z1) that is
not in Xs. Since By, (z1) 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, (zn) C By, (2p-1) N (X\X5y). (5.1)
Now observe that in every step we can choose 7, 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.

67
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But =z € B, (z,) C X\X, for every n, contradicting our assumption that
the X,, cover X. O

(Sets which can be written as countable union of nowhere dense sets are
called of first category. All other sets are second category. Hence the name
category theorem.)

In other words, if X,, C X is a sequence of closed subsets which cover
X, at least one X,, contains a ball of radius € > 0.

There is a reformulation which is also worthwhile noting:

Corollary 5.2. Let X be a complete metric space, then any countable in-
tersection 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 ball B.. The closure of this ball will
lie in |J,, X, where X,, = X\O,, are closed and nowhere dense. But B; is a
complete metric space, a contradiction. O

Now we come to the first important consequence, the uniform bound-
edness principle.

Theorem 5.3 (Banach-Steinhaus). Let X be a Banach space and Y some
normed linear space. Let {Aq,} C £(X,Y) be a family of bounded operators.
Suppose | Aqz|| < C(x) is bounded for every fized x € X, then |Aq|| < C is
uniformly bounded.

Proof. Let
X, = {z|[|[Aaz|| < n for all a} = m{x| |Aaz|| < n}, (5.2)

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: B:(z¢) C X,,. Now
observe

[Aayll < [|Aa(y + z0)ll + [[Aazoll < 7+ [|Aazol (5.3)
for [|y|| < e. Setting y = s—:ﬁ we obtain
n + C(SL‘Q)
Jdacl) < ZFEE g (5.4
for any x. (]

The next application is

Theorem 5.4 (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).
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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:iX) for some ¢ > 0.
Since A is surjective we have

v = ) ABY) (55)
n=1

and the Baire theorem implies that for some n, A(B;X) contains a ball
BY (y). Without restriction n = 1 (just scale the balls). Since —A(B{X) =
A(=B{) = A(B{) we see BY (—y) C A(B{X) and by convexity of A(B{)
we also have BY C A(B;%).

So we have BY C A(B{¥), but we would need BY C A(B;*). To complete

the proof we will show A(B;{X) C A(B2) which implies B;//Q C A(BY).

For every y € A(B;{X) we can choose some sequence y, € A(B{*) with
Yn — Y. Moreover, there even is some xz, € Bf( with y, = A(z,). How-
ever x, might not converge, so we need to argue more carefully and ensure

convergence along the way: start with z; € BiX such that y — Az; € BZ/T

) and hence we can

Scaling the relation BY C A(B{X) we have BY,, C A(BY

/ 1/2
choose 2 € Bf;Q such that (y — Azy) — Azg € BZ/4 C A(Bf§4). Proceeding
like this we obtain a sequence of points x, € ng,n such that
n
y— Y Awp € B .. (5.6)
k=1
By
n n 2
D EDIE= (5.7)
k=1 k=1
the limit x = S_7° | @, exists and satisfies ||z| < 2. Hence y = Az € A(By)
as desired. O

Remark: The requirement that A is onto is crucial. In fact, the converse
is also true: If A is open, then the image of the unit ball contains again
some ball BY C A(B;¥). 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 5.5 (inverse mapping). Let A € £(X,Y) be a bounded linear
bijection between Banach spaces. Then A~ is continuous.
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Another important consequence is the closed graph theorem. The graph
of an operator A is just

I'(A) ={(z, Az)|x € D(A)}. (5.8)

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

Iz Ylxey = lzllx + llylly (5.9)
(check this). Note that (z,,yn) — (z,y) if and only if z,, — = and y, — y.

Theorem 5.6 (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
its graph is closed.

Proof. IfT'(A) is closed, then it is again a Banach space. Now the projection
mi(x, Ax) = x onto the first component is a continuous bijection onto X.
So by the inverse mapping theorem its inverse 7, Lig again continuous, and
s0is A = mp o !, where my(z, Ar) = Az is the projection onto the second
component. The converse is easy. ([l

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 Ax, — 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 1.25). However, in general, the closure of
the graph might not be the graph of an operator (we might pick up points
(x,y12) € T'(A) with y; # y2). If this works, and I'(A) is the graph of some
operator A, then A is called closable and A is called the closure of A.

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 5.7 (Helling-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, ) = (b, Af)  (5.10)
for any h € $. Hence Af = g. O

Problem 5.1. Show that the differential operator A = % defined on D(A) =
Cl0,1] c C[0,1] (sup norm) is a closed operator. (Compare also Prob-
lem 1.10.)

5.2. 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 1.23).

Example. Consider the Banach space ¢’(N) of all sequences z = (z;)
for which the norm

o]
J=1

1/p
z|lp = (Z !$n|p> (5.11)

neN
is finite. Then, by Hoélder’s inequality, every y € ¢9(N) gives rise to a
bounded linear functional

()= yntn (5.12)
neN

whose norm is ||l,|| = ||y|l; (Problem 5.2). But can every element of ¢’(N)*
be written in this form?

Suppose p = 1 and choose | € /!(N)*. Now define

yn = 1(0"), (5.13)
where ;) =1 and 6}, = 0, n # m. Then
[yn| = L") < L1 [2 = [I2] (5.14)

shows ||y|l < ||1]|, that is, y € £>°(N). By construction [(z) = [, (x) for every
x € span{d"}. By continuity of ¢ it even holds for z € span{é"} = ¢}(N).
Hence the map y + [, is an isomorphism, that is, £!(N)* 2 ¢*°(N). A similar
argument shows P(N)* = (4(N), 1 < p < oo (Problem 5.3). One usually
identifies /P(N)* with ¢¢(N) using this canonical isomorphism and simply
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writes ¢P(N)* = ¢9(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 £(x(t)) = £(y(t)) for all £ € X*. Can we conclude
xz(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 5.8 (Hahn-Banach, real version). Let X be a real vector space and
¢ : X — R a conver 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

lz) < p(x), € X.

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) = L(y) + al(z). (5.15)
So all we need to do is to choose £(z) such that £(y + ox) < p(y+ ax). But
this is equivalent to

oy — azx) —L(y) oy + ax) — (y)

; </l(z) < inf 5.16
a>b(]1,135)€Y - s Uz) < a>10r,1er a ( )
and is hence only possible if
Py — nw) — L) _ ey + 02) — Lyo) (5.17)
—Q Qa2

for any a3, a9 > 0 and y1,y2 € Y. Rearranging this last equations we see
that we need to show

agl(yr) + a1l(y2) < asp(yr — a1z) + a1(y2 + asx). (5.18)
Starting with the left hand side we have
agl(yr) + anl(y2) = (a1+a2)l (A(y1 — a1x) + (1 = A)(y2 + o))
< (a1 +ag)e My — aazx) + (1 = A)(y2 + azx))
< agp(yr — a1z) + a1p(y2 + asz), (5.19)
where A = —22— . Hence one dimension works.

al+ag
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To finish the proof we appeal to Zorn’s lemma: Let E be the collection of
all extensions ¢ satisfying @(ac) < ¢(z). 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

Theorem 5.9 (Hahn-Banach, complex version). Let X be a complex vector
space and ¢ : X — R a convex function satisfying p(ax) < ¢(x) if |a] = 1.
If 0 is a linear functional defined on some subspace Y C X which satisfies

1U(y)l < ¢(y), y € Y, then there is an extension ? to all of X satisfying
[U(z)] < p(z), v € X.

Proof. Set ¢, = Re(¢) and observe
Uz) =L (x) — il (ix). (5.20)

By our previous theorem, there is a real linear extension {, satisfying £, (x) <
p(z). Now set {(zx) = lr(x) — il(iz). Then ((z) is real linear and by
((iz) = L, (ix) + il (z) = il(x) also complex linear. To show |{(x)| < p(x)

£(x)*

we abbreviate o = @] and use
[0(2)] = al(z) = Ua) = (o) < plaz) < p(x),  (5.21)
which finishes the proof. O

With the choice ¢(x) = c||z| we obtain:

Corollary 5.10. 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 5.11. Suppose {(x) = 0 for all £ in some total subset Y C X*.
Then x = 0.

Proof. Clearly if ¢(x) = 0 holds for all ¢ in some total subset, this holds
for all £ € X*. If x # 0 we can construct a bounded linear functional by
setting ¢(z) = 1 and extending it to X* using the previous corollary. But
this contradicts our assumption. O

Example. Let us return to our example ¢*°(N). Let ¢(N) C ¢°°(N) be the
subspace of convergent sequences. Set

l(x) = lim x,, z € ¢(N), (5.22)

n—oo
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then [ is bounded since
1) = lim o] < 2] (5.23)

Hence we can extend it to £>°(N) by Corollary 5.10. Then I(z) cannot be
written as [(z) = l,(z) for some y € ¢}(N) (as in (5.12)) since y,, = [(6") = 0
shows y = 0 and hence ¢, = 0. The problem is that span{é"} = co(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 5.15 (iii)
below. o

Another useful consequence is

Corollary 5.12. Let Y C X be a subspace of a normed linear space and let
xo € X\Y. Then there exists an { € X* such that (i) {(y) =0, y €Y, (ii)
U(xo) = dist(xo,Y), and (iii) ||¢] = 1.

Proof. Replacing Y by Y we see that it is no restriction to assume that
Y is closed. (Note that xy € X\Y if and only if dist(zo,Y) > 0.) Let

Y = span{zo, Y} and define
Uy + axg) = adist(zg, Y). (5.24)

By construction £ is linear on Y and satisfies (i) and (ii). Moreover, by
dist(xo,Y") < |lzg — Z|| for any y € Y we have

[£(y + axo)| = |l dist(zo,Y) < |ly + axol, yeY. (5.25)

Hence [|¢|| < 1 and there is an extension to X* by Corollary 5.10. To see
that the norm is in fact equal to one, take a sequence y, € Y such that
dist(z0,Y) > (1 — 1)||zo + ypnl|. Then

. 1
[€(yn + 0)| = dist(z0,Y) = (1 = —)llyn + ol (5.26)
establishing (iii). O
A straightforward consequence of the last corollary is also worthwhile
noting:
Corollary 5.13. Let Y C X be a subspace of a normed linear space. Then
{(x) = 0 for every £ € X* which vanishes on'Y if and only if x € 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(x)
is evaluation at x). Then
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Theorem 5.14. Let X be a Banach space, then J : X — X** is isometric
(norm preserving).

Proof. Fix g € X. By |J(zo)(?)| = [(z0)| < ||€]|«]|zol|| we have at least
| J(z0)]|++ < [|zo||. Next, by Hahn-Banach there is a linear functional ¢y with
norm |[{]l« = 1 such that y(xg) = ||zo||. Hence |J(z0)(%o)| = |lo(x0)| =
[zol| shows [[.J(z0) [l = [[oll- 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 #(N) with 1 < p < co are reflexive: If we
identify ¢P(N)* with ¢4(N) and choose z € (P(N)**, then

2Y) =D Yntn = y(x) (5.27)
neN

for some x € (P(N), that is, z = J(x). (Warning: It does not suffice to just
argue (P(N)** = (4(N)* = (P(N).)

However, ¢! is not since ¢1(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 5.15. 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, then

Jx
-

X X**
J1 T Jo
Y N Y**

Jy

commutes, where j is the natural inclusion and j..(y”), ¥ € Y**, is defined
via Gue("))() = ¥ (Ely). Tn fact, we have jos(Jy (1))(E) = (o)) =
(y) = Jx(y)(£). Moreover, since Jx is surjective, for every y” € Y** there is
an x € X such that j..(y") = Jx(z). Since j.«(y")(¢) = y"(¢]y) vanishes on
all ¢ € X* which vanish on Y, so does £(z) = Jx (z)(£) = j«(y")(£) and thus
x €Y by Corollary 5.13. That is, jux(Y**) = Jx(Y) and Jy = j o Jx o j!
is surjective.
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(i) Suppose X is reflexive, then the two maps

x! — x'oJ;(l " — QZWOJX

are inverse of each other. Moreover, fix 2/ € X** and let x = Jy'(2").
Then Jx(2')(2") = 2" (2') = J(z)(2') = 2/(z) = 2/ (J;* (")), that is Jx~ =
(Jx )« respectively (Jy+)~t = (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 {£,}5°, be a dense set in X*. Then we can choose =, € X such
that ||z,|| = 1 and £, (z,) > ||€n]|/2. We will show that {z,} 2, is total in
X. If it were not, we could find some xz € X\span{z,}?° ; and hence there
is a functional ¢ € X* as in Corollary 5.12. Choose a subsequence ¢, — ¢,
then

which implies ¢,,, — 0 and contradicts [|¢]| = 1. O

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

1 (N)* = £>°(N) shows.
Problem 5.2. Show that ||ly|| = |\yl|q, where I, € P(N)* as defined in
(5.12). (Hint: Choose x € (P such that |z| = |y|?/P and zy = |y|9.)

Problem 5.3. Show that every I € (P(N)*, 1 < p < oo, can be written as

(2) =D ynn (5.29)
neN
with some y € (9(N).
Problem 5.4. Let ¢y(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 everyl € co(N)* can be written as
() = Ynn (5.30)
neN
with some y € £1(N) which satisfies ||y|l1 = ||].
(iii) Show that every l € ¢(N)* can be written as
U(x) =) yntn +yo lim z, (5.31)
neN
with some y € ((N) which satisfies |yo| + ||yll1 = ||€]|-
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Problem 5.5. Let {x,} C X be a total set of vectors and suppose the

complex numbers ¢, satisfy |c,| < c||xy,||. Is there a bounded linear functional
0 € X* with €(z,) = cn and ||| < ¢? (Hint: Consider e.g. X = (*(Z).)

5.3. 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
T, — x?7 Unfortunately the answer is no:

Example. Let u, be an orthonormal set in some Hilbert space. Then
(g,un) — 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 2.8), 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 |Ju,| = 1.) o

If ¢(x,,) — £(x) for every ¢ € X* we say that x,, converges weakly to
x and write

w-limz, =z or =z, — . (5.32)
n—oo

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
l(xy) — €(z) implies £(z — &) = 0. A sequence z,, is called weak Cauchy
sequence if £(x,,) is Cauchy (i.e. converges) for every ¢ € X*.

Lemma 5.16. Let X be a Banach space.
(i) zp, — x implies ||z|| < liminf ||z,||.
(ii) Every weak Cauchy sequence xy, is bounded: ||z,| < C.

(i) If X is reflexive, then every weak Cauchy sequence converges weakly.

Proof. (i) Choose ¢ € X* such that ¢(x) = ||z|| (for the limit z) and ||¢|| = 1.
Then

|z|| = £(z) = liminf ¢(z,) < liminf ||z, |. (5.33)
(ii) For every ¢ we have that |J(z,)(¢)| = |€(zy)| < 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¥(x,). By construction j is a linear functional on X*. Moreover,
by (ii) we have |j(¢)| < sup |[l(xn)| < ||€]] sup ||zn| < c||¢|| which shows
j € X**. Since X is reflexive, j = J(z) for some z € X and by construction
Uzy) — J(z)(0) = l(x), that is, z, — . O

Remark: One can equip X with the weakest topology for which all
¢ € X* remain continuous. This topology is called the weak topology and
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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 5.12 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 5.17. 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® = IFI7 = 2Re((f, fa)) + [l full* — 0. (5.34)
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 is as follows:

(i) Construct a sequence x,, of approximating solutions.
(ii) Use a compactness argument to extract a convergent subsequence.
(iii) Show that the limit solves the equation.

In a finite dimensional vector space the most important compactness
criterion is boundedness (Heine-Borel theorem). In infinite dimensions this
breaks down:

Theorem 5.18. The closed unit ball in X is compact if and only if X is
finite dimensional.

For the proof we will need

Lemma 5.19. Let X be a normed linear space and Y C X some subspace.
If Y # X, then for every € € (0,1) there exists an x. with ||x:|| =1 and

inf ||z —y|| >1—e. (5.35)
yey

Proof. Abbreviate d = dist(z,Y’) > 0 and choose y. € Y such that |z —
ys“ < #ia Set
LT —Ye

Te= ——. 5.36
el (539
Then z. is the vector we look for since
1
Te—Yl| = 7Tl — (Ve + ||z —yelly
|z =yl Hw—%w| (e + llz = yelly)
d
1—¢ (5.37)

i 2
[l
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as required. O

Proof. (of Theorem 5.18) If X is finite dimensional, then X is isomorphic
to C™ and the closed unit ball is compact by the Heine-Borel theorem.
Conversely, suppose X is infinite dimensional and abbreviate S! = {x €
X||jz]| = 1}. Choose z1 € S! and set Y; = span{z;}. Then, by the lemma
there is an xy € S1 such that ||xg — 21| > % Setting Y5 = span{x,z2} and
invoking again our lemma, there is an 3 € S such that |23 — 2| > 1 for
j = 1,2. Proceeding by induction, we obtain a sequence z,, € S' such that
| — Zm|| > 3 for m # n. In particular, this sequence cannot have any
convergent subsequence. (Recall that in a metric space compactness and
sequential compactness are equivalent.) U

If we are willing to treat convergence for weak convergence, the situation
looks much brighter!

Theorem 5.20. 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{z,}.
Then Y is reflexive by Lemma 5.15 (i). Moreover, by construction Y is
separable and so is Y* by the remark after Lemma 5.15.

Let ¢ be a dense set in Y*, then by the usual diagonal sequence argu-
ment we can find a subsequence z,,, such that ¢y(z,, ) converges for every
k. Denote this subsequence again by z, for notational simplicity. Then,

[€(zn) = L)l < (zn) — Le(zn)l| + [1k(zn) — Le(zm) ]
+ 1k (wm) — £(zm) |l
201€ — L]l + [[€x(zn) — Le(zm) | (5.38)

IN

shows that ¢(x,) converges for every ¢ € span{{;} = Y*. Thus there is a
limit by Lemma 5.16 (iii). O

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(a) da (5.39)

in L'(R)*. Take some nonnegative u; with compact support, |[ui]l; = 1,
and set ug(z) = kuy(kz). Then we have

/uk(:z:)go(ac) dx — ¢(0). (5.40)
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(see Problem 4.6) and if uy; — u we conclude

/ u(a)p(x) dz = o(0) (5.41)

for every continuous ¢ with compact support. In particular choosing g (z) =
max(0,1 — k|z|) we infer from the dominated convergence theorem

1= /u(:c)gpk(a:) dr — /u(az)x{o}(:p) dr =0, (5.42)

a contradiction.
In fact, ug converges to the Dirac measure centered at 0, which is not in
L'(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 & Au— Az VYreD(A) CD(A,). (5.43)
It is said to converge weakly to A,
w-limA4, =A & A,z— Ar Ve D(A) CD(A,). (5.44)

Clearly norm convergence implies strong convergence and strong conver-
gence implies weak convergence.

Example. Consider the operator S,, € £(¢P(N)) which shifts a sequence n
places to the left

Sn ($1,$2,...) = (]}n+1,1‘n+2,...). (545)

and the operator S} € £(¢P(N)) which shifts a sequence n places to the right
and fills up the first n places with zeros

S;(.%'l,.ﬁg,...)Z(O,...,O,xl,xg,...). (5.46)
n places

Then S, converges to zero strongly but not in norm and S}, converges weakly
to zero but not strongly. o

Lemma 5.21. Suppose A, is a sequence of bounded operators.
(i) s-limy oo Ay = A implies ||A|| < liminf || A,
(ii) Ewvery strong Cauchy sequence A, is bounded: | A,| < C.

(iii) If Apy — Ay fory in a dense set and || Ay, || < C, then s-lim,—.oc Ap =
A.

The same result holds if strong convergence is replaced by weak convergence.
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Proof. (i) and (ii) follow as in Lemma 5.16 (i).
(iii) Just use

[ Anz — Az|] [Anz — Anyll + || Any — Ayl + [[Ay — Ax]]

<
< 20z =yl + | Any — Ayl (5.47)

and choose y in the dense subspace such that ||z —y[| < ;% and n large such
that || Awy — Ay| < 5.

The case of weak convergence is left as an exercise. ([

For an application of this lemma see Problem 5.9.

Remark: For a sequence of linear functionals ¢,,, strong convergence is
also called weak-* convergence. That is, the weak-* limit of ¢, is £ if

lp(z) — U(x) Vo € X. (5.48)

Note that this is not the same as weak convergence on X*, since £ is the
weak limit of ¢, if

j(ln) — 5(0) Vjie X, (5.49)

whereas for the weak-* limit this is only required for j € J(X) C X** (recall
J(x)(£) = £(z)). So the weak topology on X* is the weakest topology for
which all j € X** remain continuous and the weak-x 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 5.20
(Problem 5.10):

Theorem 5.22. 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 5.20. Consider
the Banach space of bounded contionuous functions X = C(R). Using
l¢(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-* limit of the sequence
Ug; - <

Problem 5.6. Suppose ¢, — { in X* and x, — x in X. Then ly(z,) —
().

Problem 5.7. Show that if {¢;} C X* is some total set, then x, — x 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)).
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Problem 5.8 (Convolution). Show that for f € L*(R™) and g € LP(R™),
the convolution

0@ = [ go-niwis= [ swia-ndy  (650)

is in LP(R™) and satisfies Young’s inequality

1F gllp < [[£llxllgllp- (5.51)
(Hint: Without restriction ||f||1 = 1. Now use Jensen and Fubini.)
Problem 5.9 (Smoothing). Suppose f € LP(R™). Show that fi, defined

as in (4.29) converges to f in LP. (Hint: Use Lemma 5.21 and Young’s
inequality. )

Problem 5.10. Prove Theorem 5.22



Chapter 6

The dual of L

6.1. 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
(centered 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
p (in symbols v < p) if p(A) = 0 implies v(A) = 0.

Example. The prototypical example is the measure dv = fdu (compare
Lemma 3.15). Indeed u(A) = 0 implies

v(A) = /Afdu =0 (6.1)

and shows that v is absolutely continuous with respect to p. 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 6.1. 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. (6.2)

83
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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

Emﬁiéhﬁ’ (6.3)

is a bounded linear functional by Cauchy-Schwarz:

() e
00 ([ e ) = vxia (6.4)

Hence by the Riesz lemma (Theorem 2.8) there exists an g € L?(X, da) such
that

[e(h)[?

IN

em:L@m. (6.5)

V(A):/XAdV:/XAgda:/Agda. (6.6)

In particular, g must be positive a.e. (take A the set where g is negative).
Furthermore, let N = {z|g(z) > 1}, then

By construction

v(V) = [ gda = a() = () + (), (6.7)
N
which shows p(N) = 0. Now set
f::T%EXNH N’ = X\N. (6.8)

Then, since (6.6) implies dv = g da respectively du = (1 — g)da, we have

[ gan = [rar? o dn
A )

= / XAnN'g do
= v(ANN') (6.9)

as desired. Clearly f is unique, since if there is a second function f, then
fAf fdM—OfOI"eVel"yAShowsf f—an

To see the o-finite case, observe that X,, /' X, u(X,) < candV, / X,
v(Y,) < oo implies X,, NY,, / X and a(X, NY,) < oco. Hence when
restricted to X, NY,, we have sets IV,, and functions f,,. Now take N = J N,
and choose f such that f|x, = f, (this is possible since f,1+1|x, = fn a.e.).
Then u(N) =0 and

v(ANN') = lim v(AN(X,\N)) = lim fdp= /Afd,u, (6.10)

n—oo n—oo ANX
n
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which finishes the proof. ([

Now the anticipated results follow with no effort:

Theorem 6.2 (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 Voo and Vging are mutually singular and vy is absolutely
continuous with respect to .

Proof. Taking vging(A) = v(AN N) and dv,. = fdp there is at least one
such decomposition. To show uniqueness, let v be finite first. If there
is another one v = Uye + Using, then let N be such that ,u(]\?) = 0 and
Using(N') = 0. Then gng(A) — ysmg = J4(f = f)dp. In particular,
fAmN'mN'(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 Uy = vy as well as Uging =
V — Uge = V — Vge = Vging. The o-finite case follows as usual. O

Theorem 6.3 (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

:/fdp (6.11)
A

for every A € X.. The function [ is determined uniquely a.e. with respect to
u and is called the Radon-Nikodym derivative dl’ of v with respect to .

Proof. Just observe that in this case (AN N) = 0 for every A, that is
Vsing = 0. O

Problem 6.1. Let p is a Borel measure on B and suppose its distribution
function p(x) is differentiable. Show that the Radon-Nikodym derivative
equals the ordinary derivative p'(x).

Problem 6.2. Suppose u and v are inner reqular measures. Show that
v < w if and only if u(C) = 0 implies v(C) = 0 for every compact set C.

Problem 6.3 (Chain rule). Show that v < p is a transitive relation. In
particular, if w < v < pu show that

do _ dodv
dp — dvdp’
Problem 6.4. Suppose v < p. Show that
dw dw
—dp=—dv+d
i v +dc,

where € is a positive measure which is singular with respect to v. Show that
¢ =0 if and only if p K v.
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6.2. Complex measures

Let (X, %) be some measure space. A map v : X — C is called a complex
measure if

UA Z n)y  AnNAn=0, n#m. (6.12)

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 3.15 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
o0
|v|(A) = sup { Z lv(A )|‘An € X disjoint, A = U An}. (6.13)
n=1
Theorem 6.4. The total variation is a positive measure.

Proof. Suppose A = [J;2; A,. We need to show |v|(4) = > o7 [v|(An)
for disjoint sets A,,.

Let By, be disjoint sets such that

Ze Z\ Bux) !+ (6.14)

Then -
> IvI(An) Z W(Bpi)l +e < |v[(4) + e (6.15)
n=1

n,k=1
since J, y—1 Bnx = A. Letting e — 0 shows [v|(4) > 3772, [v|(An).
Conversely, if A =J;7, By, then

> (B = Z(Z (Br N Ay)
k=1

Taking the supremum shows [v|(A) <307 |v|(A ) O

Theorem 6.5. The total variation |v| of a complex measure v is a finite
measure.



6.2. Complex measures 87

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) 4+ [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) = oc.

Then we can construct a sequence B, of disjoint sets with |v(B,)| > 1 for
which

> v(By) (6.17)

n=1
diverges (the terms of a convergent series must converge to zero). But o-
additivity requires that the sum converges to v(|J,, By), 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

D (4] = 2(1 + [v(A))). (6.18)

J=1

Now let A+ = [J{A4;|£v(A;) > 0}. Then for one of them we have |v(A,)| >
1+ |v(A)| and hence

[W(A\Ag)| = [v(A) — v(Ao)| = [v(4o)] — [v(A)] = 1. (6.19)
Moreover, by |v|(A) = |v|(As) + |V|(A\A,) 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 =uv,+iy;, vr(A) = Re(v(A)), vi(A) = Im(v(A)). (6.20)
Second we can split any real (also called signed) measure according to
vV=vy —U_, vi(A) = M(mij (6.21)

This splitting is also known as Hahn decomposition of a signed measure.
If 1 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 6.6. If u is a positive and v a complexr measure then v < p if and
only if [v| < p.

Proof. If v < p, then p(A) = 0 implies u(B) = 0 for every B C A
and hence |u|(A) = 0. Conversely, if |v| < p, then p(A) = 0 implies
[(A)] < |v|(4) = 0. O

Now we can prove the complex version of the Radon-Nikodym theorem:
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Theorem 6.7 (complex Radon-Nikodym). Let (X,X) be a measure space,
1 a positive o-finite measure and v a complexr measure which is absolutely
continuous with respect to p. Then there is a unique f € LY(X,du) such
that

V(A) = /A fdu. (6.22)

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

[ = v (X) < 3) <, (6.23)
X

which shows f = f, — f_ € LY(X,du). Moreover, dv = dv, —dv_ = fdu
as required. O

In this case the total variation of dv = f du is just d|v| = | f|du:

Lemma 6.8. Suppose dv = fdu, where u is a positive measure and f €
LY(X,du). Then

() = [ 17w (6.21)
Proof. If A,, are disjoint sets and A = J,, A, we have

Sl =] [ s <X [ inn= [ine @2

Hence |v|(A) < [, |f|dp. To show the converse define

E-1_ag(f@) K
n_— < — 1<k <n. 2
k= {z| S <n}, <k<n (6.26)
Then the simple functions
" k-1
sn(x) = e yan(x) (6.27)
k=1
converge to f(x)*/|f(x)| pointwise and hence
lim [ s,fdu= / |fldu (6.28)

by dominated convergence. Moreover,

‘/Asnfdu‘ < ;‘/Agfdu‘ < ;|V(AZ)| < |v|(A) (6.29)

shows [, |fldp < |v](A). O
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As a consequence we obtain (Problem 6.5):

Corollary 6.9. If v is a complex measure, then dv = hd|v|, where |h| = 1.

In particular, note that

| [ £v] < el (6.30)

Problem 6.5. Prove Corollary 6.9 (Hint: Use the complex Radon-Nikodym
theorem to get existence of f. Then show that 1 — |f| vanishes a.e.).

6.3. The dual of LP, p < o0

After these preparations we are able to compute the dual of LP for p < oo.

Theorem 6.10. Consider LP(X,du) for some o-finite measure. Then the
map g € LY — L, € (LP)* given by

ly(f) = /ng dp (6.31)
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 5.2).

To show that this map is surjective, first suppose (X ) < oo and choose
some £ € (LP)*. Since ||xall, = n(A)"/P, we have x4 € LP for every A € X
and we can define

V(A) = £(xa). (6.32)
Suppose A = [J;2, Aj. Then, by dominated convergence, || 3 7_; xa; —
XAallp — 0 (this is false for p = oo!) and hence

v(A) = L0 xa;) = _lxa) =D v(Ay). (6.33)
j=1 j=1 j=1

Thus v is a complex measure. Moreover, u(A) = 0 implies x4 = 0 in

LP 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 € L'(X,du). In particular, we have

0f) = /X fgdu (6.34)

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 || fpllco <
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| f|loo- Hence by dominated convergence £(f) = lim £(f,) = lim [y frgdp =
Jx fgdp. Thus equality holds for every bounded function.

Next let A, = {z|0 < |g| <n}. Then, if 1 < p,

9] 9] 19?1/ /
XAnY qz/ “——gdp =Lxa,—) < [[€llIxa.——1,/" = l€llllxa,9/l"
| 12 g ( p ) < 11|l p I 1€111] I
(6.35)
and hence
Ixa,9llq < I€]]- (6.36)

Letting n — oo shows g € L. If p =1, let A, = {z|g| > ||¢|| + 2}, then

el + S )(An) < / xanlgl di < [1€]1(An), (6.37)
n X

which shows p(A4,) = 0 and hence ||g]|o < ||¢]|, that is g € L>. This finishes
the proof for finite .

If p is o-finite, let X,, 7 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 ¢ and by ||gn| < ||¢|| independent of n, we have g €
L9 (]

6.4. 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

6 (f) = /X fdv (6.38)

is a bounded linear functional on B(X) (the Banach space of bounded mea-
surable functions) with norm

1] = [vI(X) (6.39)

by (6.30). If v is absolutely continuous with respect to pu, then it will even
be a bounded linear functional on L*°(X,du) since the integral will be in-
dependent 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.
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Let (X, X) be a measure space. A complex content visamap v : ¥ — C
such that (finite additivity)

n

v([J A =D v(Ar),  AjnA=0,j#k (6.40)
k=1

k=1
Given a content v we can define the corresponding integral for simple func-
tions s(z) = Y _p_, kx4, as usual

n
/ sdv = Z apv(Ag N A). (6.41)
A k=1
As in the proof of Lemma 3.13 one shows that the integral is linear. More-
over,

| /A sdv] < [v](A) [|slloe (6.42)

where

|v|(A) = sup { Z \,u(Ak)|‘Ak € ¥ disjoint, A = U Ak}. (6.43)
k=1 k=1

(Note that this definition agrees with the one for complex measures.) Hence
this integral can be extended to all of B(X) by Theorem 1.25 (compare
Problem 3.5). However, note that our convergence theorems (monotone
convergence, dominated convergence) will no longer hold in this case (unless
v happens to be a measure).

In particular, every complex content gives rise to a bounded linear func-
tional on B(X) and the converse also holds:

Theorem 6.11. Every bounded linear functional £ € B(X)* is of the form

0(f) :/ fdv (6.44)
X
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, (6.44) holds for char-
acteristic functions. Since the characteristic functions are total, (6.44) holds
everywhere by continuity. O

Remark: To obtain the dual of L*°(X,du) from this you just need to
restrict to those linear functionals which vanish on NV(X,dpu), 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).
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Example. Consider B(R) and define
((f) =lmAf(=e) + (1 =Nf(e),  Ael-11], (6.45)

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= L_J—ﬂ—nﬂ #Z (=5 =) =0 (646)

Observe that the corresponding d1str1but10n function (defined as in (3.4))
is non-decreasing 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

Theorem 6.12 (Riesz representation). Let I C R be a compact interval.
Every bounded linear functional £ € C(I)* is of the form

/ fdv (6.47)

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 non-decreasing, but it might not be right-
continuous. However, right-continuity is needed to use Theorem 3.8. 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 < a7 < 2] < ...z < b such that
xy — a, xjp — b, and supy, [x}_; — 2| — 0 as n — oco. Then the sequence
of simple functions

fn(@) = F(@5)X@g ap) + F @) Xpan) + -+ F@0-1)X

converges uniformly to f by continuity of f. Moreover,

) (6.48)

nl’

fdv = lim fn dv = hm Zf (xf_)(w(zg) —v(zk—1)),  (6.49)
I

n—oo
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where v(z) = v([0,2)), (1) = v([0,1]), and the points x} 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 3.8 ensures existence of a corresponding measure. ([l

Note that v will be a positive measure if £ is a positive functional,
that is, £(f) > 0 whenever f > 0.

Problem 6.6 (Weak convergence of measures). A sequence of measures vy,
are said to converge weakly to a measure v if

/X Fdvy, — /X fdv,  fec). (6.50)

Show that every bounded sequnce of measures has a weakly convergent subse-
quence. Show that the limit v is a positive measure if all v, are. (Hint: Com-
pare this definition to the definition of weak-x convergence in Section 5.35.)






Chapter 7

Bounded linear
operators

7.1. Banach algebras

In this section we want to have a closer look at the set of bounded linear op-
erators £(X) from a Banach space X into itself. We already know that they
form a Banach space, however, in this case we even have a multiplication
given by composition. Clearly this multiplication satisfies

(A+B)C=AC+ BC, AB+C)=AB+ AC, A/B,Cec£(X) (7.1)
and
(AB)C = A(BC), a(AB) = (@A)B = A(aB), ac€C. (7.2)
Moreover, we have (Problem 7.1)
JABI < || AllIBI. (7.3)
However, note that our multiplication is not commutative (unless X is one

dimensional). We even have an identity, the identity operator L.

A Banach space X together with a multiplication satisfying the above
requirements is called a Banach algebra. In particular, note that (7.3)
ensures that multiplication is continuous (Problem 7.2). An element e € X
satisfying

er =xe =, Vo e X (7.4)

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

95
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Example. The space L'(R) together with the convolution

@ D@ = [ sa-niwi= [ swia-ndy  (15)

n

is a commutative Banach algebra (Problem 7.3) without identity. o

Let X be a Banach algebra with identity e. Then x € X is called
invertible if there is some y € X such that

xy =yzr =e. (7.6)

In this case y is called the inverse of 2 and is denoted by z~!. It is straight-
forward to show that the inverse is unique (if one exists at all) and that

(y) =y 2t (7.7)
Example. Let X = £(¢}(N)) and let ST be defined via

_ 0 =1
5= { Tp—1 Z> 1 S*p = Tnt (7.8)

(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 STST # I. So you really need to check both zy = e and yz = e in
general. o

Lemma 7.1. Let X be a Banach algebra with identity e. Suppose |z| < 1.
Then e — x is invertible and

(e—xz) 1= Z%x". (7.9)

Proof. Since ||z|| < 1 the series converges and

(e—x)ix":ixn—ix":e (7.10)
n=0 n=0 n=1
respectively
(Zx") (e —x) :Zx"—Zx":e. (7.11)
n=0 n=0 n=1
O

Corollary 7.2. Suppose x is invertible and |lyz=t| < 1 or a7 1y| < 1,
then

(@—y) =) (@ lyrat =) e e (7.12)
n=0 n=0

Proof. Just observe z —y = z(e — m_ly) = (e — yx_l)l‘- O
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The resolvent set is defined as

p(z) ={aeCl3z—-a) '} CC (7.13)
and its complement is called the spectrum
o(x) = C\p(z). (7.14)

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 x — « is bijective, the inverse must also be bounded!

Example. If X = GL(n) = £(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 « +— (z — )~ ! is called the resolvent of z € X. By (7.12) we

have
o0

(z—a) ™t = Z(a —ap)(z —ag)™" Y, Ja—ag| < |Jag — x|, (7.15)
n=0
which shows that (z — a)~! 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, /((z — a)~!) is a complex
valued analytic function for every ¢ € X* and we can apply well-known
results from complex analysis:

Theorem 7.3. For every x € X, the spectrum o(z) is compact, nonempty
and satisfies

o(z) C{allal <]} (7.16)
Proof. Equation (7.15) already shows that p(x) is open. Hence o(z) is
closed. Moreover, z — a = —a(e — 1) together with Lemma 7.1 shows
1 S /z\n
-1
_ = __ = 1
(@) =—23 (2)" lal> . (7.17)

which implies o(z) C {a||a| < ||z||} is bounded and thus compact. More-
over, taking norms shows

_ 1
Iz =) < Bk laf > [l (7.18)

which implies (z — a)™' — 0 as a — oco. In particular, if o(z) is empty,
then ¢((x — a)~ 1) is an entire analytic function which vanishes at infinity.
By Liouville’s theorem we must have ¢((z — a)~!) = 0 in this case, and so
(x — a)~!t = 0, which is impossible. O
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As another simple consequence we obtain:

Theorem 7.4. Suppose X is a Banach algebra in which every element ex-
cept 0 is invertible. Then X is isomorphic to C.

Proof. Pick x € X and o € o(x), then x — « is not invertible and hence
x—a = 0, that is = a. Thus every element is a multiple of the identity. [

Theorem 7.5 (Spectral mapping). For any polynomial p and v € X we
have

o(p(z)) = p(o(z)). (7.19)
Proof. Fix ag € C and observe
p(z) — plag) = (x — ao)qo(x). (7.20)
If p(ag) & o(p(x)) we have

(z —a0) ™" = qo(x)((z — a0)qo(x)) ™" = ((z — a0)qo(x)) 'qo(z)  (7.21)

(check this — since go(z) commutes with (x — ag)go(x) it also commutes
with its inverse). Hence o ¢ o(x).

Conversely, let ag € o(p(z)), then
plx) —ag=alz— A1) - (x—\p) (7.22)

and at least one \; € o(z) since otherwise the right hand side would be
invertible. But then p();) = ap, that is, o € p(o(x)). O

Next let us look at the convergence radius of the Neumann series for

the resolvent
(x—a)! = —éz (2" (7.23)

n=0
encountered in the proof of Theorem 7.3 (which is just the Laurent expansion
around infinity).

The number

r(z) = sup |of (7.24)
aco(x)

is called the spectral radius of z. Note that by (7.16) we have
r(z) < . (7.25)

Theorem 7.6. The spectral radius satisfies

r(z) = in1§||x”||1/n: lim |jz"'/". (7.26)
ne n—oo
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Proof. By spectral mapping we have r(x)" = r(z") < ||z"|| and hence

r(x) < inf [|z"| /™. (7.27)
Conversely, fix £ € X*, and consider
_ 11, .,
((x—a)™H) = —EZJE(@“ ). (7.28)
n=0

Then /((z — a)™1) is analytic in |a| > r(z) and hence (7.28) converges
absolutely for |a| > r(x) by a well-known result from complex analysis.
Hence for fixed o with || > r(x), £(2™/a"™) converges to zero for any £ € X*.
Since any weakly convergent sequence is bounded we have

— < C(a) (7.29)
o
and thus
lim sup [|2"]|*/™ < limsup C(a)Y"|a| = |a/. (7.30)
Since this holds for any |a| > r(z) we have
r(x) < inf |"|Y" < liminf [|2""" < limsup ||z"||"/™ < r(z),  (7.31)
n—00 n—00
which finishes the proof. U

To end this section let us look at two examples illustrating these ideas.

Example. Let X = GL(2) be the space of two by two matrices and consider

:r:<8 é) (7.32)

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

t
K()(t) = / k(t,s)z(s)ds,  z € C([0,1)), (7.33)
0

then, using induction, it is not hard to verify
K@) (0] < P (734
and thus 7(K) = 0. Hence for every A € C and every y € C(I), the equation
r—AKz=y (7.35)

has a unique solution given by

r=(I-AK)"ly=> A'K"y. (7.36)

n=0
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Problem 7.1. Show that ||AB|| < ||Al|||B]| for every A,B € £(X).

Problem 7.2. Show that the multiplication in a Banach algebra X is con-
tinuous: T, — x and y, — y implies T,y, — TY.

Problem 7.3. Show that L' (R) with convolution as multiplication is a com-
mutative Banach algebra without identity (Hint: Problem 5.8).

7.2. The C* algebra of operators and the
spectral theorem

We start by introducing a conjugation for operators on a Hilbert space $).
Let A = £(9), then the adjoint operator is defined via

(f;A%g) = (Af, 9) (7.37)

(compare Corollary 2.9).
Example. If H= C"and A = (ajk)lgj’kgn, then A* = (azj)lgj,kgn. <

Lemma 7.7. Let A, B € £(9), then

(i) (A+ B)* = A*+ B, (A)* = a*A¥,

(il) A =

(iii) (AB)* B*A*

(iv) ]2 = 4 A].
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 from

|4°A] = sw [(fA*Ag)l= sup |(Af,Ag)
I11=llgll=1 I1I=llgll=1
=S IAFI? = [1AIP7, (7.38)

where we have used HfH = sup|4(=1 [(9, f)| (compare Theorem 1.17). O

In general, a Banach algebra X together with an involution

ok

(z+y)" =2"4+y", (ax)"=az", 2=z (2y)" =y"2z", (7.39)
satisfying

l]* = ||z (7.40)

is called a C* algebra. Any subalgebra which is also closed under involution,

is called a *-algebra. Note that (7.40) implies ||z||? = ||z*z| < ||z|/||=*|| and
hence ||z|| < [|z*||. By (ii) we also have [|z*|| < ||=**|| = ||=|| and hence

lzll = llz*ll,  llel® = l2*z|| = [lz2"]. (7.41)
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Example. The continuous function C(I) together with complex conjuga-
tion form a commutative C* algebra. o

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(x*) =o(x)". (7.42)

If X is a C* algebra, then z € X is called normal if z*x = zz*, self-
adjoint if z* = x, and unitary if 2* = 27!, Clearly both self-adjoint and
unitary elements are normal.

Lemma 7.8. If v € X is normal, then ||22| = ||z||? and r(x) = |||
Proof. Using (7.40) twice we have

122] = [|(2?)* @)/ = |l(@a*)* (22")[|V? = |a*z| = |lz|>  (7.43)
2V = . 0
Lemma 7.9. If x is self-adjoint, then o(x) C R.

and hence r(x) = lim,_. ||

Proof. Suppose a +if € o(x). Then
o+ (B+ N7 < Jlz + A2 = (@ +iX)(@ = )] = [[(@® + X)) < [lz]|* + 22

(7.44)
and hence o+ 3% +20\ < ||z||? which gives a contradiction if we let |A| — oo
unless G = 0. O

Given z € X we can consider the C* algebra C*(x) (with identity)
generated by z. If z is normal, C*(x) is commutative and isomorphic to
C(o(z)) (the continuous functions on the spectrum).

Theorem 7.10 (Spectral theorem). If X is a C* algebra and x is self-
adjoint, then there is an isometric isomorphism ® : C(o(z)) — 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(z)) = flo(z)), (7.45)
where f(x) = ®(f(t)).

Proof. First of all, ® is well-defined for polynomials. Moreover, by spectral
mapping we have
lp(@)[| = r(p(z)) = sup ol = sup [p(e)] = [Pl (7.46)
aco(p(z)) aco(x)
for any polynomial p. Hence @ is isometric and uniquely extends to a map
on all of C(o(x)) since the polynomials are dense by the Stone-Weierstrafl
theorem (see the next section). O
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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(c(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 7.11. Let $ be a Hilbert space, and let A € £(9) be self-adjoint.
For every u,v € $) there is a corresponding complex Borel measure i, ., (the
spectral measure) such that

(u, F(A)) = / O, et @an

We have

Hupr+vs = Hupr T Huves  Huav = Ofluw,  Hou = #Z,v (7.48)

and |pyu|(0(A)) < ||ulll|v]]. Furthermore, p, = fpy. is a positive Borel
measure with j,(o(A)) = ||jul/?.

Proof. Consider the continuous functions on I = [—||A]|,[|A4]]] and note
that any f € C(I) gives rise to some f € C(c(A)) by restricting its domain.
Clearly 4, ,(f) = (u, f(A)v) is a bounded linear functional and the existence
of a corresponding measure fiy, With |y [(I) = |[lus|| < |lul||v] follows
from Theorem 6.12. Since ¢, ,(f) depends only on the value of f on o(A) C
I, jiy, is supported on o(A).

Moreover, if f > 0 we have £, (f) = (u, f(A)u) = (f(A)Y?u, f(A)V?u) =
| £(A)Y?ul|? > 0 and hence £, is positive and the corresponding measure fu,
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
Puw(2) = (2N o (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 any bounded
measurable function f € B(co(A)) via Corollary 2.9 and extend the func-
tional calculus from continuous to measurable functions:

Theorem 7.12 (Spectral theorem). If §) is a Hilbert space and A € £(9)
is self-adjoint, then there is an homomorphism ® : B(o(x)) — £($) given
by

(u, f(A)v) = /(A) f@)dpuy(t),  f € B(o(A)). (7.49)

Moreover, if fn(t) — f(t) pointwise and sup,, || fn||co is bounded, then fp(A)u —
f(A)u for every u € 9.
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Proof. The map  is well-defined linear operator by Corollary 2.9 since we
have

" f@)dp ()| < ol (@(A)) < [ flloolulll[o] (7.50)

and (7.48). 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), du.,)
and observe

Ia(4) = FC)IP = [ 10— £ Pt (7.51)

(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 (gfn)(A)u — (gf)(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. (]

In particular, given a self-adjoint operator A we can define the spectral
projections
PA(Q) = XQ(A), Qe %(R) (7.52)
They are orthogonal projections, that is P2 = P and P* = P.

Lemma 7.13. Suppose P is an orthogonal projection, then $ decomposes
in an orthogonal sum
$ = Ker(P) & Ran(P) (7.53)

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 (7.54)
shows $ = (I-P)$H®PS. Moreover, P(I—P)u = 0 shows (I-P)$ C Ker(P)
and if u € Ker(P) then u = (I-P)u € (I-P)$ shows Ker(P) C (I-P)$. O

In addition, the spectral projections satisfy
(o] o]
PaR) =1,  Pa({JQu=>) Pa@)u, uc$. (7.55)
n=1 n=1

Such a family of projections is called a projection valued measure and
Pa(t) = Pa((—00,]) (7.56)

is called a resolution of the identity. Note that we have
fruw () = (u, Pa(Q)v). (7.57)
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Using them we can define an operator valued integral as usual such that
A= / FAPA(?). (7.58)

In particular, if P4({a}) # 0, then « is an eigenvalue and Ran(P4({a}))
is the corresponding eigenspace since

APa({a}) = aPa({a}). (7.59)

The fact that eigenspaces to different eigenvalues are orthogonal now
generalizes to

Lemma 7.14. Suppose Q1 N Qs =, then
Ran(P4(£21)) L Ran(Pa(Q2)). (7.60)

Proof. Clearly xq,xq, = xa,n0, and hence
P4(21)Pa(Q2) = Pa(21 N Qa). (7.61)
Now if Q1 N Qs = 0, then
(Pa($1)u, Pa(Q2)v) = (u, Pa(1) Pa(Q2)v) = (u, PA(D)v) =0,  (7.62)

which shows that the ranges are orthogonal to each other. O

Example. Let A € GL(n) be some symmetric matrix and let aq, ..., an
be its (distinct) eigenvalues. Then

A=Y aPal{ey}), (7.63)
j=1

where P4({c;}) is the projection onto the eigenspace corresponding to the
eigenvalue o;. o

Problem 7.4. Let A € £(9). Show that A is normal if and only if
[Aul| = [[A™ul|,  Vu e $. (7.64)
(Hint: Problem 1.6)

Problem 7.5. Show that an orthogonal projection P # 0 has norm one.

7.3. The Stone—Weierstrafl theorem

In the last section we have seen that the C* algebra of continuous functions
C(K) over some compact set plays a crucial role. Hence it is important to
be able to identify dense sets:
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Theorem 7.15 (Stone-Weierstra$, real version). Suppose K is a compact
set and let C(K,R) be the Banach algebra of continuous functions (with the
sup norm).

If F C C(K,R) contains the identity 1 and separates points (i.e., for
every x1 # xo 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 Weierstrafl approximation theorem (Theorem 1.14)
there is a polynomial py, (t) such that || f|—pn(t)| < L and hence p,(f) — |f]-

In particular, if f, g in A, we also have

(f+9) —1f —4l
2

max{f,g} = (7.65)

in A.
Now fix f € C(K,R). We need to find some f. € A with ||f — f:|lec < &.

First of all, since A separates points, observe that for given y,z € K
there is a function f,. € A such that f,.(y) = f(y) and f,.(2) = f(2)
(show this). Next, for every y € K there is a neighborhood U(y) such that

fy=(w) > f(x) —e, 2 € U(y) (7.66)
and since K is compact, finitely many, say U(y1),...U(y;), cover K. Then
fr=max{fy, .,.... fy, .} €A (7.67)

and satisfies f, > f — e by construction. Since f,(z) = f(z) for every z € K
there is a neighborhood V' (z) such that

f2(z) < f(x)+e, zeV(z) (7.68)

and a corresponding finite cover V(z1),...V(2). Now
fe=min{f,,...,f,} €A (7.69)
satisfies f. < f 4+ e. Since f —¢e < f,, < f-, we have found a required
function. 0

Theorem 7.16 (Stone—Weierstrafl). Suppose K is a compact set and let
C(K) be the C* algebra of continuous functions (with the sup norm,).

If F C C(K) contains the identity 1 and separates points, then the -
algebra 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 any real-valued continuous functions can be
approximated by elements from F, in particular this holds for the real and
imaginary part for any given complex-valued function. ([
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Note that the additional requirement of being a *-algebra, that is, closed
under complex conjugation, is crucial: The functions which are holomorphic
on the unit ball and continuous on the boundary separate points, but they
are not dense (since the uniform limit of holomorphic functions is again
holomorphic).

Corollary 7.17. Suppose K is a compact set and let C(K) be the C* algebra
of continuous functions (with the sup norm).

If F C C(K) separates points, then the closure of the x-algebra generated
by F' is either C(K) or {f € C(K)|f(to) = 0} for some tg € 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| € Aif f € A
we do not need the identity, since p,, can be chosen to contain no constant
term). If there is such a g, 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}. 0

Problem 7.6. Show that the x-algebra generated by f.(t) = -, z € C, is

t—z’
dense in the C* algebra Coo(R) of continuous functions vanishing at infinity.
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Glossary of notations

B(X) ... Banach space of bounded measurable functions.
C ... the set of complex numbers

<(9) ...set of compact operators, 32.

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(z,Y) = infyey || — y||, distance between z and Y

D(.) ...domain of an operator

e ...exponential function, e* = exp(z)

hull(.) ...convex hull

%) ...a Hilbert space

i ...complex unity, i? = —1

Im(.) ...imaginary part of a complex number

inf ... infimum

Ker(A) ... kernel of an operator A, 22

£(X,Y) ...set of all bounded linear operators from X to Y, 23
£(X) = £(X,X)

LP(X,du) ...Lebesgue space of p integrable functions, 60

L>(X,du) ...Lebesgue space of bounded functions, 60
max ... maximum

N ...the set of positive integers
Ny =NU {0}
Q ...the set of rational numbers
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110 Glossary of notations

R ...the set of real numbers
Ran(A) ...range of an operator A, 23

Re(.) ...real part of a complex number

sup ...supremum

supp ...support of a function

span(M) ...set of finite linear combinations from M, 15

Z ...the set of integers

I ...1dentity operator

VZz ...square root of z with branch cut along (—o0,0)
z* ...complex conjugation

Il ...norm

-1l ...norm in the Banach space L?

(o)) ...scalar product in $

@ ...orthogonal sum of linear spaces or operators, 31
0 ... gradient

O ... partial derivative

M+ ...orthogonal complement, 29

(A, A2)  ={X € R|A1 <X < A2}, open interval

[A1, A2] ={A e R|A; <X < Ay}, closed interval
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Absolutely continuous
measure, 83

Adjoint, 100

Algebra, 41

Almost everywhere, 49

Banach algebra, 95
Banach space, 13
Basis

orthonormal, 27
Bessel inequality, 26
Bidual space, 74
Borel

function, 50

measure, 43

set, 42

o-algebra, 42
Borel measure

regular, 43
Boundary condition, 4
Boundary value problem, 4

Cantor set, 49
Cauchy-Schwarz inequality, 19
Characteristic function, 51
Closed set, 7
Closure, 7
Compact, 9

locally, 11

sequentially, 10
Complete, 8, 13
Continuous, 8
Convex, 61
Convolution, 82
Cover, 9

C* algebra, 100

Dense, 8

Diffusion equation, 1
Dirac measure, 49, 55
Distance, 11

Domain, 22

Double dual, 74

Eigenvalue, 35

simple, 35
Eigenvector, 35
Essential supremum, 60

Fourier series, 28

Gram-Schmidt orthogonalization, 27
Graph, 70
Green function, 39

Hoélder’s inequality, 62
Hahn decomposition, 87
Hausdorff space, 7

Heat equation, 1
Hilbert space, 18

Induced topology, 7
Inner product, 17
Inner product space, 18
Integrable, 54

Integral, 51

Interior, 7

Interior point, 5
Involution, 100

Jensen’s inequality, 62
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Index

Kernel, 22

Lebesgue measure, 49
Limit point, 5
Linear functional, 24, 30

Measurable
function, 50
set, 43
Measure, 43
absolutely continuous, 83
complete, 48
complex, 86
finite, 43
mutually singular, 83
product, 57
support, 49
Measure space, 43
Metric space, 5
Minkowski’s inequality, 63
Mollifier, 65

Neighborhood, 5
Neumann series, 98
Norm, 13
operator, 23
Normal, 12, 101
Normalized, 18
Normed space, 13
Nowhere dense, 67

Open ball, 5
Open set, 6
Operator

bounded, 23

closeable, 70

closed, 70

closure, 70

compact, 32

domain, 22

linear, 22

strong convergence, 80

symmetric, 35

unitary, 28

weak convergence, 80
Orthogonal, 18
Orthogonal complement, 29
Orthogonal projection, 30
Orthogonal projections, 103
Orthogonal sum, 31
Outer measure, 47

Parallel, 18
Parallelogram law, 19
Perpendicular, 18
Polarization identity, 19
Premeasure, 43

Product measure, 57

Projection valued measure, 103

Pythagorean theorem, 18

Range, 23
Reflexive, 75

Resolution of the identity, 103

Resolvent, 38, 97
Resolvent set, 97
Riesz lemma, 30

Scalar product, 17
Second countable, 7
Self-adjoint, 101
Semi-metric, 5
Separable, 8, 15
Separation of variables, 2
o-algebra, 41

o-finite, 43

Simple function, 51
Span, 15

Spectral measure, 102
Spectral projections, 103
Spectral radius, 98
Spectrum, 97

*-algebra, 100
Sturm—-Liouville problem, 4
Subcover, 9

Tensor product, 32

Theorem
Arzela-Ascoli, 34
Banach-Steinhaus, 68
closed graph, 70
dominated convergence, 55
Fubini, 57
Hahn-Banach, 73
Heine-Borel, 11
Helling-Toeplitz, 71

Lebesgue decomposition, 85

monotone convergence, 52
open mapping, 68, 69
Radon-Nikodym, 85
Riesz representation, 92
Stone—Weierstraf3, 105
Weierstraf3, 15
Topological space, 6
Topology
base, 7
product, 9
Total, 15
Total variation, 86
Triangel inequality, 13

Uniform boundedness principle, 68

Unit vector, 18
Unitary, 101
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Urysohn lemma, 12
Vitali set, 49

‘Wave equation, 3

Weak convergence, 77
measures, 93

Weak topology, 77

Weak-* convergence, 81

Weak-* topology, 81

Weierstrafl approxiamation, 15

Young inequality, 82
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