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PREFACE 5

Preface

These are notes for the course ‘Introduction to Functional Analysis’ — or in the
MIT style, 18.102, from various years culminating in Spring 2020. There are many
people who I should like to thank for comments on and corrections to the notes
over the years, but for the moment I would simply like to thank, as a collective,
the MIT undergraduates who have made this course a joy to teach, as a result of
their interest and enthusiasm.
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Introduction

This course is intended for ‘well-prepared undergraduates’ meaning specifically
that they have a rigourous background in analysis at roughly the level of the first
half of Rudin’s book [4] — at MIT this is 18.100B. In particular the basic theory of
metric spaces is used freely. Some familiarity with linear algebra is also assumed,
but not at a very sophisticated level.

The main aim of the course in a mathematical sense is the presentation of the
standard constructions of linear functional analysis, centred on Hilbert space and
its most significant analytic realization as the Lebesgue space L?(R) and leading up
to the spectral theory of ordinary differential operators. In a one-semester course
at MIT it is only just possible to get this far. Beyond the core material I have
included other topics that I believe may prove useful both in showing how to use
the ‘elementary’ results in various directions.

Dirichlet problem. The treatment of the eigenvalue problem with potential
perturbation on an interval is one of the aims of this course, so let me describe it
briefly here for orientation.

Let V : [0,1] — R be a real-valued continuous function. We are interested in
‘oscillating modes’ on the interval; something like this arises in quantum mechanics
for instance. Namely we want to know about functions u(z) — twice continuously
differentiable on [0, 1] so that things make sense — which satisfy the differential
equation

d?u
-5 @)+ V(@)u(a) = Mulz)
(1) and the boundary conditions

u(0) =u(1) =0.

Here the eigenvalue, A is an ‘unknown’ constant. More precisely we wish to know
which such A’s can occur. In fact all A’s can occur with v = 0 but this is the ‘trivial
solution” which will always be there for such an equation. What other solutions are
there? The main result is that there is an infinite sequence of \’s for which there
is a non-trivial solution of (1) A; € R — they are all real, no non-real complex \’s
can occur. For each of these \; there is at least exactly a one-dimensional space of
solutions, u;, to (1). We can say a lot more about everything here but one main
aim of this course is to get at least to this point. From a Physical point of view,
(1) represents a linearized oscillating string with fixed ends.

The journey to a discussion of the Dirichlet problem is rather extended and
apparently wayward. The relevance of Hilbert space and the Lebesgue integral is
not immediately apparent — and indeed one can proved the results as stated above
without Hilbert space methods — but I hope this will become clear as we proceed.
It is the completeness of the eigenfunctions which uses Hilbert space.

The basic idea of functional analysis is that we consider a space of all ‘putative’
solutions to the problem at hand. In this case one might take the space of all twice
continuously differentiable functions on [0, 1] — we will consider such spaces below.
One of the weaknesses of this choice of space is that it is not closely connected with
the ‘energy’ invariant of a solution, which is the integral

(2) /0 (%F + V(2)|u(z)]?)dz.
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It is the importance of such integrals which brings in the Lebesgue integral and
leads to a Hilbert space structure.

In any case one of the significant properties of the equation (1) is that it is
‘linear’. So we start with a brief discussion of linear (I usually say vector) spaces.
What we are dealing with here can be thought of as the eigenvalue problem for an
‘infinite matrix’. This in fact is not a very good way of thinking about operators
on infinite-dimensional spaces, they are not really like infinite matrices, but in this
case it is justified by the appearance of compact operators which are rather more
like infinite matrices. There was a matrix approach to quantum mechanics in the
early days but it was replaced by the sort of ‘operator’ theory on Hilbert space
that we will discuss below. One of the crucial distinctions between the treatment of
finite dimensional matrices and an infinite dimensional setting is that in the latter
topology is encountered. This is enshrined in the notion of a normed linear space
which is the first important topic we shall meet.

After a brief treatment of normed and Banach spaces, the course proceeds to
the construction of the Lebesgue integral and the associated spaces of ‘Lebesgue in-
tegrable functions’ (as you will see this is by way of a universally accepted falsehood,
but a useful one). To some extent I follow here the idea of Jan Mikusinski that one
can simply define integrable functions as the almost everywhere limits of absolutely
summable series of step functions and more significantly the basic properties can
be deduced this way. While still using this basic approach I have dropped the step
functions almost completely and instead emphasize the completion of the space of
continuous functions to get the Lebesgue space. Even so, Mikusinski’s approach
still underlies the explicit identification of elements of the completion with Lebesgue
‘functions’. This approach is followed in the book of Debnaith and Mikusinski [1].

After about a two-week stint of integration and then a little measure theory
the course proceeds to the more gentle ground of Hilbert spaces. Here I have been
most guided by the (old now) book of Simmons [5] which is still very much worth
reading. We proceed to a short discussion of operators and the spectral theorem for
compact self-adjoint operators. I have also included in the notes (but generally not
in the lectures) various things that a young mathematician should know(!) such
as Kuiper’s Theorem. Then in the last third or so of the semester this theory is
applied to the treatment of the Dirichlet eigenvalue problem, followed by a short
discussion of the Fourier transform and the harmonic oscillator. Finally various
loose ends are brought together, or at least that is my hope.






CHAPTER 1

Normed and Banach spaces

In this chapter we introduce the basic setting of functional analysis, in the form
of normed spaces and bounded linear operators. We are particularly interested in
complete, i.e. Banach, spaces and the process of completion of a normed space to
a Banach space. In lectures I proceed to the next chapter, on Lebesgue integration
after Section 7 and then return to the later sections of this chapter at appropriate
points in the course.

There are many good references for this material and it is always a good idea
to get at least a couple of different views. The treatment here, whilst quite brief,
does cover what is needed later.

1. Vector spaces

You should have some familiarity with linear, or I will usually say ‘vector’,
spaces. Should I break out the axioms? Not here I think, but they are included
in Section 14 at the end of the chapter. In short it is a space V in which we can
add elements and multiply by scalars with rules quite familiar to you from the the
basic examples of R™ or C™. Whilst these special cases are (very) important below,
this is not what we are interested in studying here. What we want to come to grips
with are spaces of functions hence the name of the course.

Note that for us the ‘scalars’ are either the real numbers or the complex numbers
— usually the latter. To be neutral we denote by K either R or C, but of course
consistently. Then our set V' — the set of vectors with which we will deal, comes
with two ‘laws’. These are maps

(1.1) +:VxV —V, :KxV-—V

which we denote not by +(v,w) and -(s,v) but by v + w and sv. Then we impose

the axioms of a vector space — see Section 14 below! These are commutative group

axioms for 4+, axioms for the action of K and the distributive law linking the two.
The basic examples:

e The field K which is either R or C is a vector space over itself.

e The vector spaces K" consisting of ordered n-tuples of elements of K.
Addition is by components and the action of K is by multiplication on
all components. You should be reasonably familiar with these spaces and
other finite dimensional vector spaces.

e Seriously non-trivial examples such as C([0,1]) the space of continuous
functions on [0, 1] (say with complex values).

In these and many other examples we will encounter below, the ‘component
addition’ corresponds to the addition of functions.
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LEMMA 1.1. If X is a set then the spaces of all functions
(1.2) FX;R)y={u: X — R}, F(X;C)={u: X — C}
are vector spaces over R and C respectively.

NoN-PROOF. Since I have not written out the axioms of a vector space it is
hard to check this — and I leave it to you as the first of many important exercises.
In fact, better do it more generally as in Problem 1.2 — then you can sound sophis-
ticated by saying ‘if V' is a linear space then F(X;V') inherits a linear structure’.
The main point to make sure you understand is precisely this; because we do know
how to add and multiply in either R and C, we can add functions and multiply
them by constants (we can multiply functions by each other but that is not part of
the definition of a vector space so we ignore it for the moment since many of the
spaces of functions we consider below are not multiplicative in this sense):-

(1.3) (c1fi +eafo)(w) = c1fi(x) + cafa(w)
defines the function ¢y f1 + cofe if ¢1, co € K and f1, fo € F(X;K). O

You should also be familiar with the notions of linear subspace and quotient
space. These are discussed a little below and most of the linear spaces we will meet
are either subspaces of these function-type spaces, or quotients of such subspaces —
see Problems 1.3 and 1.5.

Although you are probably most comfortable with finite-dimensional vector
spaces it is the infinite-dimensional case that is most important here. The notion
of dimension is based on the concept of the linear independence of a subset of a
vector space. Thus a subset £ C V is said to be linearly independent if for any

finite collection of distinct elements v; € E, ¢« = 1,..., N, and any collection of
‘constants’ a; € K, i =1,..., N we have the following implication

N
(1.4) > aivi=0=0a; =0V i.

i=1

That is, it is a set in which there are ‘no non-trivial finite linear dependence rela-
tions between the elements’. A vector space is finite-dimensional if every linearly
independent subset is finite. It follows in this case that there is a finite and maxi-
mal linearly independent subset — a basis — where maximal means that if any new
element is added to the set F then it is no longer linearly independent. A basic
result is that any two such ‘bases’ in a finite dimensional vector space have the
same number of elements — an outline of the finite-dimensional theory can be found
in Problem 1.1.

Still it is time to leave this secure domain behind, since we are most interested
in the other case, namely infinite-dimensional vector spaces. As usual with such
mysterious-sounding terms as ‘infinite-dimensional’ it is defined by negation.

DEFINITION 1.1. A vector space is infinite-dimensional if it is not finite di-
mensional, i.e. for any N € N there exist IV elements with no, non-trivial, linear
dependence relation between them.

Thus the infinite-dimensional vector spaces, which you may be quite keen to under-
stand, appear just as the non-existence of something. That is, it is the ‘residual’
case, where there is no finite basis. This means that it is ‘big’.
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So, finite-dimensional vector spaces have finite bases, infinite-dimensional vec-
tor spaces do not. Make sure that you see the gap between these two cases, i.e.
either a vector space has a finite-dimensional basis or else it has an infinite linearly
independent set. In particular if there is a linearly independent set with N elements
for any IV then there is an infinite one, there is a point here — if an independent finite
set has the property that there is no element of the space which can be added to it
so that it remains independent then it already is a basis and any other independent
set has the same or fewer elements.

The notion of a basis in an infinite-dimensional vector spaces needs to be modi-
fied to be useful analytically. Convince yourself that the vector space in Lemma 1.1
is infinite dimensional if and only if X is infinite. *

2. Normed spaces

We need to deal effectively with infinite-dimensional vector spaces. To do so we
need the control given by a metric (or even more generally a non-metric topology,
but we will only get to that much later in this course; first things first). A norm
on a vector space leads to a metric which is ‘compatible’ with the linear structure.

DEFINITION 1.2. A norm on a vector space is a function, traditionally denoted
(1.5) |l : V— [0, 00),
with the following properties
(Definiteness)
(1.6) veV, |v|=0=v=0.
(Absolute homogeneity) For any A € K and v € V,
(1.7) [Av]| = [Alllv].
(Triangle Inequality) For any two elements v, w € V
(1.8) [v 4wl < [|v]| + [lwl]

Note that (1.7) implies that ||0]] = 0. Thus (1.6) means that ||v|| = 0 is equiv-
alent to v = 0. This definition is based on the same properties holding for the
standard norm(s), |z|, on R and C. You should make sure you understand that

T ifxz>0

RB;E—>|:1:|—{ € [0,00) is a norm as is

(1.9) —x ifz<0

Coz=zx+iy—|z| = (x2—|—y2)%.
Situations do arise in which we do not have (1.6):-

DEFINITION 1.3. A function (1.5) which satisfes (1.7) and (1.8) but possibly
not (1.6) is called a seminorm.

Hint: For each point y € X consider the function f: X — C which takes the value 1 at y
and 0 at every other point. Show that if X is finite then any function X — C is a finite linear
combination of these, and if X is infinite then this is an infinite set with no finite linear relations
between the elements.
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A metric, or distance function, on a set is a map

(1.10) d: X x X — [0,00)
satisfying three standard conditions

(1.11) dz,y) =0z =y,

(1.12) d(z,y) =d(y,z) V x,y € X and
(1.13) d(z,y) < d(z,z) +d(z,y) V z,y,z € X.

As you are no doubt aware, a set equipped with such a metric function is called a
metric space.

If you do not know about metric spaces, then you are in trouble. I suggest that
you take the appropriate course now and come back next year. You could read the
first few chapters of Rudin’s book [4] before trying to proceed much further but it
will be a struggle to say the least. The point is

PRrROPOSITION 1.1. If || - || is a norm on V then
(1.14) d(v,w) = [jv — w||
is a distance on V turning it into a metric space.

PrOOF. Clearly (1.11) corresponds to (1.6), (1.12) arises from the special case
A=—1of (1.7) and (1.13) arises from (1.8). O

We will not use any special notation for the metric, nor usually mention it
explicitly — we just subsume all of metric space theory from now on. So ||v — w|| is
the distance between two points in a normed space.

Now, we need to talk about a few examples; there are more in Section 7.
The most basic ones are the usual finite-dimensional spaces R™ and C™ with their
FEuclidean norms

(1.15) m:<§jmﬁ

where it is at first confusing that we just use single bars for the norm, just as for
R and C, but you just need to get used to that.

There are other norms on C" (I will mostly talk about the complex case, but
the real case is essentially the same). The two most obvious ones are

|| oo = max |z;], x = (21,...,2,) € C",

i
but as you will see (if you do the problems) there are also the norms

1
(1.17) ||, = (Z |z;|P)7, 1 <p < oo.

i
In fact, for p = 1, (1.17) reduces to the second norm in (1.16) and in a certain sense
the case p = oo is consistent with the first norm there.
In lectures I usually do not discuss the notion of equivalence of norms straight

away. However, two norms on the one vector space — which we can denote || - ||(1)
and [ - [|(2) are equivalent if there exist constants C; and Co such that

(118) lolly < Cillollays ol < Collollqy Vv e V.
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The equivalence of the norms implies that the metrics define the same open sets —
the topologies induced are the same. You might like to check that the reverse is also
true, if two norms induced the same topologies (just meaning the same collection
of open sets) through their associated metrics, then they are equivalent in the sense
of (1.18) (there are more efficient ways of doing this if you wait a little).

Look at Problem 1.6 to see why we are not so interested in norms in the finite-
dimensional case — namely any two norms on a finite-dimensional vector space are
equivalent and so in that case a choice of norm does not tell us much, although it
certainly has its uses.

One important class of normed spaces consists of the spaces of bounded con-
tinuous functions on a metric space X :

(1.19) Coo(X) =Co0(X;C) = {u: X — C, continuous and bounded} .

That this is a linear space follows from the (pretty obvious) result that a linear
combination of bounded functions is bounded and the (less obvious) result that a
linear combination of continuous functions is continuous; this we are supposed to
know. The norm is the best bound

(1.20) [ulloc = sup [u(z)].

reX

That this is a norm is straightforward to check. Absolute homogeneity is clear,
IMu]lo = |Al||t]lo and |lu]joc = 0 means that u(xz) = 0 for all z € X which is
exactly what it means for a function to vanish. The triangle inequality ‘is inherited
from C’ since for any two functions and any point,

(1.21) [(u+0)(@)] < [u()] + [o(z)] < [Julloo + (V]
by the definition of the norms, and taking the supremum of the left gives
[+ vlloe < ftfloe + [|v]loo-

Of course the norm (1.20) is defined even for bounded, not necessarily contin-
uous functions on X. Note that convergence of a sequence u,, € Coo(X) (remember
this means with respect to the distance induced by the norm) is precisely uniform
convergence

(1.22) [lten, = V||oo = 0 <= up(x) = v(z) uniformly on X.

Other examples of infinite-dimensional normed spaces are the spaces [P, 1 <
p < oo discussed in the problems below. Of these I? is the most important for us.
It is in fact one form of Hilbert space, with which we are primarily concerned:-

(1.23) ?={a:N—C; Z la(j)|? < oo}

It is not immediately obvious that this is a linear space, nor that

1

2

(1.24) lall: = 3 )P

is a norm. It is. From now on we will generally use sequential notation and think
of a map from N to C as a sequence, so setting a(j) = a;. Thus the ‘Hilbert space’
12 consists of the square summable sequences.
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3. Banach spaces

You are supposed to remember from metric space theory that there are three
crucial properties, completeness, compactness and connectedness. It turns out that
normed spaces are always connected, so that is not very interesting, and they are
never compact (unless you consider the trivial case V' = {0}) so that is not very
interesting either — in fact we will ultimately be very interested in compact subsets.
So that leaves completeness. This is so important that we give it a special name in
honour of Stefan Banach who first emphasized this property.

DEFINITION 1.4. A normed space which is complete with respect to the induced
metric is a Banach space.

LEMMA 1.2. The space Coo(X), defined in (1.19) for any metric space X, is a
Banach space.

PRrROOF. This is a standard result from metric space theory — basically that the
uniform limit of a sequence of (bounded) continuous functions on a metric space is
continuous. However, it is worth recalling how one proves completeness at least in
outline. Suppose u,, is a Cauchy sequence in Cy (X). This means that given § > 0
there exists N such that

(1.25) n,m >N = |[u, — Uml|lco = sup |un(z) — um(z)| < 0.
reX

Fixing € X this implies that the sequence u,(z) is Cauchy in C. We know that
this space is complete, so each sequence u, (x) must converge (we say the sequence
of functions converges pointwise). Since the limit of w,(z) can only depend on z,
we may define u(z) = lim, u,(z) in C for each z € X and so define a function
u: X — C. Now, we need to show that this is bounded and continuous and is the
limit of u,, with respect to the norm. Any Cauchy sequence is bounded in norm —
take 6 = 1 in (1.25) and it follows from the triangle inequality that

(1.26) [umlloo < lluntifloo +1, m >N

and the finite set ||uy, || for n < N is certainly bounded. Thus ||un||s < C, but this
means |u,(z)] < C for all x € X and hence |u(x)| < C by properties of convergence
in C and thus [Ju||cc < C, so the limit is bounded.

The uniform convergence of u,, to u now follows from (1.25) since we may pass
to the limit in the inequality to find
n>N= |u,(z) —u(x)| = lm |u,(x) —un(x)] <4
(1.27) m=reo

= ||un — uljoo < 0.

The continuity of u at © € X follows from the triangle inequality in the form

lu(y) — u(@)] < Ju(y) = un ()| + |un(y) — un(2)] + [un(z) — u(z)|
< 2[|u = un oo + [un(z) — un(y)l-
Given ¢ > 0 the first term on the far right can be make less than 6/2 by choosing

n large using (1.27) and then, having chosen n, the second term can be made less
than /2 by choosing d(z,y) small enough, using the continuity of wu,,. (]

I have written out this proof (succinctly) because this general structure arises
often below — first find a candidate for the limit and then show it has the properties
that are required.
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There is a space of sequences which is really an example of this Lemma.
Consider the space c¢o consisting of all the sequences {a;} (valued in C) such
that lim; . a; = 0. As remarked above, sequences are just functions N — C.
If we make {a;} into a function « : D = {1,1/2,1/3,...} — C by setting
a(l/j) = a; then we get a function on the metric space D. Add 0 to D to get
D = DuU{0} C [0,1] C R; clearly 0 is a limit point of D and D is, as the nota-
tion dangerously indicates, the closure of D in R. Now, you will easily check (it is
really the definition) that a : D — C corresponding to a sequence, extends to a
continuous function on D vanishing at 0 if and only if lim;_,o a; = 0, which is to
say, {a;} € co. Thus it follows, with a little thought which you should give it, that
cp is a Banach space with the norm

(1.28) lallee = sup llall

What is an example of a non-complete normed space, a normed space which is
not a Banach space? These are legion of course. The simplest way to get one is to
‘put the wrong norm’ on a space, one which does not correspond to the definition.
Consider for instance the linear space T of sequences N — C which ‘terminate’,
i.e. each element {a;} € T has a; = 0 for j > J, where of course the J may depend
on the particular sequence. Then T C ¢g, the norm on ¢y defines a norm on 7 but
it cannot be complete, since the closure of 7T is easily seen to be all of ¢y — so there
are Cauchy sequences in 7 without limit in 7. Make sure you are not lost here —
you need to get used to the fact that we often need to discuss the ‘convergence of
sequences of convergent sequences’ as here.

One result we will exploit below, and I give it now just as preparation, concerns
absolutely summable series. Recall that a series is just a sequence where we ‘think’
about adding the terms. Thus if v,, is a sequence in some vector space V' then there

N
is the corresponding sequence of partial sums wy = > v;. I will say that {v,} is a

i=1
series if I am thinking about summing it.

DEFINITION 1.5. A series {v,, } with partial sums {wy} is said to be absolutely
summable if

(1.29) Z lonllv < oo, ie. Z lwny —wn—_1|lv < oo.
n N>1

PROPOSITION 1.2. The sequence of partial sums of any absolutely summable
series in a normed space is Cauchy and a normed space is complete if and only
if every absolutely summable series in it converges, meaning that the sequence of
partial sums converges.

PRrROOF. The sequence of partial sums is
(1.30) wn =Y v,
j=1
Thus, if m > n then

(1.31) Wy, — Wy, = Z vj.

j=n+1
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It follows from the triangle inequality that

m

(1.32) lwn = wmllv < > vy
j=n+1

So if the series is absolutely summable then

>0 oo
Z llvjllv < oo and nll_}n;.lo Z vy = 0.
=1 j=n+1

Thus {w,} is Cauchy if {v;} is absolutely summable. Hence if V' is complete then
every absolutely summable series is summable, i.e. the sequence of partial sums
converges.

Conversely, suppose that every absolutely summable series converges in this
sense. Then we need to show that every Cauchy sequence in V' converges. Let
u, be a Cauchy sequence. It suffices to show that this has a subsequence which
converges, since a Cauchy sequence with a convergent subsequence is convergent.
To do so we just proceed inductively. Using the Cauchy condition we can for every
k find an integer IV such that

(1.33) n,m > Ny = ||t — ]| < 27F.

Now choose an increasing sequence nj where ny > Ni and ng > ni_1 to make it
increasing. It follows that

(1.34) tny, = tn, || < 274,

Denoting this subsequence as uj, = uy, it follows from (1.34) and the triangle
inequality that

(1.35) D s, =y < 4
n=1

so the sequence vi = u}, vy = uj —uj,_;, k > 1, is absolutely summable. Its
sequence of partial sums is w; = ug so the assumption is that this converges, hence
the original Cauchy sequence converges and V is complete. O

Notice the idea here, of ‘speeding up the convergence’ of the Cauchy sequence
by dropping a lot of terms. We will use this idea of absolutely summable series
heavily in the discussion of Lebesgue integration.

4. Operators and functionals

The vector spaces we are most interested in are, as already remarked, spaces of
functions (or something a little more general). The elements of these are the objects
of primary interest but we are especially interested in the way they are related by
linear maps. The sorts of maps we have in mind here are differential and integral
operators. For example the indefinite Riemann integral of a continuous function
f:10,1] — C is also a continuous function of the upper limit:

(1.36) 1)) = [ ris)as.

So, I :C(]0,1]) — €(]0,1]) it is an ‘operator’ which turns one continuous function
into another. You might want to bear such an example in mind as you go through
this section.
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A map between two vector spaces (over the same field, for us either R or C) is
linear if it takes linear combinations to linear combinations:-

(137) T:V — VV, T(a1v1+a2v2) = alT(U1)+CLQT(U2), Yo, vg €V, a1, a € K.

In the finite-dimensional case linearity is enough to allow maps to be studied.
However in the case of infinite-dimensional normed spaces we will require conti-
nuity, which is automatic in finite dimensions. It makes perfectly good sense to
say, demand or conclude, that a map as in (1.37) is continuous if V' and W are
normed spaces since they are then metric spaces. Recall that for metric spaces
there are several different equivalent conditions that ensure a map, T : V — W,
is continuous:

(1.38) Up > vin V= Tv, - Tvin W
(1.39) O C W open = T~*(0) C V open
(1.40) C C W closed = T~1(C) C V closed.

For a linear map between normed spaces there is a direct characterization of
continuity in terms of the norm.

PROPOSITION 1.3. A linear map (1.37) between normed spaces is continuous if
and only if it is bounded in the sense that there exists a constant C such that

(1.41) | Tollw < Cllvlly ¥ v e V.

Of course bounded for a function on a metric space already has a meaning and this
is not it! The usual sense would be || Tv|| < C but this would imply ||T(av)| =
la|||Tv]| < C so Tv = 0. Hence it is not so dangerous to use the term ‘bounded’ for
(1.41) — it is really ‘relatively bounded’, i.e. takes bounded sets into bounded sets.
From now on, bounded for a linear map means (1.41).

ProOF. If (1.41) holds then if v, — v in V it follows that | Tv — Tv,|| =
IT(v —vp)|| < Cllv—v,]| — 0 as n — oo so Tv, — Tw and continuity follows.

For the reverse implication we use the second characterization of continuity
above. Denote the ball around v € V of radius € > 0 by

By (v,e) = {w € V;||v —wl|| < €}

Thus if T is continuous then the inverse image of the the unit ball around the
origin, T (Bw(0,1)) = {v € V;||Tv|lw < 1}, contains the origin in V and so,
being open, must contain some By (0, ¢). This means that
(1.42) T(By(0,€)) C By (0,1) so ||v]ly < e = ||[Tv|lw < 1.
Now proceed by scaling. If 0 # v € V then ||v|| < € where v/ = ev/2]||v]|. So (1.42)
shows that ||T%'|| < 1 but this implies (1.41) with C' = 2/e — it is trivially true if
v=0. O

Note that a bounded linear map is in fact uniformly continuous — given § > 0
there exists € > 0 such that
(1.43) lv—w|y =dv(v,w) < e = ||Tv—Tw|w = dw(Tv,TW) < ¢

namely € = §/C. One consequence of this is that a linear map T : U — W into a
Banach space, defined and continuous on a linear subspace, U C V. (with respect
to the restriction of the norm from V to U) extends uniquely to a continuous map
T :U — W on the closure of U.



18 1. NORMED AND BANACH SPACES

As a general rule we drop the distinguishing subscript for norms, since which
norm we are using can be determined by what it is being applied to.

So, if T': V. — W is continous and linear between normed spaces, or from
now on ‘bounded’, then

(1.44) IT|| = sup ||[Tv] < 0.

llvl=1

LEMMA 1.3. The bounded linear maps between normed spaces V. and W form
a linear space B(V,W') on which ||T|| defined by (1.44) or equivalently

(1.45) IT|| = inf{C; (1.41) holds}
S a norm.

PROOF. First check that (1.44) is equivalent to (1.45). Define ||T'|| by (1.44).
Then for any v € V, v # 0,

[T]l
o]

(1.46) I > |1 T(—)] =

= [Tl < [ITl]lv]l
o]l
since as always this is trivially true for v = 0. Thus C' = ||T'|| is a constant for which
(1.41) holds.

Conversely, from the definition of ||T'||, if € > 0 then there exists v € V with
|lv]] = 1 such that |T]| —e < ||Tv|| < C for any C for which (1.41) holds. Since
e > 0 is arbitrary, ||T|| < C and hence ||T|| is given by (1.45).

From the definition of |T'||, ||T|| = 0 implies Tv = 0 for all v € V and for X # 0,

(1.47) AT = sup [[AT] = AT

llvll=1
and this is also obvious for A = 0. This only leaves the triangle inequality to check
and for any T, S € B(V,W), and v € V with |v|| =1

(1.48) (T + S)vllw = Tv + Svllw < [[Tvllw + [[Svllw < [IT]| + S]]
so taking the supremum, |7+ S|| < [|T]] + ||5]|- O

Thus we see the very satisfying fact that the space of bounded linear maps
between two normed spaces is itself a normed space, with the norm being the best
constant in the estimate (1.41). Make sure you absorb this! Such bounded linear
maps between normed spaces are often called ‘operators’ because we are thinking
of the normed spaces as being like function spaces.

You might like to check boundedness for the example, I, of a linear operator
in (1.36), namely that in terms of the supremum norm on C([0,1)), |7 < 1.

One particularly important case is when W = K is the field, for us usually C.
Then a simpler notation is handy and one sets V' = B(V,C) — this is called the
dual space of V' (also sometimes denoted V*).

PROPOSITION 1.4. If W is a Banach space then B(V, W), with the norm (1.44),
is a Banach space.

PRrROOF. We simply need to show that if W is a Banach space then every Cauchy
sequence in B(V,W) is convergent. The first thing to do is to find the limit. To
say that T,, € B(V,W) is Cauchy, is just to say that given € > 0 there exists N
such that n, m > N implies ||T}, — T},,|| < €. By the definition of the norm, if v € V
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then ||T,v — Tovllw < | T — Ti|[Jv]lv so Tyv is Cauchy in W for each v € V. By
assumption, W is complete, so

(1.49) Thov — win W.

However, the limit can only depend on v so we can define amap T : V — W by
Tv =w = limy, 00 Tpv as in (1.49).

This map defined from the limits is linear, since T}, (A\v) = AT,,v — ATv and
T (v1 +v2) = Tpvr +Thvg — Tog+Twe = T(vy +v3). Moreover, ||| T || — | Tl <
|7 — T || so || T is Cauchy in [0, 00) and hence converges, with limit .S, and

(150) 170l = tim [Tl < S|o

so ||T|| < S shows that T is bounded.

Returning to the Cauchy condition above and passing to the limit in ||T,v —
Tl < €|jv]] as m — oo shows that |1}, — T'|| < e if n > M and hence T,, - T in
B(V,W) which is therefore complete. O

Note that this proof is structurally the same as that of Lemma 1.2.
One simple consequence of this is:-

COROLLARY 1.1. The dual space of a normed space is always a Banach space.

However you should be a little suspicious here since we have not shown that
the dual space V' is non-trivial, meaning we have not eliminated the possibility
that V' = {0} even when V # {0}. The Hahn-Banach Theorem, discussed below,
takes care of this.

One game you can play is ‘what is the dual of that space’. Of course the dual
is the dual, but you may well be able to identify the dual space of V with some
other Banach space by finding a linear bijection between V'’ and the other space,
W, which identifies the norms as well. We will play this game a bit later.

5. Subspaces and quotients

The notion of a linear subspace of a vector space is natural enough, and you
are likely quite familiar with it. Namely W C V where V is a vector space is a
(linear) subspace if any linear combinations A\jw; + Aawe € W if A1, Ay € K and
wy, we € W. Thus W ‘inherits’ its linear structure from V. Since we also have a
topology from the metric we will be especially interested in closed subspaces. Check
that you understand the (elementary) proof of

LEMMA 1.4. A subspace of a Banach space is a Banach space in terms of the
restriction of the norm if and only if it is closed.

There is a second very important way to construct new linear spaces from old.
Namely we want to make a linear space out of ‘the rest’ of V, given that W is
a linear subspace. In finite dimensions one way to do this is to give V an inner
product and then take the subspace orthogonal to W. One problem with this is that
the result depends, although not in an essential way, on the inner product. Instead
we adopt the usual ‘myopia’ approach and take an equivalence relation on V' which
identifies points which differ by an element of W. The equivalence classes are then
‘planes parallel to W’. T am going through this construction quickly here under
the assumption that it is familiar to most of you, if not you should think about it
carefully since we need to do it several times later.
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So, if W C V is a linear subspace of V' we define a relation on V — remember
this is just a subset of V' x V with certain properties — by

(1.51) vt = v—v eW = JweWst v=1v+w.
This satisfies the three conditions for an equivalence relation:
(1) v ~w v
(2) vV =V~ v
3) vw v,V ~ V= v oy v
which means that we can regard it as a ‘coarser notion of equality.’
Then V/W is the set of equivalence classes with respect to ~y, . You can think
of the elements of V/W as being of the form v + W — a particular element of V'
plus an arbitrary element of W. Then of course v’ € v+ W if and only if v/ —v € W
meaning v ~y v,
The crucial point here is that
(1.52) V/W is a vector space.

You should check the details — see Problem 1.5. Note that the ‘is’ in (1.52) should
really be expanded to ‘is in a natural way’ since as usual the linear structure is
inherited from V :

(1.53) Av+W)= +W, (vi + W)+ (va+ W) = (v1 +v2) + W.

The subspace W appears as the origin in V/W.
Now, two cases of this are of special interest to us.

PROPOSITION 1.5. If || - || is a seminorm on V then
(1.54) E={veV;|v|=0}CcV
is a linear subspace and
(1.55) lo+ Ellvys = 1ol

defines a norm on V/E.

Proor. That F is linear follows from the properties of a seminorm, since
M|l = |Alllv|| shows that Av € E if v € E and A € K. Similarly the triangle
inequality shows that vy +vo € E if vy, v3 € F.

To check that (1.55) defines a norm, first we need to check that it makes sense
as a function | - [|y/g — [0,00). This amounts to the statement that [[v'|| is the
same for all elements v = v+ e € v+ F for a fixed v. This however follows from
the triangle inequality applied twice:

(1.56) [ < [Joll + [lell = [[vll < [[O" | + 1] —ell = [[V']|-
Now, I leave you the exercise of checking that ||-||y, g is a norm, see Problem ??. [

The second application is more serious, but in fact we will not use it for some
time so I usually do not do this in lectures at this stage.

PRrROPOSITION 1.6. If W C V is a closed subspace of a normed space then
(1.57) v+ Wllv/w :wiélgvHv—I-va
defines a norm on V/W; if V is a Banach space then so is V/W.

For the proof see Problems 77 and ?77.
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6. Completion

A normed space not being complete, not being a Banach space, is considered
to be a defect which we might, indeed will, wish to rectify.

Let V be a normed space with norm || - ||y. A completion of V is a Banach
space B with the following properties:-
(1) There is an injective (i.e. 1-1) linear map I : V — B
(2) The norms satisfy
)
(3

(1.58 I H(v)||p = |lv|v YveW.

) The range I(V) C B is dense in B.

Notice that if V' is itself a Banach space then we can take B = V with I the
identity map.
So, the main result is:

THEOREM 1.1. Fach normed space has a completion.

There are several ways to prove this, we will come across a more sophisticated
one (using the Hahn-Banach Theorem) later. In the meantime I will describe two
proofs. In the first the fact that any metric space has a completion in a similar
sense is recalled and then it is shown that the linear structure extends to the
completion. A second, ‘hands-on’, proof is also outlined with the idea of motivating
the construction of the Lebesgue integral — which is in our near future.

PrOOF 1. One of the neater proofs that any metric space has a completion is
to use Lemma 1.2. Pick a point in the metric space of interest, p € M, and then
define a map

(1.59) M>gr— f, € Co(M), fo(x)=d(z,q) —d(z,p) ¥z € M.

That f, € Coo(M) is straightforward to check. It is bounded (because of the second
term) by the reverse triangle inequality

and is continuous, as the difference of two continuous functions. Moreover the
distance between two functions in the image is

(1.60) sup | fq(z) — fo (2)| = sup |d(z,q) — d(z,q')| = d(q,q)
zeM zeM

using the reverse triangle inequality (and evaluating at z = ¢). Thus the map (1.59)
is well-defined, injective and even distance-preserving. Since Coo(M) is complete,
the closure of the image of (1.59) is a complete metric space, X, in which M can
be identified as a dense subset.

Now, in case that M = V is a normed space this all goes through. The
disconcerting thing is that the map ¢ — f; is not linear. Nevertheless, we can
give X a linear structure so that it becomes a Banach space in which V is a dense
linear subspace. Namely for any two elements f; € X, i = 1,2, define

(1.61) Afiddefe= lm fapixsq,

where p,, and ¢, are sequences in V such that f,, — fi1 and f,, — f2. Such
sequences exist by the construction of X and the result does not depend on the
choice of sequence — since if p;, is another choice in place of p,, then f,, — f, — 0
in X (and similarly for g,). So the element of the left in (1.61) is well-defined. All
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of the properties of a linear space and normed space now follow by continuity from
V C X and it also follows that X is a Banach space (since a closed subset of a
complete space is complete). Unfortunately there are quite a few annoying details
to check! O

‘PROOF 2’ (THE LAST BIT IS LEFT TO YOU). Let V be a normed space. First
we introduce the rather large space

o0
(1.62) V= {{uk},:ol;uk eVand Y ful < oo}

k=1
the elements of which, if you recall, are said to be absolutely summable. Notice that
the elements of V are sequences, valued in V' so two sequences are equal, are the
same, only when each entry in one is equal to the corresponding entry in the other
— no shifting around or anything is permitted as far as equality is concerned. We
think of these as series (remember this means nothing except changing the name, a
series is a sequence and a sequence is a series), the only difference is that we ‘think’
of taking the limit of a sequence but we ‘think’ of summing the elements of a series,
whether we can do so or not being a different matter.

Now, each element of V is a Cauchy series — meaning the corresponding se-

N
quence of partial sums vy = Y uy is Cauchy if {uy} is absolutely summable. As

k=1
noted earlier, this is simply because if M > N then

M M
(1.63) losr —onll =1 D wll < D7 Ml < DY
j=N+1 j=N+1 j=N+1

gets small with NV by the assumption that ) [Ju;|| < cc.
J

Moreover, V is a linear space, where we add sequences, and multiply by con-
stants, by doing the operations on each component:-

(1.64) tr{ur} + to{ul} = {t1ur + tau}, }.

This always gives an absolutely summable series by the triangle inequality:

(1.65) D Mtvun + o]l < el D Ml + [t2] Yl
k k k

Within V consider the linear subspace

(1.66) S = {{uk},z luk|l < oo, Zuk = O}
k k

of those which sum to 0. As discussed in Section 5 above, we can form the quotient
(1.67) B=V/S

the elements of which are the ‘cosets’ of the form {uz} + S C V where {u;} € V.
This is our completion, we proceed to check the following properties of this B.

(1) A norm on B (via a seminorm on V) is defined by

(1.68) lolls = lim 1> ukll, b= {ur} + S € B.
k=1
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(2) The original space V' is imbedded in B by
(1.69) Vovr—IWw)={ug}+ S, vy =v, uu =0V k> 1

and the norm satisfies (1.58).
(3) I(V) C B is dense.
(4) B is a Banach space with the norm (1.68).

So, first that (1.68) is a norm. The limit on the right does exist since the limit
of the norm of a Cauchy sequence always exists — namely the sequence of norms
is itself Cauchy but now in R. Moreover, adding an element of S to {uy} does not
change the norm of the sequence of partial sums, since the additional term tends
to zero in norm. Thus ||b||z is well-defined for each element b € B and ||b||zg = 0
means exactly that the sequence {uy} used to define it tends to 0 in norm, hence is
in S hence b = 0 in B. The other two properties of norm are reasonably clear, since
if b, b’ € B are represented by {uy}, {u}.} in V then tb and b + b’ are represented
by {tuy} and {uy + u}} and
(1.70)

n n
i 113l = ] Jim 32l = ] = o

n
lim | D (uk +up)ll = A=
k=1

fore>03 Nst. Vn>N, A—e§||Z(uk+u§€)H:>
k=1

A—e< D wl+ 1D u)| V2 N=A—ec<|blls+|V|ls Ve>0=

k=1 k=1
1o+ 0ll5 < [Ibll5 + [16']] 5-
Now the norm of the element I(v) = v,0,0,---, is the limit of the norms of the
sequence of partial sums and hence is ||v|ly so ||[I(v)||p = |lv||v and I(v) = 0

therefore implies v = 0 and hence I is also injective.

We need to check that B is complete, and also that I(V') is dense. Here is
an extended discussion of the difficulty — of course maybe you can see it directly
yourself (or have a better scheme). Note that I suggest that you to write out your
own version of it carefully in Problem ?7.

Okay, what does it mean for B to be a Banach space, as discussed above it
means that every absolutely summable series in B is convergent. Such a series {b,}
is given by b, = {u,(gn)} + S where {u,(:)} € V and the summability condition is
that

N
(L.71) 00> Y [ballz =Y tim > w” v
n n k=1

So, we want to show that Y b, = b converges, and to do so we need to find the

n
limit b. It is supposed to be given by an absolutely summable series. The ‘problem’
is that this series should look like > " uén) in some sense — because it is supposed
n k



24 1. NORMED AND BANACH SPACES

to represent the sum of the b,’s. Now, it would be very nice if we had the estimate
(1.72) DD Mg v < oo
n k

since this should allow us to break up the double sum in some nice way so as to get
an absolutely summable series out of the whole thing. The trouble is that (1.72)
need not hold. We know that each of the sums over k — for given n — converges,
but not the sum of the sums. All we know here is that the sum of the ‘limits of the
norms’ in (1.71) converges.

So, that is the problem! One way to see the solution is to note that we do not
have to choose the original {u,(cn)} to ‘represent’ b, — we can add to it any element
of S. One idea is to rearrange the u,(cn) — I am thinking here of fixed n — so that
it ‘converges even faster.” I will not go through this in full detail but rather do it
later when we need the argument for the completeness of the space of Lebesgue
integrable functions. Given ¢ > 0 we can choose p; so that for all p > p,

(1.73) IS wllly = ballsl < e, S llufllv <.

k<p k>p

Then in fact we can choose successive p; > p;_1 (remember that little n is fixed
here) so that

(1.74) 1" uflly = lloallsl <277, 37 luf|lv <277 v 5.
k<p; k2p;
n) _ B ) () & (n)
Now, ‘resum the series’ defining instead vy = > wp’, v;” = > wu, - and
k=1 k:pj71+1

do this setting € = 27" for the nth series. Check that now
(1.75) DDl v < oo
n k

Of course, you should also check that b, = {v,i")

series work just as well as the old ones.
After this fiddling you can now try to find a limit for the sequence as

(1.76) b={wp}+S wp= Y P eV
l+p=k+1

}+ S so that these new summable

So, you need to check that this {wy} is absolutely summable in V' and that b, — b
as n — 0o.

Finally then there is the question of showing that I(V') is dense in B. You can
do this using the same idea as above — in fact it might be better to do it first. Given
an element b € B we need to find elements in V, vy such that ||I(vg) — bl|p — 0 as

NJ
k — oo. Take an absolutely summable series uj, representing b and take v; = > ug
k=1

where the p;’s are constructed as above and check that I(v;) — b by computing

(1.77) 1(vj) = bl[p = lim | > ukllv <37 fluklv

k>p; k>p;
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7. More examples

Let me collect some examples of normed and Banach spaces. Those mentioned
above and in the problems include:

(1.78)

(1.79)

(1.80)

co the space of convergent sequences in C with supremum norm, a Banach
space.

I[P one space for each real number 1 < p < oo; the space of p-summable
series with corresponding norm; all Banach spaces. The most important
of these for us is the case p = 2, which is (a) Hilbert space.

[*° the space of bounded sequences with supremum norm, a Banach space
with ¢y C [*° as a closed subspace with the same norm.

C([a,b]) or more generally C(M) for any compact metric space M — the
Banach space of continuous functions with supremum norm.

Cx(R), or more generally Coo (M) for any metric space M — the Banach
space of bounded continuous functions with supremum norm.

Co(R), or more generally Co(M) for any metric space M — the Banach
space of continuous functions which ‘vanish at infinity’ (see Problem ?7)
with supremum norm. A closed subspace, with the same norm, in Co, (M).
C*([a, b]) the space of k times continuously differentiable (so k € N) func-
tions on [a, b] with norm the sum of the supremum norms on the function
and its derivatives. Each is a Banach space — see Problem ?77.

The space C([0,1]) with norm

1
Jullos = [ lulde
0

given by the Riemann integral of the absolute value. A normed space, but
not a Banach space. We will construct the concrete completion, L*(]0, 1])
of Lebesgue integrable ‘functions’.

The space R([a,b]) of Riemann integrable functions on [a,b] with [|ul|
defined by (1.78). This is only a seminorm, since there are Riemann
integrable functions (note that u Riemann integrable does imply that |ul is
Riemann integrable) with |u| having vanishing Riemann integral but which
are not identically zero. This cannot happen for continuous functions. So
the quotient is a normed space, but it is not complete.

The same spaces — either of continuous or of Riemann integrable functions
but with the (semi- in the second case) norm

b 1
p
Jullr = ( / |u|p) .
a

Not complete in either case even after passing to the quotient to get a norm
for Riemann integrable functions. We can, and indeed will, define L?(a, b)
as the completion of C([a,b]) with respect to the L norm. However we
will get a concrete realization of it soon.

Suppose 0 < a < 1 and consider the subspace of C([a, b]) consisting of the
‘Holder continuous functions’ with exponent «, that is those u : [a,b] —
C which satisfy

lu(z) —u(y)| < Clz —y|* for some C > 0.
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Note that this already implies the continuity of u. As norm one can take
the sum of the supremum norm and the ‘best constant’ which is the same
as

|u(z) —u(y)l

3

1.81 Ulca = sup |u(x su
(1.81) [ulle ze[aI,)b]|| (@) +x¢y€%bl =g
it is a Banach space usually denoted C*([a, b]).

e Note the previous example works for a« = 1 as well, then it is not de-
noted C!([a,b]), since that is the space of once continuously differentiable
functions; this is the space of Lipschitz functions A([a,b]) — again it is a
Banach space.

e We will also talk about Sobolev spaces later. These are functions with
‘Lebesgue integrable derivatives’. It is perhaps not easy to see how to
define these, but if one takes the norm on C!([a, b])

2

du
(152) s = ([l + 121

and completes it, one gets the Sobolev space H'([a,b]) — it is a Banach
space (and a Hilbert space). In fact it is a subspace of C([a, b]) = C([a, b]).

Here is an example to see that the space of continuous functions on [0, 1] with
norm (1.78) is not complete; things are even worse than this example indicates! It
is a bit harder to show that the quotient of the Riemann integrable functions is not
complete, feel free to give it a try.

Take a simple non-negative continuous function on R for instance

1-— if 1
(1.83) f(x)={0 g ;:j:;,

Then fil f(x) = 1. Now scale it up and in by setting
(1.84) fn(x) = Nf(N3z) =0 if |[2| > N3

So it vanishes outside [~ N3, N3] and has f_ll fn(x)dr = N~2. Tt follows that the

sequence {fn} is absolutely summable with respect to the integral norm in (1.78)
n [—1,1]. The pointwise series Y fx(z) converges everywhere except at = 0 —
N

since at each point z # 0, fy(z) = 0 if N3|z| > 1. The resulting function, even if we
ignore the problem at x = 0, is not Riemann integrable because it is not bounded.
You might respond that the sum of the series is ‘improperly Riemann inte-
grable’. This is true but does not help much.
It is at this point that I start doing Lebesgue integration in the lectures. The
following material is from later in the course but fits here quite reasonably.

8. Baire’s theorem

At least once I wrote a version of the following material on the blackboard
during the first mid-term test, in an an attempt to distract people. It did not work
very well — its seems that MIT students have already been toughened up by this
stage. Baire’s theorem will be used later (it is also known as ‘Baire category theory’
although it has nothing to do with categories in the modern sense).
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This is a theorem about complete metric spaces — it could be included in the
earlier course ‘Real Analysis’ but the main applications are in Functional Analysis.

THEOREM 1.2 (Baire). If M is a non-empty complete metric space and C,, C
M, n € N, are closed subsets such that

(1.85) M = U(jn

then at least one of the C,’s has an interior point, i.e. contains a non-empty ball
in M.

ProoF. We will assume that each of the C),’s has empty interior, hoping to
arrive at a contradiction to (1.85) using the other properties. Thus if p € M and
€ > 0 the open ball B(p, ¢) is not contained in any one of the C,,.

We start by choosing p; € M \ Cy which must exist since M is not empty and
otherwise C; = M. Now, there must exist ¢; > 0 such that B(pi,e1) N Cy = 0,
since C is closed. No open ball around p; can be contained in Cs so there exists
p2 € B(p1,€1/3) which is not in Cy. Again since Cs is closed there exists €3 > 0,
€2 < €1/3 such that B(pa,ez) N Cy = 0.

Proceeding inductively we suppose there is are k points p;, © = 1,...,k and
positive numbers

(1.86) 0<er <ep1/3< e 9/3%< - <e/3 !
such that
(187) Pj EB(pj_l,Ej_l/?)), B(pj,Ej)ﬁCj :(Z).

Then we can add another pi11 by using the properties of Cy11 — it has empty
interior so there is some point in B(pg,€r/3) which is not in Ciiq and then
B(pr+1,€k+1) N Cre1 = O where €x11 > 0 but ex41 < €/3. Thus, we have a
sequence {py} in M satisfying (1.86) and (1.87) for all k.

Since d(pr+1,pr) < €x/3 this is a Cauchy sequence, in fact

(1.88) d(pk, pr+1) < €x/3 4+ + €xpi-1/3 < 2¢g.

Since M is assumed to be complete this sequence converges to a limit, ¢ € M. Notice
however that p; € B(p, 2¢/3) for all k > [ so d(pk, q) < 2¢;/3 which implies that
q ¢ C}, for any k. This is the desired contradiction to (1.85).

Thus, at least one of the C),, must have non-empty interior. O

In applications one might get a complete metric space written as a countable
union of subsets

(1.89) M:UEn, E,cM
where the F,, are not necessarily closed. We can still apply Baire’s theorem however,

just take C,, = E,, to be the closures — then of course (1.85) holds since E,, C C,,.
The conclusion from (1.89) for a complete M is

(1.90) For at least one n the closure of E,, has non-empty interior.
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9. Uniform boundedness

One application of Baire’s theorem is often called the wniform boundedness
principle or Banach-Steinhaus Theorem.

THEOREM 1.3 (Uniform boundedness). Let B be a Banach space and suppose
that T,, is a sequence of bounded (i.e. continuous) linear operators T,, : B — V
where V' is a normed space. Suppose that for each b € B the set {T,,(b)} C V is
bounded (in norm of course) then sup,, ||T,|| < co.

PRrROOF. This follows from a pretty direct application of Baire’s theorem to B.
Consider the sets

(1.91) Sp={be B, bl <1, [Tnbllv <pVn}, peN.

Each S, is closed because T}, is continuous, so if by — b is a convergent sequence
in Sp then ||b|| <1 and ||T,,(b)|| < p. The union of the S, is the whole of the closed
ball of radius one around the origin in B :

(1.92) {be B;d(b,0) <1} =5,
P
because of the assumption of ‘pointwise boundedness’ — each b with ||b|| < 1 must
be in one of the S,’s.
So, by Baire’s theorem one of the sets S, has non-empty interior, it therefore
contains a closed ball of positive radius around some point. Thus for some p, some
v € Sp, and some 6 > 0,

(1.93) weB, |w|p<Ld=||Th(v+w)||v <pVn.

Since v € 5), is fixed it follows that ||T,w|| < || Th(v + w)| + || Thv|| < 2p for all w
with ||w|] < §. This however implies that the norms are uniformly bounded:

(1.94) ITnll < 2p/o

as claimed. 0

10. Open mapping theorem
The second major application of Baire’s theorem is to

THEOREM 1.4 (Open Mapping). If T : By — By is a bounded and surjective
linear map between two Banach spaces then T is open:

(1.95) T(0) C By is open if O C By is open.

This is ‘wrong way continuity’ and as such can be used to prove the continuity
of inverse maps as we shall see. The proof uses Baire’s theorem pretty directly,
but then another similar sort of argument is needed to complete the proof. Note
however that the proof is considerably simplified if we assume that B; is a Hilbert
space. There are more direct but more computational proofs, see Problem 77. I
prefer this one because I have a reasonable chance of remembering the steps.

PrROOF. What we will try to show is that the image under T of the unit open
ball around the origin, B(0,1) C B; contains an open ball around the origin in Bs.
The first part, of the proof, using Baire’s theorem shows that the closure of the
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image, so in Bs, has 0 as an interior point — i.e. it contains an open ball around
the origin in B :

(1.96) T(B(0,1) D B(0,5), 6 > 0.
To see this we apply Baire’s theorem to the sets
(1.97) Cp = clg, T(B(0,p))
the closure of the image of the ball in By of radius p. We know that

(1.98) B, = |JT(B(0,p))

since that is what surjectivity means — every point is the image of something. Thus
one of the closed sets C}, has an interior point, v. Since T is surjective, v = T'u for
some u € By. The sets C), increase with p so we can take a larger p and v is still
an interior point, from which it follows that 0 = v — T'u is an interior point as well.
Thus indeed

(1.99) C, > B(0,6)

for some § > 0. Rescaling by p, using the linearity of T, it follows that with §
replaced by 6/p, we get (1.96).

If we assume that B; is a Hilbert space (and you are reading this after we
have studied Hilbert spaces) then (1.96) shows that if v € B, ||v]| < § there is
a sequence u, with ||u,| < 1 and Tw, — v. As a bounded sequence u,, has a
weakly convergent subsequence, u,; — u, where we know this implies |lu| <1 and
Auyp; — Au = v since Au,, — v. This strengthens (1.96) to

T(B(0,1) > B(0,6/2)

and proves that T is an open map.

If By is a Banach space but not a Hilbert space (or you don’t yet know about
Hilbert spaces) we need to work a little harder. Having applied Baire’s thereom,
consider now what (1.96) means. It follows that each v € By, with |jv|| = 4, is the
limit of a sequence T'u,, where ||u,| < 1. What we want to find is such a sequence,
Uy, which converges. To do so we need to choose the sequence more carefully.
Certainly we can stop somewhere along the way and see that

J 1
(1.100) VE By, |v|=0= FueBy, |lu| <1, |lv-Tul < 3= §||v||

where of course we could replace g by any positive constant but the point is the
last inequality is now relative to the norm of v. Scaling again, if we take any v # 0
in By and apply (1.100) to v/||v|| we conclude that (for C' = p/d a fixed constant)

1
(1.101) v € By = Ju€ By, |u| <, |lv-Tu| < §||1JH

where the size of u only depends on the size of v; of course this is also true for v =0
by taking u = 0.

Using this we construct the desired better approximating sequence. Given
w € By, choose u; = u according to (1.101) for v = w = wy. Thus ||uq|| < C,
and we = wy — Tuy satisfies ||w| < 3|lw||. Now proceed by induction, supposing
that we have constructed a sequence uj, j < n, in By with |ju;|| < C279H|w||
and |lw;| < 279 w]|| for j < n, where w; = w;j_1 — T'wj_1 — which we have for
n = 1. Then we can choose uy,, using (1.101), so |ju,| < Cllw,| < C27" Y |w||
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and such that w,11 = w, — Tuy, has |w,i1| < 3flw,| < 277w to extend the
induction. Thus we get a sequence u,, which is absolutely summable in Bj, since
> lunll < 2C||wl|, and hence converges by the assumed completeness of By this

n
time. Moreover

(1.102) w—T(Zuj) =w; —Z(u}j —Wjt1) = Wnt1
Jj=1 Jj=1

so Tu = w and ||ul| < 2C|w].

Thus finally we have shown that each w € B(0,1) in By is the image of some
u € By with |Ju]| < 2C. Thus T'(B(0,3C)) D> B(0,1). By scaling it follows that the
image of any open ball around the origin contains an open ball around the origin.

Now, the linearity of T' shows that the image T(O) of any open set is open,
since if w € T'(O) then w = T'u for some u € O and hence v+ B(0,¢) C O for € > 0
and then w + B(0,d) C T(O) for 6 > 0 sufficiently small. O

One important corollary of this is something that seems like it should be obvi-
ous, but definitely needs completeness to be true.

COROLLARY 1.2. If T : By — By is a bounded linear map between Banach
spaces which is 1-1 and onto, i.e. is a bijection, then it is a homeomorphism —
meaning its tnverse, which is necessarily linear, is also bounded.

PRrROOF. The only confusing thing is the notation. Note that T~ is generally
used both for the inverse, when it exists, and also to denote the inverse map on sets
even when there is no true inverse. The inverse of T, let’s call it S : B, — By, is
certainly linear. If O C By is open then S™1(0) = T(0), since to say v € S71(0)
means S(v) € O which is just v € T(0), is open by the Open Mapping theorem, so
S is continuous. O

11. Closed graph theorem

For the next application you should check, it is one of the problems, that the
product of two Banach spaces, By X By, — which is just the linear space of all pairs
(u,v), u € By and v € By, —is a Banach space with respect to the sum of the norms

(1.103) [[(w, )| = [l + [Jv]l2-

THEOREM 1.5 (Closed Graph). If T : By — Bs is a linear map between
Banach spaces then it is bounded if and only if its graph

(1.104) Gr(T) = {(u,v) € By x Ba;v =Tu}
is a closed subset of the Banach space B X Bs.

PROOF. Suppose first that T' is bounded, i.e. continuous. A sequence (uy,v,) €
B; X By is in Gr(T) if and only if v,, = Tu,,. So, if it converges, then u, — u and
v, = Tup, — T by the continuity of T, so the limit is in Gr(T") which is therefore
closed.

Conversely, suppose the graph is closed. This means that viewed as a normed
space in its own right it is complete. Given the graph we can reconstruct the map
it comes from (whether linear or not) in a little diagram. From B; X Bs consider
the two projections, 71 (u,v) = w and ma(u,v) = v. Both of them are continuous
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since the norm of either w or v is less than the norm in (1.103). Restricting them
to Gr(T) C By x Bj gives

(1.105) Gr(T)

Bl B2-

This little diagram commutes. Indeed there are two ways to map a point (u,v) €
Gr(T) to Bs, either directly, sending it to v or first sending it to u € By and then
to T'u. Since v = T'u these are the same.

Now, as already noted, Gr(T') C By x By is a closed subspace, so it too is a
Banach space and 7 and 7 remain continuous when restricted to it. The map m
is 1-1 and onto, because each u occurs as the first element of precisely one pair,
namely (u,Tu) € Gr(T). Thus the Corollary above applies to w1 to show that its
inverse, S is continuous. But then T = w5 o S, from the commutativity, is also
continuous proving the theorem. O

You might wish to entertain yourself by showing that conversely the Open
Mapping Theorem is a consequence of the Closed Graph Theorem.

The characterization of continuous linear maps through the fact that their
graphs are closed has led to significant extensions. For instance consider a linear
map but only defined on a subspace (often required to be dense in which case it is
said to be ‘densely defined’) D C B, where B is a Banach space,

(1.106) A: D — B linear.
Such a map is said to be closed if its graph
Gr(A) = {(u, Au);u € D} C B x B is closed.

Check for example that if H'(R) C L?(R) (I'm assuming that you are reading
this near the end of the course ...) is the space defined in Chapter 4, as consisting
of the elements with a strong derivative in L?(R) then

(1.107) % :D = H'(R) — L*(R) is closed.
This follows for instance from the ‘weak implies strong’ result for differentiation.
If u,, € HY(R) is a sequence such that u,, — v in L*(R) and du,,/dx — v in L?
(which is convergence in L?(R) x L?(R)) then v € H'(R) and v = du/dx in the
same strong sense.

Such a closed operator, A, can be turned into a bounded operator by changing

the norm on the domain D to the ‘graph norm’

(1.108) [ullgr = [lull + | Aul].

12. Hahn-Banach theorem

Now, there is always a little pressure to state and prove the Hahn-Banach
Theorem. This is about extension of functionals. Stately starkly, the basic question
is: Does a normed space have any non-trivial continuous linear functionals on it?
That is, is the dual space always non-trivial (of course there is always the zero linear
functional but that is not very amusing). We do not really encounter this problem
since for a Hilbert space, or even a pre-Hilbert space, there is always the space itself,
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giving continuous linear functionals through the pairing — Riesz’ Theorem says that
in the case of a Hilbert space that is all there is. If you are following the course
then at this point you should also see that the only continuous linear functionals
on a pre-Hilbert space correspond to points in the completion. I could have used
the Hahn-Banach Theorem to show that any normed space has a completion, but
I gave a more direct argument for this, which was in any case much more relevant
for the cases of L'(R) and L?(R) for which we wanted concrete completions.

THEOREM 1.6 (Hahn-Banach). If M C V s a linear subspace of a normed
space and v : M — C is a linear map such that

(1.109) ()| < Cllt|vy VteM

then there ezists a bounded linear functional U : V. — C with ||U|| < C and
U’M =u.

First, by computation, we show that we can extend any continuous linear func-
tional ‘a little bit’ without increasing the norm.

LEMMA 1.5. Suppose M C V is a subspace of a normed linear space, x ¢ M
and v : M — C is a bounded linear functional as in (1.109) then there exists
u' i M — C, where M' = {t' € V;t' =t + ax, a € C}, such that

(1.110) W\, =u, W (t+ax)| < Cllt+az|y, Vtie M, acC.

ProOF. Note that the decomposition ¢ = ¢ + ax of a point in M’ is unique,
since t + ax =t + ax implies (@ — a)r € M so a = a, since ¢ M and hence t =1
as well. Thus

(1.111) ' (t+ax) = u'(t) + au(x) = u(t) + a, X =u'(z)

and all we have at our disposal is the choice of A\. Any choice will give a linear
functional extending u, the problem of course is to arrange the continuity estimate
without increasing the constant C. In fact if C' = 0 then v = 0 and we can take
the zero extension. So we might as well assume that C' = 1 since dividing u by C
arranges this and if v’ extends u/C then Cu' extends u and the norm estimate in
(1.110) follows. So we now assume that

(1.112) lu(t)] < ||t|lv Vt e M.
We want to choose A so that
(1.113) lu(t) + aX| < ||t +az||ly YVt e M, acC.

Certainly when a = 0 this represents no restriction on A. For a # 0 we can divide
through by —a and (1.113) becomes
t t
(1.114) lallu(=2) = Al = |u(t) + aA| < [t + azlly = |al| = =~ —2llv
and since —t/a € M we only need to arrange that
(1.115) lu(t) = A <|t—z|ly VteM

and the general case will follow by reversing the scaling.
A complex linear functional such as u can be recovered from its real part, as
we see below, so set

(1.116) w(t) = Re(u(t)), [w(t)] < ¢llv V¢ € M.
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We proceed to show the real version of the Lemma, that w can be extended to a
linear functional w’ : M + Rz — R if ¢ M without increasing the norm. The
same argument as above shows that the only freedom is the choice of A = w'(x)
and we need to choose A € R so that

(1.117) lw(t) — A < ||t —z|lv Ve M.
The norm estimate on w shows that
(L118)  |w(tr) — w(ta)] < fu(ty) —ulte)] < [ty — tof| < [|tr — 2y + [[t2 — 2][v.
Writing this out using the reality we find
(1.119) w(ty) —w(tz) < ||ty — z|lv + [[t2 — 2|y =
w(ty) — |t — z|| S w(te) + ||ta — z||v V t1, t2 € M.

We can then take the supremum on the left and the infimum on the right and
choose A in between — namely we have shown that there exists A € R with

(1.120)  w(t) = [|t —zflv < sup. (w(t) = [t1 —z]]) <A
ta€

< inf (w(t) + |t —all) < w(t) + [t — 2y ¥t e M.
toe M

This in turn implies that
(L121) |t —z|ly < —w(@)+ A<t —z|ly = |w(t) = A < |t —z|v Vt € M.

So we have an extension of w to a real functional w’ : M + Rz — R with
|w'(t + az)| < ||t + azx||yv for all @ € R. We can repeat this argument to obtain a
further extension w” : M + Cx = M + Rz + R(iz) — R without increasing the
norm.

Now we find the desired extension of u by setting

(1.122)  o/(t + cx) = w"(t + ax + b(ix)) — iw" (it — bx + a(iz)) : M + Cx — C

where ¢ = a + tb. This is certainly linear over the reals and linearity over complex
coefficients follows since

(1.123) (it +icx) = w" (it — bx + a(iz))) — iw” (=t — ax — b(iz))
=i(w"(t + ax + b(ix) — iw" (it — bz + a(iz))) = ' (t + cz).

The uniqueness of a complex linear functional with given real part also shows that
| A = U
Finally, to estimate the norm of ' notice that for each t € M and ¢ € C there
is a unique 6 € [0,27) such that
(1.124)
W' (t 4 cx)| = Re e/ (t + cx) = w” (et + e¥cx) < ||t + e“cx|ly = ||t + cz||v.

This completes the proof of the Lemma. O

PROOF OF HAHN-BANACH. This is an application of Zorn’s Lemma. I am not
going to get into the derivation of Zorn’s Lemma from the Axiom of Choice, but if
you believe the latter — and you are advised to do so, at least before lunchtime —
you should believe the former. See also the discussion in Section 2.9
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Zorn’s Lemma is a statement about partially ordered sets. A partial order on
a set F is a subset of E X E, so a relation, where the condition that (e, f) be in the
relation is written e < f and it must satisfy the three conditions

e<eVeeckFk
(1.125) e<fand f<e=e=f
e<fand f<g=¢e~<g.

So, the missing ingredient between this and an order is that two elements need not
be related at all, either way.

A subset of a partially ordered set inherits the partial order and such a subset
is said to be a chain if each pair of its elements is related one way or the other.
An upper bound on a subset D C FE is an element e € F such that d < e for all
d € D. A mazximal element of F is one which is not majorized, that ise < f, f € E,
implies e = f.

LEMMA 1.6 (Zorn). If every chain in a (non-empty) partially ordered set has
an upper bound then the set contains at least one maximal element.

So, we are just accepting this Lemma as axiomatic. However, make sure that
you appreciate that it is true for countable sets. Namely if C' is countable and has
no maximal element then it must contain a chain which has no upper bound. To
see this, write C as a sequence {¢; };en. Then x1 = ¢; is not maximal so there exists
some cg, k > 1, with ¢; < ¢ in terms of the order in C. From the properties of N it
follows that there is a smallest k = ko such that c; has this property, but ks > 1.
Let this be z3 = ¢, and proceed in the same way — x3 = ¢, where k3 > ks is the
smallest such integer for which cg, < ck,. Assuming C is infinite in the first place
this grinds out an infinite chain x;. Now you can check that this cannot have an
upper bound because every element of C' is either one of these, and so cannot be
an upper bound, or else it is ¢; with k; < j < kj41 for some ! and then it is not
greater than x;.

The point of Zorn’s Lemma is precisely that it applies to uncountable sets.

One consequence of Zorn’s Lemma is the existence of ‘Hamel bases’ for infinite
dimensional vector spaces. This is pretty much irrelevant for us but I include it
since you can use this to show the existence of non-continuous linear functionals on
a Banach space; the proof is also an easier version of the proof of the Hahn-Banach
theorem.

DEFINITION 1.6. A Hamel basis B C V of a vector space is a linearly indepen-
dent subspace which spans, i.e. every element of V is a finite linear combination of
elements of B.

Hamel bases have a strong tendency to be big. Notice that for a finite dimensional
space this is just the usual notion of a basis.

PRrROOF. Look at the collection X of all linearly independent subsets of V. This
is non-empty — assuming V' # {0} we can take {x} € X for any = # 0 in V. Inclusion
is a partial order on X. Suppose ) C X is a chain with respect to this partial order
— so for any two elements one is contained in the other. Let L = U)Y be the union of
all the elements of ). Each element of C is contained in L so L is an upper bounde
for Y. Thus by Zorn’s lemma X just contain a maximal element, say B. Then B
is a Hamel basis, since if some element w € V' were not a finite linear combination
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of elements of B then B U {w} would also be linearly independent and hence an
element of X which contains B which contradicts its maximality. [

So, back to Hahn-Banach.

We are given a functional u : M — C defined on some linear subspace M C V'
of a normed space where u is bounded with respect to the induced norm on M. We
will apply Zorn’s Lemma to the set E consisting of all extensions (v, N) of u with
the same norm; it is generally non-countable. That is,

VONDM, U|M:uand lollv = |lwl|as-

This is certainly non-empty since it contains (u, M) and has the natural partial
order that (v1, Ny) < (ve, Na) if Ny C Ny and vg‘Nl = v1. You should check that
this is a partial order.

Let C be a chain in this set of extensions. Thus for any two elements (v;, NV;) €
C, i =1, 2, either (v, N1) < (v2, N2) or the other way around. This means that

(1.126) N = U{N; (v,N) € C for some v} CV

is a linear space. Note that this union need not be countable, or anything like that,
but any two elements of N are each in one of the N’s and one of these must be
contained in the other by the chain condition. Thus each pair of elements of N is
actually in a common N and hence so is their linear span. Similarly we can define
an extension

(1.127) 7:N—C, o(z)=v(z)ifz € N, (v,N) eC.

There may be many pairs (v, N) € C satisfying « € N for a given x but the chain
condition implies that v(x) is the same for all of them. Thus ¢ is well defined, and is
clearly also linear, extends u and satisfies the norm condition |o(x)| < |lul|ar]lz|v-
Thus (#, N) is an upper bound for the chain C.

So, the set of all extensions, E, with the norm condition, satisfies the hypothesis
of Zorn’s Lemma, so must — at least in the mornings — have a maximal element
(4, M). If M = V then we are done. However, in the contary case there exists
xeV\ M. This means we can apply our little lemma and construct an extension
(u', M') of (@, M) which is therefore also an element of F and satisfies (@, M) <
(u', M'). This however contradicts the condition that (@, M) be maximal, so is
forbidden by Zorn. [

There are many applications of the Hahn-Banach Theorem. As remarked ear-
lier, one significant one is that the dual space of a non-trivial normed space is itself
non-trivial.

PROPOSITION 1.7. For any normed space V' and element 0 % v € V there is a
continuous linear functional f : V — C with f(v) =1 and ||f|| = 1/||v|v-

PROOF. Start with the one-dimensional space, M, spanned by v and define
u(zv) = z. This has norm 1/||v||y. Extend it using the Hahn-Banach Theorem and
you will get a continuous functional f as desired. O

13. Double dual

Let me give another application of the Hahn-Banach theorem, although I have
generally not covered this in lectures. If V' is a normed space, we know its dual
space, V', to be a Banach space. Let V" = (V’)’ be the dual of the dual.
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PROPOSITION 1.8. Ifv € V then the linear map on V' :
(1.128) T,: V' — C, T,(v") =v'(v)
is continuous and this defines an isometric linear injection V- V" || T, || = ||v||-

PROOF. The definition of T, is ‘tautologous’, meaning it is almost the definition
of V'. First check T, in (1.128) is linear. Indeed, if v{, v5 € V' and A1, A2 € C then
Ty (A1v] + Agvh) = (A1v] 4+ A2vh)(v) = Av](v) + Avh(v) = M Ty (v]) + ATy (vh).
That T;, € V”, i.e. is bounded, follows too since |T3,(v")| = [v'(v)] < ||v'|lv/|lvlv;
this also shows that ||T,|[v~ < ||v||. On the other hand, by Proposition 1.7 above,
if ||v|| = 1 then there exists v/ € V' such that ¢'(v) = 1 and ||v'||y» = 1. Then

T,(v") = v'(v) = 1 shows that ||T5|| = 1 so in general ||T,|| = ||v||. It also needs
to be checked that V' > v —— T, € V" is a linear map — this is clear from the
definition. It is necessarily 1-1 since ||T5] = ||v]|. O

Now, it is definitely not the case in general that V" = V in the sense that this
injection is also a surjection. Since V" is always a Banach space, one necessary
condition is that V itself should be a Banach space. In fact the closure of the image
of V in V" is a completion of V. If the map to V" is a bijection then V is said
to be reflexive. It is pretty easy to find examples of non-reflexive Banach spaces,
the most familiar is ¢y — the space of infinite sequences converging to 0. Its dual
can be identified with [!, the space of summable sequences. Its dual in turn, the
bidual of ¢y, is the space [* of bounded sequences, into which the embedding is the
obvious one, so cg is not reflexive. In fact I! is not reflexive either. There are useful
characterizations of reflexive Banach spaces. You may be interested enough to look
up James’ Theorem:- A Banach space is reflexive if and only if every continuous
linear functional on it attains its supremum on the unit ball.

14. Axioms of a vector space

In case you missed out on one of the basic linear algebra courses, or have a
poor memory, here are the axioms of a vector space over a field K (either R or C

for us).
A wvector space structure on a set V is a pair of maps
(1.129) +: VXV —V, -:KxV —V

satisfying the conditions listed below. These maps are written +(v1,vs) = v1 + v9
and -(\v) = v, Ae K, V, vy, v € V.
additive commutativity vy + vo = vo + vy for all vy, vo € V.
additive associativity vy + (ve + v3) = (v1 + v2) 4 vs for all vy, ve, v3 € V.
existence of zero There is an element 0 € V such that v + 0 =wv for all v € V.
additive invertibility For each v € V' there exists w € V such that v + w = 0.
distributivity of scalar additivity (A1 + A2)v = Ajv 4+ Agv for all A, Ay € K and
vevV.
multiplicativity Aj(A2v) = (A A2)v for all Aj, Ay € Kand v € V.
action of multiplicative identity 1lv = v for all v € V.
distributivity of space additivity A(vy; +ve) = Avg + Avg for all A € K vy, vg € V.



CHAPTER 2

The Lebesgue integral

In this second part of the course the basic theory of the Lebesgue integral is
presented. Here I follow an idea of Jan Mikusinski, of completing the space of
step functions on the line under the L' norm but in such a way that the limiting
objects are seen directly as functions (defined almost everywhere). There are other
places you can find this, for instance the book of Debnaith and Mikusiniski [1]. Here
I start from the Riemann integral, since this is a prerequisite of the course; this
streamlines things a little. The objective is to arrive at a working knowledge of
Lebesgue integration as quickly as seems acceptable, to pass on to the discussion
of Hilbert space and then to more analytic questions.

So, the treatment of the Lebesgue integral here is intentionally compressed,
while emphasizing the completeness of the spaces L' and L2. In lectures everything
is done for the real line but in such a way that the extension to higher dimensions
— carried out partly in the text but mostly in the problems — is not much harder.

1. Integrable functions

Recall that the Riemann integral is defined for a certain class of bounded func-
tions u : [a,b] — C (namely the Riemann integrable functions) which includes all
continuous functions. It depends on the compactness of the interval and the bound-
edness of the function, but can be extended to an ‘improper integral’ on the whole
real line for which however some of the good properties fail. This is NOT what
we will do. Rather we consider the space of continuous functions ‘with compact
support’:

(2.1)
Ce(R) = {u : R — C;u is continuous and 3 R such that u(z) = 0 if |z| > R}.

Thus each element u € C.(R) vanishes outside an interval [—R, R] where the R
depends on the u. Note that the support of a continuous function is defined to be
the complement of the largest open set on which it vanishes (or as the closure of the
set of points at which it is non-zero — make sure you see why these are the same).
Thus (2.1) says that the support, which is necessarily closed, is contained in some
interval [—R, R], which is equivalent to saying it is compact.

37
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LEMMA 2.1. The Riemann integral defines a continuous linear functional on
C.(R) equipped with the L' norm

/u: lim u(z)dz,

R R— o0 [—R,R]

(2.2) lullpr = lim / |u(x)|dx,
R—o [—R,R]

|/u| <l
R

The limits here are trivial in the sense that the functions involved are constant for
large R.

PROOF. These are basic properties of the Riemann integral see Rudin [4]. O

Note that C.(R) is a normed space with respect to ||u||z: as defined above; that
it is not complete is one of the main reasons for passing to the Lebesgue integral.
With this small preamble we can directly define the ‘space’ of Lebesgue integrable
functions on R.

DEFINITION 2.1. A function f : R — C is Lebesgue integrable, written f €
n

L'(R), if there exists a series with partial sums f, = > wj, w; € C.(R) which is
j=1

absolutely summable,

(2.3) > / o] < 00
and such that
(2.4) Z lw;(z)] < 0o = nlgr;o fulz) = ij(m) = f(x).

J

This is a somewhat convoluted definition which you should think about a bit.
Its virtue is that it is all there. The problem is that it takes a bit of unravelling. Be-
fore we go any further note that the sequence w; obviously determines the sequence
of partial sums f,, both in C.(R) but the converse is also true since

wy = f1, wg = fr — fo—1, k> 1,

(2.5) Z/|wj| <oo<:>2/\fk—fk—1| < 0.

k>1

You might also notice that can we do some finite manipulation, for instance replace
the sequence w; by

(26) W1 = Z wy, Wk = WN4+k—1, k>1
J<N

and nothing much changes, since the convergence conditions in (2.3) and (2.4) are
properties only of the tail of the sequences and the sum in (2.4) for w;(x) converges
if and only if the corresponding sum for W (z) converges and then converges to the
same limit.

Before massaging the definition a little, let me give a simple example and check
that this definition does include continuous functions defined on an interval and
extended to be zero outside — the theory we develop will include the usual Riemann
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integral although I will not quite prove this in full, but only because it is not
particularly interesting.

LEMMA 2.2. If f € C([a,b]) then

* fioy= {3 el

is an integrable function.
Proor. Just ‘add legs’ to f by considering the sequence

0 ifr<a—1/norz>b+1/n,
(I+n(x—a))f(a) ifa—1/n<z<a,

(I—=n(z—=0))f0b) ifb<z<b+1/n,

f(z) if x € [a, b].

This is a continuous function on each of the open subintervals in the description
with common limits at the endpoints, so f,, € C.(R). By construction, f,(z) — f(x)

for each = € R. Define the sequence w; which has partial sums the f,, as in (2.5)
above. Then w; =0 in [a,b] for j > 1 and it can be written in terms of the ‘legs’

(2.8) folz) =

L ifr<a—1/n, z>a
" lA+n(z—a) ifa—1/n<z<a,

_Jo ife<b x>b+1/n
= (1—n(zx—0)) ifb<z<b+1/n,
as
(2.9) lwn (@)] = (ln = Li—D)[f(@)| + (ra = Tn=1)| f(B)], > 1.

It follows that (1F(@) < 1£®)D
a)| +
/ lwn ()] = W
so {w,} is an absolutely summable sequence showing that f € £'(R). O

Returning to the definition, notice that we only say ‘there exists’ an absolutely
summable sequence and that it is required to converge to the function only at
points at which the pointwise sequence is absolutely summable. At other points
anything is permitted. So it is not immediately clear that there are any functions
not satisfying this condition. Indeed if there was a sequence like w; above with
> |wj(x)] = oo always, then (2.4) would represent no restriction at all. So the
J

point of the definition is that absolute summability — a condition on the integrals
in (2.3) — does imply something about (absolute) convergence of the pointwise
series. Let us reenforce this idea with another definition:-

DEFINITION 2.2. A set F C R is said to be of measure zero in the sense
of Lebesgue (which is pretty much always the meaning here) if there is a series
n

gn = > vj, v; € Cc(R) which is absolutely summable, > [ |v,| < 0o, and such that
i=1 i

(2.10) Z\vj(xn —coVazekE.



40 2. THE LEBESGUE INTEGRAL

Notice that we do not require E to be precisely the set of points at which the
series in (2.10) diverges, only that it does so at all points of F, so E is just a subset
of the set on which some absolutely summable series of functions in C.(R) does
not converge absolutely. So any subset of a set of measure zero is automatically
of measure zero. To introduce the little trickery we use to unwind the definition
above, consider first the following (important) result.

LEMMA 2.3. Any finite union of sets of measure zero is a set of measure zero.

PROOF. Since we can proceed in steps, it suffices to show that the union of
two sets of measure zero has measure zero. So, let the two sets be FF and F' and
two corresponding absolutely summable sequences, as in Definition 2.2, be v; and
w;. Consider the alternating sequence

i ifk=2j—1isodd
(2.11) Uk:{vj 1 J 1s 0

w; if k=25 is even.

Thus {ug} simply interlaces the two sequences. It follows that u is absolutely
summable, since

(2.12) Dl =D llojlles + Y fwjlles
k j i

Moreover, the pointwise series Y |ug(z)| diverges precisely where one or other of
%
the two series Y |v;(z)| or D |w;(z)| diverges. In particular it must diverge on
J J
E U F which is therefore, from the definition, a set of measure zero. O

The definition of f € £}(R) above certainly requires that the equality on the
right in (2.4) should hold outside a set of measure zero, but in fact a specific one,
the one on which the series on the left diverges. Using the same idea as in the
lemma above we can get rid of this restriction.

PROPOSITION 2.1. If f : R — C and there exists a series f, = Y w; with
j=1
w; € Co(R) which is absolutely summable, so 3 ||lwj|Lr < oo, and a set E C R of
J

measure zero such that
oo

(2.13) reER\E = f(z) = nh_{r;o folz) = z;w](x)
j:

then f € LY(R).

Recall that when one writes down an equality such as on the right in (2.13) one is

implicitly saying that > w;(z) converges and the equality holds for the limit. We
j=1

will call a sequence as the w; above an ‘approximating series’ for f € £!(R).
This is indeed a refinement of the definition since all f € L}(R) arise this way,
taking E to be the set where )" |w;(x)| = oo for a series as in the defintion.

J

Proor. By definition of a set of measure zero there is some series v; as in
(2.10). Now, consider the series obtained by alternating the terms between wj, v;
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and —v;. Explicitly, set

W if j=3k—2
(2.14) Uj = § Vg lfj =3k—-1
—vg(z) if j = 3k.

This defines a series in C.(R) which is absolutely summable, with
(2.15) DM@l =D lwklles +2 7 lfoelor-
j k k

The same sort of identity is true for the pointwise series which shows that

(2.16) Z luj(z)] < oo iff Z |wi(z)] < oo and Z ok (x)] < oo.
k k

J

So if the pointwise series on the left converges absolutely, then « ¢ E, by definition
and hence, using (2.13), we find that

(217) S s @) < 00 = F@) = 3 uj)

since the sequence of partial sums of the u; cycles through f,,, f,(z) + v, (z), then
fn(x) and then to fn41(z). Since Y Jvg(z)| < oo the sequence |v,, (z)| — 0 so (2.17)
k

indeed follows from (2.13). O

This is the trick at the heart of the definition of integrability above. Namely
we can manipulate the series involved in this sort of way to prove things about the
elements of £ (R). One point to note is that if w; is an absolutely summable series
in C.(R) then

> |wj(x)] when this is finite
(2.18) F(z)=1¢ i — I ¢ L'(R).

0 otherwise

The sort of property (2.13), where some condition holds on the complement
of a set of measure zero is so commonly encountered in integration theory that we
give it a simpler name.

DEFINITION 2.3. A condition that holds on R\ E for some set of measure zero,
FE, is said to hold almost everywhere. In particular we write

(2.19) f=gae if f(x) =g(x) Vo € R\ E, E of measure zero.

Of course as yet we are living dangerously because we have done nothing to
show that sets of measure zero are ‘small’ let alone ‘ignorable’ as this definition
seems to imply. Beware of the trap of ‘proof by declaration’!

Now Proposition 2.1 can be paraphrased as ‘A function f : R — C is Lebesgue
integrable if and only if it is the pointwise sum a.e. of an absolutely summable series
in C.(R).’
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2. Linearity of £!

The word ‘space’ is quoted in the definition of £L!(R) above, because it is not
immediately obvious that £!(R) is a linear space, even more importantly it is far
from obvious that the integral of a function in £*(R) is well defined (which is the
point of the exercise after all). In fact we wish to define the integral to be

(2.20) /R = [ v

where w, € C.(R) is any ‘approximating series’ meaning now as the w; in Prop-
sition 2.1. This is fine in so far as the series on the right (of complex numbers)
does converge — since we demanded that ) [ |w,| < oo so this series converges

absolutely — but not fine in so far as the ansnwer might well depend on which series
we choose which ‘approximates f’ in the sense of the definition or Proposition 2.1.

So, the immediate aim is to prove these two things. First we will do a little
more than prove the linearity of £(R). Recall that a function is ‘positive’ if it takes
only non-negative values.

PROPOSITION 2.2. The space L1(R) is linear (over C) and if f € LY(R) the
real and imaginary parts, Re f, Im f are Lebesgue integrable as are their positive
parts and as is also the absolute value, |f|. For a real Lebesgue integrable function
there is an approzrimating sequence as in Proposition 2.1 which is real and if f >0
the sequence of partial sums can be arranged to be non-negative.

PRrROOF. We first consider the real part of a function f € £(R). Suppose w,, €
C.(R) is an approximating series as in Proposition 2.1. Then consider v,, = Re w,,.
This is absolutely summable, since [ |v,| < [ |w,| and

(2.21) > wn(x) = f(z) =Y _vn(x) = Re f(2).

Since the left identity holds a.e., so does the right and hence Re f € L}(R) by
Proposition 2.1. The same argument with the imaginary parts shows that Im f €
LY(R). This also shows that a real element has a real approximating sequence.

The fact that the sum of two integrable functions is integrable really is a simple
consequence of Proposition 2.1 and Lemma 2.3. Indeed, if f, ¢ € L£}(R) have
approximating series w,, and v,, as in Proposition 2.1 then u,, = w,,+v,, is absolutely
summable,

(2.22) ;/|un| gzﬂ:/lwnH;/lvn

and

Y wale) = f(2), Y vale) = g(a) = Y unle) = f(2) + g(a).

The first two conditions hold outside (probably different) sets of measure zero, E
and F, so the conclusion holds outside EF U F' which is of measure zero. Thus
f+ g€ LYR). The case of cf for ¢ € C is more obvious.

The proof that |f| € L}(R) if f € £L}(R) is similar but perhaps a little trickier.
Again, let {w,} be an approximating series as in the definition showing that f €
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LY(R). To make a series for |f| we can try the ‘obvious’ thing. Namely we know
that

(2.23) Zw]( ) if Z lwj(x)] < oo

so certainly it follows that

|Zw3 )= 1f(x le\wg )| < o0

So, set

k
(2:24) vi(e) = [ (@), vule) =Y o) |—|ng )| VazeR.

Then, for sure,

N
(2.25) > vkl 42% ) = |f(x le|wj )| < oo.
k=1

So equality holds off a set of measure zero and we only need to check that {v;} is
an absolutely summable series.

The triangle inequality in the ‘reverse’ form ||v| — |w|| < |v — w| shows that, for
k>1,

(2.26) ok (2 |—||Zw3 |—|Zw3 ) < Jwg(2)]-

Thus
(2.27) lvg] < |wg| < oo
3 [l <3 f o

so the vy’s do indeed form an absolutely summable series and (2.25) holds almost
everywhere, so |f| € L1(R).

For a positive function this last argument yields a real approximating sequence
with positive partial sums. [l

By combining these results we can see again that if f, g € L1(R) are both real
valued then

(2.28) f+ = max(f,0), max(f,g), min(f,g) € L'(R).

Indeed, the positive part, fi = %(|f| + f), max(f,g) = g+ (f — g)4, min(f,g) =
—max(—f, _g)

3. The integral on £!

Next we want to show that the integral is well defined via (2.20) for any approx-
imating series. From Propostion 2.2 it is enough to consider only real functions.
For this, recall a result concerning a case where uniform convergence of continu-
ous functions follows from pointwise convergence, namely when the convergence is
monotone, the limit is continuous, and the space is compact. It works on a general
compact metric space but we can concentrate on the case at hand.
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LEMMA 2.4. If u, € C.(R) is a decreasing sequence of non-negative functions
such that lim,_, o un,(z) = 0 for each xz € R then u, — 0 uniformly on R and
(2.29) lim [ u, =0.

n—oo

PROOF. Since all the u,(z) > 0 and they are decreasing (which really means
not increasing of course) if u; (x) vanishes at x then all the other w,,(x) vanish there
too. Thus there is one R > 0 such that u,(xz) = 0 if || > R for all n, namely
one that works for u;. So we only need consider what happens on [—R, R] which is
compact. For any € > 0 look at the sets

Sp ={z € [-R, R];up(z) > €}.

This can also be written S,, = u,, *([e,00)) N [~ R, R] and since u,, is continuous it
follows that S, is closed and hence compact. Moreover the fact that the u,(z) are
decreasing means that S, 11 C 5, for all n. Finally,

(1S =0

since, by assumption, u,(z) — 0 for each . Now the property of compact sets in a
metric space that we use is that if such a sequence of decreasing compact sets has
empty intersection then the sets themselves are empty from some n onwards. This
means that there exists N such that sup, u,(x) < € for all n > N. Since € > 0 was
arbitrary, u, — 0 uniformly.

One of the basic properties of the Riemann integral is that the integral of the
limit of a uniformly convergent sequence (even of Riemann integrable functions but
here continuous) is the limit of the sequence of integrals, which is (2.29) in this
case. (I

We can easily extend this in a useful way — the direction of monotonicity is
reversed really just to mentally distinquish this from the preceding lemma.

LEMMA 2.5. Ifv, € C.(R) is any increasing sequence such that lim, . v, () >
0 for each x € R (where the possibility v,(x) — oo is included) then

(2.30) lim [ v,dx > 0 including possibly + oco.
n—oo
ProoF. This is really a corollary of the preceding lemma. Consider the se-
quence of functions

() — 0 if vp(z) >0
(2.31) n(@) {—vn(:ﬂ) if v, () < 0.

Since this is the maximum of two continuous functions, namely —v,, and 0, it is
continuous and it vanishes for large z, so w, € C.(R). Since v, (z) is increasing,
wy, is decreasing and it follows that lim w,(z) = 0 for all = — either it gets there
for some finite n and then stays 0 or the limit of v,(x) is zero. Thus Lemma 2.4
applies to w,, so

lim [ wy(x)dz =0.
n—o0 R

Now, vy, (z) > —wy,(z) for all z, so for each n, [ v, > — [ w,. From properties of
the Riemann integral, v,,4+1 > v, implies that [ v,dz is an increasing sequence and
it is bounded below by one that converges to 0, so (2.30) is the only possibility. O
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From this result applied carefully we see that the integral behaves sensibly for
absolutely summable series.

LEMMA 2.6. Suppose u,, € C.(R) is an absolutely summable series of real-valued
functions, so > [ |uy|dx < oo, and also suppose that
n

(2.32) Zun(m) =0 a.e.
then

(2.33) Z/undx =0.

PRrROOF. As already noted, the series (2.33) does converge, since the inequality
| [updz| < [ |uy|dz shows that it is absolutely convergent (hence Cauchy, hence
convergent).

If E is a set of measure zero such that (2.32) holds on the complement then
we can modify w,, as in (2.14) by adding and subtracting a non-negative absolutely
summable sequence vy, which diverges absolutely on E. For the new sequence u,,
(2.32) is strengthened to

(2.34) Z |un ()] < 0o = Zun(aj) =0

n n
and the conclusion (2.33) holds for the new sequence if and only if it holds for the
old one.

Now, we need to get ourselves into a position to apply Lemma 2.5. To do
this, just choose some integer N (large but it doesn’t matter yet) and consider the
sequence of functions — it depends on N but I will suppress this dependence —

N+1
(2.35) Ui(2) = 3 un(@), Uj(a) = lunsy (@), § > 2

n=1
This is a sequence in C.(R) and it is absolutely summable — the convergence of
>~ ['|Uj|dz only depends on the ‘tail’ which is the same as for u,. For the same

1rjeauson7
(2.36) Z|U )| <00 == Jun(x)| < oo

Now the sequence of partlal sums
N+1

(237) go() = U @) = > un +me

n=1

is increasing with p — since we are adding non—negatlve functions. If the two equiv-
alent conditions in (2.36) hold then

N+1
(2.38) Zun(m) =0= Z Un () + Z lunt;(z)] > 0= hm gp( x) >0,

since we are only increasing each term. On the other hand if these conditions do
not hold then the tail, any tail, sums to infinity so

(2.39) plg{)lo gp(x) = o0.
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Thus the conditions of Lemma 2.5 hold for g, and hence
N+1

(2.40) ; / Un+ Y / |u;(x)]dz > 0.

J>N+2

Using the same inequality as before this implies that

(2.41) i;/un >-2 Y /|uj(x)|dx.

j>N+2

This is true for any N and as N — oo, limy_e >, [ |uj(z)|dz = 0. So
J>N+2
the fixed number on the left in (2.41), which is what we are interested in, must be
non-negative.
In fact the signs in the argument can be reversed, considering instead
N+1

(2.42) hi(z) = =) un(@), hyle) = lunsp(2)], p =2

n=1
and the final conclusion is the opposite inequality in (2.41). That is, we conclude
what we wanted to show, that

(243 > [ =0
" (I

Finally then we are in a position to show that the integral of an element of
LY(R) is well-defined.

PROPOSITION 2.3. If f € L1(R) then

(2.44) / f= lim > / Un

is independent of the approrimating sequence, u,, used to define it. Moreover,
N
= 1.
i Ngnm/;uk,

(2.45) [ 112 [ 151 and
nlgngoflf—jzzujl —0.

So in some sense the definition of the Lebesgue integral ‘involves no cancellations’.
There are various extensions of the integral which do exploit cancellations — I invite
you to look into the definition of the Henstock integral (and its relatives).

PROOF. The uniqueness of [ f follows from Lemma 2.6. Namely, if u,, and u,
are two series approximating f as in Proposition 2.1 then the real and imaginary
parts of the difference u!, — w,, satisfy the hypothesis of Lemma 2.6 so it follows

that
2fe-s
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Then the first part of (2.45) follows from this definition of the integral applied
to |f| and the approximating series for |f| devised in the proof of Proposition 2.2.
The inequality

(2.46) I;/unl < ;/unl

which follows from the finite inequalities for the Riemann integrals

IZ/W<Z/MKZ/M

n<N n<N

gives the second part.
The final part follows by applying the same arguments to the series {ug}r>n,
n
as an absolutely summable series approximating f — 3 u; and observing that the

j=1
integral is bounded by

(2.47) /\f Zuk|< Z /|uk|%0asn%oo

k=n+1

4. Summable series in £(R)

The next thing we want to know is when the ‘norm’, which is in fact only a
seminorm, on £'(R), vanishes. That is, when does [|f| = 0?7 One way is fairly
easy. The full result we are after is:-

PROPOSITION 2.4. For an integrable function f € L' (R), the vanishing of [ |f|
implies that f is a null function in the sense that

(2.48) f(x) =0V x € R\ E where E is of measure zero.
Conversely, if (2.48) holds then f € LY(R) and [|f]| = 0.

PROOF. The main part of this is the first part, that the vanishing of f |f]
implies that f is null. The converse is the easier direction in the sense that we have
already done it.

Namely, if f is null in the sense of (2.48) then |f| is the limit a.e. of the
absolutely summable series with all terms 0. It follows from the definition of the
integral above that |f| € £}(R) and [|f] = 0. O

For the forward argument we will use the following more technical result, which
is also closely related to the completeness of L!(R) (note the small notational
difference, L' is the Banach space which is the quotient by the null functions,
see below).

PROPOSITION 2.5. If f, € LY(R) is an absolutely summable series, meaning
that >~ [ | fn| < 0o, then

(2.49) ={zeR; Z | fr(x)| = 00} has measure zero.

If f: R — C satisfies
(2.50) f@) =" fal@) a.e
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/f:;/fn,
(251) |/fS/|f|=nﬁ_>ngo/|§fjlé;/|fj| and
nl;n;o/u—gfﬂ:o.

This basically says we can replace ‘continuous function of compact support’ by
‘Lebesgue integrable function’ in the definition and get the same result. Of course
this makes no sense without the original definition, so what we are showing is that
iterating it makes no difference — we do not get a bigger space.

then f € LY(R),

PROOF. The proof is very like the proof of completeness via absolutely sum-
mable series for a normed space outlined in the preceding chapter.
By assumption each f, € L1(R), so there exists a sequence u, ; € Cc(R) with

> [ |un ;| < o0 and
(2.52) Z [un j(z)] < 00 = fu(x) = Zun,j(x).

We might hope that f(x) is given by the sum of the u,, ;(x) over both n and j, but
in general, this double series is not absolutely summable. However we can replace
it by one that is. For each n choose N,, so that

(2.53) 3 / | < 277

J>Nn

This is possible by the assumed absolute summability — the tail of the series there-
fore being small. Having done this, we replace the series u, ; by

(2.54) Una = D (@), w,5(2) = N, 1 (@) VG > 2,
J<Nn
summing the first N,, terms. This still sums to f,, on the same set as in (2.52). So

in fact we can simply replace u,, ; by u;L,j and we have in addition the estimate

(2.55) Z/\u;,ﬂ < /|fn\ +27 "l v n,
J

This follows from the triangle inequality since, using (2.53),

N
XU VAR SUNEY HED oY AT EY AT
j=2 j>2

and the left side converges to [ |f,| by (2.45) as N — oo. Using (2.53) again gives
(2.55).

Dropping the primes from the notation and denoting the new series again as u, ;
we can let v, be some enumeration of the u,_ ; — using the standard diagonalization
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procedure for instance. This gives a new series of continuous functions of compact
support which is absolutely summable since

N

@5t 3 [l <X [lungl < ([ 1nal 42 <o
k=1 n,j n

Using the freedom to rearrange absolutely convergent series we see that

(258) D un(2)| < oo = f(z) = Y wk(@) =D D unjl@) = falx).
n,j k no g n

The set where (2.58) fails is a set of measure zero, by definition. Thus f € £L1(R)
and (2.49) also follows. To get the final result (2.51), rearrange the double series
for the integral (which is also absolutely convergent). ]

For the moment we only need the weakest part, (2.49), of this. To paraphrase
this, for any absolutely summable series of integrable functions the absolute point-
wise series converges off a set of measure zero — it can only diverge on a set of
measure zero. It is rather shocking but this allows us to prove the rest of Proposi-
tion 2.4! Namely, suppose f € £L}(R) and [ |f| = 0. Then Proposition 2.5 applies
to the series with each term being |f|. This is absolutely summable since all the
integrals are zero. So it must converge pointwise except on a set of measure zero.
Clearly it diverges whenever f(x) # 0,

(2.59) /|f| =0 = {a; f(z) # 0} has measure zero
which is what we wanted to show to finally complete the proof of Proposition 2.4.

5. The space L'(R)

At this point we are able to define the standard Lebesgue space
(2.60) LY(R) = £'(R)/N, N = {null functions}
and to check that it is a Banach space with the norm (arising from, to be pedantic)

Sl

THEOREM 2.1. The quotient space L*(R) defined by (2.60) is a Banach space
in which the continuous functions of compact support form a dense subspace.

The elements of L*(R) are equivalence classes of functions
(2.61) [(fl=f+N, feL'(R).
That is, we ‘identify’ two elements of £!(R) if (and only if) their difference is null,

which is to say they are equal off a set of measure zero. Note that the set which is
ignored here is not fixed, but can depend on the functions.

PROOF. For an element of L'(R) the integral of the absolute value is well-
defined by Propositions 2.2 and 2.4

(2.62) 1l = / L Fel]

and gives a semi-norm on L(R). It follows from Proposition 1.5 that on the quo-
tient, ||[f]|| is indeed a norm.

The completeness of L!(R) is a direct consequence of Proposition 2.5. Namely,
to show a normed space is complete it is enough to check that any absolutely
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summable series converges. If [f;] is an absolutely summable series in L'(R) then
f; is absolutely summable in £!(R) and by Proposition 2.5 the sum of the series
exists so we can use (2.50) to define f off the set E and take it to be zero on E.
Then, f € £L}(R) and the last part of (2.51) means precisely that

(2.63) Jim = S5l = g [ 17 5 =0

Jj<n j<n
showing the desired completeness. O

Note that despite the fact that it is technically incorrect, everyone says ‘L!(IR)
is the space of Lebesgue integrable functions’ even though it is really the space
of equivalence classes of these functions modulo equality almost everywhere. Not
much harm can come from this mild abuse of language.

Another consequence of Proposition 2.5 and the proof above is an extension of
Lemma 2.3.

PROPOSITION 2.6. Any countable union of sets of measure zero is a set of
measure zero.

PROOF. If E is a set of measure zero then any function f which is defined
on R and vanishes outside E is a null function - is in £*(R) and has [|f| = 0.
Conversely if the characteristic function of FE, the function equal to 1 on F and
zero in R \ E is integrable and has integral zero then E has measure zero. This
is the characterization of null functions above. Now, if F; is a sequence of sets of
measure zero and Yy is the characteristic function of

(2.64) U E
j<k

then [ |xx| = 0 so this is an absolutely summable series with sum, the characteristic
function of the union, integrable and of integral zero. O

6. The three integration theorems

Even though we now ‘know’ which functions are Lebesgue integrable, it is often
quite tricky to use the definitions to actually show that a particular function has
this property. There are three standard results on convergence of sequences of
integrable functions which are powerful enough to cover most situations that arise
in practice — a Monotonicity Lemma, Fatou’s Lemma and Lebesgue’s Dominated
Convergence theorem.

LEMMA 2.7 (Montonicity). If f; € LY(R) is a monotone sequence, either
fi(x) > fiti(x) for all x € R and all j or fij(x) < fiyi(z) for all z € R and
all j, and [ f; is bounded then

(2.65) {z € R; lim f;(z) is finite} =R\ E
j—o00

where E has measure zero and

f= lim f;(z) a.e. is an element of L'(R)
j—o0

(2.66) witn [ 1= tim [ g, ond i [17- 11 =0
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In the usual approach through measure one has the concept of a measureable, non-
negative, function for which the integral ‘exists but is infinite’ — we do not have
this (but we could easily do it, or rather you could). Using this one can drop the
assumption about the finiteness of the integral but the result is not significantly
stronger.

PROOF. Since we can change the sign of the f; it suffices to assume that the f;
are monotonically increasing. The sequence of integrals is therefore also montonic
increasing and, being bounded, converges. Turning the sequence into a series, by
setting g1 = f1 and g; = f; — fj—1 for j > 2 the g; are non-negative for j > 1 and

(2.67) Z/Igjl ZZ/gj =nli_{r;o/fn —/f1

converges. So this is indeed an absolutely summable series. We therefore know from
Proposition 2.5 that it converges absolutely a.e., that the limit, f, is integrable and
that

(2.68) [1=%[o=1m [5

The second part, corresponding to convergence for the equivalence classes in L' (IR)
follows from the fact established earlier about | f| but here it also follows from the
monotonicity since f(z) > f;(x) a.e. so

(2.69) [ir-5l=[1-[550mi-
O

Now, to Fatou’s Lemma. This really just takes the monotonicity result and
applies it to a sequence of integrable functions with bounded integral. You should
recall that the max and min of two real-valued integrable functions is integrable
and that

(2.70) [wintt.g) <win [ 1. [ o)

This follows from the identities

(2.71) 2max(f,g) = |f —gl+ f+g, 2min(f,g9) = ~[f —gl+ [+ g

LEMMA 2.8 (Fatou). Let f; € L1(R) be a sequence of real-valued non-negative
integrable functions such that [ f; is bounded then

f(z) = liminf f,(z) exists a.c., f € L*(R) and

n—oo

(272) /mmﬁh:/fgmmﬂ/h-

PROOF. You should remind yourself of the properties of liminf as necessary!
Fix k and consider

— : 1
(2.73) Fypn= pn folz) € LY (R).
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As discussed above this is integrable. Moreover, this is a decreasing sequence, as
n increases, because the minimum is over an increasing set of functions. The Fj, ,,
are non-negative so Lemma 2.7 applies and shows that

(2.74) (o) = inf fyfe) € ®), [or< [ £ 02k

Note that for a decreasing sequence of non-negative numbers the limit exists and
is indeed the infimum. Thus in fact,

Now, let k vary. Then, the infimum in (2.74) is over a set which decreases as k
increases. Thus the g (z) are increasing. The integrals of this sequence are bounded
above in view of (2.75) since we assumed a bound on the [ f,’s. So, we can apply
the monotonicity result again to see that

flx) = klim gr(z) exists a.e and f € L}(R) has

(2.76) ) /f < liminf/fn-

Since f(z) = liminf f,, (), by definition of the latter, we have proved the Lemma.
O

Now, we apply Fatou’s Lemma to prove what we are really after:-

THEOREM 2.2 (Dominated convergence). Suppose f; € L1 (R) is a sequence of
integrable functions such that

3 h e LYR) with |f;(x)| < h(x) a.e. and

f(z) = Jliglo fi(z) exists a.e.

(2.77)

then f € LY(R) and [f;] — [f] in LY(R), so [ f = limy o0 [ fn (including the
assertion that this limit exists).

Proor. First, we can assume that the f; are real since the hypotheses hold for
the real and imaginary parts of the sequence and together give the desired result.
Moreover, we can change all the f;’s to make them zero on the set on which the
initial estimate in (2.77) does not hold. Then this bound on the f;’s becomes

(2.78) —h(z) < fj(z) < h(z) Vz eR.

In particular this means that g; = h — f; is a non-negative sequence of integrable
functions and the sequence of integrals is also bounded, since (2.77) also implies
that [|f;| < [h,so [g; <2 [ h. Thus Fatou’s Lemma applies to the g;. Since we
have assumed that the sequence g;(x) converges a.e. to h — f we know that

h — f(z) = liminf g;(z) a.e. and

(2.79) /h_/fghminf/(h_fj) :/h—limsup/fj-

Notice the change on the right from liminf to limsup because of the sign.
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Now we can apply the same argument to gj(z) = h(z) + f;(z) since this is also
non-negative and has integrals bounded above. This converges a.e. to h(z) + f(x)
so this time we conclude that

(2.80) /h+/f§nminf/(h+fj)=/h+1iminf/fj.

In both inequalities (2.79) and (2.80) we can cancel an | h and combining them we
find

(2.81) limsup/fj §/f§hminf/fj.

In particular the limsup on the left is smaller than, or equal to, the liminf on the
right, for the same real sequence. This however implies that they are equal and
that the sequence [ f; converges. Thus indeed

(2.82) /f = lim [ fn.
n—oo
Convergence of f,, to f in L*(R) follows by applying the results proved so far
to |f — fnl, converging almost everywhere to 0. In this case (2.82) becomes

lim /|f—fn|:0.
n—oo
O

Generally in applications it is Lebesgue’s dominated convergence which is used
to prove that some function is integrable. Of course, since we deduced it from
Fatou’s lemma, and the latter from the Monotonicity lemma, you might say that
Lebesgue’s theorem is the weakest of the three! However, it is very handy and often
a combination does the trick. For instance

LEMMA 2.9. A continuous function u € C(R) is Lebesgue integrable if and only
if the ‘improper Riemann integral’

R
(2.83) lim |u(z)|dz < oo.
R—oo J_p
Note that the ‘improper integral’” without the absolute value can converge without
u being Lebesgue integrable.

PROOF. If (2.83) holds then consider the sequence of functions vy = x[—n,n)|ul,
which we know to be in L!(R) by Lemma 2.2. This is monotonic increasing with
limit |u|, so the Monotonicity Lemma shows that |u| € L*(R). Then consider
wy = X[—n,N)t Which we also know to be in L'(R). Since it is bounded by |u| and
converges pointwise to u, it follows from Dominated Convergence that v € L'(R).
Conversely, if u € L*(R) then |u| € L'(R) and x[_n,nj|u| € L'(R) converges to |ul
so by Dominated Convergence (2.83) must hold. O

So (2.83) holds for any u € L*(R).
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7. Notions of convergence
We have been dealing with two basic notions of convergence, but really there
are more. Let us pause to clarify the relationships between these different concepts.

(1) Convergence of a sequence in L!'(R) (or by slight abuse of language in
LYR)) — f and f, € L'(R) and

(2.84) lf = fullLr = 0 as n — oo.
(2) Convergence almost everywhere:- For some sequence of functions f, and
function f,
(2.85) fu(x) = f(z) asn — oo for x e R\ E

where E C R is of measure zero.

(3) Dominated convergence:- For f; € L'(R) (or representatives in £!(R))
such that |f;| < F (a.e.) for some F € L*(R) and (2.85) holds.

(4) What we might call ‘absolutely summable convergence’. Thus f,, € L*(R)

n

are such that f, = > g; where g; € L*(R) and )" [ |g;| < co. Then (2.85)
—~ ,

holds for some f. ’ ’

(5) Monotone convergence. For f; € L}(R), real valued and montonic, we
require that f f; is bounded and it then follows that f; — f almost
everywhere, with f € £1(R) and that the convergence is £ and also that
[ f=Tim; [ f;.

So, one important point to know is that 1 does not imply 2. Nor conversely
does 2 imply 1 even if we assume that all the f; and f are in L'(R).

However, montone convergence implies dominated convergence. Namely if f is
the limit then |f;| < [f| + 2|f1] and f; — f almost everywhere. Also, monotone
convergence implies convergence with absolute summability simply by taking the
sequence to have first term f; and subsequence terms f; — f;_1 (assuming that f;
is monotonically increasing) one gets an absolutely summable series with sequence
of finite sums converging to f. Similarly absolutely summable convergence implies
dominated convergence for the sequence of partial sums; by montone convergence
the series Y | f,.(z)| converges a.e. and in L' to some function F' which dominates

n
the partial sums which in turn converge pointwise. I suggest that you make a
diagram with these implications in it so that you are clear about the relationships
between them.

8. The space L*(R)

So far we have discussed the Banach space L!(R). The real aim is to get a
good hold on the (Hilbert) space L?(R). This can be approached in several ways.
We could start off as for L*(R) and define L?(R) as the completion of C.(R) with
respect to the norm

(2.36) i1 = ( IfIQ)é~

This would be rather repetitious; instead we adopt an approach based on Dominated
Convergence. You might think, by the way, that it is enough just to ask that
|f|* € £Y(R). This does not work, since even if real the sign of f could jump
around and make it non-integrable (provided you believe in the axiom of choice).
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Nor would this approach work for L*(R) since |f| € L'(R) does not imply that
e L\(R).

DEFINITION 2.4. A function f : R — C is said to be ‘Lebesgue square inte-
grable’, written f € £2(R), if there exists a sequence u,, € C.(R) such that

(2.87) un(z) = f(z) ae. and |u, (2)|*> < F(z) a.e. for some F € L}(R).

PROPOSITION 2.7. The space L?(R) is linear, f € L*(R) implies |f|? € L*(R)
and (2.86) defines a seminorm on L2(R) which vanishes precisely on the null func-
tions N' C L%(R).

DEFINITION 2.5. We define L?(R) = L(R)/N.

So we know that L?(R) is a normed space. It is in fact complete and much more!

PRrOOF. First to see the linearity of £2(R) note that if f € £L2(R) and ¢ € C
then cf € L2(R) since if u,, is a sequence as in the definition for f then cu,, is such
a sequence for cf.

Similarly if f, g € £2(R) with sequences u,, and v,, then w,, = u,, + v,, has the
first property — since we know that the union of two sets of measure zero is a set
of measure zero and the second follows from the estimate

(2:88)  |wa(@)* = Jun(@) +va(2)|* < 2fun(@)]? + 2lva(2)[* < 2(F + G)(2)

where |u, (7)|? < F(x) and |v,(2)|? < G(z) with F, G € L}(R).

Moreover, if f € £L2(R) then the sequence |u,(z)|? converges pointwise almost
everywhere to | f(x)|? so by Lebesgue’s Dominated Convergence, | f|? € £1(R). Thus
|l fllz2 is well-defined. It vanishes if and only if |f|> € A/ but this is equivalent to
f € N — conversely N' C L2(R) since the zero sequence works in the definition
above.

So we only need to check the triangle inquality, absolute homogeneity being
clear, to deduce that L? = £2/N is at least a normed space. In fact we checked
this earlier on C.(R) and the general case follows by continuity:-

(2.89) [wn +vallze < llunllze + foalle V0 =
1 +glle = lim flun +vallze < £l122 + gl 2o
n— oo

O

We will get a direct proof of the triangle inequality as soon as we start talking
about (pre-Hilbert) spaces.

So it only remains to check the completeness of L?(R), which is really the whole
point of the discussion of Lebesgue integration.

THEOREM 2.3. The space L?(R) is complete with respect to || - ||z and is a
completion of C.(R) with respect to this norm.

ProOF. That C.(R) C L?*(R) follows directly from the definition and the fact
that a continuous null function must vanish. This is a dense subset since, if f €
L%(R) a sequence u,, € C¢(R) as in Definition 2.4 satisfies

(2.90) |t () — um (2)|*> < 4F(x) ¥ n, m,
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and converges almost everwhere to |f(z) — u,, (z)|? as n — co. Thus, by Dominated
Convergence, |f(x) — um(z)]? € LYR). As m — oo, |f(x) — upm(z)|? — 0 almost
everywhere and |f(x) — w, (2)|?> < 4F(z) so again by dominated convergence

(
(2.91) 1F = timllze = (1(1f = wm[2)l|£1)) % = 0.

This shows the density of C.(R) in L?(R), the quotient by the null functions.

To prove completeness, we only need show that any absolutely L2-summable
sequence in C.(R) converges in L? and the general case follows by density. So,
suppose ¢, € C.(R) is such a sequence:

Y lIgallze < oo
n

2
Consider Fy(z) = ( > ok (x)|> . This is an increasing sequence in C.(R) and its
n<k

L! norm is bounded:
2

(2.92) 1l = 11D 1oalllfe < | D Idullze | <C% < o0

n<k n<k
using the triangle inequality and absolutely L? summability. Thus, by Monotone
Convergence, Fi(z) — F(z) a.e., F, — F € L(R) and Fy(z) < F(z) a.e., where
we define F'(z) to be the limit when this exists and zero otherwise.

Thus the sequence of partial sums ux(x) = > ¢, (x) converges almost every-
n<k

where — since it converges (absoliutely) on the set where Fj, is bounded. Let f(z)

be the limit. We want to show that f € £2(R) but this follows from the definition

since

(2.93) [ur(@)® < (Y 16n(@)])? = Fi(z) < F() ace.

n<k
As in (2.91) it follows that

(2.94) [ lunta) = £(a)
As for the case of L'(R) it now follows that L?(R) is complete. O

We want to check that L?(R) is a Hilbert space (which I will define very soon,
even though it is in the next Chapter); to do so observe that if f, g € L2(R)
have approximating sequences u,, v, as in Definition 2.4, so |u,(z)|?> < F(x) and
lon(2)|? < G(z) with F, G € L(R) then

(2.95) Un () (z) = f(z)g(x) ae. and |up(z)v, ()] < %(F(x) + G(2))

shows that fg € £}(R) by Dominated Convergence. This leads to the basic property
of the norm on a (pre)-Hilbert space — that it comes from an inner product. In this
case

(2.96) (f.9)r2 = [ fl2)g(@), | fllez = (f, )2

At this point I normally move on to the next chapter on Hilbert spaces with
L?(R) as one motivating example.
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9. Measurable and non-measurable sets

The o-algebra of Lebesgue measurable sets on the line is discussed below but
we can directly consider the notion of a set of finite Lebesgue measure. Namely
such a set A C R is defined by the condition that the chactacteristic function

(2.97) xa(@) = {(1) L ; |

is Lebesgue integrable, x4 € £(R). The measure of the set (think ‘length’) is then
11(A) = [ xa the properties of which are discussed below. Certainly if A C [-R, R]
has finite measure then p(A) < 2R from the properties of the integral. Similalry if
A; C [-R, R] are a sequence of sets of finite measure which are disjoint, A;NA; = 0,
1 # j, then

(2.98) A= |_| A; has finite measure and p(A4) = Z w(A;)

using Monotone Convergence.

Now the question arises, enquiring minds want to know after all:- Are there
bounded sets which are not of finite measure? Similarly, are there functions of
bounded support which are not integrable? It turns out this question gets us into
somewhat deep water, but it is important to understand some of the limitiations
that the insistence on precision in Mathematics places on its practitioners!

Let me present a standard construction of a non-(Lebesgue-)measurable subset
of [0,1] and then comment on the issues that it raises. We start with the quotient
space and quotient map

(2.99) ¢g:R—R/Q, qz)={yeRy=x+r, r€Q}.
This partitions R into disjoint subsets
(2.100) R= || ¢'(n).

TER/Q

Two of these sets intersect if and only if they have elements differing by a rational,
and then they are the same.

Now, each of these sets ¢~1(7) intersects [0, 1]. This follows from the density of
the rationals in the reals, since if € ¢~1(7) there exists r € Q such that |z —r| < 1
and then 2/ =z + (—r + 3) € ¢~ (7) N[0, 1]. So we can ‘localize’ (2.100) to

(2.101) [0,1] = |_| L(t), L(T) = ¢ (1) N[0,1]
TER/Q

where all the sets L(7) are non-empty.

DEFINITION 2.6. A Vitali set, V C [0,1], is a set which contains precisely one
element from each of the L(7).

Take such a set V' and consider the translates of it by rationals in [—1, 1],
(2.102) Vi={yel[-1,2y=xz+r 2V}, reqQ, |r|<1.

For different r these are disjoint — since by construction no two distinct elements
of V differ by a rational. The union of these sets however satisfies

(2.103) 01c || V.cl-12.
reQ,|r|<1
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Now, we can simply order the sets V,. into a sequence A; by ordering the rationals
in [—1,1].

Suppose V is of finite Lebesgue measure. Then we know that all the V,. are
of finite measure and p(V,.) = u(V) = p(A;) for all i, from the properties of the
Lebesgue integral. This means that (2.98) applies, so we have the inequalities

(2.104) p(0.1) = 1< 3 (V) <3 = u((-1,2)).

Clearly we have a problem! The only way the right-hand inequality can hold is if
w(V) =0, but then the left-hand inequality fails.

Our conclusion then is that V' cannot be Lebesgue measurable! Or is it? Since
we are careful people we trace back through the discussion and see (it took people
a long, long, time to recognize this) more precisely:-

PROPOSITION 2.8. If a Vitali set, V' C [0,1] exists, containing precisely one
element of each of the sets L(T), then it is bounded and not of finite Lebesgue
measure; its characteristic function is a non-negative function of bounded support
which is not Lebesgue integrable.

Okay, so what is the ‘issue’ here. It is that the existence of such a Vitali set
requires the Aziom of Choice. There are lots of sets L(7) so from the standard
(Zermelo-Fraenkel) axions of set theory it does not follow that you can ‘choose an
element from each’ to form a new set. That is a (slightly informal) version of the
additional axiom. Now, it has been shown (namely by Godel and Cohen) that the
Axiom of Choice is independent of the Zermelo-Fraenkel Axioms. This does not
mean consistency, it means conditional consistency. The Zermelo-Fraenkel axioms
together with the Axiom of Choice are inconsistent if and only if the Zermelo-
Fraenkel axioms on their own are inconsistent.

Conclusion: As a working Mathematician you are free to choose to believe in
the Axiom of Choice or not. It will make your life easier if you do, but it is up to
you. Note that if you do not admit the Axiom of Choice, it does not mean that
all bounded real sets are measurable, in the sense that you can prove it. Rather it
means that it is consistent to believe this (as shown by Solovay).

See also the discussion of the Hahn-Banach Theorem in Section 1.12.

10. Measurable functions

From our original definition of £}(R) we know that C.(R) is dense in L*(R).
We also know that elements of C.(R) can be approximated uniformly, and hence in
L*(R) by step functions — finite linear combinations of the characteristic functions
of intervals. It is usual in measure theory to consider a somewhat larger class of
functions which contains the step functions:

DEFINITION 2.7. A simple function on R is a finite linear combination (gener-
ally with complex coefficients) of characteristic functions of subsets of finite mea-
sure:

N
(2.105) F=Y ex(B;), x(B)) € L'(R), ¢; € C.
j=1

The real and imaginary parts of a simple function are simple and the positive
and negative parts of a real simple function are simple. Since step functions are



11. THE SPACES L”(R) 59

simple, we know that simple functions are dense in £ (R) and that if 0 < F € £L1(R)
then there exists a sequence of simple functions (take them to be a summable
sequence of step functions) f, > 0 such that f, — F almost everywhere and
fn < G for some other G € L1(R).

We elevate a special case of the second notion of convergence above to a defi-
nition.

DEFINITION 2.8. A function f : R — C is (Lebesgue) measurable if it is the
pointwise limit almost everywhere of a sequence of simple functions.

LEMMA 2.10. A function is Lebesgue measurable if and only if it is the pointwise
limit, almost everywhere, of a sequence of continuous functions of compact support.

Proor. Continuous functions of compact support are the uniform limits of
step functions, so this condition certainly implies measurability in the sense of
Definition 2.8. Conversely, suppose a function f is the limit almost everywhere
of a squence u,, of simple functions. Each of these functions is integrable, so we
can find ¢, € C.(R) such that ||u, — ¢n||z1 < 27™. Then the telescoped sequence
vy = uy — @1, vk = (ug — ) — (ug—1 — dr—1), k > 1, is absolutely summable so
Uy, — ¢, — 0 almost everywhere, and hence ¢,, — f off a set of measure zero. [

So replacing ‘simple functions’ by continuous functions in Definition 2.8 makes
no difference — and the same for approximation by elements of £!(R).

The measurable functions form a linear space since if f and g are measurable
and f,, g, are sequences of simple functions as required by the definition then
c1fn(x) + cafa(x) — c1 f(x) + cag(x) on the intersection of the sets where f,(z) —
f(z) and g,(x) — g(x) which is the complement of a set of measure zero.

Now, from the discussion above, we know that each element of £!(R) is mea-
surable. Conversely:

LEMMA 2.11. A function f : R — C is an element of L'(R) if and only if it
is measurable and there exists F € LY (R) such that |f| < F almost everywhere.

PRrROOF. If f is measurable there exists a sequence of simple functions f,, such
that f, — f almost everywhere. The real part, Re f, is also measurable as the
limit almost everywhere of Re f,, and from the hypothesis | Re f| < F. We know
that there exists a sequence of simple functions g,, g, — F almost everywhere and
0 < g, < G for another element G € £(R). Then set

gn(x) if Re fu(z) > gn(z)
(2.106) Un(z) = ¢ Re fu(z) if —gn(z) < Re fu(z) < gnlx)
—gn(x) if Re fn(x) < —gn(z).

Thus u,, = max(v,, —g,) where v,, = min(Re f,, g,) so wu, is simple and u,, — f
almost everywhere. Since |u,| < G it follows from Lebesgue Dominated Conver-
gence that Re f € L}(R). The same argument shows Im f = —Re(if) € L(R) so
f € LY(R) as claimed. O

11. The spaces LP(R)

We use Lemma 2.11 as a model:
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DEFINITION 2.9. For 1 < p < 0o we set
(2.107) LP(R) = {f : R — C; f is measurable and |f|? € L*(R)}.
For p = oo we set

(2.108) LP(R) = {f:R — C; f measurable and 3 C s.t. |f(z)| < C a.e}

Observe that, in view of Lemma 2.10, the case p = 2 gives the same space as
Definition 2.4.

PROPOSITION 2.9. For each 1 < p < oo,

(2.109) fullr = ( / |u|p)

is a seminorm on the linear space LP(R) wvanishing only on the null functions and
making the quotient LP(R) = /N into a Banach space.

PRrROOF. The real part of an element of £7(R) is in £P(R) since it is measurable
and |Re f|[P < |f|P so |Re f|P € L£L}(R). Similarly, £P(R) is linear; it is clear that
cf € LP(R)if f € LP(R) and ¢ € C and the sum of two elements, f, g, is measurable
and satisfies |f + g|P < 2P(|f|P + |g|P) so |f + g|P € L1(R).

We next strengthen (2.107) to the approximation condition that there exists a
sequence of simple functions v, such that

(2.110) vp — f ae. and |v,|P < F € LY(R) ae.

which certainly implies (2.107). As in the proof of Lemma 2.11, suppose f €

LP(R) is real and choose f,, real-valued simple functions and converging to f almost

everywhere. Since |f[P € L}(R) there is a sequence of simple functions 0 < h,, such

that |h,| < F for some F € L1(R) and h,, — |f|? almost everywhere. Then set
1

gn = h# which is also a sequence of simple functions and define v,, by (2.106). Tt
follows that (2.110) holds for the real part of f but combining sequences for real
and imaginary parts such a sequence exists in general.

The advantage of the approximation condition (2.110) is that it allows us to
conclude that the triangle inequality holds for ||u||z» defined by (2.109) since we
know it for simple functions and from (2.110) it follows that |v,|? — |f|P in £}(R)
0 ||up|lze = || fllze- Then if w, is a similar sequence for g € LP(R)

(2.111)
| f+gllrr <limsup ||vp+wy| e <limsup ||v,||Lr+Flimsup ||wy||r = || fllLe+]g]lLr-
n n n

The other two conditions being clear it follows that |lul/Lr is a seminorm on £P(R).
The vanishing of ||u|L» implies that |ul? and hence v € N and the converse
follows immediately. Thus LP(R) = £LP(R) /N is a normed space and it only remains
to check completeness.
We know that completeness is equivalent to the convergence of any absolutely
summable series. So, we can suppose f, € LP(R) have

(2.112) Zn: </ |fn|P>; < oo0.

Consider the sequence g, = fnX[-g,g for some fixed R > 0. This is in LY(R) and

(2.113) lgnll < 2R) || fullLe



12. LEBESGUE MEASURE 61
by the integral form of Holder’s inequality
(2.114)
1 1
feL®), g€ LUR), S+ =1— fg L'(R) and |/fg| < 1l gl e

which can be proved by the same approximation argument as above, see Problem 77.
Thus the series g, is absolutely summable in L' and so converges absolutely al-
most everywhere. It follows that the series Y f,,(z) converges absolutely almost

everywhere — since it is just Y gn(z) on [—R, R], to a function, f.
So, we only need show that f € £P(R) and that [|f — F,[P — 0 as n — oo
where F,, = > fi. By Minkowski’s inequality we know that h, = (> |fx|)? has
k=1 k=1

bounded L' norm, since

(2.115) Ml g = 11D Fellze < Y M1 fellio-
k=1 k

Thus, h,, is an increasing sequence of functions in £!(R) with bounded integral,
so by the Monotonicity Lemma it converges a.e. to a function A € L£(R). Since
|Fn|P < h and |F,|? — |f|P a.e. it follows by Dominated convergence that

(2.116) 1P € 22 ®), 1PN < S I fullio

and hence f € LP(R). Applying the same reasoning to f — F),, which is the sum of
the series starting at term n + 1 gives the norm convergence:

(2.117) If = Fulle <> Ifulle = 0 as n — oo
k>n

A function f: R — C is locally integrable if

f(l‘) mE[—N,N} 1
2.118 Fi_ = = Fj_ e L (R)Y N.
( ) NN {O it o] > N NN (R)

So any continuous function on R is locally integrable as is any element of £(R).
LEMMA 2.12. The locally integrable functions form a linear space, L}, .(R) and
LP(R) = {f € Lioo(R);|fI? € L(R)} 1 <p < o0
(2.119) L®R)={f¢€ E%OC(R);%I\IE |f(z)] < oo for some E of measure zero.}

The proof is left as an exercise.

12. Lebesgue measure

In case anyone is interested in how to define Lebesgue measure from where we
are now we can just use the integral.

DEFINITION 2.10. A set A C R is measurable if its characteristic function x 4 is
locally integrable. A measurable set A has finite measure if y4 € £}(R) and then

(2.120) n(A) = /XA
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is the Lebesgue measure of A. If A is measurable but not of finite measure then
1(A) = oo by definition.

We know immediately that any interval (a,b) is measurable (indeed whether
open, semi-open or closed) and has finite measure if and only if it is bounded —
then the measure is b — a.

PROPOSITION 2.10. The complement of a measurable set is measurable and any
countable union or countable intersection of measurable sets is measurable.

PROOF. The first part follows from the fact that the constant function 1 is
locally integrable and hence xr\4 = 1 — x4 is locally integrable if and only if x4 is
locally integrable.

Notice the relationship between a characteristic function and the set it defines:-

(2.121) XAuB = max(xa,XB), XanB = min(xa, XB)-

If we have a sequence of sets A,, then B, = J, ., A is clearly an increasing
sequence of sets and

(2.122) XB, = X8, B=)Y_ A,

is an increasing sequence which converges pointwise (at each point it jumps to 1
somewhere and then stays or else stays at 0.) Now, if we multiply by x;_n,n] then

(2.123) Jn = X[-N,NJXB, = XBA[-N,N]

is an increasing sequence of integrable functions — assuming that is that the A;’s are
measurable — with integral bounded above, by 2/N. Thus by the monotonicity lemma
the limit is integrable so xp is locally integrable and hence | J,, A, is measurable.
For countable intersections the argument is similar, with the sequence of char-
acteristic functions decreasing. O

COROLLARY 2.1. The (Lebesgue) measurable subsets of R form a collection,
M, of the power set of R, including ) and R which is closed under complements,
countable unions and countable intersections.

Such a collection of subsets of a set X is called a ‘c-algebra’ — so a o-algebra
Y in a set X is a collection of subsets of X containing X, ), the complement of
any element and countable unions and intersections of any element. A (positive)
measure is usually defined as a map p: ¥ — [0, 00] with p(@) = 0 and such that

(2.124) M(U En) = ZN(ETL)

for any sequence {E,,} of sets in 3 which are disjoint (in pairs).

As for Lebesgue measure a set A € ¥ is ‘measurable’ and if p(A) is not of finite
measure it is said to have infinite measure — for instance R is of infinite measure
in this sense. Since the measure of a set is always non-negative (or undefined if it
isn’t measurable) this does not cause any problems and in fact Lebesgue measure
is countably additive as in (2.124) provided we allow oo as a value of the measure.
It is a good exercise to prove this!
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13. Higher dimensions

I have never actually covered this in lectures — there is simply not enough time.
Still it is worth knowing that the Lebesgue integral in higher dimensional Euclidean
spaces can be obtained following the same line of reasoning. So, we want — with
the advantage of a little more experience — to go back to the beginning and define
LYR™), LY(R™), £2(R™) and L?(R™). In fact relatively little changes but there are
some things that one needs to check a little carefully.

The first hurdle is that I am not assuming that you have covered the Riemann
integral in higher dimensions; it is in my view a rather pointless thing to do anyway.
Fortunately we do not really need that since we can just iterate the one-dimensional
Riemann integral for continuous functions. So, define

(2.125) Co(R™) = {u: R"™ — C; continuous and such that u(z) =0 for |z| > R}

where of course the R can depend on the element. Now, if we hold say the last
n — 1 variables fixed, we get a continuous function of one variable which vanishes
when |z| > R:

(2.126) u(, g, ..., 2n) € Co(R) for each (x,...,2,) € R" L

So we can integrate it and get a function
(2127) 11(.1'2, s 7:1"771) = / u(l‘,ﬁl}l, N ,.’En), Il : Rn_l — C.
R

LEMMA 2.13. For each u € C.(R™), I} € C.(R"™1).

ProoF. Certainly if |(z2,...,2,)| > Rthenu(-,zq,...,z,) = 0 as a function of
the first variable and hence Iy = 0 in |(z2, ..., 2,)| > R. The continuity follows from
the uniform continuity of a function on the compact set |z| < R, |(z2,...,2,) < R

of R™. Thus given € > 0 there exists § > 0 such that
(2.128) |z —2'| <6, |y — ¢ |gn—1 <0 = |u(z,y) —ulx',y)] <e
From the standard estimate for the Riemann integral,
R
(2.129) I (y) — L (Y)| < / lu(z,y) — u(z,y')|dr < 2Re
-R
if |y — 9’| < 4. This implies the (uniform) continuity of I. Thus I; € C.(R*~2) O

The upshot of this lemma is that we can integrate again, and hence a total of
n times and so define the (iterated) Riemann integral as

R R R
(2.130) / u(z)dz = / / . / w(xy, X2, T3, ..., Ty)dx1des . .. dx, € C.
R -RJ-R -R

LEMMA 2.14. The interated Riemann integral is a well-defined linear map
(2.131) C.(R") — C
which satisfies

(2.132) |/u\ < /|u| < (2R)"sup |u| if u € C.(R™) and u(z) =0 in |z| > R.

Proor. This follows from the standard estimate in one dimension. O
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Now, one slightly annoying thing is that we would really want to know that
the integral is independent of the order of integration. In fact it is not hard — see
Problem XX. Again using properties of the one-dimensional Riemann integral we
find:-

LEMMA 2.15. The iterated integral

(2.133) e = [ Ju
R

is a norm on C.(R™).

DEFINITION 2.11. The space £}(R") is defined to consist of those functions
f: R™ — C such that there exists a sequence {f,} which is absolutely summable
with respect to the L' norm and such that

(2.134) S (@) < oo =Y falz) = f(2).

Now you can go through the whole discusion above in this higher dimensional
case, and the only changes are really notational!

Things get a littlem more complicated in the discussion of change of variable.
This is covered in the problems. There are also a few other theorems it is good to
know!



CHAPTER 3

Hilbert spaces

There are really three ‘types’ of Hilbert spaces (over C). The finite dimen-
sional ones, essentially just C™, for different integer values of n, with which you are
pretty familiar, and two infinite dimensional types corresponding to being separa-
ble (having a countable dense subset) or not. As we shall see, there is really only
one separable infinite-dimensional Hilbert space (no doubt you realize that the C"
are separable) and that is what we are mostly interested in. Nevertheless we try
to state results in general and then give proofs (usually they are the nicest ones)
which work in the non-separable cases too.

I will first discuss the definition of pre-Hilbert and Hilbert spaces and prove
Cauchy’s inequality and the parallelogram law. This material can be found in many
other places, so the discussion here will be kept succinct. One nice source is the
book of G.F. Simmons, “Introduction to topology and modern analysis” [5]. I like
it — but I think it is long out of print.

1. pre-Hilbert spaces

A pre-Hilbert space, H, is a vector space (usually over the complex numbers
but there is a real version as well) with a Hermitian inner product

(,) :Hx H—C,
(3.1) (AMv1 + Agv2, w) = A1 (v1, W) + Ao (v2, w),
(w,v) = (v, w)
for any vy, vo, v and w € H and Aq, Ay € C which is positive-definite
(3.2) (v,v) >0, (v,v) =0= v =0.

Note that the reality of (v, v) follows from the ‘Hermitian symmetry’ condition in
(3.1), the positivity is an additional assumption as is the positive-definiteness.

The combination of the two conditions in (3.1) implies ‘anti-linearity’ in the
second variable

(3.3) (v, Mwy + Aows) = Ay (v, w1) + Ao (v, wo)

which is used without comment below.
The notion of ‘definiteness’ for such an Hermitian inner product exists without
the need for positivity — it just means

(3.4) (u,v) =0Vv e H = u=0.
LEMMA 3.1. If H is a pre-Hilbert space with Hermitian inner product {(,) then
1
(3.5) [[ull = (u,u)?
is a norm on H.
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PROOF. The first condition on a norm follows from (3.2). Absolute homogene-
ity follows from (3.1) since
(3.6) X = (v, Ay = APl

So, it is only the triangle inequality we need. This follows from the next lemma,
which is the Cauchy-Schwarz inequality in this setting — (3.8). Indeed, using the
‘sesqui-linearity’ to expand out the norm

(3.7) Mu+ol* = (u+wv,u+w)
= Jlull® + (u,v) + (v, u) + ol <l + 2[full o] + [[]>
= (lull +[lv[)?.
O
LEMMA 3.2. The Cauchy-Schwarz inequality,
(3.8) [(uw, 0)| < lullllvll V u,v e H
holds in any pre-Hilbert space.

PROOF. This inequality is trivial if either v or v vanishes. For any non-zero u,
v € H and s € R positivity of the norm shows that

(3.9) 0 < Jlu+ svl* = [lull® + 2s Re(u, v) + s*[[v]|*.

This quadratic polynomial in s is non-zero for s large so can have only a single
minimum at which point the derivative vanishes, i.e. it is where

(3.10) 2s||v]|* + 2Re(u,v) = 0.
Substituting this into (3.9) gives
(3.11) [ul* = (Re(u, v))*/[[v]]* > 0 = |Re(u, v)| < [[ull]|v]

which is what we want except that it is only the real part. However, we know that,
for some z € C with |z| = 1, Re(zu,v) = Rez(u,v) = |[(u,v)| and applying (3.11)
with u replaced by zu gives (3.8). O

COROLLARY 3.1. The inner product is continuous on the metric space (i.e. with
respect to the norm) H x H.

PrOOF. Corollaries really aren’t supposed to require proof! If (u;,v;) = (u,v)
then, by definition ||u — u;|| = 0 and ||v — v;|| — 0 so from

(3.12)  [{u,v) = (uz, v3)] < [u, 0) = (u,v)] + [{u, v;) = (u;,v5)]
< lullflo =il + llw — ;[ {lv]]
continuity follows. ([
COROLLARY 3.2. The Cauchy-Scwharz inequality is optimal in the sense that

(3.13) lul = sup |(u,v)].
veH;|[v]| <1

I really will leave this one to you.
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2. Hilbert spaces

DEeFINITION 3.1. A Hilbert space H is a pre-Hilbert space which is complete
with respect to the norm induced by the inner product.

As examples we know that C" with the usual inner product
n
(3.14) (2,2) = Z 22
j=1

is a Hilbert space — since any finite dimensional normed space is complete. The
example we had from the beginning of the course is [? with the extension of (3.14)

(3.15) (a,b) = a;b;, a,bel”.
j=1

Completeness was shown earlier.
The whole outing into Lebesgue integration was so that we could have the
‘standard example’ at our disposal, namely

(3.16) L*(R) = {u € Lic(R); [u* € L1(R)}/N

where N is the space of null functions. The inner product is

(3.17) (, ) = / T,

Note that we showed that if u, v € £2(R) then uv € £L}(R). We also showed that
if [|u[? =0 then u = 0 almost everywhere, i.e. u € N, which is the definiteness of
the inner product (3.17). It is fair to say that we went to some trouble to prove
the completeness of this norm, so L?(R) is indeed a Hilbert space.

3. Orthonormal sequences
Two elements of a pre-Hilbert space H are said to be orthogonal if

(3.18) (u,v) = 0 which can be written u L v.

A sequence of elements e; € H, (finite or infinite) is said to be orthonormal if
le;]l =1 for all ¢ and (e;, e;) = 0 for all ¢ # j.

PROPOSITION 3.1 (Bessel’s inequality). Ife;, i € N, is an orthonormal sequence
in a pre-Hilbert space H, then

(3.19) Z |(u, e)|* < |Jul|* ¥ u e H.
PROOF. Start with the finite case, ¢ =1, ..., N. Then, for any v € H set
N
(3.20) v = Z(u,ez)ei.
i=1

This is supposed to be ‘the projection of w onto the span of the e;’. Anyway,
computing away we see that

N

(3.21) (v,ej) =Y (u,ei){eiej) = (u,e5)

=1
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using orthonormality. Thus, v —v L e; for all j so v —v L v and hence
(3.22) 0= (u—uv,v) = (u,v) — ||Jv||.

Thus ||v||? = |{u, v)| and applying the Cauchy-Schwarz inequality we conclude that
o] < ||v]|||u]| so either v = 0 or ||v|| < |ju|. Expanding out the norm (and
observing that all cross-terms vanish)
N
loll> = >~ 1w, ea)* < Jlull?
i=1
which is (3.19).
In case the sequence is infinite this argument applies to any finite subsequence,
e;, i = 1,..., N since it just uses orthonormality, so (3.19) follows by taking the
supremum over N. O

4. Gram-Schmidt procedure

DEFINITION 3.2. An orthonormal sequence, {e;}, (finite or infinite) in a pre-
Hilbert space is said to be mazimal if

(3.23) u€ H, (u,e;) =0V i= u=0.

THEOREM 3.1. FEvery separable pre-Hilbert space contains a mazximal orthonor-
mal sequence.

Proor. Take a countable dense subset — which can be arranged as a sequence
{v;} and the existence of which is the definition of separability — and orthonormalize
it. First if v; # 0 set e; = v1/||v1||. Proceeding by induction we can suppose we
have found, for a given integer n, elements e;, i = 1,...,m, where m < n, which
are orthonormal and such that the linear span

(3.24) sp(e1, ..., em) =sp(v1,...,0n).
We certainly have this for n = 1. To show the inductive step observe that if v, 41
is in the span(s) in (3.24) then the same e;’s work for n 4+ 1. So we may as well
assume that the next element, v, is not in the span in (3.24). It follows that

n

(3.25) W= Upt1 — Z<Un+17 ejre; # 080 emy1 =
j=1

w
]|

makes sense. By construction it is orthogonal to all the earlier e;’s so adding e, 1
gives the equality of the spans for n + 1.

Thus we may continue indefinitely, since in fact the only way the dense set
could be finite is if we were dealing with the space with one element, 0, in the first
place. There are only two possibilities, either we get a finite set of e;’s or an infinite
sequence. In either case this must be a maximal orthonormal sequence. That is,
we claim

(3.26) HouleVj=u=0.

This uses the density of the v;’s. There must exist a sequence wy, where each wy, is
a vj;, such that wy — w in H, assumed to satisfy (3.26). Now, each v;, and hence
each wy, is a finite linear combination of e;’s so, by Bessel’s inequality

(3.27) k> =~ Kwe,en)® =D [{u— wp,e)* < Jlu—wi?
l l



6. ISOMORPHISM TO 12 69

where (u, ¢;) =0 for all [ has been used. Thus ||wg| — 0 and hence u = 0. O

Although a non-complete but separable pre-Hilbert space has maximal or-
thonormal sets, these are not much use without completeness.

5. Orthonormal bases

DEFINITION 3.3. In view of the following result, a maximal orthonormal se-
quence in a separable Hilbert space will be called an orthonormal basis; it is often
called a ‘complete orthonormal basis’ but the ‘complete’ is really redundant.

This notion of basis is not quite the same as in the finite dimensional case (although
it is a legitimate extension of it). There are other, quite different, notions of a basis
in infinite dimensions. See for instance ‘Hamel basis’ which arises in some settings
— it is discussed briefly in §1.12 and can be used to show the existence of a non-
continuous functional on a Banach space.

THEOREM 3.2. If {e;} is an orthonormal basis (a maximal orthonormal se-
quence) in a Hilbert space then for any element w € H the ‘Fourier-Bessel series’
converges to u :

(3.28) u=Y (uee;.
i=1
In particular a Hilbert space with an orthonormal basis is separable!

PROOF. The sequence of partial sums of the Fourier-Bessel series

N
(3.29) Uy = Z(u, ei)e;
i=1
is Cauchy. Indeed, if m < m’ then
(3.30) s = wn* =Y [P <Y [(u,eq)?
i=m-+1 >m

which is small for large m by Bessel’s inequality. Since we are now assuming
completeness, u,, — w in H. However, (u.,,e;) = {u,e;) as soon as m > i and
[{(w — un, e;)| < ||lw— uyl| so in fact

(331) <UJ,61‘> = lim <u'mvei> = <U,€i>

m—r 00

for each i. Thus u — w is orthogonal to all the e; so by the assumed completeness
of the orthonormal basis must vanish. Thus indeed (3.28) holds. g

6. Isomorphism to [?

A finite dimensional Hilbert space is isomorphic to C™ with its standard inner
product. Similarly from the result above

PROPOSITION 3.2. Any infinite-dimensional separable Hilbert space (over the
complex numbers) is isomorphic to [?, that is there exists a linear map
(3.32) T:H —[?

which is 1-1, onto and satisfies (Tu, Tv);z = (u,v)g and || Tu|z = ||ul|g for all w,
veH.
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PROOF. Choose an orthonormal basis — which exists by the discussion above
— and set

(3.33) Tu = {(u,e;)}72;-

This maps H into {2 by Bessel’s inequality. Moreover, it is linear since the entries
in the sequence are linear in u. It is 1-1 since Tw = 0 implies (u,e;) = 0 for all j
implies u = 0 by the assumed completeness of the orthonormal basis. It is surjective
since if {¢;}52, € (? then

(3.34) u= Z cj€;j
j=1

converges in H. This is the same argument as above — the sequence of partial sums
is Cauchy since if n > m,

(3.35) 1Y cell= D el
j=m+1 j=m+1

Again by continuity of the inner product, Tw = {¢;} so T is surjective.

The equality of the norms follows from equality of the inner products and the
latter follows by computation for finite linear combinations of the e; and then in
general by continuity. ([

7. Parallelogram law

What exactly is the difference between a general Banach space and a Hilbert
space? It is of course the existence of the inner product defining the norm. In fact
it is possible to formulate this condition intrinsically in terms of the norm itself.

PROPOSITION 3.3. In any pre-Hilbert space the parallelogram law holds —
(3.36) v+ w|® + v — w||? = 2||v||* + 2||w|]?, ¥V v,w € H.

PRrROOF. Just expand out using the inner product
(3.37) v+ wl? = [Jo]|* + (v, w) + (w, v) + [Jw]®

and the same for ||v — w||? and see the cancellation. O

PROPOSITION 3.4. Any normed space where the norm satisfies the parallelogram
law, (3.36), is a pre-Hilbert space in the sense that

1
(3.38) (v, w) = 7 (Ilv+ wl? = Jv = wl* + o+ dwl|* — iflo — iw]?)

s a positive-definite Hermitian inner product which reproduces the norm.

PROOF. A problem below. O

So, when we use the parallelogram law and completeness we are using the
essence of the Hilbert space.
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8. Convex sets and length minimizer

The following result does not need the hypothesis of separability of the Hilbert
space and allows us to prove the subsequent results — especially Riesz’ theorem —
in full generality.

PROPOSITION 3.5. If C C H is a subset of a Hilbert space which is
(1) Non-empty
(2) Closed
(3) Convez, in the sense that vi, va € C implies +(v1 + va) € C

then there exists a unique element v € C' closest to the origin, i.e. such that
3.39 = inf .
(3.39) Joll = inf Jul

PROOF. By definition of the infimum of a non-empty set of real numbers which
is bounded below (in this case by 0) there must exist a sequence {v,} in C such
that ||lv,|| = d = inf,ec ||ul]. We show that v, converges and that the limit is the
point we want. The parallelogram law can be written

(3.40) [ = vm|? = 2[loal|* + 2]|vm |* — 4]l (vn +vin) /2%
Since ||v,|| — d, given € > 0 if N is large enough then n > N implies 2||v,||* <

2d? + €2/2. By convexity, (v, + vpm)/2 € C so ||(vy + vy)/2]|> > d?. Combining
these estimates gives

(3.41) n,m >N = |lv, —vp||* <4d* + € —4d® = &2
so {v,} is Cauchy. Since H is complete, v, — v € C, since C is closed. Moreover,
the distance is continuous so ||[v|| = lim, . [|vn|| = d.

Thus v exists and uniqueness follows again from the parallelogram law. If v
and v’ are two points in C with |jv]| = ||v'|| = d then (v+v')/2 € C so

(3.42) lo = o'lI* = 2l[v]]* + 2[|v']* = 4]l (v + ) /2| <0 = v =",

Alternatively you can just observe that we have actually shown above that any
sequence in C such that |lv,| — d converges, so this is true for the alternating
sequence of v and v’. O

9. Orthocomplements and projections

ProrosiTION 3.6. If W C H is a linear subspace of a Hilbert space then

(3.43) Wt={uecH;(uwy=0YweW}
is a closed linear subspace and W N’ W+ = {0}. If W is also closed then
(3.44) H=WaWw

meaning that any w € H has a unique decomposition u = w + w' where w € W
and wt € W+,

PROOF. That W+ defined by (3.43) is a linear subspace follows from the lin-
earity of the condition defining it. If v € W+ and v € W then u L u by the
definition so (u,u) = |lu/|> = 0 and u = 0; thus W N W+ = {0}. Since the map
H >y — (u,w) € Cis continuous for each w € H its null space, the inverse image
of 0, is closed. Thus

(3.45) Wt = m {u € H; (u,w) =0}
weW



72 3. HILBERT SPACES

is closed.
Now, suppose W is closed. If W = H then W+ = {0} and there is nothing to
show. So consider u € H, v ¢ W and set

(3.46) C=u+W={eHu=u+w, weW}.

Then C is closed, since a sequence in it is of the form u), = u + w,, where w,, is a
sequence in W and u/, converges if and only if w,, converges. Also, C' is non-empty,
since u € C and it is convex since v’ = u + w’ and v’ = v + w” in C implies
(W +u)2=u+ (W +w")/2€C.
Thus the length minimization result above applies and there exists a unique

v € C such that ||v|| = inf e ||/|. The claim is that this v is orthogonal to W —
draw a picture in two real dimensions! To see this consider an aritrary point w € W
and A € C then v 4+ Aw € C and
(3.47) lv+ xwl|? = [[o]|* + 2 Re(A{v, w)) + [A]?|[w]|*.
Choose A = te? where t is real and the phase is chosen so that e/ (v, w) = (v, w)| >
0. Then the fact that ||v|| is minimal means that
(3.48) [V]1* + 2¢|(v, w))| + 2 [|w]* = [[o]|* =

' t2l(v, w)| + t|w|*) >0Vt €R = |(v,w)| =0

which is what we wanted to show.

Thus indeed, given u € H \ W we have constructed v € W= such that v =
v+ w, w € W. This is (3.44) with the uniqueness of the decomposition already
shown since it reduces to 0 having only the decomposition 0+ 0 and this in turn is
W nwt ={o}. O

Since the construction in the preceding proof associates a unique element in W,
a closed linear subspace, to each u € H, it defines a map

(3.49) Ow :H — W.

This map is linear, by the uniqueness since if u; = v; + w;, w; € W, (v;, w;) = 0 are
the decompositions of two elements then

(350) A1Uq + Agug = ()\11}1 + /\2’1]2) + ()\1101 + )\Q’LUQ)

must be the corresponding decomposition. Moreover IIyyw = w for any w € W
and |lu|? = ||v||* + ||w||?, Pythagoras’ Theorem, shows that

(3.51) Iy = Iw, [Hwul < |lull = [Tw| < 1.

Thus, projection onto W is an operator of norm 1 (unless W = {0}) equal to its
own square. Such an operator is called a projection or sometimes an idempotent
(which sounds fancier).

Finite-dimensional subspaces are always closed by the Heine-Borel theorem.

LeEMMA 3.3. If{e;} is any finite or countable orthonormal set in a Hilbert space
then the orthogonal projection onto the closure of the span of these elements is

(3.52) Pu= Z(u, €k)C-

PROOF. We know that the series in (3.52) converges and defines a bounded
linear operator of norm at most one by Bessel’s inequality. Clearly P? = P by the
same argument. If W is the closure of the span then (u—Pu) L W since (u—Pu) L
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ey for each k and the inner product is continuous. Thus u = (v — Pu) + Pu is the
orthogonal decomposition with respect to W. d

LEMMA 3.4. If W C H is a linear subspace of a Hilbert space which contains
the orthocomplement of a finite dimensional space then W is closed and W+ is
finite-dimensional.

Proor. If U C W is a closed subspace with finite-dimensional orthocomple-
ment then each of the N elements, v;, of a basis of (Id —II;)W is the image of some
w; € W. Since U is the null space of Id —Il; it follows that any element of W can
be written uniquely in the form

N
(3.53) w:u+Zcivi, u=TIpw e U, ¢ = (w,v;).

i=1
Then if ¢, is a sequence in W which converges in H it follows that Iy ¢,, converges
in U and {¢,,,v;) converges and hence the limit is in . O

Note that the existence of a non-continuous linear functional H — C is equiv-
alent to the existence of a non-closed subspace of H with a one-dimensional comple-
ment. Namely the null space of a non-continuous linear functional cannot be closed,
since from this continuity follows, but it does have a one-dimensional complement
(not orthocomplement!)

QUESTION 1. Does there exist a non-continuous linear functional on an infinite-
dimensional Hilbert space? 1

10. Riesz’ theorem

The most important application of the convexity result above is to prove Riesz’
representation theorem (for Hilbert space, there is another one to do with mea-
sures).

THEOREM 3.3. If H is a Hilbert space then for any continuous linear functional
T : H — C there exists a unique element ¢ € H such that

(3.54) T(u) = (u,¢) YV uecH.

PROOF. If T is the zero functional then ¢ = 0 gives (3.54). Otherwise there
exists some v’ € H such that T'(u') # 0 and then there is some u € H, namely
uw=1u'/T(u') will work, such that T'(u) = 1. Thus
(3.55) C={ueH;Tu) =1} =T ({1}) #0.

The continuity of T implies that C is closed, as the inverse image of a closed set
under a continuous map. Moreover C is convex since
(3.56) T((u+u")/2) = (T(u)+ T(u"))/2.
Thus, by Proposition 3.5, there exists an element v € C' of minimal length.
Notice that C' = {v + w;w € N} where N = T~1({0}) is the null space of 7.

Thus, as in Proposition 3.6 above, v is orthogonal to N. In this case it is the unique
element orthogonal to N with T'(v) = 1.

IThe existence of such a functional requires some form of the Axiom of Choice (maybe a little
weaker in the separable case). You are free to believe that all linear functionals are continuous
but you will make your life difficult this way.
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Now, for any v € H,
(3.57) w—T(u)v satisfies T'(u — T'(u)v) = T'(u) — T(w)T(v) =0 =
u=w+T(u)v, we N.
Then, (u,v) = T(u)||v||? since (w,v) = 0. Thus if ¢ = v/||v||* then
(3.58) u=w+ (u,p)v = T(u) = (u, )T (v) = (u, §).

11. Adjoints of bounded operators

As an application of Riesz’” Theorem we can see that to any bounded linear
operator on a Hilbert space

(3.59) A:H — H, |Aul| <Cllu| Vue H

there corresponds a unique adjoint operator. This has profound consequences for
the theory of operators on a Hilbert space, as we shall see.

PROPOSITION 3.7. For any bounded linear operator A : H — H on a Hilbert
space there is a unique bounded linear operator A* : H — H such that

(3.60) (Au,v)g = (u, A*v)g VY u,v € H and || 4| = ||A*].

ProoFr. To see the existence of A*v we need to work out what A*v € H should
be for each fixed v € H. So, fix v in the desired identity (3.60), which is to say
consider

(3.61) H>u— (Au,v) € C.
This is a linear map and it is clearly bounded, since
(3.62) [(Au, v)| < [|Au]|[|v]] < ([[Al[l[v]D]ell-

Thus it is a continuous linear functional on H which depends on v. In fact it is just
the composite of two continuous linear maps

u— Au pp W {(w,v)
- —

(3.63) H
By Riesz’ theorem there is a unique element in H, which we can denote A*v (since
it only depends on v) such that

(3.64) (Au,v) = (u, A*v) Y u e H.

This defines the map A* : H — H but we need to check that it is linear and
continuous. Linearity follows from the uniqueness part of Riesz’ theorem. Thus if
v1, v9 € H and ¢q, co € C then

H C.

(3.65) (Au,civ1 + covg) = 1 (Au, v1) + C2(Au, va)
=1 (u, A*v1) + &3 {u, A%vs) = (u, c1 A%vg + co A%v3)
where we have used the definitions of A*v; and A*vy — by uniqueness we must have

A* (61’01 + CQ'UQ) = c1 A%V + e A*vs.
Using the optimality of Cauchy’s inequality

(3.66) [A%0]| = sup [(u, A™v)| = sup [(Au,v)| < [[A[l[]v]].

|| :1| [Jul|=1
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This shows that A* is bounded and that
(3.67) [ A*[] < IA].

The defining identity (3.60) also shows that (A*)* = A so the reverse equality
in (3.67) also holds and therefore

(3.68) 1A% = [ Al

One useful property of the adjoint operator is that
(3.69) Nul(A*) = (Ran(A4))*+.

Indeed w € (Ran(A))t means precisely that (w,Av) = 0 for all v € H which
translates to

(3.70) w € (Ran(A))* <= (A*w,v) = 0 <= A*w = 0.

Note that in the finite dimensional case (3.69) is equivalent to Ran(A) = (Nul(4*))*+
but in the infinite dimensional case Ran(A) is often not closed in which case this
cannot be true and you can only be sure that

(3.71) Ran(A4) = (Nul(4%))*+.

12. Compactness and equi-small tails

A compact subset in a general metric space is one with the property that any
sequence in it has a convergent subsequence, with its limit in the set. You will recall,
with pleasure no doubt, the equivalence of this condition to the (more general since
it makes good sense in an arbitrary topological space) covering condition, that any
open cover of the set has a finite subcover. So, in a Hilbert space the notion of a
compact set is already fixed. We want to characterize it, actually in two closely
related ways.

In any metric space a compact set is both closed and bounded, so this must be
true in a Hilbert space. The Heine-Borel theorem gives a converse to this, for R™
or C" (and hence in any finite-dimensional normed space) any closed and bounded
set is compact. Also recall that the convergence of a sequence in C" is equivalent
to the convergence of the n sequences given by its components and this is what is
used to pass first from R to C and then to C™. All of this fails in infinite dimensions
and we need some condition in addition to being bounded and closed for a set to
be compact.

To see where this might come from, observe that

LEMMA 3.5. In any metric space the set, S, consisting of the points of a con-
vergent sequence, together with its limit, is compact.

ProOF. We show that S is compact by checking that any sequence in S has
a convergent subsequence. To see this, observe that a sequence {t;} in S either
has a subsequence converging to the limit, s, of the original sequence or it does
not. So we only need consider the latter case, but this means that, for some € > 0,
d(tj, s) > €; but then t; takes values in a finite set, since S\ B(s, €) is finite — hence
some value is repeated infinitely often and there is a convergent subsequence. [
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LEMMA 3.6. The image of a convergent sequence in a Hilbert space is a set with
equi-small tails with respect to any orthonormal sequence, i.e. if ey is an othonormal
sequence and u, — u is a convergent sequence then given € > 0 there exists N such
that

(3.72) Z |(un, ex)]? < €2V n.

k>N

PROOF. Bessel’s inequality shows that for any u € H,

(3.73) D Husen) < Jlul®.
k

The convergence of this series means that (3.72) can be arranged for any single
element wu, or the limit w by choosing N large enough, thus given ¢ > 0 we can
choose N’ so that

(3.74) D>y er)]? < €2,
k>N’
Consider the closure of the subspace spanned by the e with & > N. The
orthogonal projection onto this space (see Lemma 3.3) is

(3.75) Pynu = Z (u, eg)eg.

k>N

Then the convergence u,, — u implies the convergence in norm || Pyu,|| — ||Pyul|,
S0

(3.76) | Prvun||* = Z |(un,ex)]? < €, n>n'.
k>N

So, we have arranged (3.72) for n > n’ for some N. This estimate remains valid if
N is increased — since the tails get smaller — and we may arrange it for n < n’ by
choosing N large enough. Thus indeed (3.72) holds for all n if N is chosen large
enough. (Il

This suggests one useful characterization of compact sets in a separable Hilbert
space since the equi-smallness of the tails, as in (3.72), for all u € K just means
that the Fourier-Bessel series converges uniformly.

PROPOSITION 3.8. A set K C H in a separable Hilbert space is compact if and
only if it is bounded, closed and the Fourier-Bessel sequence with respect to any
(one) complete orthonormal basis converges uniformly on it.

PrOOF. We already know that a compact set in a metric space is closed and
bounded. Suppose the equi-smallness of tails condition fails with respect to some
orthonormal basis e;. This means that for some ¢ > 0 and all p there is an element
u, € K, such that

(3.77) Z|<up,ek>|2 > €2,

k>p

Consider the subsequence {u,} generated this way. No subsequence of it can have
equi-small tails (recalling that the tail decreases with p). Thus, by Lemma 3.6,
it cannot have a convergent subsequence, so K cannot be compact if the equi-
smallness condition fails.
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Thus we have proved the equi-smallness of tails condition to be necessary for
the compactness of a closed, bounded set. It remains to show that it is sufficient.

So, suppose K is closed, bounded and satisfies the equi-small tails condition
with respect to an orthonormal basis e, and {u,} is a sequence in K. We only
need show that {u,} has a Cauchy subsequence, since this will converge (H being
complete) and the limit will be in K (since it is closed). Consider each of the
sequences of coefficients (u,,er) in C. Here k is fixed. This sequence is bounded:

(3.78) [(un, ex)| < [Junll < C

by the boundedness of K. So, by the Heine-Borel theorem, there is a subsequence
Uy, such that (u,,,e;) converges as | — oo.

We can apply this argument for each £k = 1,2, .... First extract a subsequence
{tn,1} of {u,} so that the sequence (uy 1, e1) converges. Then extract a subsequence
Up,2 Of Uy 1 s0 that (u,2,e2) also converges. Then continue inductively. Now pass
to the ‘diagonal’ subsequence v, of {uy} which has kth entry the kth term, wuy j in
the kth subsequence. It is ‘eventually’ a subsequence of each of the subsequences
previously constructed — meaning it coincides with a subsequence from some point
onward (namely the kth term onward for the kth subsquence). Thus, for this
subsequence each of the (v, er) converges.

Consider the identity (the orthonormal set ey is complete by assumption) for
the difference

l|vn — Un+l||2 = Z |(vn — Un+lvek>|2 + Z [{vn — Un+laek>|2

k<N k>N

<D o = vngn )P +2 ) [n,er) P +2 D [(vngr,ex)]?

k<N k>N k>N

(3.79)

where the parallelogram law on C has been used. To make this sum less than €2
we may choose N so large that the last two terms are less than €2/2 and this may
be done for all n and [ by the equi-smallness of the tails. Now, choose n so large
that each of the terms in the first sum is less than €2/2N, for all [ > 0 using the
Cauchy condition on each of the finite number of sequence (vy,ex). Thus, {v,} is
a Cauchy subsequence of {u,} and hence as already noted convergent in K. Thus
K is indeed compact. O

This criterion for compactness is useful but is too closely tied to the existence
of an orthonormal basis to be easily applicable. However the condition can be
restated in a way that holds even in the non-separable case (and of course in the
finite-dimensional case, where it is trivial).

PRrROPOSITION 3.9. A subset K C H of a Hilbert space is compact if and only if

it is closed and bounded and for every € > 0 there is a finite-dimensional subspace
W C H such that

3.80 inf u— .
(3.80) jglp(wlgwl\u w| <e

So we see that the extra condition needed is ‘finite-dimensional approximability’.

PROOF. Before proceeding to the proof consider (3.80). Since W is finite-
dimensional we know it is closed and hence the discussion in §9 above applies. In
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particular u = w 4+ w with w € W and wt L W where

81 inf |lu—w| = |lw".

(3.81) Jof flu—wl = v

This can be restated in the form

(3.82) sup |[(Id =TTy u|| < €
ueK

where Iy, is the orthogonal projection onto W (so Id —ITy, is the orthogonal pro-
jection onto W).

Now, let us first assume that H is separable, so we already have a condition
for compactness in Proposition 3.8. Then if K is compact we can consider an
orthonormal basis of H and the finite-dimensional spaces Wy spanned by the first IV
elements in the basis with ITy the orthogonal projection onto it. Then ||(Id —ITy)u||
is precisely the length of the ‘tail’ of v with respect to the basis. So indeed, by
Proposition 3.8, given € > 0 there is an N such that ||(Id —IIy)u|| < €/2 for all
u € K and hence (3.82) holds for W = Wiy

Now suppose that K C H and for each € > 0 we can find a finite dimensional
subspace W such that (3.82) holds. Take a sequence {u,} in K. The sequence
Owu, € W is bounded in a finite-dimensional space so has a convergent sub-
sequence. Now, for each j € N there is a finite-dimensional subspace W; (not
necessarily corresponding to an orthonormal basis) so that (3.82) holds for e = 1/3.
Proceeding as above, we can find successive subsequence of u,, such that the image
under II; in W; converges for each j. Passing to the diagonal subsequence u,, it
follows that II;u,, converges for each j since it is eventually a subsequence of the
jth choice of subsequence above. Now, the triangle inequality shows that

(3-83)  Mlun; — || < ML (un; — ) lw; + ([ (T =TT Y, [| + [ (Td =TTy, |

Given € > 0 first choose j so large that the last two terms are each less than
1/j < €/3 using the choice of W;. Then if 4,k > N is large enough the first term
on the right in (3.83) is also less than ¢/3 by the convergence of IIu,,. Thus uy,,
is Cauchy in H and hence converges and it follows that K is compact.

This converse argument does not require the separability of H so to complete
the proof we only need to show the necessity of (3.81) in the non-separable case.
Thus suppose K is compact. Then K itself is separable — has a countable dense
subset — using the finite covering property (for each p > 0 there are finitely many
balls of radius 1/p which cover K so take the set consisting of all the centers for
all p). It follows that the closure of the span of K, the finite linear combinations of
elements of K, is a separable Hilbert subspace of H which contains K. Thus any
compact subset of a non-separable Hilbert space is contained in a separable Hilbert
subspace and hence (3.80) holds. O

13. Finite rank operators

Now, we need to starting thinking a little more seriously about operators on
a Hilbert space, remember that an operator is just a continuous linear map T :
H — H and the space of them (a Banach space) is denoted B(H) (rather than the
more cumbersome B(#H,H) which is needed when the domain and target spaces are
different).
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DEFINITION 3.4. An operator T € B(H) is of finite rank if its range has fi-
nite dimension (and that dimension is called the rank of T'); the set of finite rank
operators will be denoted R(H).

Why not F(H)? Because we want to use this for the Fredholm operators.
Clearly the sum of two operators of finite rank has finite rank, since the range
is contained in the sum of the ranges (but is often smaller):

(3.84) (Th + To)u € Ran(Ty) + Ran(Tz) V u € H.

Since the range of a constant multiple of T is contained in the range of T' it follows
that the finite rank operators form a linear subspace of B(H).
What does a finite rank operator look like? It really looks like a matrix.

LEMMA 3.7. If T : H — H has finite rank then there is a finite orthonormal
set {ex}E_, in H and constants c;; € C such that
L
(3.85) Tu = Z cij(u, ej)e;.
i,j=1
PROOF. By definition, the range of T, R = T'(H) is a finite dimensional sub-
space. So, it has a basis which we can diagonalize in H to get an orthonormal basis,
e, 1 =1,...,p. Now, since this is a basis of the range, Tu can be expanded relative
to it for any u € H :
P
(3.86) Tu = Z(Tu, €;)€;.
i=1
On the other hand, the map v — (T'u, ¢;) is a continuous linear functional on H,
so (Tu, e;) = (u,v;) for some v; € H; notice in fact that v; = T*e;. This means the
formula (3.86) becomes

P
(3.87) Tu= Z(u, v;)e;.

i=1
Now, the Gram-Schmidt procedure can be applied to orthonormalize the sequence
€1, --+, €p, V1...,Up Tesulting in eq,...,er. This means that each v; is a linear

combination which we can write as
L
(388) v; = E Cij€;-
j=1

Inserting this into (3.87) gives (3.85) (where the constants for ¢ > p are zero). O
It is clear that
(3.89) B e B(H) and T € R(H) then BT € R(H).

Indeed, the range of BT is the range of B restricted to the range of T' and this is
certainly finite dimensional since it is spanned by the image of a basis of Ran(T).
Similalry TB € R(H) since the range of T'B is contained in the range of 7. Thus
we have in fact proved most of

ProroSITION 3.10. The finite rank operators form a x-closed two-sided ideal
in B(H), which is to say a linear subspace such that

(390) Bl, Bs € B(H), T e R(H) - BlTBQ, T € R(H)
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PrOOF. It is only left to show that 7™ is of finite rank if 7" is, but this is an
immediate consequence of Lemma 3.7 since if T is given by (3.85) then

N
(3.91) T u = Z G (u, e;)e;
ij=1
is also of finite rank. O

LEMMA 3.8 (Row rank=Colum rank). For any finite rank operator on a Hilbert
space, the dimension of the range of T is equal to the dimension of the range of T™.

PRrROOF. From the formula (3.87) for a finite rank operator, it follows that the
vi, © = 1,...,p must be linearly independent — since the e; form a basis for the
range and a linear relation between the v; would show the range had dimension less
than p. Thus in fact the null space of T' is precisely the orthocomplement of the
span of the v; — the space of vectors orthogonal to each v;. Since

P

(Tu,w) = Z(u,vi><ei,w> =
(3.92) (w, Tu) = Zm, u)(w, e;) =

P
T w = Z(w,ei>vi
i=1

the range of T* is the span of the v;, so is also of dimension p. [l

14. Compact operators

DEFINITION 3.5. An element K € B(?), the bounded operators on a separable
Hilbert space, is said to be compact (the old terminology was ‘totally bounded’
or ‘completely continuous’) if the image of the unit ball is precompact, i.e. has
compact closure — that is if the closure of K{u € H; |lu|l3x < 1} is compact in H.

Notice that in a metric space, to say that a set has compact closure is the same
as saying it is contained in a compact set; such a set is said to be precompact.

PROPOSITION 3.11. An operator K € B(H), bounded on a separable Hilbert
space, is compact if and only if it is the limit of a norm-convergent sequence of
finite rank operators.

PROOF. So, we need to show that a compact operator is the limit of a conver-
gent sequence of finite rank operators. To do this we use the characterizations of
compact subsets of a separable Hilbert space discussed earlier. Namely, if {e;} is
an orthonormal basis of H then a subset I C H is compact if and only if it is closed
and bounded and has equi-small tails with respect to {e;}, meaning given ¢ > 0
there exits N such that

(3.93) Z |(v,e)? < Vvel
i>N
Now we shall apply this to the set K(B(0,1)) where we assume that K is
compact (as an operator, don’t be confused by the double usage, in the end it turns
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out to be constructive) — so this set is contained in a compact set. Hence (3.93)
applies to it. Namely this means that for any ¢ > 0 there exists n such that

(3.94) > (Kue)]’ <V ueH, |ully<1.
i>n

For each n consider the first part of these sequences and define

(3.95) Kyu= Z(Ku, €:)e;.
k<n

This is clearly a linear operator and has finite rank — since its range is contained in
the span of the first n elements of {e;}. Since this is an orthonormal basis,

(3.96) IR — KoulZ = 3 (K, )2
i>n
Thus (3.94) shows that ||Ku — Kyully < €. Now, increasing n makes ||Ku — K,ul|
smaller, so given € > 0 there exists n such that for all N > n,
(3.97) |IK — Knl|lg= sup |[[Ku— Kpul|ly <e.
<1

llwll

Thus indeed, K,, — K in norm and we have shown that the compact operators are
contained in the norm closure of the finite rank operators.

For the converse we assume that T,, — K is a norm convergent sequence in
B(H) where each of the T,, is of finite rank — of course we know nothing about the
rank except that it is finite. We want to conclude that K is compact, so we need to
show that K(B(0,1)) is precompact. It is certainly bounded, by the norm of K. Let
W,, = T,,’H be the range of T;,. By definition it is a finite dimensional subspace and
hence closed. Let II,, be the orthogonal projection onto W,,, so Id —II,, is projection
onto W,-. Thus the composite (Id —I1,,)7}, = 0 and hence

(3.98) (Id-1I,)K = (Id -1, )(K — T,,) = ||(Id —1I,,) K|| = 0 as n — oc.
So, for any € > 0 there exists n such that

(3.99) sup inf ||[Ku—w| < sup [|[(Id-II,)Kul| <€

ueB(0,1) WEWn flul| <1
and it follows from Proposition 3.9 that K(B(0,1)) is precompact and hence K is
compact. [

PROPOSITION 3.12. For any separable Hilbert space, the compact operators form
a closed and x-closed two-sided ideal in B(H).

PROOF. In any metric space (applied to B(H)) the closure of a set is closed,
so the compact operators are closed being the closure of the finite rank operators.
Similarly the fact that it is closed under passage to adjoints follows from the same
fact for finite rank operators. The ideal properties also follow from the correspond-
ing properties for the finite rank operators, or we can prove them directly anyway.
Namely if B is bounded and T is compact then for some ¢ > 0 (namely 1/|B||
unless it is zero) ¢B maps B(0,1) into itself. Thus ¢I'B = T'¢B is compact since
the image of the unit ball under it is contained in the image of the unit ball under
T'; hence T'B is also compact. Similarly BT is compact since B is continuous and
then

(3.100) BT(B(0,1)) C B(T'(B(0,1))) is compact



82 3. HILBERT SPACES

since it is the image under a continuous map of a compact set. O

15. Weak convergence

It is convenient to formalize the idea that a sequence be bounded and that each
of the (u,, ex), the sequence of coefficients of some particular Fourier-Bessel series,
should converge.

DEFINITION 3.6. A sequence, {u,}, in a Hilbert space, H, is said to converge
weakly to an element u € H if it is bounded in norm and (u;,v) — (u,v) converges
in C for each v € ‘H. This relationship is written

(3.101) Up, — U.

In fact as we shall see below, the assumption that ||u,| is bounded and that «
exists are both unnecessary. That is, a sequence converges weakly if and only if
(up,v) converges in C for each v € H. Conversely, there is no harm in assuming
it is bounded and that the ‘weak limit’ v € H exists. Note that the weak limit is
unique since if © and v’ both have this property then (u—u’,v) = lim;, s oo (tp, v) —
limy, - o0 (U, v) = 0 for all v € H and setting v = u — ' it follows that u = u’.

LEMMA 3.9. A (strongly) convergent sequence is weakly convergent with the
same limit.

PRrROOF. This is the continuity of the inner product. If u,, — u then

(3.102) [(un,v) = (u,0)| < [Jun — ulff|v]] =0

for each v € ‘H shows weak convergence. O
LEMMA 3.10. For a bounded sequence in a separable Hilbert space, weak con-

vergence is equivalent to component convergence with respect to an orthonormal
basis.

PRrROOF. Let e, be an orthonormal basis. Then if u, is weakly convergent
it follows immediately that (u,,er) — (u,er) converges for each k. Conversely,
suppose this is true for a bounded sequence, just that (u,,ex) — ¢ in C for each
k. The norm boundedness and Bessel’s inequality show that

(3.103) Z lex|* = lim Z | (U, e ) [* < sup |Jug ||
k<p Tk "
for all p. Thus in fact {cx} € I and hence
(3.104) u="> crer €M
k

by the completeness of H. Clearly (u,,er) — (u,ex) for each k. It remains to show
that (u,,v) — (u,v) for all v € H. This is certainly true for any finite linear
combination of the e, and for a general v we can write

(3.105)  (up, vy — (U, v) = (Un, Vp) — (U, Up) + (Un, v — Vp) — (U, 0 — vp) =>
[(un, v) = {u, 0)] < [un, vp) = (u,0p)| + 2C|v = vy |

where v, = 3 (v, eg)ey is a finite part of the Fourier-Bessel series for v and C'is a
k<p

bound for ||u,|. Now the convergence v, — v implies that the last term in (3.105)

can be made small by choosing p large, independent of n. Then the second last term
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can be made small by choosing n large since v, is a finite linear combination of the
er. Thus indeed, (up,v) — (u,v) for all v € H and it follows that w, converges
weakly to u. O

PROPOSITION 3.13. Any bounded sequence {u,} in a separable Hilbert space
has a weakly convergent subsequence.

This can be thought of as different extension to infinite dimensions of the Heine-
Borel theorem. As opposed to the characterization of compact sets above, which
involves adding the extra condition of finite-dimensional approximability, here we
weaken the notion of convergence.

PRrROOF. Choose an orthonormal basis {er} and apply the procedure in the
proof of Proposition 3.8 to it. Thus, we may extract successive subsequence along
the kth of which (uy,, er) — cx € C. Passing to the diagonal subsequence, v,,, which
is eventually a subsequence of each of these ensures that (v,,er) — ¢ for each k.
Now apply the preceeding Lemma to conclude that this subsequence converges
weakly. ([

LEMMA 3.11. For a weakly convergent sequence u, — u
(3.106) el < Tim inf [ |
and a weakly convergent sequence converges strongly if and only if the weak limit
satisfies ||u|| = limy,— o0 ||Un]-

PRrROOF. Choose an orthonormal basis e, and observe that
(3.107) Z |(u, ex)|? = nhﬁngo Z | (tn, ex) 2.

k<p k<p
The sum on the right is bounded by ||u,|? independently of p so
(3.108) > [{u,ex)” < liminf [y, ||
k<p "

by the definition of liminf. Then let p — oo to conclude that
(3.109) |ul/? < lim inf ||u,|]?
from which (3.106) follows.

Now, suppose u,, — u then
(3.110) lu —un||® = [Jul|* = 2Re(u, uy) + |lun?.
Weak convergence implies that the middle term converges to —2|u||? so if the last

term converges to |lu||? then u — u,,.

Observe that for any A € B(H), if u,, — u then Au, — Au using the existence
of the adjoint:-
(3.111) (Aup,v) = (up, A*0) — (u, A*v) = (Au,v) Vv € H.

LEMMA 3.12. An operator K € B(H) is compact if and only if the image Ku,
of any weakly convergent sequence {uy} in H is strongly, i.e. norm, convergent.

This is the origin of the old name ‘completely continuous’ for compact operators,
since they turn even weakly convergent into strongly convergent sequences.
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PROOF. First suppose that u,, — u is a weakly convergent sequence in H and
that K is compact. We know that [lu,| < C is bounded so the sequence Ku,
is contained in CK(B(0,1)) and hence in a compact set (clearly if D is compact
then so is ¢D for any constant c.) Thus, any subsequence of Ku,, has a convergent
subsequence and the limit is necessarily Ku since Ku,, — Ku. But the condition
on a sequence in a metric space that every subsequence of it has a subsequence
which converges to a fixed limit implies convergence. (If you don’t remember this,
reconstruct the proof: To say a sequence v,, does not converge to v is to say that
for some € > 0 there is a subsequence along which d(vy,,v) > e. This is impossible
given the subsequence of subsequence condition converging to the fixed limit v.)

Conversely, suppose that K has this property of turning weakly convergent into
strongly convergent sequences. We want to show that K (B(0,1)) has compact clo-
sure. This just means that any sequence in K (B(0,1)) has a (strongly) convergent
subsequence — where we do not have to worry about whether the limit is in the set
or not. Such a sequence is of the form Ku,, where u,, is a sequence in B(0, 1). How-
ever we know that we can pass to a subsequence which converges weakly, u,, — u.
Then, by the assumption of the Lemma, Ku,, — Ku converges strongly. Thus
u, does indeed have a convergent subsequence and hence K(B(0,1)) must have
compact closure. O

As noted above, it is not really necessary to assume that a weakly convergent
sequence in a Hilbert space is bounded, provided one has the Uniform Boundedness
Principle, Theorem 1.3, at the ready.

ProrosiTiON 3.14. If u, € H is a sequence in a Hilbert space and for all
veH

(3.112) (up,v) = F(v) converges in C
then ||up|| g is bounded and there exists w € H such that u, — w.

ProoF. Apply the Uniform Boundedness Theorem to the continuous function-
als

(3.113) To(u) = (u,up), T, : H— C

where we reverse the order to make them linear rather than anti-linear. Thus, each
set |T,,(u)| is bounded in C since it is convergent. It follows from the Uniform
Boundedness Principle that there is a bound

(3.114) 1Tl < C.

However, this norm as a functional is just ||T},|| = ||un||# so the original sequence
must be bounded in H. Define T': H — C as the limit for each u :

(3.115) T(u) = nhﬁrrgo To(u) = nlgr;(}(u,um

This exists for each u by hypothesis. It is a linear map and from (3.114) it is
bounded, ||T'|| < C. Thus by the Riesz Representation theorem, there exists w € H
such that

(3.116) T(u) = (u,w) Vu e H.

Thus (un,u) = (w,u) for all uw € H so u, — w as claimed. O
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16. The algebra B(H)

Recall the basic properties of the Banach space, and algebra, of bounded oper-
ators B(H) on a separable Hilbert space H. In particular that it is a Banach space
with respect to the norm

(3.117) [All = sup [|Aull%

[lull=1
and that the norm satisfies
(3.118) [AB| < [|A[l|| B
as follows from the fact that
|ABul| < [|A|[|Bull < [|A][lIB][[[u]]-
Consider the set of invertible elements:
(3.119) GL(H)={A € B(H);3 Be B(H), BA=AB =1d}.

Note that this is equivalent to saying A is 1-1 and onto in view of the Open Mapping
Theorem, Theorem 1.4.
This set is open, to see this consider a neighbourhood of the identity.

LEMMA 3.13. If A€ B(H) and ||A|| < 1 then
(3.120) Id—A € GL(H).

PrOOF. This follows from the convergence of the Neumann series. If || A < 1
then ||A7| < ||A|)Y, from (3.118), and it follows that

(3.121) B=>) A
j=0

(where A° = Id by definition) is absolutely summable in B(H) since Y ||A7| con-
j=0

verges. Since B(H) is a Banach space, the sum converges. Moreover by the conti-
nuity of the product with respect to the norm

n n+1
(3.122) AB = Anli_)n;OZAJ = lim Y A=B-1d
§=0 j=1
and similalry BA = B —Id. Thus (Id —A)B = B(Id —A) = Id shows that B is a
(and hence the) 2-sided inverse of Id —A. O

PROPOSITION 3.15. The invertible elements form an open subset GL(H) C
B(H).

PROOF. Suppose G € GL(H), meaning it has a two-sided (and unique) inverse
Gl eB(H):
(3.123) GG =GG"1=1d.

Then we wish to show that B(G;e) C GL(H) for some e > 0. In fact we shall see
that we can take e = ||G~!|| 7. To show that G + B is invertible set

(3.124) E=-G'B=— G+ B=G(Id+G'B) = G(d—-E)
From Lemma 3.13 we know that
(3.125) |B|| < 1/]|G7Y| = ||G™'B|| < 1 = Id —E is invertible.
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Then (Id —E)~'G~! satisfies

(3.126) (Id—E)'G"*(G+B)=(1d-E) *(I1d—F) =1d.
Moreover E' = —BG™! also satisfies || E’|| < || BJ|||G!|| < 1 and
(3.127) (G+B)G '1d-FE)' = 1d-E)Id-E)"' =1d.

Thus G + B has both a ‘left’ and a ‘right’ inverse. The associativity of the operator
product (that A(BC) = (AB)C) then shows that

(3.128) G '(Id—E) ' = (1d-E) 'G¢"Y(G+B)G '(1d-E')"' = (1d-E)"'G™!
so the left and right inverses are equal and hence G + B is invertible. (I

Thus GL(H) C B(#), the set of invertible elements, is open. It is also a group
— since the inverse of G1G3 if Gy, G2 € GL(H) is G;lel.

This group of invertible elements has a smaller subgroup, U(#), the unitary
group, defined by

(3.129) UH) ={U € GL(H);U ' =U"}.

The unitary group consists of the linear isometric isomorphisms of A onto itself —
thus

(3.130) (Uu, Uvy = (u,v), |[Uu| =||ul]| Vu,veH, UecUH).

This is an important object and we will use it a little bit later on.

The groups GL(H) and U(H) for a separable Hilbert space may seem very
similar to the familiar groups of invertible and unitary n x n matrices, GL(n) and
U(n), but this is somewhat deceptive. For one thing they are much bigger. In
fact there are other important qualitative differences. One important fact that
you should know, and there is a proof towards the end of this chapter, is that
both GL(H) and U(H) are contractible as metric spaces — they have no significant
topology. This is to be constrasted with the GL(n) and U(n) which have a lot of
topology, and are not at all simple spaces — especially for large n. One upshot of
this is that U(#H) does not look much like the limit of the U(n) as n — oo. In fact
there is another group which is essentially the large n limit of the U(n), namely

(3.131) U>(H) = {Jd+K € U(H); K € K(H)}.

It does have lots of interesting (and useful) topology.

Another important fact that we will discuss below is that GL(H) is not dense in
B(H), in contrast to the finite dimensional case. In other words there are operators
which are not invertible and cannot be made invertible by small perturbations.

17. Spectrum of an operator

Another direct application of Lemma 3.13, the convergence of the Neumann se-
ries, is that if A € B(H) and A € C has |A| > ||A|| then [[A"1A|| < 1so (Id—\"1A4)~!
exists and satisfies
(3.132) AId =X Id -2t =Td = A2"1Td-A"tA) (A - A).

Thus, A\Id —A € GL(H), which we usually abbreviate to A — A, has inverse (A —
A)~t = X"1(Id —A~1A)~L. The set of A for which this operator is invertible is called
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the resolvent set and we have shown
Res(4) ={A € C;(A\Id—A) e GL(H)} c C

(3.133) {IA| > [|All} C Res(A).

From the discussion above, it is an open, and non-empty, set on which (A—\)~1,
called the resolvent of A, is defined. The complement of the resolvent set is called
the spectrum of A

(3.134) Spec(A) = {A € C;AId—A ¢ GL(H)}  {A € C;|A| < || A[|}-

As follows from the discussion above it is a compact set — in fact it cannot
be empty. This is quite easy to see if you know a little complex analysis since it
follows from Liouville’s Theorem. One way to show that A € Spec(A) is to check
that A — A is not injective, since then it cannot be invertible. This means precisely
that A is an eigenvalue of A :

(3.135) J0#ueHst Au=Au.

However, you should strongly resist the temptation to think that the spectrum is
the set of eigenvalues of A, this is sometimes but by no means always true. The
other way to show that A € Spec(A) is to prove that A — A is not surjective. Note
that by the Open Mapping Theorem if A — A is both surjective and injective then
A € Res(A4).
For a finite rank operator the spectrum does consist of the set of eigenvalues.
For a bounded self-adjoint operator we can say more quite a bit more.

ProrosiTiON 3.16. If A: H — H is a bounded operator on a Hilbert space
and A* = A then A — X1d is invertible for all A € C\ [—||A|l, [|A|l] and conversely
at least one of A — ||A||1d and A + ||A||1Id is not invertible.

The proof of this depends on a different characterization of the norm in the
self-adjoint case.

LEMMA 3.14. If A* = A € B(H) then

(3.136) IA] = HSlHlEl [(Au, u)|.

PROOF. Certainly, [(Au,u)| < ||A||||u]|? so the right side can only be smaller
than or equal to the left. Set

a= HSlHlpl |(Au, u)| < [|All.

Then for any u, v € H, |{Au,v)| = (Ae?u, v) for some § € [0, 27), so we can arrange
that (Au,v) = [(Au/,v)| is non-negative and ||v'|| = 1 = |Ju|| = ||v||. Dropping the
primes and computing using the polarization identity

(3.137)  4({Au,v)

= (A(u+v),u+v) — (A(u—v),u—v) +i(A(u+iv),u+iv) —i{A(u—v),u —iv).

By the reality of the left side we can drop the last two terms and use the bound
[{Aw, w)| < a||lw||* on the first two to see that

(3.138) A Au,v) < allu+l* + [lu = v]*) = 2a([[u]]* + [[v]]*) = 4a
Thus, Al = supj,=|v|=1 [{Au,v)| < a and hence ||A]| = a. O
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This suggests an improvement on the last part of the statement of Proposi-
tion 3.16, namely

If A* = A € B(H) then a_,a; € Spec(A) and Spec(A) C [a—,a4]

where a_ = inf (Au,u), ay = sup (Au,u).
[lull=1 lull=1

Observe that Lemma 3.14 shows that ||A|| = max(ay, —a—).

(3.139)

PROOF OF PROPOSITION 3.16. First we show that if A* = A then Spec(A4) C
R. Thus we need to show that if A = s + it where ¢t # 0 then A — X is invertible.
Now A — A= (A—s)—it and A — s is bounded and selfadjoint, so it is enough to
consider the special case that A = i¢t. Then for any v € H,

(3.140) Im((A — it)u,u) = —t||ul|?.

So, certainly A — it is injective, since (A — it)u = 0 implies w = 0 if ¢ # 0. The
adjoint of A — it is A+ it so the adjoint is injective too. It follows from (3.71) that
the range of A —it is dense in ‘H. By this density of the range, if w € H there exists
a sequence u, € H with w, = (A — it)u, — w. So again we find that

(3.141) [ Tm((A — it) (1t — ), (s — )] = [1] 10, — 1
= [Im{(wn — wm), (un = um))| < [[wn = winl[[tin — wm |
1
= Hun - umH < H”wn - wm”-
Since w,, — w it is a Cauchy sequence and hence u,, is Cauchy so by completeness,
un — u and hence (A — it)u = w. Thus A — it is 1-1 and onto and |A71|| < 1/[¢|.
So we have shown that Spec(A) C R.

We already know that Spec(A) C {z € C;|z| < ||A||} so finally then we need to
show that one of A+ ||A| Id is NOT invertible. This follows from (3.136). Indeed,
by the definition of sup there is a sequence u, € H with |Ju,|| = 1 such that
either (Auy,u,) — ||All or (Auy, u,) — —||A||. Assume we are in the first case, so
(Aup, upn) — ||A]]. Then

(A = ADual* = | Aun|* — 20| All (At wn) + [|A]J? ||

< 2||A|1? - 2||Al|{Atn, up) — 0.
Since the sequence is positive it follows that ||(A — || A]|)un|| — 0. This means that
A — ||A]| Id is not invertible, since if it had a bounded inverse B then 1 = |lu,| <
IB|III(A = ||All)wn || which is impossible. In the other case it follows similarly that

A+ || A|| is not invertible, or one can replace A by —A and use the same argument.
So one of A £ ||A]| is not invertible. O

(3.142)

Only slight modifications of this proof are needed to give (3.139) which we
restate in a slightly different form.

LEMMA 3.15. If A= A* € B(H) then
(3.143) Spec(A) C [a—, ay] <= a_ < (Au,u) < ay Yu € H, |u| =1.

PRrROOF. Take ay to be defined as in (3.139) then set b = (a4 — a—_)/2 and
consider B = A — bId which is self-adjoint and clearly satisfies

(3.144) sup [(Bu,u)| =b
llull=1
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Thus || B|| = b and Spec(B) C [—b,b] and the argument in the proof above shows
that both end-points are in the spectrum. It follows that
(3.145) {a_}U{as} C Spec(A) C [a_,a4]

from which the statement follows. |

In particular if A = A* then
(3.146) Spec(A4) C [0,00) <= (Au,u) > 0.

18. Spectral theorem for compact self-adjoint operators

One of the important differences between a general bounded self-adjoint op-
erator and a compact self-adjoint operator is that the latter has eigenvalues and
eigenvectors — lots of them.

THEOREM 3.4. If A € K(H) is a self-adjoint, compact operator on a separable
Hilbert space, so A* = A, then H has an orthonormal basis consisting of eigenvec-
tors of A, u; such that

(3147) AUj = )\juj, )‘j € R\ {0},

combining an orthonormal basis for the possibly infinite-dimensional (closed) null
space and eigenvectors with non-zero eigenvalues which can be arranged into a se-
quence such that |\;| is non-increasing and \j — 0 as j — oo (in case Nul(A)* is
finite dimensional, this sequence is finite).

The operator A maps Nul(A)+ into itself so it may be clearer to first split off the null
space and then look at the operator acting on Nul(A4)* which has an orthonormal
basis of eigenvectors with non-vanishing eigenvalues.

Before going to the proof, let’s notice some useful conclusions. One is that we
have ‘Fredholm’s alternative’ in this case.

COROLLARY 3.3. If A € K(H) is a compact self-adjoint operator on a separable
Hilbert space then the equation
(3.148) u—Au=f

either has a unique solution for each f € H or else there is a non-trivial finite
dimensional space of solutions to

(3.149) u—Au=0
and then (3.148) has a solution if and only if f is orthogonal to all these solutions.

ProoF. This is just saying that the null space of Id —A is a complement to
the range — which is closed. So, either Id —A is invertible or if not then the range
is precisely the orthocomplement of Nul(Id —A). You might say there is not much
alternative from this point of view, since it just says the range is always the ortho-
complement of the null space. ([l

Let me separate off the heart of the argument from the bookkeeping.

LEMMA 3.16. If A € K(H) is a self-adjoint compact operator on a separable
(possibly finite-dimensional) Hilbert space then

(3.150) F(u) = (Au,u), F:{ueH;|ul|=1} — R
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is a continuous function on the unit sphere which attains its supremum and infimum
where
(3.151) sup |F(u)| = || Al

flull=1
Furthermore, if the mazimum or minimum of F(u) is non-zero it is attained at an
eivenvector of A with this extremal value as eigenvalue.

PROOF. Since |F(u)]| is the function considered in (3.136), (3.151) is a direct
consequence of Lemma 3.14. Moreover, continuity of F' follows from continuity of
A and of the inner product so

(3.152) |F(u)— F(u)] < |(Au, u) — (Au, o) |+ (Au, ') — (Aud, ') < 2| Al [lu—|

since both v and u’ have norm one.

If we were in finite dimensions this almost finishes the proof, since the sphere
is then compact and a continuous function on a compact set attains its supremum
and infimum. In the general case we need to use the compactness of A. Certainly
F' is bounded,

(3.153) |F(u)| < Sup, [(Au, u)| < [[A].

ul|=
Thus, there is a sequence u,” such that F(u,”) — sup F' and another u,, such that
F(u,) — inf F. The properties of weak convergence mean that we can pass to a
weakly convergent subsequence in each case, and so assume that u — u® converges
weakly; then ||u*|| < 1 by the properties of weak convergence. The compactness of
A means that Au — Au® converges strongly, i.e. in norm. But then we can write

(8.154) |F(uf) — F(ut)] < [(AQut — ) ud)] + ] (Aut, uf — ub)|
— [(A(uf — ), uf)] + |, At — o)) < 2] Au — Au*|

n

to deduce that F(u*) = lim F(ul) are respectively the supremum and infimum of
F. Thus indeed, as in the finite dimensional case, the supremum and infimum are
attained, and hence are the max and min. Note that this is not typically true if A
is not compact as well as self-adjoint.

Now, suppose that AT = sup F' > 0. Then for any v € H with v L u™ and
lv]] = 1, the curve

(3.155) L,: (—7,7) 260+ cosu™ + sinfv

lies in the unit sphere. Expanding out

(3.156) F(L,(9)) =
(AL,(0), L,(0)) = cos? OF (u™) 4 sin(20) Re(Au™, v) + sin?(0) F (v)
we know that this function must take its maximum at @ = 0. The derivative there

(it is certainly continuously differentiable on (—m, 7)) is 2 Re(Au™,v) which must
therefore vanish. The same is true for v in place of v so in fact

(3.157) (Autv) =0V v Lu', v =1.

Taking the span of these v’s it follows that (Au*,v) = 0 for all v L u™ so Au™
must be a multiple of u™ itself. Inserting this into the definition of F' it follows
that Au™ = ATuT is an eigenvector with eigenvalue AT = sup F.
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The same argument applies to inf F' if it is negative, for instance by replacing
A by —A. This completes the proof of the Lemma. O

PROOF OF THEOREM 3.4. First consider the Hilbert space Ho = Nul(A4)* C
H. Then, as noted above, A maps H into itself, since

(3.158) (Au, v) = (u, Av) =0V u € Hy, v € Nul(A) = Au € H,.

Moreover, Ay, which is A restricted to Hy, is again a compact self-adjoint operator
— where the compactness follows from the fact that A(B(0,1)) for B(0,1) C Ho is
smaller than (actually of course equal to) the whole image of the unit ball.

Thus we can apply the Lemma above to Ay, with quadratic form Fp, and find
an eigenvector. Let’s agree to take the one associated to sup Fy unless sup Fy <
—inf Fy in which case we take one associated to the inf. Now, what can go wrong
here? Nothing except if Fy = 0. However in that case we know from Lemma 3.14
that ||A|l =0so A =0.

So, we now know that we can find an eigenvector with non-zero eigenvalue
unless A = 0 which would implies Nul(4) = H. Now we proceed by induction.
Suppose we have found N mutually orthogonal eigenvectors e; for A all with norm
1 and eigenvectors A; — an orthonormal set of eigenvectors and all in Hy. Then we
consider

(3.159) Hy = {u € Ho = Nul(A)*; (u,e;) =0, j=1,...,N}.
From the argument above, A maps Hy into itself, since
(3.160) (Au, e;) = (u, Aej) = \j(u,ej) =0if u € Hy = Au € Hy.

Moreover this restricted operator is self-adjoint and compact on H as before so
we can again find an eigenvector, with eigenvalue either the max of min of the new
F for H . This process will not stop uness F' = 0 at some stage, but then A =0
on Hy and since Hy L Nul(A) which implies Hy = {0} so Ho must have been
finite dimensional.

Thus, either Hy is finite dimensional or we can grind out an infinite orthonormal
sequence e; of eigenvectors of A in Hy with the corresponding sequence of eigen-
values such that |A;| is non-increasing — since the successive Fiy’s are restrictions
of the previous ones the max and min are getting closer to (or at least no further
from) 0.

So we need to rule out the possibility that there is an infinite orthonormal
sequence of eigenfunctions e; with corresponding eigenvalues \; where inf; [\;| =
a > 0. Such a sequence cannot exist since e; — 0 so by the compactness of A,
Ae; — 0 (in norm) but ||Ae;| > a which is a contradiction. Thus if null(A)+
is not finite dimensional then the sequence of eigenvalues constructed above must
converge to 0.

Finally then, we need to check that this orthonormal sequence of eigenvectors
constitutes an orthonormal basis of Hgy. If not, then we can form the closure of the
span of the e; we have constructed, H’, and its orthocomplement in Hy — which
would have to be non-trivial. However, as before F' restricts to this space to be
F’ for the restriction of A’ to it, which is again a compact self-adjoint operator.
So, if F’ is not identically zero we can again construct an eigenfunction, with non-
zero eigenvalue, which contradicts the fact the we are always choosing a largest
eigenvalue, in absolute value at least. Thus in fact F/ = 0 so A’ = 0 and the
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eigenvectors form and orthonormal basis of Nul(A)+. This completes the proof of
the theorem. ([

19. Functional Calculus

As we have seen, the non-zero eigenvalues of a compact self-adjoint operator A
form the image of a sequence in [—||A]|, || A||] either converging to zero or finite. If e;
is an orthonormal sequence of eigenfunctions which spans Nul(A)1 with associated
eigenvalues \; then

(3.161) A= Z/\iPi, P = (u, e;)e;

being the projection onto the span Ce;. Since P,P; = 0 if i # j and P? = P, it fol-
lows inductively that the positive powers of A are given by similar sums converging

in B(H) :
(3.162) AF = Z)\fpl, Pu= (u,ei)ei, keN.

There is a similar formula for the identity of course, except we need to remember
that the null space of A then appears (and the series does not usually converge in
the norm topology on B(H)) :

(3.163) Id=> P+ Py, N =Nul(A).

The sum (3.163) can be interpreted in terms of a strong limit of operators, meaning
that the result converges when applied term by term to an element of H, so

(3.164) u= Z Piu+ Pyu, Vue H

which is a form of the Fourier-Bessel series. Combining these formule we see that
for any polynomial p(z)

(3.165) Zp ) P; + p(0)Px

converges strongly, and in norm prov1ded p(0) = 0.
In fact we can do this more generally, by choosing f € C([—|Al,|lA||) and
defining an operator by

(3.166) f(A) e B(H), f(Au= Zf (u,ei)e

This series converges in the norm topology prov1ded f(0) = 0 so to a compact
operator and if f is real it is self-adjoint. You can easily check that, always for
A = A* compact here, this formula defines a bounded linear map

(3.167) C(=lAl IIAl] — B(H)
which has nice properties. Most importantly
(3.168) (f9)(A) = f(A)g(A), (f(A)" = f(A)

so it takes the product of two continuous functions to the product of the operators.

We will proceed to show that such a map exists for any bounded self-adjoint
operator. Even though it may not have eigenfunctions — or even if it does, it
might not have an orthonormal basis of eigenvectors. Even so, it is still possible to
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define f(A) for a continous function defined on [a_,a] if Spec(4) C [a—,a+]. (In
fact it only has to be defined on the compact set Spec(A) which might be quite a
lot smaller). This is an effective extension of the spectral theorem to the case of
non-compact self-adjoint operators.

How does one define f(A)? Well, it is easy enough in case f is a polynomial,
since then we can simply substitute A™ in place of z™. If we factorize the polynomial
this is the same as setting

(3.169) f(2) =c(z—z1)(2—22) ... (2—2n) = f(A) = c(A—21)(A—22) ... (A—2zN)

and this is equivalent to (3.166) in case A is also compact.

Notice that the result does not depend on the order of the factors or anything
like that. To pass to the case of a general continuous function we need to estimate
the norm in the polynomial case.

PROPOSITION 3.17. If A = A* € B(H) is a bounded self-adjoint operator on a
Hilbert space then for any polynomial with real coefficients

(3.170) [F(A[ < sup ]lf(Z)\v Spec(4) C [a—, ay].

z€la_,a4

PRrROOF. For a polynomial we have defined f(A) by (3.169). We can drop the
constant ¢ since it will just contribute a factor of |¢| to both sides of (3.170). Now,
recall from Lemma 3.14 that for a self-adjoint operator the norm can be realized as

(3.171) 1F (Al = sup{]t[; t € Spec(f(A))}.

That is, we need to think about when f(A) — ¢ is invertible. However, f(z) —t
is another polynomial (with leading term 2" because we normalized the leading
coefficient to be 1). Thus it can also be factorized:

N
f@) —t=T1]¢E-¢w),

(3.172) )
fA) —t=[IAa-G)

where the ¢; € C are the roots (which might be complex even though the polynomial
is real). Written in this way we can see that

N

(3.173) (f(A) =)' = TT(A—¢G() " if G(¢) & Spec(A) V .

j=1
Indeed the converse is also true, i.e. the inverse exists if and only if all the A — (;(¢t)
are invertible, but in any case we see that

(3.174) Spec(f(A)) C {t € C;¢;(t) € Spec(A), for some j =1,...,N}
since if ¢ is not in the right side then f(A) — ¢ is invertible.

Now this can be restated as
(3.175) Spec(f(4)) C f(Spec(A))

since t ¢ f(Spec(A)) means f(z) # t for z € Spec(A) which means that there is no
root of f(z) =t in Spec(A) and hence (3.174) shows that ¢ ¢ Spec(f(A)). In fact
it is easy to see that there is equality in (3.175).
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Then (3.170) follows from (3.171), the norm is the sup of |z|, for z € Spec(f(A))
S0

IF(AI< sup [f(#)].

teSpec(A)
(]

This allows one to pass by continuity to f in the uniform closure of the poly-
nomials, which by the Stone-Weierstrass theorem is the whole of C([a—, a+]).

THEOREM 3.5. If A= A* € B(H) for a Hilbert space H then the map defined
on polynomials, through (3.169) extends by continuity to a bounded linear map

(3.176) C(la—,ay]) — B(H) if Spec(A) C [a—,ay], Spec(f(A)) C f([a—,at]).

PrOOF. By the Stone-Weierstrass theorem polynomials are dense in continous
functions on any compact interval, in the supremum norm. (Il

REMARK 3.1. You should check the properties of this map, which also follow by
continuity, especially that (3.168) holds in this more general context. In particular,
f(A) is self-adjoint if f € C([a—,ay]) is real-valued and is non-negative if f > 0 on
Spec(A).

20. Spectral projection

I have not discussed this in lectures but it is natural at this point to push a
little further towards the full spectral theorem for bounded self-adjoint operators.
If A e B(H) is self-adjoint, and [a_, a+] D Spec(A), we have defined f(A) € B(H)
for A € C([a—, a4]) real-valued and hence, for each u € H,

(3.177) C(la—,a4]) 3 f— (f(A)u,u) € R.

Thinking back to the treatment of the Lebesgue integral, you can think of this as a
replacement for the Riemann integral and ask whether it can be extended further,
to functions which are not necessarily continuous.

In fact (3.177) is essentially given by a Riemann-Stieltjes integral and this
suggests finding the increasing function which defines it. Of course we have the
rather large issue that this depends on a vector in Hilbert space as well — clearly
we want to allow this to vary too.

One direct approach is to try to define the ‘integral’ of the characteristic func-
tion (—oo, a] for fixed a € R. To do this is consider

(3.178) Qq(u) = inf{(f(A)u,u); f € C(la—,a]), f(t) >0, f(t)>1on [a_,a]}.
Since f > 0 we know that {f(A)u,u) > 0 so the infimum exists and is non-negative.
In fact there must exist a sequence f, such that

(3.179) Qq(u) = Um(fn(A)u,u), frn € C(la—,ay]), fn >0, fo(t) > 1, a_ <t <a,

where the sequence f, could depend on u. Consider an obvious choice for f, given
what we did earlier, namely

1 a_<t<a
(3.180) @) =¢1—(t—a)/n a<t<a+1l/n
0 t>a+1/n.

Certainly
(3.181) Qa(u) < lm(f,(A)u,u)
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where the limit exists since the sequence is decreasing.
LEMMA 3.17. For any a € [a_, a4],
(3.182) Qo(u) = lim{f, (A)u,u).

PRrROOF. For any given f as in (3.178), and any e > 0 there exists n such that
f@®) >1/(1+¢€) ina <t <a+1/n, by continuity. This means that (1+¢€)f > g,
and hence (f(A)u,u) > (1 + €)1 (fn(A)u,u) from which (3.182) follows, given

(3.181). O

Thus in fact one sequence gives the infimum for all u. Now, use the polarization
identity to define

(3.183)  Qa(u,v) = i (Qu(u+v) — Quu—v) +iQq(u+iv) —iQq(u —iv)).
The corresponding identity holds for (f,(A)u,v) so in fact
(3.184) Qo(u,v) = nli_)Ir()lg(f,,(A)u, v).

It follows that Q,(u,v) is a sesquilinear form, linear in the first variable and an-
tilinear in the second. Moreover the f,(A) are uniformly bounded in B(H) (with
norm 1 in fact) so

(3.185) |Qa(u, 0)| < Cllull[Jv]]

Now, using the linearity in v of Q,(u,v) and the Riesz Representation theorem it
follows that for each u € H there exists a unique Q,u € H such that
(3.186) Qa(u,v) = (Qqu,v), Vv e H, ||Quu| < |ul-

From the uniqueness, H 3 u — Qqu is linear so (3.186) shows that it is a bounded
linear operator. Thus we have proved most of

PROPOSITION 3.18. For each a € [a—,a1] D Spec(A) there is a uniquely defined
operator Q, € B(H) such that

(3.187) Qa(u) = (Qau,w)
recovers (3.182) and QF = Q, = Q2 is a projection satisfying

(3188) QaQb = Qan = Qb @fb <a, [Qm f(A)] =0V f € C([a,, a+])'
This operator, or really the whole family @Q,, is called the spectral projection of A.

PROOF. We have already shown the existence of Q, € B(H) with the property
(3.187) and since we defined it directly from Q,(u) it is unique. Self-adjointness

follows from the reality of Q,(u) > 0 since (Q.u,v) = (u, Q,v) then follows from
(3.186).
From (3.184) it follows that

(Qau,v) = nh_>ngo<fn(A)u7 v) =
(Quu F(A)) = T (A, F(A)) = (Quf(Ayu,v)

since f(A) commutes with f,,(A) for any continuous f. This proves the statement
in (3.188). Since fnfm < fn is admissible in the definition of @, in (3.178)
(3.190)

(Qut,v) = Tim {(Jofm)(A) ) = T (fu(A)u, n(A)e) = (Qu( AV, fn(A)0)

(3.189)
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and now letting m — oo shows that Q2 = Q,. A similar argument shows the first
identity in (3.188). O

Returning to the original thought that (3.177) represents a Riemann-Stieltjes
integral for each u we see that collectively what we have is a map

(3.191) [a_,a4] > a— Q, € B(H)

taking values in the self-adjoint projections and increasing in the sense of (3.188).
A little more application allows one to recover the functional calculus as an integral
which can be written

(3192) = i

[a*’a#»]
which does indeed reduce to a Riemann-Stieltjes integral for each u :
(3.193) (f(A)u, u) :/[ ]f(t)d<Qtu, u).

a_,a4

This, meaning (3.192), is the spectral resolution of the self-adjoint operator A,
replacing (and reducing to) the decomposition as a sum in the compact case

(3.194) FA) =" F(N)P;

where the P; are the orthogonal projections onto the eigenspaces for A;.

21. Polar Decomposition

One nice application of the functional calculus for self-adjoint operators is to
get the polar decomposition of a general bounded operator.

LEMMA 3.18. If A € B(H) then E = (A*A)z, defined by the functional calculus,
is a non-negative self-adjoint operator.

ProOOF. That F exists as a self-adjoint operator satisfying E? = A* A follows
directly from Theorem 3.5 and positivity follows as in Remark 3.1. O

PropPOSITION 3.19. Any bounded operator A can be written as a product

(3.195)  A=U(A*A)?, U e B(H), U*U =1d ~Tly(a), UU* =1II

Ran(A)*

PROOF. Set E = (A*A)z. We want to define U and we can see from the first
condition, A = UFE, that

(3.196) U(w) = Av, if w= Ewv.
This makes sense since Ev = 0 implies (Fv, Ev) = 0 and hence (A*Av,v) = 0 so

[|[Av]| = 0 and Av = 0. So let us define

(3.197) Uw) = {AU if w € Ran(E), w= Ev

0 if we (Ran(E))* .
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So U is defined on a dense subspace of H, Ran(E) @ (Ran(F))* which may not be
closed if Ran(F) is not closed. It follows that

(3.198) U(wi + we) =U(wy) = Av; =
U (w1 +ws)|* = [{Avy, Avi)|? = (E?v1,01) = [|[Bot||* = [Jwi|* < [Jwy + w2]?
if wy = Ev, wy € (Ran E)~*

Thus U is bounded on the dense subspace on which it is defined, so has a unique
continuous extension to a bounded operator U € B(H). From the definition of U
the first, factorization, condition in (3.195) holds.

From the definition U vanishes on Ran(E)+. We can now check that the con-
tinuous extension is a bijection

(3.199) U : Ran(F) — Ran(A4).

Indeed, if w € Ran(E) then ||w| = ||[Uw|| from (3.198) so (3.199) is injective. The
same identity shows that the range of U in (3.199) is closed since if Uw,, converges,
lwn — wnl| = U (wy — wy,)|| shows that the sequence w,, is Cauchy and hence
converges; the range is therefore Ran(A). This same identity, ||[Uw|| = ||w]|, for
w € Ran(F), implies that

(3.200) (Uw,Uw") = (w,w"), w,w" € Ran(E).
This follows from the polarization identity

(3.201)
HUw,Uw') = [[U(w+ )| = [U(w = w")|* +i||U (w + iw")|[* = i||U (w - iw)|*
= llw + w'[* = [lw — w'|* + illw + iw'[|* = iflw - iw'||* = 4w, w)
The adjoint U* of U has range contained in the orthocomplement of the null space
of U, so in Ran(E), and null space precisely Ran(A)* so defines a linear map from

Ran(A) to Ran(F). As such it follows from (3.201) that

(3.202) U*U =1d on Ran(E) = U* = U~ on Ran(A)

since U is a bijection it follows that U* is the two-sided inverse of U as a map in
(3.199). The remainder of (3.195) follows from this, so completing the proof of the
Proposition. ([

A bounded linear operator with the properties of U above, that there are two
decompositions of H = Hy & Hy = H3 ® H, into orthogonal closed subspaces, such
that U = 0 on Hy and U : Hy — Hj3 is a bijection with [|[Uw]| = |Jw]| for all
w € Hi is called a partial isometry. So the polar decomposition writes a general
bounded operator as product A = UE where U is a partial isometry from Ran(FE)
onto Ran(A) and E = (A*A)z. If A is injective then U is actually unitary.

EXERCISE 1. Show that in the same sense, A = FV where F = (AA*)2 and
V is a partial isometry from Ran(A*) to Ran F.
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22. Compact perturbations of the identity

I have generally not had a chance to discuss most of the material in this section,
or the next, in the lectures.

Compact operators are, as we know, ‘small’ in the sense that they are norm
limits of finite rank operators. Accepting this, then you will want to say that an
operator such as

(3.203) Id-K, K € K(H)

is ‘big’. We are quite interested in this operator because of spectral theory. To say
that A € C is an eigenvalue of K is to say that there is a non-trivial solution of

(3.204) Ku—JAu=0

where non-trivial means other than than the solution v = 0 which always exists. If
A is an eigenvalue of K then certainly A € Spec(K), since A— K cannot be invertible.
For general operators the converse is not correct, but for compact operators it is.

LEMMA 3.19. If K € B(H) is a compact operator then A € C\ {0} is an
eigenvalue of K if and only if X € Spec(K).

PROOF. Since we can divide by A we may replace K by A~ K and consider the
special case A = 1. Now, if K is actually finite rank the result is straightforward.
By Lemma 3.7 we can choose a basis so that (3.85) holds. Let the span of the e;
be W — since it is finite dimensional it is closed. Then Id —K acts rather simply —
decomposing H =W & W, v =w+ v’
(3.205) (Id-K)(w+w') =w+ (dw —K'w', K' : W — W
being a matrix with respect to the basis. It follows that 1 is an eigenvalue of K
if and only if 1 is an eigenvalue of K’ as an operator on the finite-dimensional
space W. A matrix, such as Idy —K’, is invertible if and only if it is injective, or
equivalently surjective. So, the same is true for Id — K.

In the general case we use the approximability of K by finite rank operators.

Thus, we can choose a finite rank operator F' such that ||[K — F| < 1/2. Thus,
(Id—K + F)~! = Id —B is invertible. Then we can write

(3.206) Id—K =Id—(K — F)— F = (Id—(K — F))(Id—L), L = (Id—B)F.

Thus, Id — K is invertible if and only if Id —L is invertible. Thus, if Id —K is not
invertible then Id —L is not invertible and hence has null space and from (3.206) it
follows that Id —K has non-trivial null space, i.e. K has 1 as an eigenvalue. O

A little more generally:-

PROPOSITION 3.20. If K € K(H) is a compact operator on a separable Hilbert
space then

null(Id —K) = {u € H; Idg)u = 0} is finite dimensional
(3.207) Ran(Id—K) ={v e H;Ju € H, v = (Id —K)u} is closed and
Ran(Id —K)* = {w € H; (w, Ku) = 0 Y u € H} is finite dimensional
and moreover

(3.208) dim (null(Id —K)) = dim (Ran(Id —K)*).
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PROOF OF PROPOSITION 3.20. First let’s check this in the case of a finite rank
operator K = T. Then
(3.209) Nul(Id —-T) = {u € H;u = Tu} C Ran(T).

A subspace of a finite dimensional space is certainly finite dimensional, so this
proves the first condition in the finite rank case.

Similarly, still assuming that 7T is finite rank consider the range
(3.210) Ran(Id —T) = {v € H;v = (Id —=T)u for some u € H}.
Consider the subspace {u € H;Tu = 0}. We know that this this is closed, since T
is certainly continuous. On the other hand from (3.210),
(3.211) Ran(Id —T") D Nul(T).

Now, Nul(T) is closed and has finite codimension — it’s orthocomplement is spanned

by a finite set which maps to span the image. As shown in Lemma 3.4 it follows

from this that Ran(Id —T') itself is closed with finite dimensional complement.
This takes care of the case that K = T has finite rank! What about the general

case where K is compact? If K is compact then there exists B € B(H) and T of

finite rank such that

(3.212) K=B+T, |B|| < %

Now, consider the null space of Id —K and use (3.212) to write
(3.213) Id—K = (Id—B) - T = Id—B)(Id-T"), T' = (Id —B)"'T.
Here we have used the convergence of the Neumann series, so (Id —B)~! does exist.
Now, T” is of finite rank, by the ideal property, so
(3.214) Nul(Id —K) = Nul(Id —7") is finite dimensional.
Here of course we use the fact that (Id —K)u = 0 is equivalent to (Id —=T")u = 0
since Id —B is invertible. So, this is the first condition in (3.207).

Similarly, to examine the second we do the same thing but the other way around
and write

(3.215) Id-K =(Id-B) — T = (Id-T")(Id—B), T" = T(1d —B) ..
Now, T” is again of finite rank and
(3.216) Ran(Id —K) = Ran(Id —T") is closed and of finite codimension.

What about (3.208)? This time let’s first check first that it is enough to consider
the finite rank case. For a compact operator we have written

(3.217) (Id—K) = G(Id—T)

where G = Id —B with || B| < 3 is invertible and T is of finite rank. So what we
want to see is that

(3.218) dim Nul(Id — K) = dim Nul(Id —7") = dim Nul(Id —K*).
However, Id —K* = (Id —=T*)G* and G* is also invertible, so
(3.219) dim Nul(Id —K*) = dim Nul(Id —T"*)

and hence it is enough to check that dim Nul(Id —7") = dim Nul(Id —7™*) — which is
to say the same thing for finite rank operators.
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Now, for a finite rank operator, written out as (3.85), we can look at the vector
space W spanned by all the f;’s and all the e;’s together — note that there is
nothing to stop there being dependence relations among the combination although
separately they are independent. Now, T : W — W as is immediately clear and

N
(3.220) T =Y (v, fi)e;

i=1
soT : W — W too. In fact Tw' = 0 and T*w’ = 0 if w’ € W+ since then
(w',e;) =0 and (w', f;) = 0 for all 4. It follows that if we write R : W +— W for
the linear map on this finite dimensional space which is equal to Id =T acting on
it, then R* is given by Id —T™ acting on W and we use the Hilbert space structure
on W induced as a subspace of H. So, what we have just shown is that
(3.221)

(d-Thu=0<=ueWand Ru=0, (Id-T")u=0<=u € W and R*u = 0.

Thus we really are reduced to the finite-dimensional theorem
(3.222) dim Nul(R) = dim Nul(R*) on W.

You no doubt know this result. It follows by observing that in this case, every-
thing is now in W, Ran(W) = Nul(R*)* and in finite dimensions

(3.223)  dimNul(R) 4+ dim Ran(R) = dim W = dim Ran(WW) 4+ dim Nul(R").

23. Hilbert-Schmidt, Trace and Schatten ideals

As well as the finite rank and compact operators there are other important
ideals. Since these results are not exploited in the subsequence sections, the many
proofs are relegated to exercises.

First consider the Hilbert-Schmidt operators. The definition is based on

LEMMA 3.20. For a separable Hilbert space, H, if A € B(H) then once the sum
for any one orthonormal basis {e;}

(3.224) 1Alfs = > ldeil|?

is finite it is finite for any other orthonormal basis and is independent of the choice
of basis.

It is straightforward to show that the operators of finite rank satisfy (3.224); this
is basically Bessel’s inequality.

ProOOF. This is Problem XX. Starting from (3.224) for some orthonormal basis
e;, consider any other orthonormal basis f;. Using the completeness, expand using
Bessel’s identity

(3.225) | Ae;||2 = Z| (Aei, f)? Z| ei, A f;)|?

This converges absolutely, so the convergence of (3.224) implies the convergence of
the double sum, which can then be rearranged to give

(3.226) Z||Aez||2 ZZ|62,A*]‘J 2= ZZ|e“A*fJ ZIIA*JZII2
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where Bessel’s identity is used again. Thus the sum for A* with respect to the new
basis is finite. Applying this argument again shows that the sum is independent of
the basis, and the same for the adjoint. O

PROPOSITION 3.21. The operators for which (3.224) is finite form a 2-sided *
-ideal HS(H) C B(H), contained in the ideal of compact operators, it is a Hilbert
space and the norm satisfies

|AD|us < [|Allusl|Dlls, A € HS(H), D € B(H).
The inner product is

(A,B)us = » (Ae;, Be;)u, A, B € HS(H).

T

For a compact operator the polar decomposition can be given a more explicit
form and we can use this to give another characterization of the Hilbert-Schmidt
operators.

PROPOSITION 3.22. If A € K(H) then there exist orthonormal bases e; of
Nul(A4)* and f; of Nul(A*)* such that

Au = Z si{u, e;) f;
i
where the s; are the non-zero eigenvalues of (A*A)% repeated with multiplicity.

The s; are called the characteristic values of A.

ProOOF. First take a basis e; of eigenvectors of A*A restricted to Nul(A)+ =
Nul(A*A)+ with eigenvalues s? > 0, so the s; are the non-zero eigenvalues of
|A| = (A*A)2. Then A = U|A| with U a unitary operator from Ran(|A[) = Nul(A)+
to Ran(A) so (3.22) follows by taking f; = Ue;. O

Extending the e; to an orthonormal basis of H it follows that

1
2
[Allms = (Z S?) = [lslle=-
i

So to say that A is Hilbert-Schmidt is to say that the sequence of its characteristic
values is in [? (with the caveat that the sequence might be finite).

One reason that the Hilbert-Schmidt operators are of interest is their relation
to the ideal of operators ‘of trace class’, T (H).

DEFINITION 3.7. The space T (H) C B(H) for a separable Hilbert space consists
of those operators A for which

(3.228) |A]lze = sup Y [(Aes, f;)] < oo

where the supremum is over pairs of orthonormal sequences {e;} and {f;}.
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PROPOSITION 3.23. The trace class operators form an ideal, T(H) C HS(H),
which is a Banach space with respect to the norm (3.228) which satisfies

1L 1
(3.229) 1Alls < [[Allre, [[Allas < [[All 31 All T3

the following two conditions are equivalent to A € T(H) :

(1) The operator defined by the functional calculus,
(3.230) |A|z = (A*A)% € HS(H).
(2) There are operators B;, Bi € HS(H) such that

N
(3.231) A=Y BB

PRrOOF. Note first that 7(H) is a linear space and that || - ||y is a norm on
it. Now suppose A € T(H) and consider its polar decomposition A = U(A*A)z.
Here U is a partial isometry mapping Ran(A*A)% to Ran(A) and vanishing on

7J_ e —
Ran(A*A)2 . Consider an orthonormal basis {e;} of Ran(A*A)2. This is an or-
thonormal sequence in H as is f; = Ue;. Inserting these into (3.228) shows that

(3.232) Zl U(A"A 2ez,f1\—Z| AT A)ie;, (AT A)ie;)| < oo

where we use the fact that U*f; = U*Ue; = e;. Since the closure of the range of
(A*A)7 is the same as the closure of the range of (A*A)? it follows from (3.232)
that (3.230) holds (since adding an orthonormal basis of Ran((A*A)%)L does not
increase the sum).

Next assume that (3.230) holds for A € B(H). Then the polar decomposition
can be written A = (U(A*A)3)(A*A)7 showing that A is the product of two
Hilbert-Schmidt operators, so in particular of the form (3.231).

Now assume that A is of the form (3.231), so is a sum of products of Hilbert-
Schmidt operators. The linearity of 7(H) means it suffices to assume that A = BB’
where B, B’ € HS(H). Then,

(3.233) [(Ae, fi)l = [(B'ei, B* fi)| < | B'eillul|B” fill -
Taking a finite sum and applying Cauchy—Schwartz inequality

N N
(3.234) Sl Ae, ) < O 1B e ) A ( Z 1B £:]1%)%.
=1 =1

If the sequences are orthonormal the right side is bounded by the product of the
Hilbert-Schmidt norms so

(3.235) IBB' ||l < [|1Bllus||B'||ns
and A= BB' € T(H).

The first inequality in (3.229) follows the choice of single unit vectors u and v
as orthonormal sequences, so

(3.236) [(Au, )| < [[A]le = | A]l < [[A]l7e-

The completeness of T(H) with respect to the trace norm follows standard
arguments which can be summarized as follows



23. HILBERT-SCHMIDT, TRACE AND SCHATTEN IDEALS 103

(1) If A, is Cauchy in 7 (H) then by the equality just established, it is Cauchy
in B(H) and so converges in norm to A € B(H).

(2) A Cauchy sequence is bounded, so there is a constant C' = sup,, || Am ||
such that for any IV, any orthonormal sequences ¢e;, f;,

N
(3.237) S (Auew f)] < €
i=1

Passing to the limit A,, — A in the finite sum gives the same bound with
A, replaced by A and then allowing N — oo shows that A € T(H).
Similarly the Cauchy condition means that for € > 0 there exists M such
that for all NV, and any orthonormal sequences e;, f;

N
(3.238) mn > M= [((An — Am)ei, ;)| < €.

=1

Passing first to the limit m — oo in the finite sum and then N — oo
shows that

n>M=||A, — Al < ¢

and so A,, — A in the trace norm.

PROPOSITION 3.24. The trace functional
(3.239) T(H) > Ar— Tr(A) =) (Ae;,e;)
is a continuous linear functional (with respect to the trace norm) which is indepen-
dent of the choice of orthonormal basis {e;} and which satsifies

(3.240) Tr(AB — BA) =0 if Ac T(H), B B(H) or A, B € HS(H).

PROOF. The complex number Tr(AB — BA) depends linearly on A and, sepa-
rately, on B. The ideals are x-closed so decomposing A = (A+ A*)/2+i(A— A*)/2i
and similarly for B shows that it suffices to assume that A and B are self-adjoint. If
A € T(H) we can choose use an orthonormal basis of eigenvectors for it to evaluate
the trace. Then if Ae; = \;e;

(3.241) Tr(AB— BA) = ((Be;, Ae;) — (Ae;, Be;))

%

= Z (>\1<B€1, €i> - )\i<€i, B€1>) =0.
The case that A, B € HS(H) is similar. O

This is the fundamental property of the trace functional, that it vanishes on
commutators where one of the elements is of trace class and the other is bounded.
Two other important properties are that

LEMMA 3.21. (1) If A, B € HS(H) then
(3.242) (A, Byus = Tr(A*B)
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(2) If T=T* € K(H) then T € T(H) if and only if the sequence of non-zero
eigenvalues \; of T (repeated with multiplicity) is in I* and

(3.243) () = 3" s [Tl = 3l

In fact the second result extends to Lidskii’s theorem: If T € Tr(H) then the
spectrum outside 0 is discrete, so countable, and each point is an eigenvalue \;
of finite algebraic multiplicity k; and then Tr(T) = > k;\; converges in ['. The

K3

algebraic multiplicity is the limit as & — oo of the dimension of the null space of
(T — \;)*. The standard proof of this is not elementary.
Next we turn to the more general Schatten classes.

DEFINITION 3.8. An operator A € K(H) is ‘of Schatten class,” A € Sc,(H),
p € [1,00) if and only if |A|P € T(H), i.e.

1
(3.244) 1Tlsc, = <Z 8f> < 0

where s; are the non-zero characteristic values of A repeated with multiplicity.

So T(H) = Sci(H), HS(H) = Sco(H).
Of course the notation is suggestive, but we need to be a bit careful in proving
the results which are implied by the notation!

PROPOSITION 3.25. FEach of the Schatten classes is a two-sided x-ideal in B(H)
which is a Banach space with respect to the norm (3.244); the norm is also given

by

(3.245) |T|[&,, =sup > [(Tes, fi)l?

with the supremum over orthonormal sequences, with finiteness implying that T €
Scp(H). If q is the conjugate index to p € (0,00) then

(3.246) A € Scy(H), B € Scy(H) = AB € T(H), |AB|1 < || Allse, || Bllse,

and conversely, if A € B(H) then A € Sc,(H) if and only if AB € T(H) for all
B € Scq(H) and

[Allse, = sup [|AB||m.

I Blscq =1

PROOF. The alternate realization of the Schatten norm in (3.245) is particu-
larly useful since whilst it is clear from the definition that ¢I'" € Sc,(H) if T €
Scp(H) and ¢ € C, it is not otherwise immediately clear that the space is linear (or
that the triangle inequality holds).

From the definition (3.244), that if T' is self-adjoint then T" € Sc,(H) if and
only if

(3.247) sup Y (T fis )P = |ITII§,, < oo
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with the supremum over orthonormal sequences. To see this let e; be an orthonomal
basis of eigenvectors for 7. Then expanding in the Fourier-Bessel series

(3.248) (Tfi, ) Zklfz,ej |2<Z\A (i e)IP/P1fis )]/

S(ZIAjI (fires)| %Dﬁ,ej )i = O INIP i e PP

J J

by Holder’s inequality, so
(3.249) ZI Tfi, fol? < ZP\ I”Z fiep)? ZIA 7 =TI, -

This proves (3.247) when T = T* € K(H).

Now consider (3.245). Let Py be the orthogonal projection onto the span
of the eigenspaces corresponding to the the N largest eigenvalues of |T'|. Then
we replace T by Ty = TPpy; certainly TPy — T in norm. Since T has finite
rank, both Nul(T) and Nul(T%;) are infinite dimensional so we can write the polar
decomposition as

TN = UNAN7 AN = PN|T|PN
and take Uy to be unitary (rather than a partial isometry) by extending it by

an isometric isomorphism Nul(Tx)+ — Nul(T%)*. Then using Cauchy-Schwartz
inequality and then (3.247) for Ay,

(3.250) Z| Tnei, f:)|P Z| (AZe;, AZUL P
ZHA il ?7)? ZHAEU;‘VﬁIIQP)%
Z| (Anei,e:)|?) 2\Z| ANUR S, U f)IP)

< ANlse, = 17N llse, < 17Tlsc, -

As usual dropping to a finite sum on the left we can pass to the limit as N — oo
and obtain a uniform bound on any finite sum for T from which (3.245) follows.
At this point we know that if A € Sc,(H) and Uy, Us are unitary then

U1 AU; € Sc,(H) and [|[UL AUs||se, = || Allsc, -

From (3.245) it follows directly that Sc,(H) is linear, that the triangle inequal-
ity holds, so that || - [[sc, is a norm, and Sc,(H) is complete and that it is *-closed.

Now, if A € Scy(H) and B € Sc,(H) for conjugate indices p, g € (1, 00) choose
a finite rank orthogonal projection P and consider ABP which is of finite rank, and
hence of trace class. We can compute its trace with respect to any orthonormal
basis. Choose an orthonormal basis e; of the range of PAP and f; so that the polar
decomposition of PAP becomes
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where the s; are the characteristic values of PA. With finite sums

(3.251) |Tx(PAPBP)|=|> (PAP?BPe;,e;)]

N
=|> (PBPe;, PA*Pe;)| <Y si|(PBPe;, f;)|

i=1
< (Y sD7(Q_[(PBPe;, fi)|P)? < | PAP|sc, | PBP|s,

by Holder’s inequality. Now |PBP| = P|B|P (and similarly for A) and from
minimax arguments discussed earlier it follows that, s;(|[PBP|) < s,(|B|) for all j.
So we see that

(3.252) | Te(PAPBP)| < [|Allsc, || Blisc, -

Fixing B this is true for any A, so A can be replaced by UA with U unitary, in
such a way that APB = |APB|. We also know that ||[UA|sc, = ||Alsc, and since
P|APBI|P is positive and

(3.253)  Tr(PAPBP) = Tr(P|APB|P) = ||[P|APB|P| 1 < [|Allsc, || Bllsc,-

Taking an increasing sequence of projections Py, it follows that Py|APyNB|Pn —
|AB] in trace norm and that (3.246) holds.

The proof of optimality in this ‘non-commutative Holder inequality’ is left as
an exercise. That Sc,(H) is an ideal then follows from the fact that 7(H) is an
ideal. O

24. Fredholm operators

DEFINITION 3.9. A bounded operator F' € B(H) on a Hilbert space is said to
be Fredholm, written F' € F(H), if it has the three properties in (3.207) — its null
space is finite dimensional, its range is closed and the orthocomplement of its range
is finite dimensional.

In view of Proposition 3.20, if K € K(H) then Id —K € F(H). For general Fred-
holm operators the row-rank=colum-rank result (3.208) does not hold. Indeed the
difference of these two integers, called the index of the operator,

(3.254) ind(F) = dim (null(F)) — dim (Ran(F)")

is a very important number with lots of interesting properties and uses.

Notice that the last two conditions in (3.207) are really independent since the
orthocomplement of a subspace is the same as the orthocomplement of its closure.
There is for instance a bounded operator on a separable Hilbert space with trivial
null space and dense range which is not closed. How could this be? Think for
instance of the operator on L?(0,1) which is multiplication by the function z.
This is assuredly bounded and an element of the null space would have to satisfy
zu(x) = 0 almost everywhere, and hence vanish almost everywhere. Moreover the
density of the L? functions vanishing in # < € for some (non-fixed) ¢ > 0 shows
that the range is dense. However this operator is not invertible and not Fredholm.

On the other hand we do know that a subspace with finite codimension is
closed, so we can replace the last two conditions in Definition 3.9 by saying that
the range of the operator has finite codimension. I have not done this directly since
it is a little too easy to fall into the trap of thinking that it is enough to check that
the closure of the range has finite codimension; it isn’t!
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Before looking at general Fredholm operators let’s check that, in the case of
operators of the form Id — K, with K compact the third conclusion in (3.207) really
follows from the first. This is a general fact which I mentioned, at least, earlier but
let me pause to prove it.

PROPOSITION 3.26. If B € B(H) is a bounded operator on a Hilbert space and
B* is its adjoint then

(3.255) Ran(B)* = (Ran(B))* = {v € H; (v,w) = 0V w € Ran(B)} = Nul(B*).

PROOF. The definition of the orthocomplement of Ran(B) shows immediately
that

(3.256) v € (Ran(B))* <= (v,w) =0V w € Ran(B) <= (v, Bu) =0V u € H
< (B"v,u) =0V u€H <= B"v=0<+= v e Nul(B).

On the other hand we have already observed that V+ = (V) for any subspace —
since the right side is certainly contained in the left and (u,v) = 0 for all v € V
implies that (u,w) = 0 for all w € V by using the continuity of the inner product
to pass to the limit of a sequence v, — w. 0

There is a more ‘analytic’ way of characterizing Fredholm operators, rather
than Definition 3.9.

LEMMA 3.22. An operator F € B(H) is Fredholm, F € F(H), if and only if it
has a generalized inverse P satisfying

PF = 1d ~IInur)
FP = Id _HRan(F)L
with the two projections of finite rank.

ProoOF. If (3.257) holds then F' must be Fredholm, since its null space is finite
dimensional, from the second identity the range of F' must contain the range of
Id —IIyyy(ry+ and hence it must be closed and of finite codimension.

Conversely, suppose that F' € F(H). We can divide H into two pieces in two
ways as H = Nul(F) @ Nul(F)+ and H = Ran(F)* @ Ran(F) where in each case
the first summand is finite-dimensional. Then F' defines four maps, from each of
the two first summands to each of the two second ones but only one of these is
non-zero and so F' corresponds to a bounded linear map F' : Nul(F)* — Ran(F).
These are two Hilbert spaces with a bounded linear bijection between them, so the
inverse map, P : Ran(F) — Nul(F)* is bounded by the Open Mapping Theorem
and we can define

(3.257)

(3258) P= POHNUI(F)L'
Then (3.257) follows directly. O
What we want to show is that the Fredholm operators form an open set in

B(H) and that the index is locally constant. To do this we show that a weaker
version of (3.257) also implies that F' is Fredholm.

LEMMA 3.23. An operator F € F(H) is Fredholm if and only if it has a para-
metrix Q € B(H) in the sense that
QF =1d—FEJ,

(3.259) FO—T1d—E,



108 3. HILBERT SPACES

with Ep, and Egr of finite rank. Moreover any two such parametrices differ by a
finite rank operator.

The term ‘parametrix’ refers to an inverse modulo an ideal. Here we are looking
at the ideal of finite rank operators. In fact this is equivalent to the existence of
an inverse modulo compact operators. One direction is obvious — since finite rank
operators are compact — the other is covered by one of the problems. Notice that
the parametrix @ is itself Fredholm, since reversing the two equations shows that
F' is a parameterix for (). Similarly it follows that if F' is Fredholm then so is F*
and that the product of two Fredholm operators is Fredholm.

PRrROOF. If F is Fredholm then Q = P certainly is a parameterix in this
sense. Conversely suppose that @ as in (3.259) exists. Then Nul(Id —Fp) is
finite dimensional — from (3.207) for instance. However, from the first identity
Nul(F) € Nul(QF) = Nul(Id —E},) so Nul(F) is finite dimensional too. Similarly,
the second identity shows that Ran(F) D Ran(F'Q) = Ran(Id —ER) and the last
space is closed and of finite codimension, hence so is the first. Thus the existence
of such a parameterix ) implies that F' is Fredholm.

Now if @ and @’ both satisfy (3.259) with finite rank error terms E7, and E},
for Q' then

(3.260) Q' -QF=E,-E]

is of finite rank. Applying the generalized inverse, P, of F' on the right shows that
the difference

(3.261) (Q = Q)= (EL - E1)P +(Q" — Q)lxu(r)
is indeed of finite rank. O

Observe that (3.260) can be reversed. If F' is Fredholm, so has a parametrix
Q@ then all the operators ) + FE where E is of finite rank are also parametrices. It
is also the case that if F' is Fredholm and K is compact then F + K is Fredholm.
Indeed, if you go through the proof above replacing ‘finite rank’ by ‘compact’ you
can check this. Thus an operator is Fredholm if and only if it has invertible image
in the Calkin algebra, B(H)/K(H).

Now recall that finite-rank operators are of trace class, that the trace is well-
defined and that the trace of a commutator where one factor is bounded and the
other trace class vanishes. Using this we show

LEMMA 3.24. If Q and F satisfy (3.259) then
(3.262) ind(F) = Te(Ey) — Tr(ER).

PROOF. We certainly know that (3.262) holds in the special case that Q = P
is the generalized inverse of F, since then Fy, = Ilxyr) and Egr = Hgranr)r and
the traces are the dimensions of these spaces.

Now, if @) is a parameterix as in (3.259) consider the straight line of operators
Q: = (1 —t)P +tQ. Using the two sets of identities for the generalized inverse and
paramaterix

Qi F =1 —-t)PF+tQF =1d —(1 — t)HNul(F) —tEL,

3.263
(8.263) FQ;=(1—t)FP+tFQ =1d—(1 — t)llgay(p). — tEg.
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Thus Q; is a curve of parameterices and what we need to show is that
(3264) J(t) = TI‘((l - t)HNul(F) + tEL) - ’IY((l — t)HRan(F)l + tER)

is constant. This is a linear function of ¢ as is ;. We can differentiate (3.263) with
respect to ¢t and see that

d d
(3.265) %((1 — O)lxu(r) +tEL) — %((1 — )Ran(r)+ +tER) = [Q — P, F]
= J'(t)=0

since it is the trace of the commutator of a bounded and a finite rank operator
(using the last part of Lemma 3.23). O

PROPOSITION 3.27. The Fredholm operators form an open set in B(H) on which
the indez is locally constant.

PrOOF. We need to show that if F' is Fredholm then there exists ¢ > 0 such
that F' + B is Fredholm if || B|| < e. Set B’ = Hgan(r) Bllxy(py+ then ||B'|| < [|B|
and B— B’ is finite rank. If F is the operator constructed in the proof of Lemma 3.22
then F + B’ is invertible as an operator from Nul(F)* to Ran(F) if € > 0 is small.
The inverse, Pj;, extended as 0 to Nul(F') as P is defined in that proof, satisfies

Pp(F + B) = 1d ~Tyu ) + Pg(B — B),

3.266
( ) (F + B)P/B =1Id _l_IRam(F)L + (B - B/)PIB

and so is a parametrix for F'+ B. Thus the set of Fredholm operators is open.
The index of F'+ B is given by the difference of the trace of the finite rank error

terms in the second and first lines here. It depends continuously on B in |B]| < €

so, being integer-valued, is constant. ([

This shows in particular there is an open subset of B(H) which contains no
invertible operators, in strong contrast to the finite dimensional case. In fact even
the Fredholm operators do not form a dense subset of B(H). One such open subset
consists of the semi-Fredholm operators — those with closed range and with either
null space or complement of range finite-dimensional.

Why is the index important? For one thing it actually labels the components
of the Fredholm operators — two Fredholm operators can be connected by a curve
of Fredholms if and only if they have the same index. One of the main applications
of the index is quite trivial to see — if the index of a Fredholm operator is positive
then the operator must have non-trivial null space. This is a remarkably powerful
method for showing that certain sorts (‘elliptic’ for one) of equations have non-
trivial solutions.

25. Kuiper’s theorem

For finite dimensional spaces, such as C, the group of invertible operators —
in this case matrices and denoted typically GL(N) — is a particularly important
example of a Lie group. One reason it is important is that it carries a good deal
of ‘topological’ structure. In particular — if you have done a little topology — its
fundamental group is not trivial, in fact it is isomorphic to Z. This corresponds to
the fact that a continuous closed curve ¢ : S — GL(N) is contractible if and only
if its winding number is zero — the effective number of times that the determinant
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goes around the origin in C. There is a lot more topology than this and it is actually
quite complicated.

Perhaps surprisingly, the corresponding group of the invertible bounded oper-
ators on a separable (complex) infinite-dimensional Hilbert space is contractible.
This is Kuiper’s theorem, and means that this group, GL(H), has no ‘topology’ at
all, no holes in any dimension and for topological purposes it is like a big open ball.
The proof is not really hard, but it is not exactly obvious either. It depends on
an earlier idea, ‘Eilenberg’s swindle’ - it is an unusual name for a theorem - which
shows how the infinite-dimensionality is exploited. As you can guess, this is sort
of amusing (if you have the right attitude ...). The proof I give here is due to B.
Mityagin, [3].

Let’s denote by GL(H) this group. In view of the open mapping theorem we
know that

(3.267) GL(H) = {A € B(H); A is injective and surjective}.
Contractibility means precisely that there is a continuous map

~v:[0,1] x GL(H) — GL(H) s.t.
v(0,4)=A, v(1,A) =1d, V A € GL(H).

Continuity here means for the metric space [0, 1] x GL(H) where the metric comes
from the norms on R and B(H).

I will only show ‘weak contractibility’ of GL(H). This has nothing to do with
weak convergence, rather just means that we only look for an homotopy over com-
pact sets.

As a warm-up exercise, let us show that the group GL(H) is contractible to
the unitary subgroup
(3.269) U(H) ={U € GL(H);U~' =U"}.

These are the isometric isomorphisms.

(3.268)

PROPOSITION 3.28. There is a continuous map
(3.270)
':[0,1] x GL(H) — GL(H) s.t. T'(0,A) = A, T'(1,A) ¢ U(H) V A € GL(H).

PRrOOF. This is a consequence of the functional calculus, giving the ‘polar
decomposition’ of invertible (and more generally bounded) operators. Namely, if
A € GL(H) then AA* € GL(H) is self-adjoint. Its spectrum is then contained in
an interval [a,b], where 0 < a < b = ||A||. It follows from what we showed earlier
that R = (AA*)? is a well-defined bounded self-adjoint operator and R? = AA*.
Moreover, R is invertible and the operator Uy = R7'A € U(H). Certainly it is
bounded and Uj; = A*R™! so U3Us = A*R72A = Id since R72 = (AA*)~! =
(A*)71A~L. Thus U} is a right inverse of Uy, and (since Uy, is a bijection) is the
unique inverse so U4 € U(H). So we have shown A = RU4 then
(3.271) I'(s,A) = (sId+(1 — s)R)U4, s € [0,1]
satisfies (3.270).

There is however the issue of continuity of this map. Continuity in s is clear
enough but we also need to show that the map

(3.272) GL(H) > A — (A*A)? € GL(H),

defining R, is continuous.
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Certainly the map A — A*A is (norm) continuous. Suppose A4, — A in
GL(H) then given € there is a polynomial p such that
(3.273) |(B*B)? — p(B*B)|| < ¢/3 for B= A, A, ¥ n.
On the other hand (A} A,)F — (A*A)* for any k so
(3274) (A" A}~ (474} <
I(A*A)% — p(AA)|| + [[p(A*A) = p(A; An)| + (A5 An)

N

—p(A4) A — 0.
O

So, for any compact subset X C GL(H) we seek a continuous map

v:[0,1] x X — GL(H) s.t
~7(0,A) = A, v(1,A)=1d, V A € X,
note that this is not contractibility of X, but of X in GL(H).

In fact, to carry out the construction without having to worry about too many
things at once, just consider (path) connectedness of GL(H) meaning that there is
a continuous map as in (3.275) where X = {A} just consists of one point — so the
map is just 7 : [0,1] — GL(H) such that v(0) = A4, v(1) =1d.

The construction of 7 is in three stages

(3.275)

(1) Creating a gap
(2) Rotating to a trivial factor
(3) Eilenberg’s swindle.

LEMMA 3.25 (Creating a gap). If A € B(H) and € > 0 is given there is a
decomposition H = Hi ® Hy, ® Hp into three closed mutually orthogonal infinite-

dimensional subspaces such that if Qr s the orthogonal projections onto Hy for
I =K, L, O then

(3.276) 1QLBQK| <e.

Proor. Choose an orthonormal basis e;, j € N, of H. The subspaces H; will
be determined by a corresponding decomposition
(3.277) N=KULUO, KNL=KNnO=LNO =.
Thus H; has orthonormal basis ey, k € I, I = K, L, O. To ensure (3.276) we choose
the decomposition (3.277) so that all three sets are infinite and so that
(3.278) |(e1, Bep)| < 27" teVie L, k€ K.

Once we have this, then for u € H, Qxu € Hg can be expanded to > (Qru, ex)ex
kEK
and expanding in Hj, similarly,

QrBQxu = Z(BQKU e)e; = Z Z Bey,e)(Qru, er)e

leL keL keK

(3.279) — 1QLBQxul? < 3 ((kaewz <Bek,el>|2>

KEK leL

1

< 5€ ¢ Z [(Qru, er)|” < 2HU”2
kEK

giving (3.276). The absolute convergence of the series following from (3.278).



112 3. HILBERT SPACES

Thus, it remains to find a decomposition (3.277) for which (3.278) holds. This
follows from Bessel’s inequality. First choose 1 € K then (Bej,e;) — 0 as | — o
so |(Bei,er,)| < €/4 for I large enough and we will take [ > 2k;. Then we use
induction on N, choosing K(N), L(N) and O(N) with

K(N) = {/{?1 =1<ky < ...,kN},
LIN)={li <la<---<In}, b > 2k, ky > 1,1 for 1 <7 < N and
O(N) ={1,...,In} \ (K(N) UL(N)).
Now, choose kni1 > Iy such that |(e;, Begy,,)| < 27" Ne, for all [ € L(N), and

then Iy41 > 2kn 41 such that (e, Br)| < e V" 1"Fefork € K(N+1) = K(N)U
{kn+1} and the inductive hypothesis follows with L(N +1) = N(N)U{ln4+1}. O

Given a fixed operator A € GL(H) Lemma 3.25 can be applied with ¢ =
|[A=1]|7L. It then follows, from the convergence of the Neumann series, that the
curve

(3.280) A(s) = A — sQrAQxk, s € [0,1]
lies in GL(H) and has endpoint satisfying
(3281) QrBQk =0, B=A(1), QLQx =0=QxQr, Qx = Q%, QL =Q7

where all three projections, Qr, Qk and Id —Qx — Q1 have infinite rank.

These three projections given an identification of H = H @& H & H and so
replace the bounded operators by 3 x 3 matrices with entries which are bounded
operators on H. The condition (3.281) means that

Bii Bz Bis 1 0 0 0 0O
(3282) B=| 0 Bz Ba|,Qxk=(0 0 0],Q.=(0 10
B3; B3z DBss 0 0 0 0 00

So, now we have a ‘little hole’. Under the conditions (3.281) consider
(3.283) P =BQgB Y(Id-Qy).
The condition Q7 BQx = 0 and the definition show that QP = 0 = PQ. More-

over,
P?=BQgB '(I1d-Qr)BQxB '(Id Q1) = BQx B 'BQxB*(1d —Qp) = P.

So, P is a projection which acts on the range of Id —Q; from its definition, the
range of P is contained in the range of BQ k. Since

PBQx = BQx B '(1d —Q1)BQx = BQx

it follows that P is a projection onto the range of BQx.

The next part of the proof can be thought of as a result on 3 x 3 matrices
but applied to a decomposition of Hilbert space. First, observe a little result on
rotations.

LEMMA 3.26. If P and Q) are projections on a Hilbert space with PQ = QP =0
and M = MP = QM restricts to an isomorphism from the range of P to the range
of Q with ‘inverse’ M' = M'Q = PM' (so M'M = P and MM’ = Q)

(3.284)
[-7/2,7/2] 2 0 — R(0) = cos P + sinOM — sin @M’ + cos0Q + (Id —P — Q)



25. KUIPER’S THEOREM 113

is a path in the space of invertible operators such that
(3.285) R(0)P =P, R(n/2)P = M'P.

PrOOF. Computing directly, R(6)R(—6) = Id from which the invertibility fol-
lows as does (3.285). O

We have shown above that the projection P has range equal to the range of
BQr; apply Lemma 3.26 with M = S(BQx) ™' P where S is a fixed isomorphism
of the range of Qx to the range of Q. Then

(3.286)  L1(0) = R(0)B has L1(0) = B, L(r/2) = B’ with B'Qx = Q1SQx

an isomorphism onto the range of Q.
Next apply Lemma 3.26 again but for the projections Qx and @ with the
isomorphism S, giving

(3.287) R'(0) = cos0Qk + sin S — sin S’ + cos0Q 1, + Qo.
Then the curve of invertibles
L2(0) = R'(0 — 0')B' has L(0) = B, L(n/2) = B", B"Qk = Q.

So, we have succeed by succesive homotopies through invertible elements in
arriving at an operator

, (ld E
(3.288) B <o F)

where we are looking at the decomposition of H = H @& H according to the projec-
tions Qx and Id —Qx. The invertibility of this is equivalent to the invertibility of
F and the homotopy

(3.289) B(s) = (161 (1 —FS)E>

connects it to
_(Id © ’ 1 (Id —(1- s)EF_1
(3.290) L= (O F) , (B"(s))™" = (O s

through invertibles.
The final step is ‘Eilenberg’s swindle’. In (3.290) we arrived at a family of
operators on H @ H. Reversing the factors we can consider

(3.291) <§ 1(()1) .

Eilenberg’s idea is to connect this to the identity by an explicit curve which ‘only
uses F’ and so is uniform in parameters. So for the moment just take F' to be a
fixed unitary operator on H.

We use several isomorphism involving H and [?(H) which are isomorphic of
course, as separable Hilbert spaces. First consider the two simple ‘rotations’ on
He H

(3.292)

Idcost Fsint Fcost Fsint
—F~'sint Idcost)’ \—F~lsint costF~1)"
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These are both unitary norm-continuous curves, the first starts at the identity and
is off-diagonal at ¢ = 7/2 and equal to the second at that point. So by reversing
the second and going back we connect

Id 0 F 0
- s (4 8) w (£ ,0).

Now, we can also identify H & H with [2(H @ H). So an element of this space
is an [? sequence with values in H @ H and the identity just acts as the identity on
each 2 x 2 block. We can perform the to-and-fro rotation in (3.292) in each block.
That this is actually a norm-continuous curve acting on (?(H @ H) is a consequence
of the fact that it is ‘the same’ in each block and so it is actually a sequence of
operators, each on H ¢ H, which are continuous, and uniformly so with respect to
the index i corresponding to a sequence in [?; so the whole operator is continuous.

This connects Id to the second matrix (3.293) acting in each block of I2(H® H).
So, here is one part of the swindle, we can reorder the space so it becomes [(H)
where now the operator is diagonal but with alternating entries

(3.294) Diag(F~', F,F~',F,...) on I>(H).

This requires just a unitary isomorphism corresponding to relabelling the basis
elements.

Now, go back to the operator (3.291) and look at the lower left identity element
acting on H. We can identify the H in this spot with /2(H) and then we have a curve
linking this entry to (3.294). For the whole operator this gives a norm-continuous
curve connecting

F 0 . —1 —1 2
(3.295) (O Id> to Diag(F,F~,F,F~"F,...)on H®I“(H)

just adding the first entry. But now we reverse the procedure using F~! in place
of F' so the end-point in (3.295) is connected to the identity on I*(H) = H!

The fact that this construction only uses F itself and 2 x 2 matrices means that
it works uniformly when F' depends continously on parameters in a compact set.
So we have constructed a curve as desired in (3.275) and hence we have proved:-

THEOREM 3.6 (Kuiper). For any compact subset X C GL(H) there is a retrac-
tion 7y as in (3.275).

Note that it follows from a result of Milnor (on CW complexes) that in this case
contractibility follows from weak contractibility. If you are topologically inclined
you might like to look up some applications of Kuiper’s Theorem - for instance
that the projective unitary group is a classifying space for two dimensional integral
cohomology, an Eilenberg-MacLane space.



CHAPTER 4

Differential and Integral operators

In the last part of the course some more concrete analytic questions are con-
sidered. First the completeness of the Fourier basis is shown, this is one of the
settings from which the notion of a Hilbert space originates. The index formula
for Toeplitz operators on Hardy space is then derived. Next operator methods are
used to demonstrate the uniqueness of the solutions to the Cauchy problem. The
completeness of the eigenbasis for ‘Sturm-Liouville’ theory is then deduced from
the spectral theorem. The Fourier transform is examined and used to prove the
completeness of the Hermite basis for L?(R). Once one has all this, one can do a
lot more, but there is no time left. Such is life.

1. Fourier series

Let us now try applying our knowledge of Hilbert space to a concrete Hilbert
space such as L?(a,b) for a finite interval (a,b) C R. Any such interval with b > a
can be mapped by a linear transformation onto (0,27) and so we work with this
special interval. You showed that L?(a,b) is indeed a Hilbert space. One of the
reasons for developing Hilbert space techniques originally was precisely the following
result.

THEOREM 4.1. If u € L?(0,2r) then the Fourier series of u,

1 . )
(4.1) — Zcm”“ﬂ cp = / u(x)e”*dy

2T

keZ (0,2m)

converges in L?(0,27) to u.
Notice that this does not say the series converges pointwise, or pointwise almost
everywhere. In fact it is true that the Fourier series of a function in L?(0,27)

converges almost everywhere to u, but it is hard to prove! In fact it is an important
result of L. Carleson. Here we are just claiming that

: 1 ikx |2
(4.2) nh_{r;o/m(x) ~ 5 |kz<: cke™F =0

for any u € L?(0,2m).
Our abstract Hilbert space theory has put us quite close to proving this. First
observe that if e} (z) = exp(ikz) then these elements of L?(0,2r) satisfy
2m . .
— . . 0 ifk=#j
4.3 e’e’-z/ exp(i(k — j)z) =
(4.3 [ = [ exnliti =i {% )
Thus the functions
(4.4) e = i _ ! ke
lexll  v2r

115
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form an orthonormal set in L?(0,27). It follows that (4.1) is just the Fourier-Bessel
series for v with respect to this orthonormal set:-

1
27
So, we already know that this series converges in L?(0,27) thanks to Bessel’s in-
equality. So ‘all’ we need to show is

ikx

(4.5) e = V2r(u,ep) = —cpe*® = (u, ep)ex.

PROPOSITION 4.1. The ey, k € Z, form an orthonormal basis of L*(0,27), i.e.
are complete:

(4.6) /ueikm =0V k= u=01in L*0,2r).

This however, is not so trivial to prove. An equivalent statement is that the fi-
nite linear span of the ey, is dense in L?(0, 27). I will prove this using Fejér’s method.
In this approach, we check that any continuous function on [0, 27] satisfying the
additional condition that u(0) = u(27) is the uniform limit on [0, 27] of a sequence
in the finite span of the e. Since uniform convergence of continuous functions cer-
tainly implies convergence in L?(0,27) and we already know that the continuous
functions which vanish near 0 and 27 are dense in L?(0, 27) this is enough to prove
Proposition 4.1. However the proof is a serious piece of analysis, at least it seems so
to me! There are other approaches, for instance we could use the Stone-Weierstrass
Theorem; rather than do this we will deduce the Stone-Weierstrass Theorem from
Proposition 4.1. Another good reason to proceed directly is that Fejér’s approach
is clever and generalizes in various ways as we will see.

So, the problem is to find the sequence in the span of the e; which converges
to a given continuous function and the trick is to use the Fourier expansion that
we want to check! The idea of Cesaro is close to one we have seen before, namely
to make this Fourier expansion ‘converge faster’, or maybe better. For the moment
we can work with a general function u € L?(0,2m) — or think of it as continuous if
you prefer. The truncated Fourier series of u is a finite linear combination of the
€L -

1 . .
4.7 U,(x) = — u(t)e " *tdt)ett®
(47) (0) = 5 Z(/H (t)e~* )

where T have just inserted the definition of the ¢;’s into the sum. Since this is a
finite sum we can treat x as a parameter and use the linearity of the integral to
write it as

1 .
(4.8) Un(z) = / Dy(z = tyu(t), Dp(s) = — > e
(0,2m) 2 |k|<n
Now this sum can be written as an explicit quotient, since, by telescoping,
(4.9) 27D, (5) (€% — ¢71/2) = (i(nt2)s _ gmilnty)s,
So in fact, at least where s #£ 0,
ei(n-i—%)s _ e—i(n-ﬁ—%)s
27 (eis/2 — e~is/2)

and the limit as s — 0 exists just fine.

(4.10) Dn(s) =
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As T said, Cesaro’s idea is to speed up the convergence by replacing U, by its
average

1

(4.11) Va(e) = —— > U
=0

Again plugging in the definitions of the U;’s and using the linearity of the integral
we see that

(4.12) Vn(x)z/(o )Sn(x—t)u(t), S,(s) = ! > D).
27 1=0

n+1

So again we want to compute a more useful form for S, (s) — which is the Fejér
kernel. Since the denominators in (4.10) are all the same,

n n
(4.13) om(n + 1)(e/? — e7¥/2)8, (s) = Z eillta)s Z e~ i+ 3)s,
1=0 1=0

Using the same trick again,
n

(4.14) (eis/Q _ e—is/2) Zei(l—&-%)s = eilntls _q
1=0

SO

2m(n + 1)(e"/? — e71/2)28,,(s) = /("T1s 4 =it l)s _ 9

(4.15) 1 sin2(D)
— Su(s) = sin”( 2 9.
n+1 2rsin (%)

Now, what can we say about this function? One thing we know immediately is
that if we plug u = 1 into the discussion above, we get U,, = 1 for n > 0 and hence
V,, = 1 as well. Thus in fact

(4.16) / Sp(x—-)=1, Yz e (0,2m).
(0,27)

Looking directly at (4.15) the first thing to notice is that S,(s) > 0. Also, we
can see that the denominator only vanishes when s = 0 or s = 27 in [0, 27]. Thus
if we stay away from there, say s € (6,27 — 0) for some § > 0 then, sin(¢) being a
bounded function,

(4.17) 1S, ()] < (n+1)"*C5 on (6,27 — 6).

We are interested in how close V,,(z) is to the given u(z) in supremum norm,
where now we will take u to be continuous. Because of (4.16) we can write

(4.18) u(w) = /(02 St~ Outa)

where ¢ denotes the variable of integration (and z is fixed in [0, 27]). This ‘trick’
means that the difference is

(4.19) Va(z) —u(x) = /(0 . Sp(x —t)(u(t) — u(x)).
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For each x we split this integral into two parts, the set I'(x) where z — t € [0, d] or
x —1t € [2m — §, 27| and the remainder. So

(4.20)

[Va(@) —u(z)] < Sn(x = t)|u(t) — u(x)| + / Sn(x = t)]u(t) — u(z)].

I(z) (0,2m)\T'(z)

Now on I'(z) either |t — x| < ¢ — the points are close together — or ¢ is close to 0 and
Z to 2w so 2w —x +1t < § or conversely, x is close to 0 and ¢ to 27 so 2r —t 4+ < 4.
In any case, by assuming that u(0) = u(27) and using the uniform continuity of a
continuous function on [0, 27], given € > 0 we can choose § so small that

(4.21) |u(z) — u(t)] < e/2 on I'(z).

On the complement of I'(xz) we have (4.17) and since u is bounded we get the
estimate

(4.22) |V (z) — u(x)] < €/2 Sp(x—1t)+(n+1)"1q(8) <e/24 (n+1)"1q(0)
I'(z)

where ¢(8) = 2sin(§/2)"2sup |u| is a positive constant depending on § (and u).

Here the fact that S, is non-negative and has integral one has been used again to

bound the integral of S, (z —t) over I'(z) by 1. Having chosen ¢ to make the first

term small, we can choose n large to make the second term small and it follows

that

(4.23) Vo(x) = u(z) uniformly on [0,27] as n — oo

under the assumption that u € C([0, 27]) satisfies u(0) = u(27).

So this proves Proposition 4.1 subject to the density in L?(0,27) of the contin-
uous functions which vanish near (but not of course in a fixed neighbourhood of)
the ends. In fact we know that the L? functions which vanish near the ends are
dense since we can chop off and use the fact that

(4.24) lim / |f|2+/ If*] =0
=0\ J(0,6) (2m—6,2m)

This proves Theorem 4.1.

Notice that from what we have shown it follows that the finite linear combi-
nations of the exp(ikz) are dense in the subspace of C([0,27]) consisting of the
functions with equal values at the ends. Taking a general element u € C([0, 27| we
can choose constants so that

(4.25) v=u—c—dx € C([0,2n]) satisfies v(0) = v(27) = 0.

Indeed we just need to take ¢ = u(0), d = u(1) — ¢. Then we know that v is the
uniform limit of a sequence of finite sums of the exp(ikz). However, the Taylor
series

(4.26) et = Z (if‘)lxl

l

converges uniformly to e**®

polynomials are dense

in any (complex) disk. So it follows in turn that the

THEOREM 4.2 (Stone-Weierstrass). The polynomials are dense in C([a,b]) for
any a < b, in the uniform topology.
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Make sure you understand the change of variable argument to get to a general
(finite) interval.

2. Toeplitz operators

Although the convergence of Fourier series was stated above for functions on an
interval (0,27) it can be immediately reinterpreted in terms of periodic functions
on the line, or equivalently functions on the circle S. Namely a 27-periodic function

(4.27) u:R—C, ulx+27) =u(z) VzeR
is uniquely determined by its restriction to [0,27) by just iterating to see that
(4.28) u(z + 27k) = u(z), = €[0,27), k € Z.

Conversely a function on [0, 27) determines a 27-periodic function this way. Thus
a function on the circle

(4.29) S={zeC:|z| =1}

is the same as a periodic function on the line in terms of the standard angular
variable

(4.30) S3z=e>? 9 clo,2m).

In particular we can identify L?(S) with L?(0,27) in this way — since the missing
end-point corresponds to a set of measure zero. Equivalently this identifies L?(S)
as the locally square integrable functions on R which are 2w-periodic.

Since S is a compact Lie group (what is that you say? Look it up!) this brings
us into the realm of harmonic analysis. Just restating the results above for any
u € L2(S) the Fourier series (thinking of each exp(ikf) as a 2m-periodic function
on the line) converges in L?(I) for any bounded interval

(4.31) u(z) = Zakeik”, ap = / u(z)e” " dz.
kezZ (0,27)
After this adjustment of attitude, we follow G.H. Hardy (you might enjoy ” A
Mathematician’s Apology”) in thinking about:

DEFINITION 4.1. Hardy space is
(4.32) H={uecL*S);ar =0V k <0}.

There are lots of reasons to be interested in H C L?(S) but for the moment
note that it is a closed subspace — since it is the intersection of the null spaces of the
continuous linear functionals H —— ay, k < 0. Thus there is a unique orthogonal
projection
(4.33) mg o L2(S) — H
with range H.

If we go back to the definition of L?(S) we can see that a continuous function o €
C(S) defines a bounded linear operator on L?(S) by multiplication. It is invertible

if and only if a(f) # 0 for all § € [0,27) which is the same as saying that « is a
continuous map

(4.34) a:S—C*=C\{0}.

For such a map there is a well-defined ‘winding number’ giving the number of
times that the curve in the plane defined by a goes around the origin. This is easy
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to define using the properties of the logarithm. Suppose that « is once continuously

differentiable and consider
1 d
a 1% g9 = wn(a).

4.35 —
( ) 21 [0,27] do

If we can write

(4.36) a = exp(2mif(0))

with f : [0,27] — C continuous then necessarily f is differentiable and
2 df

(4.37) wn(o) = @dﬁ = f(2n)— f(0) € Z
0

since exp(27wi(f(0) — f(27)))) = 1. In fact, even for a general a € C(S;C*), it is
always possible to find a continuous f satisfying (4.36), using the standard proper-
ties of the logarithm as a local inverse to exp, but ill-determined up to addition of
integral multiples of 27i. Then the winding number is given by the last expression
in (4.37) and is independent of the choice of f.

DEFINITION 4.2. A Toeplitz operator on H is an operator of the form
(4.38) Ty =mgong : H— H, o € C(S).

The result I want is one of the first ‘geometric index theorems’ — it is a very
simple case of the celebrated Atiyah-Singer index theorem (which it much predates).

THEOREM 4.3 (Toeplitz). If a € C(S;C*) then the Toeplitz operator (4.38) is
Fredholm (on the Hardy space H) with index

(4.39) ind(T,) = — wn(a)
given in terms of the winding number of a.

PRrOOF. First we need to show that T, is indeed a Fredholm operator. To do
this we decompose the original, multiplication, operator into four pieces

(4.40) a=Ty+rmga(ld—ny)+ (Id—7g)arg + (Id —7g)a(Id —mg)
which you can think of as a 2 x 2 matrix corresponding to writing
L*S)=Ho H_, H. = (Id—7y)L*(S) = H™,

(4.41) N < T, mra(ld —my) )
o (Id —7TH)a7TH (Id —7TH)04(Id —7TH) ’

Now, we will show that the two ‘off-diagonal’ terms are compact operators
(on L2(S)). Consider first (Id —mp)amy. It was shown above, as a form of the
Stone-Weierstrass Theorem, that the finite Fourier sums are dense in C(S) in the
supremum norm. This is not the convergence of the Fourier series but there is a
sequence o — « in supremum norm, where each

Ni
(4.42) Q= Z ax;e'’.
j=—Nk
It follows that

(443) ||(Id 77TH)Oék7TH — (Id *'/TH)CV'/TH”B(LZ(S)) — 0.
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Now by (4.42) each (Id —7g)agmy is a finite linear combination of terms
(4.44) (Id —mg)e g, |j| < Ny.

However, each of these operators is of finite rank. They actually vanish if j > 0 and
for j < 0 the rank is exactly —j. So each (Id —wg)agmy is of finite rank and hence
(Id =g )amy is compact. A very similar argument works for Ha(Id —H) (or you
can use adjoints).

Now, again assume that o # 0 does not vanish anywhere. Then the whole
multiplication operator in (4.40) is invertible. If we remove the two compact terms
we see that

(4.45) T + (Id =7 )o(Id —7gr) is Fredholm

since the Fredholm operators are stable under addition of compact operators. Here
the first part maps H to H and the second maps H_ to H_. It follows that the
null space and range of T, are the projections of the null space and range of the
sum (4.45) — so it must have finite dimensional null space and closed range with a
finite-dimensional complement as a map from H to itself:-

(4.46) a € C(S;C*) = T, is Fredholm in B(H).

So it remains to compute its index. Note that the index of the sum (4.45)
acting on L%(S) vanishes, so that does not really help! The key here is the stability
of both the index and the winding number.

LeEmMA 4.1. If a € C(S;C*) has winding number p € Z then there is a curve
(4.47) a1 [0,1] — C(S;CY), a; = a, ag =€,

PRrROOF. If you take a continuous function f : [0,27] — C then
(4.48) a=exp(2mif) € C(S;C*) iff f(2m) = f(0)+p, pEZ

(so that a(2m) = «(0)) where p is precisely the winding number of «.. So to construct
a continuous family as in (4.47) we can deform f instead provided we keep the
difference between the end values constant. Clearly

(4.49) o = exp(2mif), ul0) = pae(1— 1)+ fO)1, 1€ (0,1
does this since f;(0) = f(0)t, fi(2m) = p(1 —t) + f(2m)t = f(O)t +p, fo = P%,
£1(6) = £(6). a

It was shown above that the index of a Fredholm operator is constant on the
components — so along any norm continuous curve such as T;,, where oy is as in
(4.47). Thus the index of T,, where a has winding number p is the same as the
index of the Toeplitz operator defined by exp(ipf), which has the same winding
number (note that the winding number is also constant under deformations of ).
So we are left to compute the index of the operator mze g acting on H. This is
just a p-fold ‘shift up’. If p < 0 it is actually surjective and has null space spanned
by the exp(ijf) with 0 < j < —p — since these are mapped to exp(i(j + p)f) and
hence killed by g . Thus indeed the index of T, for a = exp(ipf) is —p in this case.
For p > 0 we can take the adjoint so we have proved Theorem 4.3. [
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Why is this important? Suppose you have a function « € C(S;C*) and you
know it has winding number —k for k£ € N. Then you know that the operator Ty,
must have null space at least of dimension k. It could be bigger but this is an
existence theorem hence useful. The index is generally relatively easy to compute
and from that one can tell quite a lot about a Fredholm operator.

3. Cauchy problem

Most, if not all, of you will have had a course on ordinary differential equations
so the results here are probably familiar to you at least in outline. I am not going
to try to push things very far but I will use the Cauchy problem to introduce ‘weak
solutions’ of differential equations.

So, here is a form of the Cauchy problem. Let me stick to the standard interval
we have been using but as usual it does not matter. So we are interested in solutions
u of the equation, for some positive integer k

d*u = du
Pula) = T @)+ 3 anl@) T2 ) = f(x) on [0,21]
7=0

aj €CI([0,27]), 7=0,...,k— 1.

So, the a; are fixed (corresponding if you like to some physical system), u is the
‘unknown’ function and f is also given. Recall that C7 ([0, 27]) is the space (complex
valued here) of functions on [0, 2] which have j continuous derivatives. The middle
line consists of the ‘homogeneous’ Cauchy conditions — also called initial conditions —
where homogeneous just means zero. The general case of non-zero initial conditions
follows from this one.

If we want the equation to make ‘classical sense’ we need to assume for instance
that u has continuous derivatives up to order k£ and f is continuous. I have written
out the first term, involving the highest order of differentiation, in (4.50) separately
to suggest the following observation. Suppose u is just k times differentiable, but
without assuming the kth derivative is continous. The equation still makes sense
but if we assume that f is continuous then it actually follows that u is k times
continuously differentiable. In fact each of the terms in the sum is continuous, since
this only invovles derivatives up to order k£ — 1 multiplied by continuous functions.
We can (mentally if you like) move these to the right side of the equation, so together
with f this becomes a continuous function. But then the equation itself implies
that ‘(fT}j is continuous and so w is actually k times continuously differentiable. This
is a rather trivial example of ‘elliptic’ regularity which we will push much further.

So, the problem is to prove

THEOREM 4.4. For each f € C([0,2n]) there is a unique k times continuously
differentiable solution, u, to (4.50).

Note that in general there is no way of ‘writing the solution down’. We can
show it exists, and is unique, and we can say a lot about it but there is no formula
— although we will see that it is the sum of a reasonable series.

How to proceed? There are many ways but to adopt the one I want to use
I need to manipulate the equation in (4.50). There is a certain discriminatory
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property of the way I have written the equation. Although it seems rather natural,
writing the ‘coefficients’ a; on the left involves an element of ‘handism’ if that is a
legitimate concept. Instead we could try for the ‘rigthist’ approach and look at the
similar equation

k-1

i (b
dxk )+ E_ de (z) = f(x) on [0,27]
(4.51) T
— = ) =0,...,k—1
d(EJ (O) O? .] 07 7k

b; € CI([0,27]), =0,...,k— 1.
As already written in (4.50) we think of P as an operator, sending u to this sum.

LEMMA 4.2. For any functions a; € C/([0,27]) there are unique functions b; €
C7([0,27]) so that (4.51) gives the same operator as (4.50).

Proor. Here we can simply write down a formula for the b; in terms of the
a;. Namely the product rule for derivatives means that

(4.52) ‘W_zj:(gmm

dx dzi—P dxP
p=0

If you are not quite confident that you know this, you do know it for j = 1 which
is just the usual product rule. So proceed by induction over j and observe that the
formula for j 41 follows from the formula for j using the properties of the binomial
coefficients.

Pulling out the coefficients of a fixed derivative of u show that we need b; to
satisfy

k-1 di=Pb,
(4.53) p=bpt Y ()W .
Jj=p+1
This shows the uniquness since we can recover the a; from the b;. On the other
hand we can solve (4.53) for the b; too. The ‘top’ equation says ar—1 = by—1 and
then successive equations determine b, in terms of a, and the b; with j > p which
we already know iteratively.
Note that the b; € C7([0, 27]). O

So, what has been achieved by ‘writing the coefficients on the right’? The
important idea is that we can solve (4.50) in one particular case, namely when all
the a; (or equivalently b;) vanish. Then we would just integrate k times. Let us
denote Riemann integration by

(4.54) 1:¢(0, 2x]) — €((0, 27]) / £(s

Of course we can also think of this as Lebesgue integration and then we know for
instance that
(4.55) I:L*0,27) — C([0,2n])

is a bounded linear operator. Note also that

(4.56) (1f)(0) =
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satisfies the first of the Cauchy conditions.
Now, we can apply the operator I to (4.51) and repeat k times. By the funda-
mental theorem of calculus

D 7
(4.57) u € C7([0,27]), 277:(0)—0 p=0,. ,]:Ij(%):u.
Thus (4.51) becomes
k—1
(4.58) (Id+B)u=u+ Y I*7(bju) =I*f.
7=0

Notice that this argument is reversible. Namely if u € C*([0,27]) satisfies (4.58)
for f € C([0,27]) then u € C*([0,27]) does indeed satisfy (4.58). In fact even more
is true

PROPOSITION 4.2. The operator Id +B is invertible on L?(0,27) and if f €
C([0,27]) then u = (Id+B)~tI*f € C*([0,27]) is the unique solution of (4.51).

ProOF. From (4.58) we see that B is given as a sum of operators of the form
I? o b where b is multiplcation by a continuous function also denoted b € C(]0, 27])
and p > 1. Writing out I? as an iterated (Riemann) integral

Y1 Yp—1
(4.59) IPu(x / / / v(yp)dyp - - - dys

For the case of p = 1 we can write
2m

(4.60) (I-bg_1)v(x) = ; Br—1(x, t)v(t)dt, Br—o(x,t) = H(x —t)bg—1(x)

where the Heaviside function restricts the integrand to ¢ < x. Similarly in the next
case by reversing the order of integration

(4.61) (I* - by_2) / / b(t)v(t)dtds

2
/ / br—2(t)v(t)dsdt = Br—2(z,t)v(t)dt,
0
Br—2 = (x —t)1bp—2(2).

In general

) B 27 B 1
(4.62) (I? - by_p)v(x) = ; Br—p(x, t)v(t)dt, ﬂk—p—m(

The explicit formula here is not that important, but (throwing away a lot of infor-
mation) all the B, (¢, ) have the property that they are of the form

=)} bpp(@).

(4.63) B(z,t) = H(x — t)e(x,t), e € C([0,27]%).
This is a Volterra operator
2T
(4.64) Bu(z) = Bz, t)v(t)
0

with G as in (4.63).
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So now the point is that for any Volterra operator B, Id +B is invertible on
L2(0,2m). In fact we can make a stronger statement that

(4.65) B Volterra = Z(—l)ij converges in B(L?(0,27)).

J
This is just the Neumann series, but notice we are not claiming that || B|| < 1 which
would give the convergence as we know from earlier. Rather the key is that the
powers of B behave very much like the operators I* computed above.

LEMMA 4.3. For a Volterra operator in the sense of (4.63) and (4.64)
(4.66)
) 27 C’] .
Blv(x) = H(x—t)ej(z,t)v(t), e; € C([0,27]?), e; < W(m—t)—kj_l, Jj>1.
0 - .
PROOF. Proceeding inductively we can assume (4.66) holds for a given j. Then
BTl = Bo B is of the form in (4.66) with

27
(4.67) ejp1(x,t) = H(x — s)e(x,s)H(s — t)e;(s — x)ds
0
x CI z — ¢+l .
= ea:,se»s—tdsgsupe,i/ s—t) ds < ——(x—t)+
| elaess=o el oy [ (=0 s < @)
provided C' > sup|e]. O

The estimate (4.67) means that, for a different constant
A Ci
(1.65) 1Bl < =i > 1
j—

which is summable, so the Neumann series (4.58) does converge.
To see the regularity of u = (Id +B)~1I* f when f € C([0, 27]) consider (4.58).
Each of the terms in the sum maps L?(0,27) into C([0,27]) so u € C([0.27)).

Proceeding iteratively, for each p = 0, ..., k — 1, each of these terms, Ik_j(bju)
maps CP([0,en]) into CPT1([0,27]) so u € C¥([0,2~]). Similarly for the Cauchy
conditions. Differentiating (4.58) recovers (4.51). O

As indicated above, the case of non-vanishing Cauchy data follows from Theo-
rem 4.4. Let

(4.69) ¥ : Cc*([o,2x]) — C*
denote the Cauchy data map — evaluating the function and its first £ —1 derivatives
at 0.

ProproSITION 4.3. The combined map
(4.70) (%, P): C*([0,27]) — C* @ c([0,27])
is an tsomorphism.

PROOF. The map ¥ in (4.69) is certainly surjective, since it is surjective even
on polynomials of degree k — 1. Thus given z € C* there exists v € C*(]0, 27]) with
Yv = 2. Now, given f € C([0,27]) Theorem 4.4 allows us to find w € C*([0,27])
with Pw = f— Pv and Yw = 0. So u = v+w satisfies (X, P)u = (z, f) and we have
shown the surjectivity of (4.70). The injectivity again follows from Theorem 4.4 so

(X, P) is a bijection and hence and isomorphism using the Open Mapping Theorem
(or directly). O
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Let me finish this discussion of the Cauch problem by introducing the notion
of a weak solution. let Yo, : C*([0,27]) — C* be the evaluation of the Cauchy
data at the top end of the interval. Then if u € C*([0,27]) satisfies Yu = 0 and
v € C([90,27]) satisfies Yo,v = 0 there are no boundary terms in integration by
parts for derivatives up to order k and it follows that

k k=1 g
d™v d’azv

(4.71) / Puﬁz/ uQu, Qu = (—1) + ,
(0,2m) (0,2m) da* P

Thus @ is another operator just like P called the ‘formal adjoint’ of P.
If Pu = f then (4.71) is just

(4.72) (u, Q)2 = (f,v) 2 ¥ v € C*([0,27]) with Za v = 0.
The significant point here is that (4.72) makes sense even if u, f € L%([0,27]).

DEFINITION 4.3. If u, f € L%([0, 27]) satisfy (4.72) then u is said to be a weak
solution of (4.51).

EXERCISE 2. Prove that ‘weak=strong’ meaning that if f € C([0,2n]) and
u € L?(0,27) is a weak solution of (4.72) then in fact u € C*([0, 27]) satisifes (4.51)
‘in the classical sense’.

4. Dirichlet problem on an interval

I want to do a couple more ‘serious’ applications of what we have done so
far. There are many to choose from, and I will mention some more, but let me
first consider the Diriclet problem on an interval. I will choose the interval [0, 27]
because we looked at it before but of course we could work on a general bounded
interval instead. So, we are supposed to be trying to solve

_d2u(x)
dx?

where the last part are the Dirichlet boundary conditions. I will assume that the
‘potential’

(4.73) + V(z)u(z) = f(z) on (0,27), u(0) =u(2r) =0

(4.74) V :]0,27] — R is continuous and real-valued.

Now, it certainly makes sense to try to solve the equation (4.73) for say a given
f € C([0,27]), looking for a solution which is twice continuously differentiable on
the interval. It may not exist, depending on V but one thing we can shoot for,
which has the virtue of being explicit, is the following:

PROPOSITION 4.4. If V' > 0 as in (4.74) then for each f € C([0,2x]) there
exists a unique twice continuously differentiable solution, u, to (4.73).

There are in fact various approaches to this but we want to go through L2
theory — not surprisingly of course. How to start?

Well, we do know how to solve (4.73) if V = 0 since we can use (Riemann)
integration. Thus, ignoring the boundary conditions for the moment, we can find
a solution to —d?v/dx? = f on the interval by integrating twice:

@y
(4.75) v(z) = —/0 /0 f(t)dtdy satifies — d*v/dz* = f on (0,27).
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Moroever v really is twice continuously differentiable if f is continuous. So, what
has this got to do with operators? Well, we can change the order of integration in
(4.75) to write v as

x x 2
&m)d@:—ﬁllfw@ﬁzl;a@ﬂﬂwwa@ﬂ:@—@H@—ﬂ

where the Heaviside function H(y) is 1 when y > 0 and 0 when y < 0. Thus a(x, t)
is actually continuous on [0, 27] x [0, 27| since the ¢ — x factor vanishes at the jump
in H(t — ). So (4.76) shows that v is given by applying an integral operator, with
continuous kernel on the square, to f.

Before thinking more seriously about this, recall that there is also the matter
of the boundary conditions. Clearly, v(0) = 0 since we integrated from there. On
the other hand, there is no particular reason why

2T
(4.77) mm:A(pmw@ﬁ

should vanish. However, we can always add to v any linear function and still satisfy
the differential equation. Since we do not want to spoil the vanishing at z = 0 we
can only afford to add cz but if we choose the constant ¢ correctly this will work.
Namely consider

1 27

(4.78) c (2m —t) f(t)dt, then (v+ cx)(2m) = 0.

2 0

So, finally the solution we want is

2m
t
(4.79) w(z) = / b(x,t)f(t)dt, b(z,t) = min(t, z) — % € ¢([0,27]?)
0
with the formula for b following by simple manipulation from
t
(4.80) b(x,t) = a(x,t) +x — =
2m

Thus there is a unique, twice continuously differentiable, solution of —d?w/dz? = f
in (0, 27) which vanishes at both end points and it is given by the integral operator
(4.79).

LEMMA 4.4. The integral operator (4.79) extends by continuity from C([0, 27])
to a compact, self-adjoint operator on L?(0,2m).

PROOF. Since w is given by an integral operator with a continuous real-valued
kernel which is even in the sense that (check it)

(4.81) b(t,x) = b(x,t)
we might as well give a more general result. O

PROPOSITION 4.5. If b € C([0,27]?) then

27
(4.82) Bf(x) :/ b(x,t) f(t)dt

0
defines a compact operator on L*(0,2n) if in addition b satisfies
(4.83) b(t,x) = b(x,t)

then B is self-adjoint.
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Proor. If f € L?((0,2n)) and v € C([0, 27]) then the product v f € L?((0,27))
and ||vfllrz < ||v|leollfllzz. This can be seen for instance by taking an absolutely
summable approximation to f, which gives a sequence of continuous functions con-
verging a.e. to f and bounded by a fixed L? function and observing that vf, — v f

a.e. with bound a constant multiple, sup |v|, of that function. It follows that for
b € C([0,27]?) the product

(4.84) b(z,y)f(y) € L*(0,2m)
for each z € [0,2n]. Thus Bf(z) is well-defined by (4.83) since L?((0,27) C
L((0,2n)).

Not only that, but Bf € C([0,2n]) as can be seen from the Cauchy-Schwarz
inequality,
(4.85)

|Bf(2') — Bf(z)] = | /(b(w/ay) — b(w,9)) f(y)] < sup b(2’,y — bla,y)|(2m) 7 || £ 2.
Yy
Essentially the same estimate shows that

(4.86) sup|Bf(z)] < (2m)2 sup [b]]| £ 2

(z,y)

so indeed, B : L?(0,27) — C([0,27]) is a bounded linear operator.
When b satisfies (4.83) and f and g are continuous

(4.87) / Bf(2)g(@) = / f(2)Bg(x)

and the general case follows by approximation in L? by continuous functions.
So, we need to see the compactness. If we fix = then b(z,y) € C([0,2n]) and
then if we let x vary,

(4.88) [0,27] 3 z — b(x,-) € C([0,27])

is continuous as a map into this Banach space. Again this is the uniform continuity
of a continuous function on a compact set, which shows that

(4.89) sup |b(z',y) — b(z,y)| — 0 as 2’ — x.
y

Since the inclusion map C([0,27]) — L?((0,27)) is bounded, i.e continuous, it
follows that the map (I have reversed the variables)

(4.90) [0,27] 3 y — b(-,y) € L*((0,27))

is continuous and so has a compact range.

Take the Fourier basis ey for [0,27] and expand b in the first variable. Given
e > 0 the compactness of the image of (4.90) implies that the Fourier Bessel series
converges uniformly (has uniformly small tails), so for some N

(4.91) D (b, y), ex(@))|* < eV y € [0,27].
|k|>N

The finite part of the Fourier series is continuous as a function of both arguments

(4.92) bv(w,y) = Y ex(@)er(y), eny) = (b(w,y), ex(x))

k|<N
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and so defines another bounded linear operator By as before. This operator can
be written out as

(4.93) Bufle) = 3 enle) [ e fw)dy

|k|<N

and so is of finite rank — it always takes values in the span of the first 2V 4 1
trigonometric functions. On the other hand the remainder is given by a similar
operator with corresponding to gy = b — by and this satisfies

(494) sup ||qN('7y)||L2((0727r)) —0as N — oo.
Yy

Thus, gy has small norm as a bounded operator on L?((0,27)) so B is compact —
it is the norm limit of finite rank operators. O

Now, recall from Problem# that u, = 7~ 2 sin(kz/2), k € N, is also an or-
thonormal basis for L?(0, 27) (it is not the Fourier basis!) Moreover, differentiating
we find straight away that

d2uk kz
4.95 —— = —Uk.
( ) dx? 1k
Since of course uy(0) = 0 = ug(27) as well, from the uniqueness above we conclude
that

4

Thus, in this case we know the orthonormal basis of eigenfunctions for B. They are
the uy, each eigenspace is 1 dimensional and the eigenvalues are 4k~2.

REMARK 4.1. As noted by Pavel Etingof it is worthwhile to go back to the
discussion of trace class operators to see that B is indeed of trace class. Its trace
can be computed in two ways. As the sum of its eigenvalues and as the integral of
its kernel on the diagonal. This gives the well-known formula

w2 1

This is a simple example of a ‘trace formula’; you might like to look up some others!

So, this happenstance allows us to decompose B as the square of another op-
erator defined directly on the othornormal basis. Namely

2
(4.98) Auy, = Euk — B = A%

Here again it is immediate that A is a compact self-adjoint operator on L2(0,2m)
since its eigenvalues tend to 0. In fact we can see quite a lot more than this.

LEMMA 4.5. The operator A maps L?(0,27) into C([0,2x]) and Af(0) = Af(2n) =
0 for all f € L?(0,2n).

PROOF. If f € L?(0,27) we may expand it in Fourier-Bessel series in terms of
the u; and find

(4.99) f= chuk, {ex} € 12
k
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Then of course, by definition,

QCk
4.100 Af = — Ug.
(4.100) f ij ok

Here each uy is a bounded continuous function, with the bound |ux| < C being
independent of k. So in fact (4.100) converges uniformly and absolutely since it is
uniformly Cauchy, for any g > p,

2
q
QCk

q q
—1 -2
(4.101) = uk <20 kgp lexlk™! <20 kgpk 112

|
k=p

where Cauchy-Schwarz has been used. This proves that

A L?(0,27) — C(]0,27])

is bounded and by the uniform convergence u(0) = ug(27) = 0 for all k& implies
that Af(0) = Af(2m) = 0. O

So, going back to our original problem we try to solve (4.73) by moving the Vu
term to the right side of the equation (don’t worry about regularity yet) and hope
to use the observation that

(4.102) u=—A*Vu) + A*f

should satisfy the equation and boundary conditions. In fact, let’s anticipate that
u = Aw, which has to be true if (4.102) holds with v = —AVwu + Af, and look
instead for

(4.103) v=—AVAv+ Af = (Id+AVA)v = Af.

So, we know that multiplication by V, which is real and continuous, is a bounded
self-adjoint operator on L?(0,27). Thus AV A is a self-adjoint compact operator so
we can apply our spectral theory to it and so examine the invertibility of Id +AV A.
Working in terms of a complete orthonormal basis of eigenfunctions e; of AV A we
see that Id + AV A is invertible if and only if it has trivial null space, i.e. if —1 is not
an eigenvalue of AV A. Indeed, an element of the null space would have to satisfy
u = —AV Au. On the other hand we know that AV A is positive since

(4.104)  (AVAw,w) = (V Av, Av) = / V20— [ =0,
(0,27) (0,27)

using the assumed non-negativity of V. So, there can be no null space — all the eigen-
values of AV A are at least non-negative and the inverse is the bounded operator
given by its action on the basis

(4105) (Id +AVA)_1€Z' = (1 + Ti)_lei7 AVAGZ = T;€;.

Thus Id +AV A is invertible on L2(0,27) with inverse of the form Id +Q, Q
again compact and self-adjoint since (1 4+ ;)" — 1 — 0. Now, to solve (4.103) we
just need to take

(4.106) v=(Id+Q)Af <= v+ AVAv = Af in L*(0,27).
Then indeed
(4.107) u = Av satisfies u + A?Vu = A?f.
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In fact since v € L2(0, 27) from (4.106) we already know that u € C([0, 27]) vanishes
at the end points.

Moreover if f € C([0,27]) we know that Bf = A2f is twice continuously
differentiable, since it is given by two integrations — that is where B came from.
Now, we know that u in L? satisfies u = —A%(Vu)+ A? f. Since Vu € L*((0,27) =
A(Vu) € L?(0,27) and then, as seen above, A(A(Vu) is continuous. So combining
this with the result about A%f we see that wu itself is continuous and hence so is
Vu. But then, going through the routine again

(4.108) u=—A*(Vu) + A%f

is the sum of two twice continuously differentiable functions. Thus it is so itself. In
fact from the properties of B = A2 it satisifes
d*u

4.1 =
(4.109) T2 Vu+ f

which is what the result claims. So, we have proved the existence part of Proposi-
tion 4.4.

The uniqueness follows pretty much the same way. If there were two twice
continuously differentiable solutions then the difference w would satisfy

d*w
dz?
Thus w = A¢, ¢ = —AVw € L?(0,27). Thus ¢ in turn satisfies ¢ = AV A¢ and
hence is a solution of (Id +AV A)¢ = 0 which we know has none (assuming V' > 0).
Since ¢ =0, w = 0.
This completes the proof of Proposition 4.4. To summarize, what we have

shown is that Id + AV A is an invertible bounded operator on L?(0,27) (if V > 0)
and then the solution to (4.73) is precisely

4.110 +Vw=0, w0)=w2r)=0= w=—Bw=—-A>Vw.
( ) , w(0) (2m)

(4.111) u=A(ld+AVA)'Af

which is twice continuously differentiable and satisfies the Dirichlet conditions for
each f € C([0, 27]).

This may seem a ‘round-about’ approach but it is rather typical of methods
from Functional Analysis. What we have done is to separate the two problems of
‘existence’ and ‘regularity’. We first get existence of what is often called a ‘weak
solution’ of the problem, in this case given by (4.111), which is in L?(0,27x) for
f € L?(0,27) and then show, given regularity of the right hand side f, that this is
actually a ‘classical solution’.

Even if we do not assume that V > 0 we can see fairly directly what is hap-
pening.

THEOREM 4.5. For anyV € C([0, 27]) real-valued, there is an orthonormal basis
wy of L*(0,27) consisting of twice-continuously differentiable functions on [0,27],
vanishing at the end-points and satisfying —d;;”zk + Vwy = Trwy, where Ty, — 0o as
k — oo. The equation (4.73) has a (twice continuously differentiable) solution for

given f € C([0,2x]) if and only if

(4.112) T =0— fwg = 0.
(0,27)
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PrROOF. For a real-valued V' we can choose a constant ¢ such that V 4 ¢ > 0.

Then the eigenvalue equation we are trying to solve can be rewritten
2 2

(4.113) —%—FVw:Tw(:)—%—F(V—Fc)w:(T—&-c)w.
Proposition 4.4 shows that there is indeed an orthonormal basis of solutions of the
second equation, wy as in the statement above with positive eigenvalues Ty, +c¢ — oo
with k.

So, only the solvability of (4.73) remains to be checked. What we have shown
above is that if f € C([0,27]) then a twice continuously differentiable solution to

(4.114) dw =/f, w(0) =w(2mr) =0
. a2 w=/f, w =w(Zm) =
is precisely of the form w = Av where

(4.115) ve L*(0,27), (Id+AVA)v = Af.

Going from (4.114) to (4.115) involves the properties of B = A? since (4.114) implies
that

w+ A?Vw = A?f = w = Av with v as in (4.115)

Conversely if v satisfies (4.115) then w = Av satisfies w + A?Vw = A%f which
implies that w has the correct regularity and satisfies (4.114).

Applying this to the case f = 0 shows that for twice continuously differentiable
functions on [0, 27],

dPw

(4.116) - ) +Vw=0, w0) =w2r) =0
X
w e Af{v € L*(0,27); (Id +AV A)v = 0}.
Since AV A is compact and self-adjoint we see that

(4.117) (Id+AV A)v = Af has a solution in L*(0,27) =
Af L {v € L*(0,27); Id +AV A)v' = 0}.

However this last condition is equivalent to f L A{v € L?(0,27); (Id +AV A)v = 0}
which is by the equivalence of (4.114) and (4.115) reduces precisely to (4.112). O

So, ultimately the solution of the differential equation (4.73) is just like the
solution of a finite dimensional problem for a self-adjoint matrix. There is a solution
if and only if the right side is orthogonal to the null space; it just requires a bit
more work. Lots of ‘elliptic’ problems turn out to be like this.

We can also say (a great deal) more about the eigenvalues T}, and eigenfunctions
wy. For instance, the derivative

(4.118) w},(0) # 0.

Indeed, were this to vanish wy would be a solution of the Cauchy problem (4.50)
for the second-order operator P = j—; —q+ T}, with ‘forcing term’ f = 0 and hence,
by Theorem 4.4 must itself vanish on the interval, which is a contradiction.

From this in turn it follows that the (non-trivial) eigenspaces

2

(4.119) Bylg) = {w € (0,20~ &

7 0w =Tew)
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are exactly one-dimensional. Indeed if wj is one non-zero element, so satisfing
(4.118) and w is another, then w — w'(0)wi/w},(0) € Ex(¢) again must satisfy the
Cauchy conditions at 0 so w = w'(0)ws/wy,(0).

EXERCISE 3. Show that the eigenfunctions functions normalized to have wj, (0) =
1 are all real and wy, has exactly & — 1 zeros in the interior of the interval.

You could try your hand at proving Borg’s Theorem — if ¢ € C([0,27]) and
the eigenvalues T = % are the same as those for ¢ = 0 then ¢ = 0! This is the
beginning of a large theory of the inverse problem — to what extent can one recover
q from the knowledge of the T}? In brief the answer is that one cannot do so in

general. However ¢ is determined if one knows the T} and the ‘norming constants’
wy, (2m) /wy, (0).

5. Harmonic oscillator

As a second ‘serious’ application of our Hilbert space theory I want to discuss
the harmonic oscillator, the corresponding Hermite basis for L?(R). Note that so
far we have not found an explicit orthonormal basis on the whole real line, even
though we know L?(R) to be separable, so we certainly know that such a basis
exists. How to construct one explicitly and with some handy properties? One way
is to simply orthonormalize — using Gram-Schmidt — some countable set with dense
span. For instance consider the basic Gaussian function

.172

2
This is so rapidly decreasing at infinity that the product with any polynomial is
also square integrable:

(4.120) exp( ) € L*(R).

2
(4.121) o eXp(—%) eLXR) Y keNy={0,1,2,...}.

Orthonormalizing this sequence gives an orthonormal basis, where completeness
can be shown by an appropriate approximation technique but as usual is not so
simple. This is in fact the Hermite basis as we will eventually show.

Rather than proceed directly we will work up to this by discussing the eigen-

functions of the harmonic oscillator
2

d 2

which we want to think of as an operator — although for the moment I will leave
vague the question of what it operates on.

As you probably already know, and we will show later, it is straightforward
to show that P has a lot of eigenvectors using the ‘creation’ and ‘annihilation’
operators. We want to know a bit more than this and in particular I want to
apply the abstract discussion above to this case but first let me go through the
‘formal’ theory. There is nothing wrong here, just that we cannot easily conclude
the completeness of the eigenfunctions.

The first thing to observe is that the Gaussian is an eigenfunction of H

d

_di(_m—zz/z + x2e—:v2/2)
T

(4.123) Pe /% =

_ —(x2 . 1)@’9”2/2 +x267w2/2 _ 67932/2
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with eigenvalue 1. It is an eigenfunction but not, for the moment, of a bounded
operator on any Hilbert space — in this sense it is only a formal eigenfunction.
In this special case there is an essentially algebraic way to generate a whole
sequence of eigenfunctions from the Gaussian. To do this, write
d

d
(4.124) Pu= (—% + x)(% +z)u+u=(CrAn+1)u,

d
Cr:(—%—&—x), An=(—+z)

again formally as operators. Then note that
(4.125) Ane /2 =0

which again proves (4.123). The two operators in (4.124) are the ‘creation’ operator
and the ‘annihilation’ operator. They almost commute in the sense that

(4.126) [An, Crlu = (AnCr — Cr An)u = 2u

for say any twice continuously differentiable function w.
2 D .
Now, set ug = e * /2 which is the ‘ground state’ and consider u; = Crug.

From (4.126), (4.125) and (4.124),
(4.127) Puy = (Cr AnCr 4 Cr)ug = Cr? Anwug + 3 Crug = 3u;.
Thus, u; is an eigenfunction with eigenvalue 3.

LEMMA 4.6. For j € Ny = {0,1,2,...} the function u; = Cr’uq satisfies
Puj = (2§ + 1)u,.

PrOOF. This follows by induction on j, where we know the result for j = 0
and j = 1. Then
(4.128) PCruj = (CrAn+1) Cru; = Cr(P — 1)u; +3Cru; = (25 + 3)u;.

O

Again by induction we can check that u; = (2727 + qj(x))e_mz/2 where ¢; is a
polynomial of degree at most j — 2. Indeed this is true for j = 0 and j = 1 (where
go = ¢1 = 0) and then
(4.129) Cru; = (27112941 4 Crgy)e /2.
and gj4+1 = Crg; is a polynomial of degree at most j — 1 — one degree higher than

9j-

From this it follows in fact that the finite span of the u; consists of all the
products 10(31:)6_””2/2 where p(z) is any polynomial.

Now, all these functions are in L?(R) and we want to compute their norms.

First, a standard integral computation' shows that

(4.130) /}R(eﬂﬂzﬂ)2 = /Reﬂg =T

1To compute the Gaussian integral, square it and write as a double integral then introduce
polar coordinates

oo 27
(/ e_lzdalc)2 = / e_ZZ_yzdzdy = / / e rdrdg = [ - 6_,«2}80 =.
R R2 0 0
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For j > 0, integration by parts (easily justified by taking the integral over [—R, R]
and then letting R — o0) gives

(4.131) /(er ug)? = / Cr? ug(z) Cr? ug(x)da = / up An? Cr? ug.
R R R

Now, from (4.126), we can move one factor of An through the j factors of Cr until
it emerges and ‘kills’ ug

(4.132)  AnCr/ug =2Cr' ' ug + Cr An Cr' ' ug
=2Cr uy 4+ Cr* AnCr/ 2y = 25 Cr/ .

So in fact,

(4.133) /(er ug)? = 23'/(er_1 ug)? = 274/
R R

A similar argument shows that

(4.134) / URUj = / ug An* Crlug = 0 if k # j.

R R
Thus the functions
(4.135) e; =273y a5 0l /2

form an orthonormal sequence in L?(R).

We would like to show this orthonormal sequence is complete. Rather than
argue through approximation, we can guess that in some sense the operator

d d d?

(4.136) AnCr=(£ +x)(—£+x):—@+x2+l
should be invertible, so one approach is to use the ideas above of Friedrichs’ exten-
sion to construct its ‘inverse’ and show this really exists as a compact, self-adjoint
operator on L?(R) and that its only eigenfunctions are the e; in (4.135). Another,
more indirect approach is described below.

6. Fourier transform

The Fourier transform for functions on R is in a certain sense the limit of the
definition of the coefficients of the Fourier series on an expanding interval, although
that is not generally a good way to approach it. We know that if u € L'(R) and
v € Co(R) is a bounded continuous function then vu € L'(R) — this follows from
our original definition by approximation. So if u € L*(R) the integral

(4.137) a(g) = / e yu(z)dz, £ €R

exists for each £ € R as a Lebesgue integral. Note that there are many different
normalizations of the Fourier transform in use. This is the standard ‘analyst’s’
normalization.

PROPOSITION 4.6. The Fourier tranform, (4.137), defines a bounded linear map
(4.138) F:L'R) 3 ur— 0 € Cy(R)

into the closed subspace Co(R) C Coo(R) of continuous functions which vanish at
infinity (with respect to the supremum norm,).
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PROOF. We know that the integral exists for each ¢ and from the basic prop-
erties of the Lebesgue integal

(4.139) [@(&)| < |Ju|lLr, since |e_m§u(x)| = |u(z)].

To investigate its properties we restrict to u € C.(R), a compactly-supported
continuous function, say with support in —R, R|. Then the integral becomes a
Riemann integral and the integrand is a continuous function of both variables. It
follows that the Fourier transform is uniformly continuous since
(4.140)

6(€) <G < [ e e fula)de < 2Rsup ] sup fe - e |
lz|<R lz|<R
with the right side small by the uniform continuity of continuous functions on com-
pact sets. From (4.139), if u,, — u in L*(R) with u,, € C.(R) it follows that i, — @
uniformly on R. Thus, as the uniform limit of uniformly continuous functions, the
Fourier transform is uniformly continuous on R for any u € L*(R) (you can also
see this from the continuity-in-the-mean of L' functions).

Now, we know that even the compactly-supported once continuously differen-
tiable functions, forming C!(R) are dense in L*(R) so we can also consider (4.137)
where u € C(R). Then the integration by parts as follows is justified

de~ ¢ el
(4.141) £a(€) =z'/( edx Ju(z)dz = —z‘/e—mﬁ%dm
Since du/dx € C.(R) (by assumption) the estimate (4.139) now gives

d

(4.142) sup |€a(€)] < 2R sup |- |.

£€R zeR dx
This certainly implies the weaker statement that
(4.143) lim |a(€)| =0

|€]—00

which is ‘vanishing at infinity’. Now we again use the density, this time of C}(R),
in L'(R) and the uniform estimate (4.139), plus the fact that if a sequence of
continuous functions on R converges uniformly on R and each element vanishes at
infinity then the limit vanishes at infinity to complete the proof of the Proposition.

O

7. Fourier inversion

We could use the completeness of the orthonormal sequence of eigenfunctions
for the harmonic oscillator discussed above to show that the Fourier tranform ex-
tends by continuity from C.(R) to define an isomorphism

(4.144) F: L*(R) — L*(R)

with inverse given by the corresponding continuous extension of

(4.145) Gu(z) = (2n)~! / ey (8).

Instead, we will give a direct proof of the Fourier inversion formula, via Schwartz
space and an elegant argument due to Hormander. Then we will use this to prove
the completeness of the eigenfunctions we have found.
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We have shown above that the Fourier transform is defined as an integral if
u € L'(R). Suppose that in addition we know that xu € L*(R). We can summarize
the combined information as

(4.146) (1+ |z))u € LY(R).

LEMMA 4.7. If u satisfies (4.146) then @ is continuously differentiable and
da/d¢ = F(—izu) is bounded.

PRrOOF. Consider the difference quotient for the Fourier transform:

MELIZHE) [ Dass)euta), D) =

We can use the standard proof of Taylor’s formula to write the difference quotient
inside the integral as

e~ s _ 1

(4.147) -

1
(4.148) D(z,s) = fix/ e dt = |D(x, s)| < |z|.
0

It follows that as s — 0 (along a sequence if you prefer) D(x, s)e’imﬁu( ) is bounded
by the L'(R) function |z||u(x)| and converges pointwise to —ie~**¢zu(z). Domi-
nated convergence therefore shows that the integral converges showing that the
derivative exists and that

di
(4.149) Z(;) = F(~izu).

From the earlier results it follows that the derivative is continuous and bounded,
proving the lemma. O

Now, we can iterate this result and so conclude:
(1+|z)fu e L'(R) V &k =
@ is infinitely differentiable with bounded derivatives and
dra
dek
This result shows that from ‘decay’ of u we deduce smoothness of 4. We can

go the other way too. One way to ensure the assumption in (4.150) is to make the
stronger assumption that

(4.150)
= F((—ix)*u).

(4.151) 2*u is bounded and continuous V k.

Indeed, Dominated Convergence shows that if u is continuous and satisfies the
bound
lu(@)] < (1 +|z)7" r>1
then v € L'(R). So the integrability of 27u follows from the bounds in (4.151) for
k < 7+ 2. This is throwing away information but simplifies things below.
In the opposite direction, suppose that w is continuously differentiable and
satisfies the estimates for some r > 1

du(z) _
1 T
u(@)] + = (1 + [a])
Then consider
A . defimf;“ ] ) R defizg
(4.152) fu-z/ T u(z) _1%113;02/73 T u(z).



138 4. DIFFERENTIAL AND INTEGRAL OPERATORS

We may integrate by parts in this integral to get

R
A1 [ —ixg L —iz du
(4.153) &= Rh_{r;o <2 e u(m)]iR z/_Re dx) .

The decay of u shows that the first term vanishes in the limit and the second integral
converges so

du

4.154 i = F(—i—).
(4.154) g = F(-ig)

Iterating this in turn we see that if w has continuous derivatives of all orders
and for all j
- = Ay
(4.155) \7| < Cj(1+z])™", r > 1 then the &4 = .F((—Z)J@)
are all bounded.

Laurent Schwartz defined a space which handily encapsulates these results.

DEFINITION 4.4. Schwartz space, S(R), consists of all the infinitely differen-

tiable functions u : R — C such that
dk
(4.156) ull ;. = sup |wﬂd71,j\ <oV, k>0.

This is clearly a linear space. In fact it is a complete metric space in a natural
way. All the || - ||;% in (4.156) are norms on S(R), but none of them is stronger
than the others. So there is no natural norm on S(R) with respect to which it is
complete. In the problems below you can find some discussion of the fact that

ik Nu—=vlljx
(4.157) du,0) = S gmi—k U= Vlik
j%() L+ [lu— vk

is a complete metric. We will not use this here but it is the right way to understand
what is going on.

Notice that there is some prejudice on the order of multiplication by x and dif-
ferentiation in (4.156). This is only apparent, since these estimates (taken together)
are equivalent to
d*(z9u)

dzxk
To see the equivalence we can use induction over N where the inductive statement
is the equivalence of (4.156) and (4.158) for j + k < N. Certainly this is true for
N =0 and to carry out the inductive step just differentiate out the product to see
that

(4.158) sup | |<ooVj, k>0.

d*(xiu ~dku d'u
% =2+ > Cm T
l+m<k+j
where one can be much more precise about the extra terms, but the important
thing is that they all are lower order (in fact both degrees go down). If you want to
be careful, you can of course prove this identity by induction too! The equivalence
of (4.156) and (4.158) for N + 1 now follows from that for N.

THEOREM 4.6. The Fourier transform restricts to a bijection on S(R) with
muerse
1 .
(4.159) G(v)(x) = /e”gv(f).

T om
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PROOF. The proof (due to Hérmander as I said above) will take a little while
because we need to do some computation, but I hope you will see that it is quite
clear and elementary.

First we need to check that F : S(R) — S(R), but this is what I just did the
preparation for. Namely the estimates (4.156) imply that (4.155) applies to all the

dkézi“) and so
dl
(4.160) fké is continuous and bounded V k, j = 4 € S(R).

This indeed is why Schwartz introduced this space.

So, what we want to show is that with G defined by (4.159), u = G(4) for all
u € S(R). Notice that there is only a sign change and a constant factor to get from
F to G so certainly G : S(R) — S(R). We start off with what looks like a small
part of this. Namely we want to show that

(4.161) I(a) = / i = 27u(0).

Here, I : S(R) — C is just integration, so it is certainly well-defined. To prove
(4.161) we need to use a version of Taylor’s formula and then do a little computation.

LEMMA 4.8. Ifu € S(R) then

(4.162) u(z) = u(0) exp(—%) + zv(z), v € S(R).

ProoF. Here I will leave it to you (look in the problems) to show that the

Gaussian
2

(4.163) eXp(f%) e S(R).
Observe then that the difference
2
w(z) = u(z) — u(0) exp(—%) € S(R) and w(0) = 0.

This is clearly a necessary condition to see that w = zv with v € S(R) and we can
then see from the Fundamental Theorem of Calculus that

(4164)  w(z) = /0 " () dy = /0 ! (t)dt = v(a) = /0 o (t) = )

X

From the first formula for v it follows that it is infinitely differentiable and from the
second formula the derivatives decay rapidly since each derivative can be written
in the form of a finite sum of terms p(a:)‘c%ﬁ’ /zN where the p’s are polynomials.
The rapid decay of the derivatives of w therefore implies the rapid decay of the
derivatives of v. So indeed we have proved Lemma 4.8. (]

7;2

Let me set y(z) = exp(—%) to simplify the notation. Taking the Fourier
transform of each of the terms in (4.162) gives

N ., .db
(4.165) o =u(0)y + zd—é.

Since ¥ € S(R),

N R g~
(4.166) /dv lim/ D i [0(6)] ", = 0.

dig - R—o0 R dé- R—o0
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/ﬂ:cu(O)7 c:/’y

being a constant that we still need to work out!

So now we see that

LEMMA 4.9. For the Gaussian, y(x) = exp(—g”;)7

(4.167) A(8) = V2my(€).

ProoF. Certainly, ¥ € S(R) and from the identities for derivatives above

dy . R dvy
4.1 _— = — — —71—).
(4.168) g = ) G =F=ig)
Thus, 4 satisfies the same differential equation as = :

dy

o ey _
dngrE'y—fz]:(%Jrz’y)—().

This equation we can solve and so we conclude that ¥ = ¢/ where ¢’ is also a
constant that we need to compute. To do this observe that

(4.169) d =4(0) = /7 =V2r

which gives (4.167). The computation of the integral in (4.169) is a standard clever
argument which you probably know. Namely take the square and work in polar
coordinates in two variables:

(4170) ( / 22 = / / ) gy
0 0

27 (o)
z/ / e " /QTde9:27T[—€7T /2}?:277.
o Jo
O

So, finally we need to get from (4.161) to the inversion formula. Changing
variable in the Fourier transform we can see that for any y € R, setting u,(z) =
u(z + y), which is in S(R) if u € S(R),

(4.171) Fluy) = / =iy (2)dz = / =i mVE y(5)ds = ¢V,
Now, plugging u, into (4.161) we see that

(4.172) /ﬁy(()) = 2muy (0) = 2mu(y) = /eiyéﬁ(ﬁ)dﬁ = u(y) = Gu,
the Fourier inversion formula. So we have proved the Theorem. ]

8. Convolution

There is a discussion of convolution later in the notes, I have inserted a new
(but not very different) treatment here to cover the density of S(R) in L?(R) needed
in the next section.

Consider two continuous functions of compact support u, v € C.(R). Their
convolution is

(4.173) uxv(r) = /u(:c —y)v(y)dy = /U(y)v(w —y)dy.
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The first integral is the definition, clearly it is a well-defined Riemann integral since
the integrand is continuous as a function of y and vanishes whenever v(y) vanishes
— 80 has compact support. In fact if both v and v vanish outside [—R, R] then
uxv = 0 outside [-2R, 2R].

From standard properties of the Riemann integral (or Dominated convergence
if you prefer!) it follows easily that u*v is continuous. What we need to understand
is what happens if (at least) one of u or v is smoother. In fact we will want to take
a very smooth function, so I pause here to point out

LEMMA 4.10. There exists a (‘bump’) function 1 : R — R which is infinitely
differentiable, i.e. has continuous derivatives of all orders, vanishes outside [—1, 1],
is strictly positive on (—1,1) and has integral 1.

PrOOF. We start with an explicit function,

eV* >0

4.174 =

(4174) o) {0 e

The exponential function grows faster than any polynomial at +o0, since
ok

(4.175) exp(x) > i inx >0V k.

This can be seen directly from the Taylor series which converges on the whole line
(indeed in the whole complex plane)

2k
exp(z) = Z e
k>0
From (4.175) we deduce that
—1/x R
(4.176) lim S = lim —— =0V
z]0 X R—o0 €

where we substitute R = 1/x and use the properties of exp. In particular ¢ in
(4.174) is continuous across the origin, and so everywhere. We can compute the
derivatives in > 0 and these are of the form

do _ p@) i)
(4177) w = le (&
As usual, do this by induction since it is true for [ = 0 and differetiating the formula
for a given [ one finds

(4.178) d*l¢ _ (pz(ﬂﬂ) @) pi(:r)) s

, * >0, p; a polynomial.

dpl+1 T\ g2l2 T 7 2l 22

where the coefficient function is of the desired form p;;1/ x2+2,

Once we know (4.177) then we see from (4.176) that all these functions are
continuous down to 0 where they vanish. From this it follows that ¢ in (4.174)
is infinitely differentiable. For ¢ itself we can use the Fundamental Theorem of
Calculus to write

(4.179) () = /x Ut)dt + ¢(e), x >¢e> 0.
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Here U is the derivative in « > 0. Taking the limit as ¢ | 0 both sides converge,
and then we see that

o(z) = /O U,

From this it follows that ¢ is continuously differentiable across 0 and it derivative
is U, the continuous extension of the derivative from z > 0. The same argument
applies to succssive derivatives, so indeed ¢ is infinitely differentiable.

From ¢ we can construct a function closer to the desired bump function.
Namely

O(x) = oz + 1)o(1 — ).

The first factor vanishes when x < —1 and is otherwise positive while the second
vanishes when x > 1 but is otherwise positive, so the product is infinitely differ-
entiable on R and positive on (—1,1) but otherwise 0. Then we can normalize the
integral to 1 by taking

(4.180) W(x) = @(x)//q)
O

In particular from Lemma 4.10 we conclude that the space C2°(R), of infinitely
differentiable functions of compact support, is not empty. Going back to convolution
in (4.173) suppose now that v is smooth. Then

(4.181) u € Co(R), v € CP(R) = ux*v € C(R).

As usual this follows from properties of the Riemann integral or by looking directly
at the difference quotient

u*v(x—l—ti—u*v(x) :/u(y)v(x—i—t—yi—v(x—y)dt'

As t — 0, the difference quotient for v converges uniformly (in y) to the derivative
and hence the integral converges and the derivative of the convolution exists,

d d
(4.182) %u*v(x) zu*(é)
This result allows immediate iteration, showing that the convolution is smooth and

we know that it has compact support

PROPOSITION 4.7. For any u € C.(R) there exists u,, — u uniformly on R
where u, € CX(R) with supports in a fixed compact set.

PrOOF. For each € > 0 consider the rescaled bump function
(4.183) e = e—lw(f) € C°(R).
In fact, 1. vanishes outside the interval (e, €), is positive within this interval and
has integral 1 — which is what the factor of e~! does. Now set
(4.184) ue =ux . € C°(R), €>0,

from what we have just seen. From the supports of these functions, u. vanishes
outside [—-R—e¢, R+¢] if u vanishes outside [— R, R]. So only the convergence remains.
To get this we use the fact that the integral of 1. is equal to 1 to write

(4.185) () — u(z) = / (u(z — y)be(y) — u(e)ew))dy.
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Estimating the integral using the positivity of the bump function

€

(4.186) Jue(z) — u(z)| = / fu( — ) — ue)lbe (v)dy.

—€

By the uniformity of a continuous function on a compact set, given § > 0 there
exists € > 0 such that

sup |u(z —y) —y(z)| <oV eR.

[7576]

So the uniform convergence follows:-

(4.187) sup |ue(z) — u(x)| < 5/(;56 =9
Pass to a sequence €, — 0 if you wish, O

COROLLARY 4.1. The spaces C°(R) and S(R) are dense in L*(R).

Uniform convegence of continuous functions with support in a fixed subset is
stronger than L? convergence, so the result follows from the Proposition above for
CX(R) Cc S(R).

9. Plancherel and Parseval

But which is which?

We proceed to show that F and G, defined in (4.137) and (4.145), both extend
to isomorphisms of L?(R) which are inverses of each other. The main step is to
show that

(4.188) /u(x)ﬁ(x)dx: /ﬂ(f)v(f)df, u, v € S(R).

Since the integrals are rapidly convergent at infinity we may substitute the definite
of the Fourier transform into (4.188), write the result out as a double integral and
change the order of integration

(4.189) / w(@)o(z)ds = / u(z) / ey (¢)déda
= [ w9 [ e tutwydnds = [ au(e)de.

Now, if w € S(R) we may replace v(£) by w(€), since it is another element of
S(R). By the Fourier Inversion formula,

(4.190)  w(zx) = (2w)—1/e—”%(§) — w(r) = (27r)_1/e”5@: (27) " Lo.

Substituting these into (4.188) gives Parseval’s formula

(4.191) /u@z %/QE, u, we S(R).

PROPOSITION 4.8. The Fourier transform F extends from S(R) to an isomor-
phism on L?(R) with ﬁ]—' an isometric isomorphism with adjoint, and inverse,

V2rG.
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PROOF. Setting u = w in (4.191) shows that

(4.192) [F(w)llz2 = v2rlul L
for all u € S(R). The density of S(R), established above, then implies that F
extends by continuity to the whole of L?(R) as indicated. O

This isomorphism of L?(R) has many implications. For instance, we would
like to define the Sobolev space H!(R) by the conditions that u € L%(R) and
% € L2?(R) but to do this we would need to make sense of the derivative. However,
we can ‘guess’ that if it exists, the Fourier transform of du/dx should be i£a(€).
For a function in L2, such as @ given that u € L%, we do know what it means to
require £4(€) € L%(R). We can then define the Sobolev spaces of any positive, even
non-integral, order by

(4.193) H™(R) = {u € L*(R); |¢]"a € L*(R)}.

Of course it would take us some time to investigate the properties of these spaces!

10. Weak and strong derivatives

In approaching the issue of the completeness of the eigenbasis for harmonic
oscillator more directly, rather than by the kernel method discussed above, we run
into the issue of weak and strong solutions of differential equations. Suppose that
u € L*(R), what does it mean to say that ¢ € L*(R). For instance, we will want
to understand what the ‘possible solutions of’

(4.194) Anu = f, u, f € L*(R), An:%+x
are. Of course, if we assume that u is continuously differentiable then we know
what this means, but we need to consider the possibilities of giving a meaning to
(4.194) under more general conditions — without assuming too much regularity on
u (or any at all).

Notice that there is a difference between the two terms in Anu = Z—Z + zu. If
u € L*(R) we can assign a meaning to the second term, xu, since we know that
Tu € leoc (R). This is not a normed space, but it is a perfectly good vector space,
in which L?(R) ‘sits’ — if you want to be pedantic it naturally injects into it. The
point however, is that we do know what the statement xu € L?(R) means, given
that u € L?(R), it means that there exists v € L*(R) so that zu = v in L} (R)
(or L (R)). The derivative can actually be handled in a similar fashion using the
Fourier transform but I will not do that here.

Rather, consider the following three ‘L2-based notions’ of derivative.

DEFINITION 4.5. (1) We say that u € L*(R) has a Sobolev derivative if
there exists a sequence ¢,, € C1(R) such that ¢,, — uin L?(R) and ¢/, — v
_ dén

in L*(R), ¢}, = <= in the usual sense of course.
(2) We say that u € L?(R) has a strong derivative (in the L? sense) if the
limit
(4.195) lim u(z +5) —u(z)

= 7 exists in L*(R).
0#s—0 S
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(3) Thirdly, we say that v € L?(R) has a weak derivative in L? if there exists
w € L?(R) such that

df

(4.196) (u,—%)g = (w, f)z2 V f € CL(R).

In all cases, we will see that it is justified to writev =0 = w = Z—; because these
defintions turn out to be equivalent. Of course if u € CL(R) then u is differentiable
in each sense and the derivative is always du/dx — note that the integration by parts
used to prove (4.196) is justified in that case. In fact we are most interested in the
first and third of these definitions, the first two are both called ‘strong derivatives.’

It is easy to see that the existence of a Sobolev derivative implies that this
is also a weak derivative. Indeed, since ¢,, the approximating sequence whose
existence is the definition of the Sobolev derivative, is in C!(R) the integration by
parts implicit in (4.196) is valid and so for all f € CL(R),

(1.197) G Do = (0 1110

Since ¢, — u in L? and ¢!, — v in L? both sides of (4.197) converge to give the
identity (4.196).

Before proceeding to the rest of the equivalence of these definitions we need
to do some preparation. First let us investigate a little the consequence of the
existence of a Sobolev derivative.

LEMMA 4.11. If u € L*(R) has a Sobolev derivative then u € C(R) and there
exists a uniquely defined element w € L*(R) such that

(4.198) u(z) —uly) = /w w(s)ds Vy <xzelR.

PROOF. Suppose u has a Sobolev derivative, determined by some approximat-
ing sequence ¢,. Consider a general element 1) € Cl(R). Then bn = Yy, is a
sequence in C}(R) and ¢,, — thu in L2. Moreover, by the product rule for standard
derivatives
d ~

(4.199) T=0n =0 + 90, > Y'u+ Yw in L*(R).

Thus in fact 1u also has a Sobolev derivative, namely ¢'u -+ ¥w if w is the Sobolev
derivative for u given by ¢,, — which is to say that the product rule for derivatives
holds under these conditions.

Now, the formula (4.198) comes from the Fundamental Theorem of Calculus
which in this case really does apply to <;~ST, and shows that

(4.200) U()60(0) ~ v)uly) = [ D2

Is (s)ds.

For any given x = T we can choose ¢ so that ¢¥(Z) = 1 and then we can take y
below the lower limit of the support of ¢ so ¥(y) = 0. It follows that for this choice
of 9,

(4.201) Dn(Z) = / m(w’aﬁn(S) + e, (s))ds.

Now, we can pass to the limit as n — oo and the left side converges for each fixed &
(with ¢ fixed) since the integrand converges in L? and hence in L' on this compact
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interval. This actually shows that the limit ¢,,(Z) must exist for each fixed Z. In
fact we can always choose 1 to be constant near a particular point and apply this
argument to see that

(4.202) ¢n(x) = u(z) locally uniformly on R.

That is, the limit exists locally uniformly, hence represents a continuous function
but that continuous function must be equal to the original u almost everywhere
(since ¥¢,, — Yu in L?).

Thus in fact we conclude that ‘u € C(R)’ (which really means that u has a
representative which is continuous). Not only that but we get (4.198) from passing
to the limit on both sides of

S S

(4.203) u(@) —u(y) = lim (6n(x) — éu(y)) = lim [ (¢'(s))ds = / w(s)ds.

n—roo n—roo y

One immediate consequence of this is
(4.204) The Sobolev derivative is unique if it exists.

Indeed, if w; and ws are both Sobolev derivatives then (4.198) holds for both of
them, which means that ws — w; has vanishing integral on any finite interval and
we know that this implies that ws = w; a.e.

So at least for Sobolev derivatives we are now justified in writing

@
T dx

since w is unique and behaves like a derivative in the integral sense that (4.198)
holds.

(4.205) w

LEMMA 4.12. If u has a Sobolev derivative then u has a strong derivative and
if u has a strong derivative then this is also a weak derivative.

ProoOF. If u has a Sobolev derivative then (3.17) holds. We can use this to
write the difference quotient as
u(z + s) — u(zx)

(4.206) :

() = % /Os(w(x + 1) — w(x))dt

since the integral in the second term can be carried out. Using this formula twice
the square of the L? norm, which is finite, is

u(z + s) — u(x)

_ 312//0 /Os(w(x—i—t) — (@) (e T 7) = w(@))dtdt' dz.

(4.207) —w(2)|32

There is a small issue of manupulating the integrals, but we can always ‘back off
a little’ and replace u by the approximating sequence ¢, and then everything is
fine — and we only have to check what happens at the end. Now, we can apply the
Cauchy-Schwarz inequality as a triple integral. The two factors turn out to be the
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same so we find that

u(x + s) — u(x)

(4.208) || —w(z)||3: < ;/AS /OS lw(z +t) — w(x)|?dtdt' dx

_ i/os/|w(x+t)—w(as)|2dxdt

since the integrand does not depend on #'.
Now, something we checked long ago was that L? functions are ‘continuous in
the mean’ in the sense that

. o 2 _
(4.209) O;lélgo/|w(a:+t) w(z)|*dx = 0.

Applying this to (4.208) and then estimating the ¢ integral shows that

u(z + s) — u(x)

(4.210) .

—w(z) = 0in L*(R) as s — 0.
By definition this means that v has w as a strong derivative. I leave it up to you
to make sure that the manipulation of integrals is okay.

So, now suppose that u has a strong derivative, @. Observe that if f € C}(R)
then the limit defining the derivative
flz+s)— f(z)

S

(4.211) lim
0#s—0

= f'(x)

is uniform. In fact this follows by writing down the Fundamental Theorem of
Calculus, as in (4.198), again using the properties of Riemann integrals. Now,
consider

M)Lz = 1/U(x)md@" - %/u(a:)f(l‘)dﬁﬁ

= » f(@)) e

where we just need to change the variable of integration in the first integral from
z to x + s. However, letting s — 0 the left side converges because of the uniform
convergence of the difference quotient and the right side converges because of the
assumed strong differentiability and as a result (noting that the parameter on the
right is really —s)

(u(),

u(z — s) — u(x)

(4.213) (u, %)Lz = —(w, f)2 V f € CL(R)

which is weak differentiability with derivative 0. ([l

So, at this point we know that Sobolev differentiabilty implies strong differen-
tiability and either of the stong ones implies the weak. So it remains only to show
that weak differentiability implies Sobolev differentiability and we can forget about
the difference!

Before doing that, note again that a weak derivative, if it exists, is unique —
since the difference of two would have to pair to zero in L? with all of C}(R) which
is dense. Similarly, if u has a weak derivative then so does 1u for any ¢ € C}(R)
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since we can just move ¥ around in the integrals and see that

af . —df
(Y, _@1_ (u, —1#%)
(4.214) — _%) + (T f)

= (w,of + (W'u, f) = (Yw + 'y, f)

which also proves that the product formula holds for weak derivatives.

So, let us consider u € L2(R) which does have a weak derivative. To show that
it has a Sobolev derivative we need to construct a sequence ¢,,. We will do this by
convolution.

LEMMA 4.13. If p € C.(R) then for any u € L2(R),

(4.215) wxu(x) = /u(w — s)u(s)ds € C.(R)

and if p € CL(R) then
(4.216) pu#u(z) € CL(R), d’;; Y W ().

It folows that if u has more continuous derivatives, then so does p * u.

PROOF. Since v has compact support and is in L? it in L' so the integral in
(4.215) exists for each # € R and also vanishes if |z| is large enough, since the
integrand vanishes when the supports become separate — for some R, u(z — s) is
supported in |s — 2| < R and u(s) in |s| < R which are disjoint for |z| > 2R. It is
also clear that p * u is continuous using the estimate (from uniform continuity of
1)

(4.217) s (@) — e (@) < sup (e — s) — (e’ — )l
Similarly the difference quotient can be written

is) pru(a’) — pxu(a) / p =) —ple =)o

t s
and the uniform convergence of the difference quotient shows that
dup *u ,

(4.219) T T M

]

One of the key properties of thes convolution integrals is that we can examine
what happens when we ‘concentrate’ u. Replace the one p by the family

(4.220) pe(z) = 671,u(§), e>0.

The singular factor here is introduced so that [ i is independent of € > 0,

(4.221) /ME:/uVe>O.

Note that since g has compact support, the support of y. is concentrated in |z| < eR
for some fixed R.
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LEMMA 4.14. Ifu € L2(R) and 0 < p € CL(R) then

(4.222) lim pe*xu= (/ p)u in L*(R).
0#e—0

In fact there is no need to assume that u has compact support for this to work.

ProOF. First we can change the variable of integration in the definition of the
convolution and write it intead as

(4.223) pxu(x) = /,LL(S)’U,(.%‘ — s)ds.

Now, the rest is similar to one of the arguments above. First write out the difference
we want to examine as

(4.224) pewula) = ([ () = /| ) 8) s

Write out the square of the absolute value using the formula twice and we find that

@225) [ newuta) - ([ w@)do

- //’|< R/|t< R,ue(S)Me(t)(u(fL' — ) —u(x))(u(z — s) — u(z))dsdtdz

Now we can write the integrand as the product of two similar factors, one being

(4.226) 1e(s)? pe(t)? (u(x — 8) — u(x))

using the non-negativity of p. Applying the Cauchy-Schwarz inequality to this we
get two factors, which are again the same after relabelling variables, so

(4.227) / exulz)—( / ) (@) 2dz < / /|R / D) —u(o)P.

The integral in x can be carried out first, then using continuity-in-the mean bounded
by J(s) — 0 as € — 0 since |s| < eR. This leaves

@228) [ lues (o)~ ([ (o)

< sup Js/ / (t)z(/w)2Y sup — 0.
|s|<eR |<eR t\<eR |s|<eR
O

After all this preliminary work we are in a position to to prove the remaining
part of ‘weak=strong’.

LEMMA 4.15. If u € L?*(R) has w as a weak L*-derivative then w is also the
Sobolev derivative of u.

PROOF. Let’s assume first that v has compact support, so we can use the
discussion above. Then set ¢, = 1/, * u where p € CL(R) is chosen to be non-
negative and have integral [y = 0; . is defined in (4.220). Now from Lemma 4.14
it follows that ¢,, — u in L?(R). Also, from Lemma 4.13, ¢, € C1(R) has derivative
given by (4.216). This formula can be written as a pairing in L? :

(e =5) 5 digae o)

(4229) (,L"l/n)l * ’U,(LL’) = (U(S), - ds L — ds )L2
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using the definition of the weak derivative of u. It therefore follows from Lemma 4.14
applied again that

(4.230) Ol = f/mijn *w — w in L*(R).

Thus indeed, ¢, is an approximating sequence showing that w is the Sobolev de-
rivative of w.

In the general case that u € L*(R) has a weak derivative but is not necessarily
compactly supported, consider a function v € C!(R) with v(0) = 1 and consider
the sequence v, = y(x)u(z) in L?(R) each element of which has compact support.
Moreover, v(x/m) — 1 for each z so by Lebesgue dominated convergence, v, — u
in L2(R) as m — oco. As shown above, v, has as weak derivative

dry(x/m)

DL (= o oY+ (s = w

as m — oo by the same argument applied to the second term and the fact that
the first converges to 0 in L?(R). Now, use the approximating sequence ji; /n % Um
discussed converges to v, with its derivative converging to the weak derivative of
Um. Taking n = N(m) sufficiently large for each m ensures that ¢,,, = 11 /5 (m) * Vm
converges to v and its sequence of derivatives converges to w in L2. Thus the weak
derivative is again a Sobolev derivative. (]

Finally then we see that the three definitions are equivalent and we will freely
denote the Sobolev/strong/weak derivative as du/dx or u'.

11. Sobolev spaces

Now there are lots of applications of the Fourier transform which we do not
have the time to get into. However, let me just indicate the definitions of Sobolev
spaces and Schwartz space and how they are related to the Fourier transform.

First Sobolev spaces. We now see that F maps L?(R) isomorphically onto
L?(R) and we can see from (??) for instance that it ‘turns differentiations by z into
multiplication by £’. Of course we do not know how to differentiate L? functions so
we have some problems making sense of this. One way, the usual mathematicians
trick, is to turn what we want into a definition.

DEFINITION 4.6. The Sobolev spaces of order s, for any s € (0, 00), are defined
as subspaces of L%(R) :
(4.231) H*R) = {u € L*(R); (1 + [¢*)*a € L*(R)}.
It is natural to identify H°(R) = L2(R).

These Sobolev spaces, for each positive order s, are Hilbert spaces with the
inner product and norm

(4.232) (u,v) e = /(1 + 1€ a(€)o(€), llulls = (1 +[€*) 2 all o

That they are pre-Hilbert spaces is clear enough. Completeness is also easy, given
that we know the completeness of L?(R). Namely, if u,, is Cauchy in H*(R) then
it follows from the fact that

(4.233) ||v]|Lz < Cllv|ls ¥V v € H*(R)
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that u, is Cauchy in L? and also that (1 + |¢[?)24,(¢) is Cauchy in L2. Both
therefore converge to a limit w in L? and the continuity of the Fourier transform
shows that v € H°(R) and that u, — w in H®.

These spaces are examples of what is discussed above where we have a dense
inclusion of one Hilbert space in another, H*(R) — L?(R). In this case the in-
clusion in not compact but it does give rise to a bounded self-adjoint operator on
L*(R), Es : L*(R) — H*(R) C L*(R) such that

(4.234) (u,v)r2 = (Fsu, Esv)gs.
It is reasonable to denote this as Es = (1 + |D,|?)"2 since
(4.235) ue LAR") = Eou(€) = (1+[€*) "2 (o).

It is a form of ‘fractional integration’ which turns any u € L?(R) into Esu € H*(R).

Having defined these spaces, which get smaller as s increases it can be shown for
instance that if n > s is an integer then the set of n times continuously differentiable
functions on R which vanish outside a compact set are dense in H®. This allows us
to justify, by continuity, the following statement:-

PROPOSITION 4.9. The bounded linear map

d . ,
(4.236) ol H*(R) — H*Y(R), s >1, v(z) = = = D(€) = icu(€)
i x
is consistent with differentiation on n times continuously differentiable functions of
compact support, for any integer n > s.

In fact one can even get a ‘strong form’ of differentiation. The condition that

u € HY(R), that u € L? ‘has one derivative in L?’ is actually equivalent, for
u € L%(R) to the existence of the limit

(z + t)u(x)

.u . . 2
(4.237) }1_r>r(1) ; =wv, in L*(R)
and then ¢ = i{u. Another way of looking at this is

u € H'(R) = u : R — C is continuous and

(4.238) () — uly) = /l v(t)dt, v € L.

If such a v € L?*(R) exists then it is unique — since the difference of two such
functions would have to have integral zero over any finite interval and we know
(from one of the exercises) that this implies that the function vansishes a.e.

One of the more important results about Sobolev spaces — of which there are
many — is the relationship between these ‘L? derivatives’ and ‘true derivatives’.

THEOREM 4.7 (Sobolev embedding). If n is an integer and s > n + % then
(4.239) H°(R) C CL(R)

consists of n times continuosly differentiable functions with bounded derivatives to
order n (which also vanish at infinity).

This is actually not so hard to prove, there are some hints in the exercises below.
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These are not the only sort of spaces with ‘more regularity’ one can define
and use. For instance one can try to treat x and & more symmetrically and define
smaller spaces than the H® above by setting

(4.240)  HE (R) = {u € L*R); (1 + |¢]*)2a € LA(R), (1 + |=|?)2u € L*(R)}.

1SO
The ‘obvious’ inner product with respect to which these ‘isotropic’ Sobolev
spaces HE (R) are indeed Hilbert spaces is

1S0 (

(4.241) (wo)uieo = [ wn+ [ faPrust [ jeis
which makes them look rather symmetric between v and @ and indeed

(4.242) F:HS(R) — H?

180 1S0

(R) is an isomorphism V s > 0.

At this point, by dint of a little, only moderately hard, work, it is possible to
show that the harmonic oscillator extends by continuity to an isomorphism

(4.243) H:HPPR) — HE (R)V s > 2.

150 180

Finally in this general vein, I wanted to point out that Hilbert, and even Ba-
nach, spaces are not the end of the road! One very important space in relation to
a direct treatment of the Fourier transform, is the Schwartz space. The definition
is reasonably simple. Namely we denote Schwartz space by S(R) and say

ueESMR)<—= u:R—C

is continuously differentiable of all orders and for every n,

lull = sup(l +[a])* | |<

k+p<n ocR

(4.244)

All these inequalities just mean that all the derivatives of u are ‘rapidly decreasing
at 0o’ in the sense that they stay bounded when multiplied by any polynomial.

So in fact we know already that S(R) is not empty since the elements of the
Hermite basis, e; € S(R) for all j. In fact it follows immediately from this that

(4.245) S(R) — L*(R) is dense.

If you want to try your hand at something a little challenging, see if you can check
that

(4.246) =[] Hi(

5>0
which uses the Sobolev embedding theorem above.

As you can see from the definition in (4.244), S(R) is not likely to be a Banach
space. Each of the || -, is a norm. However, S(R) is pretty clearly not going to be
complete with respect to any one of these. However it is complete with respect to
all, countably many, norms. What does this mean? In fact S(R) is a metric space
with the metric

(4.247) 22 n

M=l
1+ lu—vlla

as you can check. So the claim is that S(R) is complete as a metric space — such a
thing is called a Fréchet space.
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What has this got to do with the Fourier transform? The point is that

(4.248)
d d
F : S(R) — S(R) is an isomorphism and f(d—u) =ilF(u), F(zu) = —i .Zéu)
x

where this now makes sense. The dual space of S(R) — the space of continuous
linear functionals on it, is the space, denoted S’(R), of tempered distributions on
R.

12. Schwartz distributions

We do not have time in this course to really discuss distributions. Still, it is
a good idea for you to know what they are and why they are useful. Of course
to really appreciate their utility you need to read a bit more than I have here.
First think a little about the Schwartz space S(R) introduced above. The metric in
(4.247) might seem rather mysterious but it has the important property that each

of the norms || - ||, defines a continuous function S(R) — R with respect to this
metric topology. In fact a linear map
(4.249)

T : S(R) — C linear is continuous iff 3 N, C s.t. || T¢|| < C|l¢||ln ¥V ¢ € S(R).

So, the continuous linear functionals on S(R) are just those which are continous
with respect to one of the norms.
These functionals are exactly the space of tempered distributions

(4.250) S'(R) ={T : S(R) — C linear and continuous}.

The relationship to functions is that each f € L%(R) (or more generally such that
(14 |z])~N € LY (R) for some N) defines an element of S’(R) by integration:

(4.251) Tr: S(R) 5 6 —> /f(a:)qb(x) €C—T; € S'(R).

Indeed, this amounts to showing that ||¢||r2 is a continuous norm on S(R) (so it
must be bounded by a multiple of one of the ||@||x, which one?)

It is relatively straightforward to show that L?*(R) > f +—— Ty € S'(R) is
injective — nothing is ‘lost’. So after a little more experience with distributions one
comes to identify f and T';. Notice that this is just an extension of the behaviour of
L?(R) where (because we can drop the complex conjugate in the inner product) by
Riesz’ Theorem we can identify (linearly) L?(R) with it dual, exactly by the map
f — Tf.

Other elements of S'(R) include the delta ‘function’ at the origin and even its
‘derivatives’ for each j

, di
(4.252) ¥ S(R) 3 ¢ (1) —(0) € C.
In fact one of the main points about the space S’'(R) is that differentiation and
multiplication by polynomials is well defined

d
(4.253) . :S'(R) — S'(R), xz:S8'(R) — S'(R)
in a way that is consistent with their actions under the identification S(R) : ¢ —

Ty € S'(R). This property is enjoyed by other spaces of distributions but the
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fundamental fact that the Fourier transform extends to
(4.254) F:S8'(R) — S'(R) as an isomorphism

is more characteristic of §’(R).

13. Poisson summation formula

We have talked both about Fourier series and the Fourier transform. It is
natural to ask: What is the connection between these? The Fourier series of a
function in L?(0, 27) we thought of as given by the Fourier-Bessel series with respect
to the orthonormal basis
exp(ikx)

V2r

The interval here is just a particular choice — if the upper limit is changed to T
then the corresponding orthonormal basis of L2(0,T) is

exp(i2rkx/T)

VT

Sometimes the Fourier transform is thought of as the limit of the Fourier series
expansion when T" — oo. This is actually not such a nice limit, so unless you have
(or want) to do this I recommend against it!

A more fundamental relationship between the two comes about as follows. We
can think of L?(0,27) as ‘really’ being the 27-periodic functions restricted to this
interval. Since the values at the end-points don’t matter this does give a bijection —
between 27m-periodic, locally square-integrable functions on the line and L?(0, 27).
On the other hand we can also think of the periodic functions as being defined on
the circle, |z| =1 in C or identified with the values of § € R modulo repeats:

(4.257) T=R/27Z > 60— e € C.

Let us denote by C>°(T) the space of infinitely differentiable, 27-periodic func-
tions on the line; this is also the space of smooth functions on the circle, thought
of as a manifold.

How can one construct such functions. There are plenty of examples, for in-
stance the exp(ikx). Another way to construct examples is to sum over translations:-

(4.255) , kel

(4.256) , kel

LEMMA 4.16. The map
(4.258) A:SR)S f— Y f(-—27k) € CP(T)
kEZ
18 surjective.
PROOF. That the series in (4.258) converges uniformly on [0, 27] (or any bounded

interval) is easy enought to see, since the rapid decay of elements of S(R) shows
that

(4.259) |f(x)] < C(1+z|)72%, 2 € R = |f(x —27k)| < C"(1+|k|)~2, = € [0,27]

sinceif k > 2 |x—2nk| > kif x € [0, 27]. Clearly (4.259) implies uniform convergence
of the series. Since the derivatives of f are also in S(R) the series obtained by
term-by-term differentiation also converges uniformly and by standard arguments
the limit Ag is therefore infinitely differentiable, with
di A @’

f_ &

4.260 = = -,
( ) dx dx
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This shows that the map A, clearly linear, is well-defined. Now, how to see
that it is surjective? Let’s first prove a special case. Indeed, look for a function
¥ € C(R) € S(R) which is non-negative and such that Ay = 1. We know that
we can find ¢ € C°(R), ¢ > 0 with ¢ > 0 on [0,27]. Then consider A¢p € C>(T).
It must be stricly positive, A¢ > € > 0 since it is larger that ¢. So consider instead
the function

(4.261) Y= Z €C(R)
where we think of A¢ as 27-periodic on R. In fact using this periodicity we see that
(4.262) Ay = 1.

So this shows that the constant function 1 is in the range of A. In general, just
take g € C*°(T), thought of as 2m-periodic on the line, and it follows that

(4.263) f=DBg=1geCrR)C SMR) satsifies Af = g.
Indeed,
(4.264) Ag—zwx—%rk) (z —21k) = g(x wa—%rk)—g

using the periodicity of g. In fact B is a right inverse for A,
(4.265) AB =1d on C*=(T).

QUESTION 2. What is the null space of A?

Since f € S(R) and Af € C>(T) C L?(0,2w) with our identifications above,
the question arises as to the relationship between the Fourier transform of f and
the Fourier series of Af.

PROPOSITION 4.10 (Poisson summation formula). If g = Af, g € C=(T) and
f € S(R) then the Fourier coefficients of g are

(4.266) e = /[02 ]ge—“” = f(k).

PrROOF. Just substitute in the formula for g and, using uniform convergenc,
check that the sum of the integrals gives after translation the Fourier transform of

f d
If we think of recovering g from its Fourier series,
1 ikx 1 £ ik
(4.267) g(x) = Py chel =5 Zf(k)e v
keZ k€EZ

then in terms of the Fourier transform on S'(R) alluded to above, this takes the
rather elegant form

(4.268) —]—' (Za — k) ) Z e =N "5(a — 2mk).

kEZ kEZ kEZ

The sums of translated Dirac deltas and oscillating exponentials all make sense in
S'(R).






APPENDIX A

Problems for Chapter 1

1. For §1

PRrROBLEM 1.1. In case you are a bit shaky on it, go through the basic theory of
finite-dimensional vector spaces. Define a vector space V to be finite-dimensional
if there is an integer N such that any N elements of V' are linearly dependent — if
v; € Vfor i =1,... N, then there exist a; € K, not all zero, such that

N
(A1) Z a;v; =0in V.

i=1
If N is the smallest such integer define dimension of V' to be dim V' = N—1 and show
that a finite dimensional vector space always has a basis, e; € V. i =1,...,dimV
such that any element of V' can be written uniquely as a linear combination

dim V'
(AQ) v = Z bie;, b; € K.
i=1

PROBLEM 1.2. Show from first principles that if V' is a vector space (over R or
C) then for any set X the space of all maps

(A.3) FX;V)={u: X —V}

is a vector space over the same field, with ‘pointwise operations’ (which you should
write down carefully).

PROBLEM 1.3. Show that if V' is a vector space and S C V is a subset which
is closed under addition and scalar multiplication:

(A.4) v1,02 €S, Ae K= v; +vy € S and Av; € S

then S is a vector space as well with operations ‘inherited from V’ (and called, of
course, a subspace of V).

PROBLEM 1.4. Recall that a map between vector spaces L : V — W is linear
if L(vy + v2) = Lvy + Lve and L v = ALv for all elements vy, vy, v € V and all
scalars A. Show that given two finite dimensional vector spaces V and W over the
same field

(1) If dimV < dim W then there is an injective linear map L : V — W.

(2) If dimV > W then there is a surjective linear map L : V — W.

(3) if dimV = dim W then there is a linear isomorphism L : V — W, i.e. an
injective and surjective linear map.

PrOBLEM 1.5. If § C V is a linear subspace of a vector space show that the
relation on V'

(A5) V]~ Uy = U] — Uy €S
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is an equivalence relation and that the set of equivalence classes
] ={weV;w—-veS}

denoted usually V/S, is a linear space in a natural way and that the projection map
m:V — V/S, taking each v to [v] is linear.

PRrROBLEM 1.6. Show that any two norms on a finite dimensional vector space
are equivalent.

PrOBLEM 1.7. Show that two norms on a vector space are equivalent if and
only if the topologies induced are the same — the sets open with respect to the
distance from one are open with respect to the distance coming from the other.

PROBLEM 1.8. Write out a proof for each p with 1 < p < oo that

»={a:N —>(C;Z|aj|p < o0, a; =a(j)}

j=1
is a normed space with the norm
- B
lall, = { > lasI?
j=1

This means writing out the proof that this is a linear space and that the three
conditions required of a norm hold.

PROBLEM 1.9. Prove directly that each [P as defined in Problem 1.8 is complete,
i.e. it is a Banach space.

PrOBLEM 1.10. The space [*° consists of the bounded sequences

(A.6) 1 ={a:N— C;suplay,| < o}, ||a]lcc = sup |ay].

Show that this is a non-separable Banach space.

PrOBLEM 1.11. Another closely related space consists of the sequences con-
verging to 0 :

(A7) co =q{a:N— C; ILm an =0}, |la|loo = sup |ay|.

Check that this is a separable Banach space and that it is a closed subspace of [*°
(perhaps do it in the opposite order).

PROBLEM 1.12. Consider the ‘unit sphere’ in [P. This is the set of vectors of
length 1 :
S =A{ael’|all, =1}

(1) Show that S is closed.

(2) Recall the sequential (so not the open covering definition) characterization
of compactness of a set in a metric space (e.g. by checking in Rudin’s
book).

(3) Show that S is not compact by considering the sequence in [P with kth
element the sequence which is all zeros except for a 1 in the kth slot. Note
that the main problem is not to get yourself confused about sequences of
sequences!

PrOBLEM 1.13. Show that the norm on any normed space is continuous.
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PROBLEM 1.14. Finish the proof of the completeness of the space B constructed
in the second proof of Theorem 1.1.



160



APPENDIX B

Problems for Chapter 4

1. Hill’s equation

As an extended exercise I suggest you follow the ideas of §4.4 but now for
‘Hill’s equation’ which is the same problem as (4.73) but with periodic boundary
conditions:-

2u du du
——m5 +Vu=fon (0.2), u(2m) =u(0), - (2m) = ——(0).

There are several ways to do this, but you cannot proceed in precisely the same
way since for V' = 0 the constants are solutions of (B.1) — so even if the system has
a solution (which for some f it does not) this solution is not unique.

One way to proceed is to start from V' = 1 say and solve the problem explicitly.
However the formulae are not as simple as for the Dirichlet case.

So instead I will outline an approach starting from the solution of the Dirichlet
problem. This is allows you to see some important concepts — for instance the
Maximum Principle. You should proceed to prove this sequence of claims!

(1) If V > 0 (always real-valued in C([0, 27])) then we know that the Dirichlet
problem, (4.73), has a unique solution given in (4.111):

(B.2) uw=_Syf, Sy =AId+AVA)'A.

(B.1)

Recall that the eigenfunctions of this operator are twice continuously
differentiable eigenfunctions for the Dirichlet problem with eigenvalues
T, = )\;1 where the A\, are the eigenvalues of Sy .

(2) Prove the maximal principle in this case, that if V' > 0, f > 0 then
u = Sy f > 0. Hint:- If this were not true then there would be an interior
minimum at which u(p) < 0 but at this poin —% (p) < 0and V(p)u(p) <
0 which contradicts (4.73) since f(p) > 0.

(3) Now, suppose u is a ‘classical’ (twice continuously differentiable) solution
to (B.1) (with V' > 0). Then set ug = u(0) = u(27) and v’ = u — up and
observe that

d*u’
dxz?

(4) Using the assumption that V' > 0 show that

(B3) +Vu = f—uV = u = Sy f—upSyV.

d d
(B.4) TSvV(0) >0, - SyV(2m) <0.

Hint:- From the equation for SyV observe that %SVV(O) < 0 so if
2 8y V(0) < 0 then Sy V(z) < 0 for small 2 > 0 violating the Maximum
Principle and similarly at 2.
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(5) Conclude from (B.3) that for V' > 0 there is a unique solution to (B.1)
which is of the form

(B5) u="Tyf=8Syf+uy— uSy,

d d
auyg = %TVV(zﬂ') - %TVV(O),
d d

dx dx

(6) Show that Ty is an injective compact self-adjoint operator and that its
eigenfunctions are twice continuously differentiable eigenfunctions for the
periodic boundary problem. Hint:- Boundedness follows from the proper-
ties of Sy, as does compactness with a bit more effort. For self-adjointness
integrate the equation by parts.

(7) Conclude the analogue of Theorem 4.5 for periodic boundary conditions,
i.e. Hill’s equation.

a = SvV(O) > 0.

Sy V(2m)

2. Mehler’s formula and completeness

Starting from the ground state for the harmonic oscillator

d? .
(B.6) P= —@+x27 Hug = uo, ’LL0=€_12/2

and using the creation and annihilation operators
(B.7) An= di +x, Cr = _di + 2z, AnCr—CrAn=2Id, H =CrAn+1d
X X

we have constructed the higher eigenfunctions:
(B.8) uj = Crl ug = p;(x)up(c), p(z) = 2727 +lots, Hu; = (2§ + D)u;

and shown that these are orthogonal, u; L uy, j # k, and so when normalized give
an orthonormal system in L?(R) :
Uj

B.9 =
(B.9) K 2i/2(jN) 2 s

Now, what we want to see, is that these e; form an orthonormal basis of L?(R),
meaning they are complete as an orthonormal sequence. There are various proofs
of this, but the only ‘simple’ ones I know involve the Fourier inversion formula and
I want to use the completeness to prove the Fourier inversion formula, so that will
not do. Instead I want to use a version of Mehler’s formula.

To show the completeness of the e;’s it is enough to find a compact self-adjoint
operator with these as eigenfunctions and no null space. It is the last part which
is tricky. The first part is easy. Remembering that all the e; are real, we can find
an operator with the e;;s as eigenfunctions with corresponding eigenvalues A; > 0
(say) by just defining

o0 o0
B10)  Au(@) =Y A e)eo) = Y Nesa) [ ewuls).

Jj=0 Jj=0

For this to be a compact operator we need A; — 0 as j — oo, although for bound-
edness we just need the A; to be bounded. So, the problem with this is to show
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that A has no null space — which of course is just the completeness of the e;- since
(assuming all the \; are positive)

(B.11) Au=0<=ule; V3.

Nevertheless, this is essentially what we will do. The idea is to write A as an
integral operator and then work with that. I will take the A; = w? where w € (0, 1).
The point is that we can find an explicit formula for

(B.12) Au(z,y) =) wlej(@)e;ly) = Aw, z,y).
j=0

To find A(w,z,y) we will need to compute the Fourier transforms of the e;.
Recall that

F: L'R) — Coo(R), F(u) =,

B.13 ,
(1 a(€) :/e’””%(w), sup [at] < [Jul| s

LEMMA B.1. The Fourier transform of ug is
(B.14) (Fuo)(§) = vV2muo(§).

PROOF. Since ug is both continuous and Lebesgue integrable, the Fourier trans-
form is the limit of a Riemann integral

R
(B.15) tip(€) = lim eug(z).
R—o0 R
Now, for the Riemann integral we can differentiate under the integral sign with
respect to the parameter £ — since the integrand is continuously differentiable — and
see that

R
dfg’ao(g) = }%LI};O n il’eZEIUO(.fC)
R . d
(B.16) - ngnool/,Re (=g 0@
b " e
= B}gnoo 71/73 o (ePug(z)) — legnoo 7Re uo(x)
= —&io ().

Here I have used the fact that Anug = 0 and the fact that the boundary terms
in the integration by parts tend to zero rapidly with R. So this means that g is
annihilated by An :
d

B.17 — U =0.
(B.17) (¢ +©)i(®

Thus, it follows that 4o (¢) = cexp(—£2/2) since these are the only functions in
annihilated by An. The constant is easy to compute, since

(B.18) 10 (0) = /e‘xz/gd:v =V2r

proving (B.14). O
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We can use this formula, of if you prefer the argument to prove it, to show that
(B.19) v=e" = j = re €

Changing the names of the variables this just says

2 1 . 2
B.2 = [ e s,
(520 ‘ 2\/7?/]1@6 ’

The definition of the u;’s can be rewritten

d . 2 2
) _ (% Jo—z /2 _ /20
(B.21) uj(z) = ( i +x)le e’ ( i

as is easy to see inductively — the point being that e is an integrating factor for
the creation operator. Plugging this into (B.20) and carrying out the derivatives —
which is legitimate since the integral is so strongly convergent — gives
ew2/2
T 2/7 e
Now we can use this formula twice on the sum on the left in (B.12) and insert
the normalizations in (B.9) to find that

s o
o o0 oz?/24y?/2 (=1)w? s?¢?
Je. - =
(B.23) z;w ej(ac)ej(y)—z0 Ar3/2 /]Rz 2751
j= 7=

The crucial thing here is that we can sum the series to get an exponential, this
allows us to finally conclude:

yes

z2/2

B.22 wi(x _is)leims=s /A,
(B.22) () (—is)

. . 2 2
elsatity—s /4—t /4d8dt.

LEMMA B.2. The identity (B.12) holds with

1 1—w 1+w
NV T (‘4(1 e IR s pry U ”2)

PROOF. Summing the series in (B.23) we find that

(B24) A(w,a,y) =

=’ /2+y?/2 1 1, 1,
(B.25)  A(w,z,y) = sz /R2 exp(fiwst + isT + ity — yCie Zt )dsdt.
Now, we can use the same formula as before for the Fourier transform of ug to
evaluate these integrals explicitly. One way to do this is to make a change of
variables by setting

(B.26) s=(S+T)/V2, t=(S—T)/V2= dsdt = dSdT,

1 1 1 1 — 1
— iwst—kisx—%—ity— 132 . Zt2 = in\Ey — Z(l +w)S? +iTL\@y = Z(l —w)T?.
Note that the integrals in (B.25) are ‘improper’ (but rapidly convergent) Riemann
integrals, so there is no problem with the change of variable formula. The formula
for the Fourier transform of exp(—2) can be used to conclude that

. 1‘—|—y 1 2 _i X _M
e85 = 0+ w5 = b el

A=y 1 2 —iex ey
/Rexp(zTW—Z(l_w)T )dT = 1—w) b 2(1 — w)

(B.27)
).
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Inserting these formulse back into (B.25) gives

1 (+y)? (x-y?® 22 ¢
B.28 A R — — 4L
which after a little adjustment gives (B.24). O

Now, this explicit representation of A,, as an integral operator allows us to
show

PROPOSITION B.1. For all real-valued f € L?(R),

oo

(B.29) DI e)l? = (1112

j=1
PROOF. By definition of A,

(B.30) > (s ) = lim(f, Awf)
j=1

o (B.29) reduces to
(B.31) im(f, Aw.f) = 1 £I7:.

To prove (B.31) we will make our work on the integral operators rather simpler
by assuming first that f € C(R) is continuous and vanishes outside some bounded
interval, f(z) = 0 in |z| > R. Then we can write out the L? inner product as a
double integral, which is a genuine (iterated) Riemann integral:

(B.32) (f, Auf) = / / (w, 2,9) £ (2) (9)dyd.

Here I have used the fact that f and A are real-valued.

Look at the formula for A in (B.24). The first thing to notice is the factor
(1 — w?)~2 which blows up as w — 1. On the other hand, the argument of the
exponential has two terms, the first tends to 0 as w — 1 and the becomes very
large and negative, at least when « — y # 0. Given the signs, we see that

ife>0, X ={(z,y);|x] < R,|y| < R,|z —y| > €} then

(B.33) sup |A(w, z,y)] = 0 as w — 1.
X

So, the part of the integral in (B.32) over |z — y| > € tends to zero as w — 1.
So, look at the other part, where |x — y| < e. By the (uniform) continuity of f,
given § > 0 there exits € > 0 such that

(B.34) [z -yl <e=[f(z) = fly)| <.

Now we can divide (B.32) up into three pieces:-

(B35) (f, Auf) = /S Alw, z,9) (@) () dydz

N{lz—y|=>e}

+/ A(w, z,y)(f(x) — f(y)) f(y)dydx
Sn{lz—y|<e}

+ / Alw, 2,y)f () dyda
Sn{|lz—y|<e}
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where S = [~ R, R)2.
Look now at the third integral in (B.35) since it is the important one. We can

change variable of integration from z to t = |/15%(z — y). Since |z — y| < ¢, the

new t variable runs over |t| < e,/ % and then the integral becomes

1—
/ A(wa Yy +1 J? y)f(y)zdydta where
Sn{lt|<ey/1E2}

1+w
(B.36) 4 [L-w
(w, y+t 1+uﬂw

1 1—w t2
- e 2y + VI — w)? —= ).

e (i en (-5)
Here y is bounded; the first exponential factor tends to 1 and the ¢t domain extends
to (—oo0,00) as w — 1, so it follows that for any € > 0 the third term in (B.35)
tends to

(B.37) Il fll32 as w — 1 since /e_t2/4 =2/7.

Noting that A > 0 the same argument shows that the second term is bounded by
a constant multiple of ¢. Now, we have already shown that the first term in (B.35)
tends to zero as € — 0, so this proves (B.31) — given some v > 0 first choose € > 0
so small that the first two terms are each less than %*y and then let w T 0 to see
that the lim sup and lim inf as w 1 0 must lie in the range [|| f||> —~, || f||* +]. Since
this is true for all ¥ > 0 the limit exists and (B.29) follows under the assumption
that f is continuous and vanishes outside some interval [—R, R].

This actually suffices to prove the completeness of the Hermite basis. In any
case, the general case follows by continuity since such continuous functions vanishing
outside compact sets are dense in L?(R) and both sides of (B.29) are continuous in
f € LA(R). |

Now, (B.31) certainly implies that the e; form an orthonormal basis, which is
what we wanted to show — but hard work! It is done here in part to remind you
of how we did the Fourier series computation of the same sort and to suggest that
you might like to compare the two arguments.

3. Friedrichs’ extension

Next I will discuss an abstract Hilbert space set-up which covers the treatment
of the Dirichlet problem above and several other applications to differential equa-
tions and indeed to other problems. I am attributing this method to Friedrichs and
he certainly had a hand in it.

Instead of just one Hilbert space we will consider two at the same time. First is
a ‘background’ space, H, a separable infinite-dimensional Hilbert space which you
can think of as being something like L?(I) for some interval I. The inner product
on this I will denote (-, )y or maybe sometimes leave off the ‘H’ since this is the
basic space. Let me denote a second, separable infinite-dimensional, Hilbert space
as D, which maybe stands for ‘domain’ of some operator. So D comes with its own
inner product (-,-)p where I will try to remember not to leave off the subscript.



3. FRIEDRICHS’ EXTENSION 167

The relationship between these two Hilbert spaces is given by a linear map
(B.38) i:D— H.

This is denoted ‘¢’ because it is supposed to be an ‘inclusion’. In particular I will
always require that

(B.39) i is injective.

Since we will not want to have parts of H which are inaccessible, I will also assume
that

(B.40) i has dense range (D) C H.

In fact because of these two conditions it is quite safe to identify D with i(D)
and think of each element of D as really being an element of H. The subspace
‘(D) = D’ will not be closed, which is what we are used to thinking about (since it
is dense) but rather has its own inner product (-, -)p. Naturally we will also suppose
that 4 is continuous and to avoid too many constants showing up I will suppose that
1 has norm at most 1 so that

(B.41) li(w)llm < llu]lp-

If you are comfortable identifying ¢(D) with D this just means that the ‘D-norm’
on D is bigger than the H norm restricted to D. A bit later I will assume one more
thing about .

What can we do with this setup? Well, consider an arbitrary element f € H.
Then consider the linear map

(B.42) Ty :D>u— (i(u), f)m € C.

where I have put in the identification ¢ but will leave it out from now on, so just
write Ty (u) = (u, f)m. This is in fact a continuous linear functional on D since by
Cauchy-Schwarz and then (B.41),

(B.43) Ty ()] = |(w, el < lullallflz <[ fllelulb-

So, by the Riesz’ representation — so using the assumed completeness of D (with
respect to the D-norm of course) there exists a unique element v € D such that

(B.44) (u, g = (u,v)p Yu € D.
Thus, v only depends on f and always exists, so this defines a map
(B.45) B:H— D, Bf=viff (f,u)g =@, u)pVYueD

where I have taken complex conjugates of both sides of (B.44).

LEMMA B.3. The map B is a continuous linear map H — D and restricted
to D 1is self-adjoint:

(B.46) (Bw,u)p = (w, Bu)p V u,w € D.
The assumption that D C H 1s dense implies that B : H — D 1s injective.

PROOF. The linearity follows from the uniqueness and the definition. Thus if
fi € H and ¢; € C for i = 1,2 then
(c1fi+eafo,u)m = ci(fi,w)m + ca(fo,u)m

(B.47) _ Cl(Bfl,U)D + C2(Bf2,u)D = (Clel + CQBf25u>D YueD
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shows that B(c1 f1 + caf2) = c1 Bfi + caBfa. Moreover from the estimate (B.43),

(B.48) ((Bfsu)p| < [Ifllallulo

and setting u = Bf it follows that ||Bf||p < || f||z which is the desired continuity.
To see the self-adjointness suppose that v, w € D, and hence of course since
we are erasing i, u, w € H. Then, from the definitions

(B.49) (Bu,w)p = (u,w)g = (w,u)g = (Bw,u)p = (u, Bw)p

so B is self-adjoint.
Finally observe that Bf = 0 implies that (Bf,u)p = 0 for all w € D and hence
that (f,u)y = 0, but since D is dense, this implies f = 0 so B is injective. O

To go a little further we will assume that the inclusion 7 is compact. Explicitly
this means

(B.50) Up =p U => Up(=i(u,)) =g u

where the subscript denotes which space the convergence is in. Thus compactness
means that a weakly convergent sequence in D is, or is mapped to, a strongly
convergent sequence in H.

LEMMA B.4. Under the assumptions (B.38), (B.39), (B.40), (B.41) and (B.50)
on the inclusion of one Hilbert space into another, the operator B in (B.45) is
compact as a self-adjoint operator on D and has only positive eigenvalues.

PROOF. Suppose u,, — u is weakly convergent in D. Then, by assumption it is
strongly convergent in H. But B is continuous as a map from H to D so Bu,, — Bu
in D and it follows that B is compact as an operator on D.

So, we know that D has an orthonormal basis of eigenvectors of B. None of
the eigenvalues A\; can be zero since B is injective. Moreover, from the definition if
Buj; = Aju; then

(B.51) luillF = (uj,u5)m = (Buj,ug)p = Ajllusllp
showing that A; > 0. |
Now, in view of this we can define another compact operator on D by
1
(B.52) Au]‘ = )\; Uj

taking the positive square-roots. So of course A2 = B. In fact A: H — D is also
a bounded operator.

LEMMA B.5. If u; is an orthonormal basis of D of eigenvectors of B then
fi= )\_%uj is an orthonormal basis of H and A : D — D extends by continuity
to an isometric isomorphism A : H — D.

PrOOF. The identity (B.51) extends to pairs of eigenvectors
(B.53) (uj, ur)n = (Buj,ur)p = AjGjk

which shows that the f; form an orthonormal sequence in H. The span is dense
in D (in the H norm) and hence is dense in H so this set is complete. Thus A
maps an orthonormal basis of H to an orthonormal basis of D, so it is an isometric
isomorphism. [
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If you think about this a bit you will see that this is an abstract version of the
treatment of the ‘trivial’ Dirichlet problem above, except that I did not describe
the Hilbert space D concretely in that case.

There are various ways this can be extended. One thing to note is that the
failure of injectivity, i.e. the loss of (B.39) is not so crucial. If ¢ is not injective,
then its null space is a closed subspace and we can take its orthocomplement in
place of D. The result is the same except that the operator D is only defined on
this orthocomplement.

An additional thing to observe is that the completeness of D, although used
crucially above in the application of Riesz’ Representation theorem, is not really
such a big issue either

PROPOSITION B.2. Suppose that D is a pre-Hilbert space with inner product
(v )p andi: A — H is a linear map into a Hilbert space. If this map is injective,
has dense range and satisfies (B.41) in the sense that

(B.54) li(w)lz < Jullp ¥ ue D

then it extends by continuity to a map of the completion, D, of D, satisfying (B.39),
(B.40) and (B.41) and if bounded sets in D are mapped by i into precompact sets
in H then (B.50) also holds.

PROOF. We know that a completion exists, D C D, with inner product re-
stricting to the given one and every element of D is then the limit of a Cauchy
sequence in D. So we denote without ambiguity the inner product on D again as
(,*)p- Since i is continuous with respect to the norm on D (and on H of course)
it extends by continuity to the closure of D, namely D as i(u) = lim,, i(u,) if uy, is
Cauchy in D and hence converges in D; this uses the completeness of H since i(un)
is Cauchy in H. The value of i(u) does not depend on the choice of approximating
sequence, since if v, — 0, i(v,) — 0 by continuity. So, it follows that i : D — H
exists, is linear and continuous and its norm is no larger than before so (B.38)
holds. O

The map extended map may not be injective, i.e. it might happen that i(u,) — 0
even though u,, — u # 0.

The general discussion of the set up of Lemmas B.4 and B.5 can be continued
further. Namely, having defined the operators B and A we can define a new positive-
definite Hermitian form on H by

(B.55) (u,v)g = (Au, Av)g, u, v€ H

with the same relationship as between (-,-)g and (-,-)p. Now, it follows directly
that

(B.56) lullg < [lulle

so if we let F be the completion of H with respect to this new norm, then i : H —
FE is an injection with dense range and A extends to an isometric isomorphism
A: E — H. Then if u; is an orthonormal basis of H of eigenfunctions of A with
eigenvalues 7; > 0 it follows that u; € D and that the ijluj form an orthonormal
basis for D while the 7ju; form an orthonormal basis for E.
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LEMMA B.6. With E defined as above as the completion of H with respect to
the inner product (B.55), B extends by continuity to an isomoetric isomorphism
B:FE— D.

PROOF. Since B = A? on H this follows from the properties of the eigenbases
above. O

The typical way that Friedrichs’ extension arises is that we are actually given
an explicit ‘operator’, a linear map P : D — H such that (u,v)p = (u, Pv)g
satisfies the conditions of Proposition B.2. Then P extends by continuity to an
isomorphism P : D — E which is precisely the inverse of B as in Lemma B.6. We
shall see examples of this below.

4. Dirichlet problem revisited

So, does the setup of the preceding section work for the Dirichlet problem? We
take H = L%((0,2)). Then, and this really is Friedrichs’ extension, we take as a
subspace D C H the space of functions which are once continuously differentiable
and vanish outside a compact subset of (0,27). This just means that there is some
smaller interval, depending on the function, [d,27 — ¢], § > 0, on which we have a
continuously differentiable function f with f(&) = f/'(8) = f(2n—9) = f'(2n—6) =0
and then we take it to be zero on (0,0) and (27 — d,27). There are lots of these,
let’s call the space D as above

D = {u € C[0, 27]; u continuously differentiable on [0, 2],

(B.57) .
u(z) = 01n [0,6] U [27r — 4, 27] for some 6 > 0}.

Then our first claim is that
(B.58) D is dense in L?(0,2m)

with respect to the norm on L? of course. B
What inner product should we take on D7 Well, we can just integrate formally
by parts and set

1 du dv
(B.59) (u,v)p = 27 Jgam dxdx.

This is a pre-Hilbert inner product. To check all this note first that (u,u)p =0
implies du/dz = 0 by Riemann integration (since |du/dz|? is continuous) and since
u(z) = 0in z < & for some § > 0 it follows that u = 0. Thus (u,v)p makes D into
a pre-Hilbert space, since it is a positive definite sesquilinear form. So, what about
the completion? Observe that, the elements of D being continuously differentiable,
we can always integrate from x = 0 and see that

(B.60) u(z) = /OI %dm

as u(0) = 0. Now, to say that u, € D is Cauchy is to say that the continuous
functions v,, = du,,/dz are Cauchy in L?(0,27). Thus, from the completeness of L?
we know that v,, — v € L%(0,27). On the other hand (B.60) applies to each u, so

(B.61) un () — um(z)| = |/O£(Un(s) — U (8))ds| < V2r[|vy — vpnl| 2
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by applying Cauchy-Schwarz. Thus in fact the sequence w,, is uniformly Cauchy
in C(]0,2x]) if u, is Cauchy in D. From the completeness of the Banach space of
continuous functions it follows that u, — w in C([0,27]) so each element of the
completion, D, ‘defines’ (read ‘is’) a continuous function:

(B.62) up, = u € D= u € (([0,2n]), u(0) =u(2x) =0
where the Dirichlet condition follows by continuity from (B.61).

Thus we do indeed get an injection
(B.63) D >u—uc L*0,2n)
where the injectivity follows from (B.60) that if v = lim du,, /dz vanishes in L? then
u = 0.

Now, you can go ahead and check that with these definitions, B and A are the
same operators as we constructed in the discussion of the Dirichlet problem.

5. Isotropic space

There are some functions which should be in the domain of P, namely the twice
continuously differentiable functions on R with compact support, those which vanish
outside a finite interval. Recall that there are actually a lot of these, they are dense
in L?(R). Following what we did above for the Dirichlet problem set

(B64) D={u:R+—C;3 Rs.t. u=0in |z| > R,
u is twice continuously differentiable on R}.

Now for such functions integration by parts on a large enough interval (depend-
ing on the functions) produces no boundary terms so

(B.65) (Pu,v)p2 = /R(Pu)ﬁz /]R (?;ZZ—I—:Uqu) = (4, V)iso

is a positive definite hermitian form on D. Indeed the vanishing of |lul|g implies
that ||zul|z> = 0 and so u = 0 since u € D is continuous. The suffix ‘iso’ here
stands for ‘isotropic’ and refers to the fact that zu and du/dx are essentially on the
same footing here. Thus

du dv
dz’ dzx
This may become a bit clearer later when we get to the Fourier transform.

(B.66) (u,v)iso = ( Vr2 + (zu, zv)pz.

DEFINITION B.1. Let H_(R) be the completion of D in (B.64) with respect

180
to the inner product (-, -)iso-

PROPOSITION B.3. The inclusion map i : D — L?(R) extends by continuity
toi: HL — L?(R) which satisfies (B.38), (B.39), (B.40), (B.41) and (B.50) with

150

D = HL, and H = L*(R) and the derivative and multiplication maps define an
injection
(B.67) H — L*(R) x L*(R).

PROOF. Let us start with the last part, (B.67). The map here is supposed to
be the continuous extension of the map

(B.68) D>u—s (%,m) € L*(R) x L*(R)
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where du/dx and zu are both compactly supported continuous functions in this
case. By definition of the inner product (-, -)is the norm is precisely

du
(B.69) ullfo = II%II%z + [lzul 7

so if u, is Cauchy in D with respect to I - lliso then the sequences du,/dx and zu,,
are Cauchy in L?(R). By the completeness of L? they converge defining an element
in L2(R) x L?(R) as in (B.67). Moreover the elements so defined only depend on
the element of the completion that the Cauchy sequence defines. The resulting map
(B.67) is clearly continuous.

Now, we need to show that the inclusion i extends to H._ from D. This follows
from another integration identity. Namely, for u € D the Fundamental theorem of
calculus applied to

i(u:rﬂ) = |ul® + dumﬂ—l— uac%
dx N dx dx
gives
d du
(B.70) e < [ 15ea+ [ oGl <l

Thus the inequality (B.41) holds for u €~l~).
It follows that the inclusion map i : D — L?(R) extends by continuity to H.}

150
since if u, € D is Cauchy with respect in HJ it is Cauchy in L?(R). It remains to
check that ¢ is injective and compact, since the range is already dense on D.

If u € HL then to say i(u) = 0 (in L*(R)) is to say that for any u, — u in
HL,, with u, € D, u,, — 0 in L?*(R) and we need to show that this means u, — 0
in HL_ to conclude that u = 0. To do so we use the map (B.67). If u, D converges

in H then it follows that the sequence (%%, zu) converges in L?(R) x L?(R). If v is
a continuous function of compact support then (xu,,v)rz = (up,xv) = (u, 2v) 2,
for if uw = 0 it follows that zu, — 0 as well. Similarly, using integration by parts

the limit U of UZ‘T" in L?(R) satisfies

duy, . dv d
(B.71) (U,v)p2 = liTan/ ;—m@ = than/uné = —(u, d—Z)Lz =0
if u = 0. It therefore follows that U = 0 so in fact u,, — 0 in HL and the injectivity

of 7 follows. O

We can see a little more about the metric on H,.

LEMMA B.7. Elements of HL, are continuous functions and convergence with

respect to || - |liso tmplies uniform convergence on bounded intervals.

PROOF. For elements of the dense subspace D, (twice) continuously differ-
entiable and vanishing outside a bounded interval the Fundamental Theorem of
Calculus shows that

22 [T d, 2 22 [T —e2) du
u(z) =e (= (e u)=e (e (—tu+ —)) =
-0 dt —o0 dt

Ju(z)| < e /3( / ™) 5 |uliso

— 00

(B.72)
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where the estimate comes from the Cauchy-Schwarz applied to the integral. It fol-
lows that if u,, — u with respect to the isotropic norm then the sequence converges
uniformly on bounded intervals with
(B.73) sup |u(z)| < C(R)ulliso-
[7R,R]
O

Now, to proceed further we either need to apply some ‘regularity theory’ or do a
computation. I choose to do the latter here, although the former method (outlined
below) is much more general. The idea is to show that

LEMMA B.8. The linear map (P + 1) : C2(R) — C.(R) is injective with range

dense in L*(R) and if f € L*(R) N C(R) there is a sequence u, € C2(R) such
that u, — w in H , u, — u locally uniformly with its first two derivatives and

1807

(P + 1V)u, — f in L2(R) and locally uniformly.

PrROOF. Why P + 1 and not P? The result is actually true for P but not so
easy to show directly. The advantage of P + 1 is that it factorizes
(P +1) = AnCr on C3(R).

so we proceed to solve the equation (P + 1)u = f in two steps.
First, if f € ¢(R) then using the natural integrating factor

(B.74) v(z) = e‘”2/2/ et2/2f(t)dt + ae™*"/? satisfies Anv = f
The integral here is not in general finite if f does not vanish in x < —R, which by
assumption it does. Note that An e=2°/2 = 0. This solution is of the form

(B.75) v € CHR), v(z) = are ™ /?in +2>R

where R depends on f and the constants can be different.
In the second step we need to solve away such terms — in general one cannot.
However, we can always choose a in (B.74) so that

(B.76) / e 2y(z) = 0.
R
Now consider
T
(B.77) u(z) = 6”2/2/ e_tz/Qv(t)dt.
—o0

Here the integral does make sense because of the decay in v from (B.75) and u €
C%(R). We need to understand how it behaves as x — +o00. From the second part
of (B.75),

(B.78) u(z) =a_erf_(z), x < —R, erf_(z) = / en /2t

(—oo,w]
is an incomplete error function. It’s derivative is e~ but it actually satisfies
(B.79) |xerf_(z)] < C’e‘TZ, r < —R.

. . . p— 2
In any case it is easy to get an estimate such as Ce " as 2 — —oo for any

0 < b < 1 by Cauchy-Schwarz.
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As x — oo we would generally expect the solution to be rapidly increasing,
but precisely because of (B.76). Indeed the vanishing of this integral means we can
rewrite (B.77) as an integral from +oo :

(B.80) u(e) = /2 / e 2y (t)dt
[z,00)
and then the same estimates analysis yields
(B.81) u(z) = —ayerfy(x), z < —R, erf,(x) = / o2 /21
[#,00)

So for any f € C.(R) we have found a solution of (P+1)u = f with u satisfying
the rapid decay conditions (B.78) and (B.81). These are such that if y € CZ(R) has
Xx(t) =1 in |t] < 1 then the sequence

(B.82) Uy = X(E)u(x) —u, u, = u', ul =
n

in all cases with convergence in L?(R) and uniformly and even such that z?u,, — zu
uniformly and in L?(R).

This yields the first part of the Lemma, since if f € C.(R) and w is the solution
just constructed to (P + 1)u = f then (P + 1)u, — f in L?. So the closure L*(R)
in range of (P + 1) on C2(R) includes C.(R) so is certainly dense in L?(R).

The second part also follows from this construction. If f € L?(R) NC(R) then
the sequence

(B.83) fn = x(%)f(m) € Ce(R)

converges to f both in L?(R) and locally uniformly. Consider the solution, u,, to
(P + 1)u, = f, constructed above. We want to show that u, — w in L? and
locally uniformly with its first two derivatives. The decay in u,, is enough to allow
integration by parts to see that

(B.84) /R(P+ DunTy = [[unllie + w2z = [(fas un)l < || fallizllun 2.

This shows that the sequence is bounded in Hl  and applying the same estimate
to u, — u,, that it is Cauchy and hence convergent in H. . This implies u,, — v in

1S0°

H!_ and so both in L?(R) and locally uniformly. The differential equation can be

1SO
written

(B.85) (un)" = 2%Up — tn — fn
where the right side converges locally uniformly. It follows from a standard result
on uniform convergence of sequences of derivatives that in fact the uniform limit u

is twice continuously differentiable and that (u,)” — u” locally uniformly. So in
fact (P + 1)u = f and the last part of the Lemma is also proved. O
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