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General information and references

These lecture notes accompany the course Functional Analysis. The notes are based on the books
[Con] and [Ped]. The notes do not provide a complete and finished text. There are a lot of exercises
and parts of arguments that you have to fill in yourself. The main places where you have to work

yourself are indicated by . Often we add a reference to one of the text books [Con] and [Ped]
where detailed proofs and a lot of extra material can be found.

Functional analysis is the analysis of infinite dimensional vector spaces, typically spaces of func-
tions of all possible kinds, and of linear operators on them, for instance differential operators.
Sometimes the results and topics of this functional analysis course might have a flavor of “abstract
nonsense”. But these abstract results are used all the time in all possible mathematical theories. In
this course itself we focus on one particular application: analysis on infinite discrete groups and
the notion of amenability.

The course consists of 11 lectures of two hours. The lecture notes are structured accordingly.
During the lectures you are often asked to fill in proofs yourself. It is therefore very useful to
prepare the lecture by browsing the corresponding chapter and checking whether you master all
prerequisites.

The lecture notes start with a 0’th lecture. This 0’th lecture contains material that you should know
from earlier courses. This material will only be very quickly reminded during the first real lecture
1.

These lecture notes were seriously revised in September 2011 and in September 2019. There could
be misprints or mistakes in these notes. We would be very glad if you could indicate them, during
the course or by e-mail at stefaan.vaes @kuleuven.be and mateusz.wasilewski @kuleuven.be.
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New York, 1989.


mailto:stefaan.vaes@kuleuven.be
mailto:mateusz.wasilewski@kuleuven.be

Lecture 0

Banach spaces

This zero’th lecture only serves to remind everybody of known concepts concerning Banach spaces.
We will very quickly go through it and immediately go on with the real first lecture.

0.1 Normed spaces, Banach spaces

I guess everybody is acquainted with the notion of a norm on a vector space.
Definition 0.1. Let X be a vector space over C. A map
X — [0,400) : x — ||x]|

is called a norm on X if the following conditions hold.

e ||x|| = 0ifand only if x = 0,
o |[x+y|l <|Ix||+ |yl forall x,y € X (the triangle inequality),

o ||Ax]|| = |A|||x]| forall x € X and A € C.
The pair (X, || - ||) is called a normed space.

The concept of a normed space is extremely general, as shown by the following variety of exam-
ples.

Example 0.2. (i) The vector space C" can be equipped with several different norms.
o |(z1,...,2Zn)|loo = max{|zq|,...,|zal}.
e Forall 1 < p < oo, we have the norm

1G1e- e z)llp = (2] + oo+ [za)Y2

In the case p = 2, we retrieve the usual Euclidean norm on C”. If you never did so, it
is probably not so easy to prove the triangle inequality when p > 1. This can be done
in a way analogous to Theorem 0.9 below.
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(ii) Consider the vector space C(][0, 1], C) of continuous functions from [0, 1] to C. Because
a continuous function on a compact set is automatically bounded, we define the following
norm:

[flleo = sup{|f(x)| | x € [0, 1]} .

(iii) Set X = {z : N — C | z(n) = 0 for n large enough }. This means that X consists of the
sequences in C that are 0 from a certain point onwards. Define the norm

EEDINEOIR
n=0

Normed spaces fall apart in two different families. This is already clear in the previous examples.
In the first two examples we have the impression to have defined a very natural normed space.
In the last example, that is not the case: it would be much more natural to consider all functions
N — C that are absolutely summable, i.e. for which Y 72 |z(n)| < oo.

The precise difference between examples 1 and 2 on the one hand and example 3 on the other hand,
lies in the notion of completeness. Before introducing this concept, we recall a few definitions.

Definition 0.3. Let (X, || - ||) be a normed space.

e We say that a sequence (x,) in X is convergent, if there exists x € X such that for all ¢ > 0,
there exists ng satisfying | x — x,|| < € for all n > n.

e We say that a sequence (x,) in X is a Cauchy sequence, if for all ¢ > 0, there exists n
satisfying ||x, — x| < € for all n,m > ny.

e ook up, in earlier courses or in the literature, the concepts of open subsets, closed subsets
and dense subsets of a normed space. In Lecture 7 we will recall basic notions of general
topology. In the first lectures only the norm topology on a normed space will be used.

Exercise 1. Take X = C” with any of the norms defined in Example 0.2.(i). Let (z) be a
sequence in C” and write zy = (Zg1,...,Zkn). Prove that (z,) converges to y = (y1,...,Vn) €
C™ if and only if (zg;)x convergesto y; in C foralli = 1,...,n.

Exercise 2. Consider X = C([0, 1], C) as in Example 0.2.(ii). Prove that the sequence f, con-
verges to f if and only if f, — f uniformly on [0, 1].

Definition 0.4. A normed space X is called complete if every Cauchy sequence in X is convergent.
A complete normed space is called a Banach space.

Proposition 0.5. The normed space X = C([0, 1], C) with norm || - || defined in Example 0.2.(ii),
is a Banach space.

Proof. Prove yourself this proposition according to the following steps. See [Con, Example II1.1.6]
for details.

1. Realize that the only nontrivial part consists in proving the completeness of X .

2. Take a Cauchy sequence (f,;)nen in X. Prove that for every x € [0, 1] the sequence
(fn(x))nen is a Cauchy sequence in C. By the completeness of C, denote its limit by

J(x).
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3. Prove that f, — f uniformly on [0, 1]. Deduce that f € X and that f,, — f in the normed
space X .

O]

The following principle makes it easy to prove the noncompleteness of certain normed spaces.
Roughly the criterion says that if a sequence (x,) in a normed space X converges in some larger
normed space Y to a limit x that lies outside X, then X is not complete.

Proposition 0.6. Let Y be a normed space and X C Y a vector subspace. Assume that (x,) is
a sequence in X such that in the normed space Y the sequence (x,) converges to x with x € X.
Then X is not complete.

Proof. Assume that X is complete. We prove that x € X. Since (x,) is a convergent sequence in
Y, it also is a Cauchy sequence. So it is a Cauchy sequence in X as well. Since X is complete,
X, — z for some z € X. It follows that in Y the sequence (x,) also converges to z. Since a
convergent sequence can only have one limit, we conclude that z = x. Hence x € X. [

Example 0.7. Consider the vector space X = {z : N — C | z(n) = 0 for n large enough }
equipped with the norm
Izl =) 1zl
n=0

Then X is not complete. Indeed, we can view X C £!(N), where

'(N)={z:N—>C|) |z(n)] < o0}
neN

with the obvious norm || - ||;. Define the element x € £!(N) given by x(n) = (1 + n?)~!. Note
that x ¢ X. Define the sequence (xx)xen in X given by

x(n) if0<n<k,

Xl = ifn>k.

Prove that x; — x. By Proposition 0.6 it follows that X is not complete.

0.2 Further examples of Banach spaces

Whenever p > 1 and x : N — C, we define

el 2= (3 een?)

neN

We also define

[Xlloc = sup |x(n)] .
neN

For general sequences x : N — C, it is of course possible that ||x|[, = oo or ||x[|cc = 00.
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Definition 0.8. Define for p > 1,

P(N) ={x:N > C | |x|, < 4oo},
(°(N) ={x:N = C | [|x]loo <00},
co(N)={x:N > C| nlin;o |x(n)| = 0} .

Prove yourself that £!(N) equipped with || - ||; and £>°(N) equipped with || - || are Banach
spaces. Prove also that ¢o(N) is a closed vector subspace of £>°(N) equipped with || « ||oo. It is
less obvious to prove for p > 1 that £”(N) is a vector space and that || - ||, is @ norm on it. In
order to do so, you need the Holder and Minkowski inequalities in the following theorem.

Theorem 0.9. Let x,y : N — C and take 1 < p,q < oo satisfying %—i—é = 1. Then the following
inequalities hold.

lxylie < llxllp 1yllg (Holder inequality)
lx + yll, < lixlly + Iyl (Minkowski inequality)
Proof. Look this up in an earlier course or in the literature. [
Proposition 0.10. For all 1 < p < oo the vector space £? (N) equipped with | - ||, is a Banach
space.
Proof. 1t follows from the Minkowski inequality that £”(N) is a vector space and that || - ||,

is a norm on this vector space. Choose a Cauchy sequence (xi) in £”(N). As in the proof of
Proposition 0.5, we find a function x : N — C such that x; — x pointwise. We have to prove
that x € £#(N) and that || x — x¢||, — 0. Choose ¢ > 0. Take k¢ such that ||x, — x¢|, < & for
all k,r > ko. We claim that ||x — xx||, < e forall k > k¢. To prove this claim, fix a k > k. Fix
N € N. For every r > ko we have

N

D) =) < Jlxr —xi|)f < &”
n=0

Taking the limit for r — oo, it follows that

N
Y lx(m) —xe(m)|” < e” .

n=0

Since this holds for all N € N, we also have ||[x — xx|, < &, as in the claim. In particular
x € £P(N) and ||x — xg||, < e forall k > ko. This completes the proof of the proposition. O

0.3 Dual Banach space

Let X be a Banach space. We study linear maps w : X — C. Linear maps from X to C will be
called functionals on X. As to be expected in a functional analysis course, we are not particularly
interested in arbitrary functionals, but impose a continuity condition.
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Proposition 0.11. Let X be a Banach space and o : X — C a linear map. The following
conditions are equivalent.

o w is continuous in 0.
®  Is continuous.

o There exists an M > 0 such that |w(x)| < M ||x|| for all x € X.
Proof. Prove Proposition 0.11 yourself or see [Con, Proposition I11.2.1]. 0
Definition 0.12. Define
X*={w|w:X — C isacontinuous linear map } .

When w € X*, we set
o]l = supflo(x)| | x € X, x| <1} .

Note that Proposition 0.11 implies that ||| is finite for all ® € X*.
Exercise 3. Prove that ||w| < M if and only if |w(x)| < M ||x|| for all x € X.

It is clear that X * is a vector space for the obvious operations
(01 + w2)(x) = w1(x) + w2(x) and (Aw)(x) = Aw(x) .
Proposition 0.13. Equipped with the norm o +— ||w||, the vector space X* is a Banach space.

Proof. Prove Proposition 0.13 yourself or see [Con, Proposition I11.5.4]. U

Theorem 0.14. Let 1 < p,q < oo and % + é = 1. In the following precise sense, the dual of
£P(N) is £4(N).

e Forevery y € £4(N) the formula

wy 1 LP(N) - C :0y(x) = Zy(n)x(n)

n=0
yields a well defined element w,, € £?(N)*.
o We have |wy|| = [y llq-

o Every w € {P(N)* is of the form w = wy, for a unique y € £4(N).
In more advanced terminology, the map
I(N) > LP(N)* 1y > o,
is an isometric isomorphism.

Proof. Prove the theorem yourself according to the following steps.
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1. Use the Holder inequality to prove that for y € £9(N) we have that o, is a well defined
linear functional on £”(N) and that ||, || < ||¥|l4-

2. Fix y € £9(N) with ||y||;, = 1 and prove that ||wy | > 1. To do so, write in a smart way an
element x € £7(N) (in terms of y) satisfying ||x|, = 1 and @, (x) = 1. Together with the
previous point we have ||, || = 1 whenever ||y||, = 1. Deduce that ||@,| = |||, for every
y € £49(N).

3. Finally choose an arbitrary w € £7(N)*. Define the elements §,, € £7(N) given by §,(m) =
l1if m = nand §,(m) = 0if m # n. Define y : N — C given by y(n) = w(,). Use the
following steps to prove that y € £9(N) and that 0, = .

(a) Whenever z : N — C is a function and N € N, denote by (z)y the truncated function
(z)n(k) = z(k)if 0 < k < N and (z)n(k) = 0if k > N. Observe that (y)y €
{4(N). By point 2 we have ||(¥)n |4 = llo@)y |- Check that @), (x) = o((x)n) for
all x € £7(N) and deduce that |w(,), || < ||@]| for all N € N. Finally deduce that
Iylg <l

(b) By construction w and w, are continuous linear maps from £”(N) to C that coincide
on the functions x € £7(N) that are finitely supported. Prove that the finitely supported
elements are dense in £7(N) and deduce that v = w,.

Exercise 4. Write isometric isomorphisms £!(N) 2= ¢o(N)* and £*°(N) =~ £!(N)*.

0.4 The Banach spaces L?(4, 1)

We consider the Lebesgue measure A on R”. For every measurable subset A C R”, we construct
a Banach space L?(A, A). We do not provide proofs in this section and you are not supposed to
be able to give them yourselves. Either you have seen proofs in a course on measure theory, either
you just accept the statements at face value. Those who followed a course on abstract measure
theory, can of course replace everywhere (A, 1) by an abstract measure space.

Definition 0.15. Let A C R” be a Borel set and f : A — C a Borel measurable function. For
p > 1, we define

1= ([ 11 )’

o LP(A,A)={f:A— C| f isBorel measurable and || f||, < oo} .

Note that £!(A, A) consists exactly of the integrable functions from 4 to C.

Ifl < p,qg <ooand % + é = 1, the following Holder inequality holds for all Borel measurable
functions f,g: A4 — C :

Ifglh < [1F 1y gy -
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For all p > 1 and all Borel measurable functions f, g : A — C, the following Minkowski inequal-
ity holds
ILf+gllp =1/l + lglly -

The Minkowski inequality implies that £L”(A, 1) is a vector space. We have the following vector
subspace of LP(A, 1) :
Lo(A, L) :={f :A— C| f is Borel measurable and f(x) =0 for almostall x € A} .

Note that || f||, = Oif and only if f € Lo(4,A).

We define L? (A, 1) as the quotient of L7 (A, 1) by the subspace Lo(A, A). Intuitively, this means
that we identify two functions in £? (A4, A) once they are equal almost everywhere.

Because the integral of a function remains the same when we change the function on a set of
measure zero, one can check that the map f +— || f||, yields a well defined norm on L?(A4, 1).
Here we already started to make a big abuse of notation: in principle, the elements of L? (A4, 1)
are equivalence classes of measurable functions, but we nevertheless write elements of L (A, 1)
as functions, always keeping in mind that we identify functions that are equal almost everywhere.

One can prove that L? (A, A) is a Banach space.

0.5 Completion of a normed space (optional)

We have seen above that a normed space is called complete if every Cauchy sequence has a limit.
There is a procedure to complete an arbitrary normed space by adding in a certain sense all limits
of Cauchy sequences. Look again at the normed space X in Example 0.2.(iii). Nobody will be
surprised that £!(N) is the completion of X. The Banach space £!(N) satisfies the following
abstract properties with respect to X.

e (!(N) is a Banach space.
e X — (1(N) in a way preserving the norm.

e If we consider X as a vector subspace of £!(N), we have that X is dense in £!(N).

In Theorem 0.17 below, we prove that such a completion exists for any normed space. Moreover,
the completion is essentially unique, but we have to give a careful formulation of this uniqueness.
And if we want to understand uniqueness of the completion, we first have to say what it means to
be ‘the same normed space’.

Definition 0.16. Let X and Y be normed spaces and 7 : X — Y a linear map.

e We call 7 an isometry if ||z (x)|| = ||x|| forall x € X.

o We call  an isometric isomorphism if 1 is a bijective isometry.
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In words, an isometric isomorphism is a map between normed spaces preserving all the available
structure: a bijective linear map preserving the norm.

The formulation of the following theorem might scare some of you. It is one of the most abstract
results in these notes. The proof of the theorem might remind some of you of one of the construc-
tions of the field of real numbers out of the field of rational numbers. Indeed, one can view R as a
completion of Q.

Theorem 0.17. Let X be a normed space. Then, there exist a Banach space Y and a linear map
. X — Y satisfying

® 1T is isometric;

o 771(X) is a dense subspace of Y .

The pair (Y, i) is unique in the following sense: if (Y', i) satisfy the same properties, there exists
a unique isometric isomorphism 0 : Y — Y’ satisfying 0 o = n’.

We view X as a subspace of Y through 7 and call Y the completion of X .

Proof. We leave the proof of the uniqueness statement as an exercise: one first defines 6y from
7(X) to Y’ by the formula 6y(7r(x)) = 7’(x) for all x € X. One next takes the unique isometric
map from Y to Y’ extending 6.

We now prove the existence of ¥ and . Define ) as the vector space of all Cauchy sequences in
X . Addition in ) is defined as (x,) 4+ (¥») = (x, + y») and we observe that the sum of two Cauchy
sequences is again a Cauchy sequence. Scalar multiplication is defined analogously. Define the
vector subspace ), of ) consisting of sequences (x,) converging to 0. Define Y as the quotient

vector space ¥ := ylo and denote the quotient mapby g : Y — Y.

We claim that the formula
7 = lim |lx,]|  whenever y = g((xn)new) and (x,) € Y

yields a well defined norm on Y. In order to prove this claim, you have to check the following
facts.

1. The right hand side makes sense (i.e. is convergent) for all Cauchy sequences (x,) in X.

2. The right hand side is independent of the representative (x,),en that we have chosen for
y € Y. This means that you have to prove that

lim ||x,| = lim |y,
n—00 n—o0
whenever (x,) and (y,) are Cauchy sequences and ¢ ((x,)nen) = ¢((Vn)nen)-

3. The map y + || y|| defines anorm on Y.
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Define m : X — Y as follows: given x € X, consider the constant sequence x,, = x for all n and
set m(x) = ¢((xn)nen). Check that | (x)|| = ||x|. Prove that 7 (X) is dense in Y by proving
the following statement: whenever (x,),ecn is @ Cauchy sequence in X, the sequence (77(Xy))neN
converges to q((x,)nen). Note that the previous statement is slightly subtle: first of all (x,) is a
Cauchy sequence in X and hence, ¢((x,),en) is an element of Y'; on the other hand, (77 (x,)),en
is a sequence in Y.

It remains to prove that Y is complete. Let (y,),en be a Cauchy sequence in Y. Take for every n,
an element x, € X such that ||y, — 7 (x,)|| < 1/n. It follows that

1 1
X —=Xml = |7 (xn) =7 (X))l < T Xn)=VrllFYn=YmllF | ym—7 (xm) || < E"'n_/l"'”yn_ym” .

Deduce from this that (x,),en is a Cauchy sequence in X. Define y = q((x,)nen). We already
proved that 7(x,) — y in Y. Since ||y, — 7(x,)|| — O, it follows that y, — y. So, we have
proved that (y,) is convergent. ]

0.6 Exercises

Exercise 5. Prove that a closed vector subspace of a Banach space is again a Banach space.
Exercise 6. Let X and Y be Banach spaces. Consider the vector space
XY ={x,y)|xeX,yeY}

with the obvious componentwise vector space operations. Define the norms

1Ce, ) lmax = max{{lx[l, [Iy[l}and e, W) llsum 2= [lx[| + [I¥]] -

Prove that || - ||max and || - |lsum are norms on X & Y. We denote the corresponding normed
spaces as X @Pmax ¥ and X Pgyy Y.

Prove that X @« ¥ and X @, Y are Banach spaces. Write an isometric isomorphism'

(X €Bmax Y)* - X* @sum Y* .

! An isometric isomorphism is a linear bijection that preserves the norm.



Lecture 1

Hilbert spaces

1.1 Definition

We introduce the special class of Banach spaces called Hilbert spaces.

Definition 1.1. Let H, K be vector spaces over the field C of complex numbers. A map H x K —
C : (x,y) — (x,y) is called a sesquilinear form if (-, -) is linear in the first variable and anti-
linear in the second variable:

o (Ax+puy,z) =Ax,z) + u(y,z) forallx,y e H,z € K, A, u € C;
o (X, Ay 4+ puz) = A{x,y) + @(x,z) forallx e H,y,z € K, A, u € C.

Suppose now that H = K. A Hermitian form is a sesquilinear form that is symmetric: (y,x) =
(x,y).

A Hermitian form is said to be positive if (x, x) > 0 for all x € H and positive-definite if (x, x) >
0 for all x € H with x # 0.

The following are standard examples of positive-definite Hermitian forms.

Example 1.2. (i) Take H = C" and ((x1,...,X,), (V1,.. ., V) = X1V1 + -+ XnVn .
(ii) Consider the Banach space ¢2(N) as in Definition 0.8. The Holder inequality allows to
define

o0

(x,y) = Zx(n)m forall x,y € ¢*(N).
n=0

(iii) On C(]0, 1]), the vector space of continuous functions from [0, 1] to C, we can define

(fig) = / F()g0) dx .

(iv) The previous example is not very natural. Its more natural version is given as follows. Let
A C R”" be a Borel set and define on the vector space L?(4, 1) the inner product

(fg) = [A F()g0) dx .

Check that (-, -) is well defined, keeping in mind that L?(A4, 1) is defined as a quotient of
L?(A, 1) by identifying functions equal almost everywhere.

15
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Proposition 1.3. Let (-, -) be a positive Hermitian form on H. Define ||x| = +/(x,x) for all
x € H. Forall x,y € H, the following holds.

1. Cauchy-Schwartz inequality: |{x, y)| < ||x]|| || ¥]-
2. Minkowski inequality: ||x + y| < ||x]| + || ¥]I-

3. Parallelogram law: ||x + y||*> + ||x — y|I* = 2(||x||* + ||y |?).

3
1
4. Polarization formula: (x,y) = 2 E ikllx +i*y|2
k=0

If (-, -) is a positive-definite Hermitian form, || - || defines a norm on H.

Proof. Prove Proposition 1.3 yourself or see [Con, 1.1.4]. [

Definition 1.4. 123 We call H a Hilbert space if H is a complex vector space equipped with a
positive-definite Hermitian form (-, -) in such a way that H is complete with respect to the norm
defined by the Hermitian form.

Example 1.5. The positive-definite Hermitian forms in Example 1.2 turn C”, £2(N) and L?(4, 1)
into Hilbert spaces. But the positive-definite Hermitian form on C ([0, 1]) in 1.2.(iii) does not define
a complete norm on C([0, 1]) (check this by viewing C([0, 1]) C L?([0, 1]) and using Proposition
0.6!).

1.2 Orthogonal projections and Riesz theorem

In Definition 0.12 we introduced the dual Banach space X * of a Banach space X . In Theorem 0.14,
we have seen that the dual Banach space of £7(N) is isomorphic with £9(N) when % + é =1.1t
follows in particular that the dual Banach space of £2(N) is isomorphic with £2(N) itself. The same
phenomenon appears for arbitrary Hilbert spaces!. That is the content of the Riesz representation
theorem that we prove below. We first need to study the notion of orthogonality.

We have seen that C” is a Hilbert space. From geometry we know that every vector subspace K C
C" has an orthogonal complement K+ and that every vector in x € C" has a unique decomposition
of the form x = y + z with y € K and z € K*. The same result holds for Hilbert spaces.

Definition 1.6. Let H be a Hilbert space and A a subset of H. We set
At ={xeH|(x,y) =0 forall ye A}.

We call A+ the orthogonal complement of A. We say that the two vectors x, y € H are orthogonal
if (x, y) = 0. We denote this by x L y.

Check that orthogonal vectors x, y satisfy ||x + y||?> = ||x]|> + ||y||* (known as Pythagoras’
theorem).

IFurther on, it will become clear that an arbitrary Hilbert space is in fact not that arbitrary and very often isometri-
cally isomorphic with £2(N).
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Theorem 1.7. Let H be a Hilbert space and K C H a closed vector subspace of H. Every vector
x € H has a unique decomposition of the formx = y +z withy € K and z € K+.

The proof of Theorem 1.7 is based on the following lemma.

Lemma 1.8. Let H be a Hilbert space and S C H a nonempty convex closed subset. Let x € H.
There exists a unique y € S satisfying

lx =yl = inf{f|lx —all | a € S} .

Proof. Prove the lemma yourself according to the following steps. Details can be found in [Con,
Theorem 1.2.5].

1. Fix x € H and put d = inf{||x —al| | a € S}. Take a sequence (a,) in S such that
|x — a,|| — d. The main idea is to prove that the sequence (a,) converges and that its
limit is the required y € S. Apply the parallelogram law to the vectors (x — a,)/2 and
(x —a;,)/2 and deduce that ||(a, — a,,)/2|| is small for n, m large. Conclude that (a,) is a
Cauchy sequence in H. Denote its limit by y. Observe that y € S.

2. Prove that ||x — y|| = d. It remains to prove the uniqueness of such a y € S. Assume
that y’ € S and || x — y'|| = d. Apply the parallelogram law to the vectors (x — y)/2 and
(x — y")/2. Conclude that (y — y")/2 =0,ie.y = y'.

]

Proof of Theorem 1.7. Prove Theorem 1.7 yourself using the following scheme. Details can be
found in [Con, Theorem 1.2.6].

1. Prove the uniqueness of the decomposition x = y + z.

2. Fix x € H. Observe that K is a closed and convex subset of H. Apply Lemma 1.8 and
denote by y € K the element that is closest to x. Put z = x — y. It remains to prove that
z € K. Fix a € K. You have to prove that z | a. To prove this write explicitly that for all
t € R the distance from y + ta to x is longer than the distance from y to x.

]

Corollary 1.9. Let H be a Hilbert space and K C H a vector subspace. Then (K+)* equals the
closure of K.

Proof. See exercise 5. [

An immediate consequence of Theorem 1.7 is the Riesz representation theorem, for which a proof
is given in [Con, 1.3.4].

Theorem 1.10 (Riesz Representation theorem). Let H be a Hilbert space and  : H — C a
continuous linear map. There exists a unique vector y € H satisfying

w(x) = (x,y) forall x e H.

The vector y satisfies ||w| = ||y |-
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Definition 1.11. Let K C H be a closed vector subspace of a Hilbert space. Theorem 1.7 implies
that every vector x € H has a unique decomposition x = y +z with y € K and z € K+. We call
y the orthogonal projection of x on K and we write y = Pg(x). The map

Px:H — K
is called the orthogonal projection on K.

Exercise 1. Use the uniqueness of the orthogonal decomposition x = y + z to prove that Pk is a
linear map.

Exercise 2. Let x € H. Prove that Pg(x) is the element of K that lies closest to x, i.e.

lx — Pg(x)|| = inf{jlx — y|[ [ y € K} .

In words, we can say that P (x) is the best approximation of x by an element from K.

1.3 Orthonormal families in Hilbert spaces

If K is a closed vector subspace of a Hilbert space H, we have seen that the orthogonal projection
Pk (x) of x € H onto K corresponds to the best approximation of x by an element from K. This
has several quite concrete applications, but before being useful, one needs an explicit formula to
compute Pg(x). This will be given by using orthonormal bases. As a result, concrete orthonormal
bases for a Hilbert space, will give concrete approximation procedures. Typical examples include
approximations by Fourier series or the usage of wavelet bases used in JPEG compressions of
images.

Definition 1.12. A family of vectors (e;);<; in a Hilbert space H is called an orthonormal family
if

o |ej]| = 1foralli €1,
o (ej,ej) =0ifi # j.
In words: an orthonormal family is a family of two by two orthogonal vectors having norm one.

Example 1.13. (i) The standard basis vectors ey, ..., e, in C” form an orthonormal family for
the standard inner product.
(ii) Similarly, we define unit vectors e, € £>(N) by e, (k) = 1ifk = nande,(k) = 0if k # n.
Check that {e, | n € N} is an orthonormal family in £2(N).
(iii) Consider the Hilbert space L>([0, 27z], 1). Check that the vectors (e, ),cz defined by
inx

en(x) = ——e

V2

form an orthonormal family.

Definition 1.14. An orthonormal basis of a Hilbert space H is a maximal orthonormal family, i.e.
an orthonormal family (e;);c; in H that cannot be enlarged: if x € H and x 1 ¢; foralli € I,
then x = 0.
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Proposition 1.15. An orthonormal family (e;);cy in a Hilbert space H is maximal if and only if
the linear span span{e; | i € 1} is a dense vector subspace of H.

Note that by definition span{e; | i € I} consists of all finite linear combinations of vectors e;,
i € I. A priori infinite linear combinations do not make sense because they should be regarded as
limits of series. Recall that a basis of a vector space X is a family of linearly independent vectors
whose linear span is the whole of X. The linear span of an orthonormal basis of a Hilbert space
is not necessarily the whole of X. So in general, an orthonormal basis of a Hilbert space H is not
a basis of H as a vector space. We will see that the only case where it actually is a vector space
basis, is the case where H is finite dimensional.

Proof of Proposition 1.15. Let (e;);e; be an orthonormal family in a Hilbert space H. Denote
Ko := span{e; | i € I} and denote by K the closure of K. Check yourself that x € K if and
onlyif x 1 e; foralli € I.

So if (e;)ies is a maximal orthonormal family, we conclude that K+ = {0} and hence, using
Corollary 1.9, that H = ({0)* = (K+)* = K.

Conversely, if K = H, it follows that K = {0} and hence that (¢;);c; is a maximal orthonormal
family. ]

Example 1.16. (i) In Example 1.13.(ii), we defined the orthonormal family (e,),en in £2(N).
Prove that this is an orthonormal basis.
(ii) The orthonormal family (e,),cz in L*([0,27], 1) that we defined in Example 1.13.(iii) is
also an orthonormal basis. This is not entirely trivial to prove and we refer to a course in
Fourier analysis. Indeed, if £ € L?([0, 2x], 1), we have

1 2 —inx
<s,en>=¢7_ﬂ/0 £(x)e=" di .

Up to a conventional normalization, this expression coincides with the n-th Fourier coeffi-
cient of £&. The fact that (e;,),cz is an orthonormal basis follows from the fact that a function
vanishes almost everywhere if all its Fourier coefficients are zero.

Our main questions now are the following.

e Does every Hilbert space admit an orthonormal basis?

e Given an orthonormal basis (e;);c; for H, we know from Proposition 1.15 that every vector
x € H lies in the closure of the linear span of the vectors (e;);c7. But, is there an explicit
way to write x as a limit of finite linear combinations of the (e;);cs ?

Both questions are answered in the following sections. We first need a set theoretic intermezzo.

1.4 Zorn’s lemma

We all know how to find an orthonormal basis in a finite dimensional Hilbert space: use the Gram-
Schmidt orthogonalization procedure. This is still possible in infinite dimensional Hilbert spaces,
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up to a certain extent (for separable Hilbert spaces, see below). Every Hilbert space that you
encounter in real life is separable. So there is no real need to prove in general the existence of an
orthonormal basis. It is however a good excuse to discuss Zorn’s lemma that we will use often in
the final lectures of this course.

The need for Zorn’s lemma can be felt as follows. Assume that H is a Hilbert space and that you
want to prove the existence of an orthonormal basis. Start with a norm one vector ey. If the span of
ey is the whole of H, you are done. Otherwise you can add a norm one vector e; that is orthogonal
to eg. Either H is the span of {eg, e;} or you continue. If the process never stops, you end up
with an orthonormal family (e, ),en. Maybe this family is maximal and you are done. Otherwise
you can add one more vector, and again a vector, and maybe again an infinite number of vectors.
You might be done at that point, or still not... How long do you have to continue? The answer is
provided by Zorn’s lemma.

Terminology 1.17. Let (I, <) be a partially ordered set.

e The subset J C [ is called a totally ordered subset (or chain) if for all i, j € J we have
i <jorj <iIi.

o If J C I andi € I, we say thati is an upper bound of J if j < i forall j € J. Note that
we do not require thati € J.

e We call i € I amaximal element of I if the following condition holds: if i < j and j € I,
then i = j. Note that if i is a maximal element I, this does not mean that j < i for all
j el

Theorem 1.18 (Zorn’s Lemma). If (I, <) is a partially ordered set such that every totally ordered
subset of I admits an upper bound, then I admits a maximal element.

It is probably not a good idea to give Zorn’s Lemma the status of a ‘theorem’ or a ‘lemma’. Indeed,
it is rather an axiom of set theory. One can show that Zorn’s Lemma is equivalent with the Axiom
of Choice which says the following: if (X;);es is a family of nonempty subsets of X, there exists
a function f : I — X such that f(i) € X, forall i € I. In words: when we have a family of
nonempty sets, we can choose one element in every set.

The Axiom of Choice has some intuitive evidence. This is already less the case for Zorn’s Lemma,
the idea being the following: take an element iy € 7. If ij is a maximal element, we are done. If
ip is not a maximal element, we find i; > iy with iy # i,. We continue like this and find a strictly
increasing sequence iy < i; < ---. This strictly increasing sequence in / is a totally ordered
subset. So, it admits an upper bound j,. We continue the same game with j,, and so on, and so on.
The trouble is that this seemingly inductive type argument, never comes to an end. And indeed, the
Axiom of Choice is also equivalent with the Principle of Transfinite Induction, a kind of induction
beyond countability.

So, is the Axiom of Choice true? We know that the Axiom of Choice cannot be proven, neither
disproved from the other Zermelo-Fraenkel axioms of set theory. On the other hand, the Axiom
of Choice does have some consequences that are hard to believe, the most well known being the
Banach-Tarski paradox: it is possible to partition the unit ball of R? into a finite number of subsets
and then to reassemble this finite number of pieces by only using rotations and translations, in such
a way that we end up with ... two balls of radius 1.
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1.5 Existence and construction of orthonormal bases

Theorem 1.19. Every Hilbert space H admits an orthonormal basis.

Proof. Define I to be the set of orthonormal families / C H. Define the partial order < on /
given by F < F’if F C F'. Prove yourself that (/, <) satisfies the conditions of Zorn’s lemma.

So (I, <) admits a maximal element. Prove that this maximal element is an orthonormal basis of
H. [

Hilbert spaces that one encounters in real life are separable, meaning that they are not too big in
the following precise sense.

Definition 1.20. A metric space (X, d) is called separable if it admits a countable dense subset.

Proposition 1.21. A Hilbert space H is separable if and only if it admits an orthonormal basis
with at most countably many vectors, i.e. of the form {ey, ..., e,} or of the form (e,)neN.

Proof. Prove the proposition yourself according to the following steps. If H is finite dimensional
or admits an orthonormal basis (e,),en, use finite linear combinations of the basis vectors with
coefficients in Q 4+ i Q to conclude that H is separable.

Conversely assume that H is separable and infinite dimensional. Choose a countable dense subset
of H. Remove redundancies and find a sequence of linearly independent vectors (x,),en in H
such that span{x, | n € N} is dense in H. Apply the Gram Schmidt orthonormalization procedure
to the vectors (x,),en and prove that the resulting orthonormal family (e,,),<n is an orthonormal
basis. 0

1.6 Parseval and Plancherel formulae

Exercise 3. Let eq,...,e, be an orthonormal family in H and denote K = span{eq,...,e,}.
Prove the following statements.

1. Hijxkek‘f:iukﬁ forall A,...,An€C .
k=1 k=1

2. The vectors ey, ..., e, are linearly independent.

n

3. Forall x € H, we have Pg(x) = Z(x,ek)ek .
k=1

Proposition 1.22. Let (e,)n,en be an orthonormal sequence in H. Define K as the closure of
n

span{e, | n € N}. Forall x € H, the sequence Z(x, ex)ey is convergent and we have
k=0

o0 o0

Pr(x) =) (x.ex)ex and [P0 =) |{x,ex)]* .

k=0 k=0
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In particular, we have Bessel’s inequality
oo
> Hxie)” < x)?
k=0

Proof. Define K, = span{ey,...,e,}. Because of Exercise 3, we only have to prove that the
sequence Pk, (x) is convergent, with limit Pg(x). We first prove that (Pk, (x))nen is a Cauchy
sequence. Since

> Hx. e = 1Pk, (0)” < [Ix]1? .
k=0

o
it follows that Z |(x,ex)|* < oo. Moreover, for m > n, we have
k=0

m

1Pk, (x) = Pg,()[> = > |(x.ex).

k=n+1

implying that (Pg, (x)),en is a Cauchy sequence.

Set y = lim, Px,(x). By definition y € K. It remains to prove that x — y € K or, equivalently,
(x —y,ex) = Oforall k € N. But forall n > k, we have (x — Pk, (x), ex) = 0. Letting n — o0,
we are done. 0

Proposition 1.22 has the following immediate consequence.

Proposition 1.23. Let H be a Hilbert space with orthonormal basis (e,)nen. Forall x € H, we

have

o

X = Z(x, en)en (Plancherel formula)
n=0
o0
lx1? = Z [(x,en)|>  (Parseval equality)

n=0
1.7 Exercises
Exercise 4. Suppose that (X, | - ||) is a normed space satisfying the parallelogram law. Follow

the steps below and prove that the polarization formula defines a positive-definite Hermitian form

on X satisfying || x| = +/(x, x).

1. Prove that (y, x) = (x, y) and that (ix, y) = i(x, y).
2. Prove that (x,2y) = 2(x, y).
3. Prove that (x; + xo, y) = (x1,y) + (x2, ).

4. Prove that (gx, y) = ¢g{x, y) first when ¢ € N and next when g € Q.
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5. Take limits and prove that (Ax, y) = A(x, y) forall A € R. Deduce that the same holds for
A eC.

Exercise 5. Prove Corollary 1.9 yourself using the following scheme.

1. First prove Corollary 1.9 in the case where K C H 1is a closed vector subspace. Realize
that K C (K*)* is trivial. Conversely, take x € (K+)1. Use Theorem 1.7 to decompose
x =y +zwithy € Kand z € K+. Use that x € (K+)* to conclude that z = 0.

2. Denote by K the closure of K. Prove that K+ = (K)'.
3. Use the previous two steps to conclude.

Exercise 6. Use Zorn’s lemma to prove that every vector space admits a basis (a maximal linearly
independent subset).

Exercise 7.

Definition 1.24. Let (x;);<; be a family of elements of a Banach space X. We call (x;);e; uncon-
ditionally summable if there exists an x € X satisfying the following condition: for all € > 0, there
exists a finite subset /o C I such that

s

i€l

< ¢ for all finite subset I; C I with Iy C 1.

We write x = ) ;. X;.

Those who are familiar with the notion of a net (generalized sequence, see Section 7.4 in Lecture
7), will recognize that unconditional summability of (x;);es is the same as convergence of the net
(Zie Io xi) Iocl indexed by the finite subsets /o C 1.

Let (e;);es be an orthonormal family in H. Define K as the closure of span{e; | i € I}. Prove that
for all x € H, the family ({x, e;)e;);cy 1s unconditionally summable and

Pi(x) =) (x.ei)e: .

iel
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Bounded operators on a Hilbert space

Hilbert spaces as such are not really interesting mathematical objects, but linear maps between
Hilbert spaces definitely are. A linear map from H to H is called an operator on H and such
operators appear in different contexts.

e In a mathematical approach to quantum mechanics, operators play the role of observables.

e In the study of differential equations, one encounters differential operators. We will not
meet them in this functional analysis course, because they are unbounded (this notion is
introduced below). Nevertheless, the theory of differential operators is a major application
of functional analysis.

e When studying groups (and more specifically Lie groups), one is interested in group repre-
sentations by means of Hilbert space operators.

e The bounded operators on a Hilbert space form an algebra. This algebra has many interest-
ing subalgebras, leading to the study of operator algebras: C*-algebras and von Neumann
algebras. This branch of mathematics has many relations with group theory, but also group
actions, mathematical physics, etc. We refer to the course Spectral Theory and Operator
Algebras for details.

2.1 Definition and first examples

Definition 2.1. Let H and K be Hilbert spaces. An operator T from H to K is a linear map
T:H— K.

Example 2.2. (i) Let H = ¢*(N). Define the operator
T:H— H:(Tx)(n)=x(m+1) forall x e £*(N),n e N.

Check that T'(x) belongs to £2(N) whenever x € £?>(N).

24
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(i) Let H = L?([0, 1], 1). Because a square integrable function on [0, 1] is automatically inte-
grable, we can define the following integral operator, which is sometimes called the Volterra
operator.

T:H— H:(Tf)x) :/()xf(y) dy forall f eL?([0,1],A),x €[0,1].

Prove that Tf belongs to L?([0, 1]) by proving that for all f € L?([0, 1], A), Tf is in fact a
continuous function on [0, 1].
(iii) Fix A € £°(N) and set H = {?(N). Define the multiplication operator

My :H — H:(M;x)(n) =A(n)x(n) forall x e £*>(N),neN .

Exactly as in the study of functionals on a Banach space, we are not interested! in arbitrary opera-
tors on a Hilbert space, but we impose a continuity condition.

Proposition 2.3. Let H and K be Hilbert spaces and T : H — K an operator. Then the following
conditions are equivalent.

1. T is continuous.
2. T is continuous in 0.

3. T is bounded, i.e. there exists M > 0 such that ||T x| < M| x| forall x € H.

An operator satisfying one of these equivalent conditions is called a bounded operator.

Exercise 1. Prove Proposition 2.3. Prove that all operators in Example 2.2 are bounded. Prove
that every linear map C” — C™ is bounded.

Definition 2.4. The set of bounded operators from H to K is denoted as B(H, K). We also use
the short-hand notation B(H) = B(H, H).

The norm of T € B(H, K) is defined as the smallest positive real number M > 0 satisfying
ITx|| < M|x| forall x € H,1i.e.

IT|| = sup{||Tx|| | x € H, [lx]| < 1} .

Exercise 2. Prove that B(H, K) equipped with the norm of Definition 2.4 is a Banach space. Also
prove that the composition ST of T € B(H,, H,) and S € B(H,, H3) belongs to B(H,, H3) and
satisfies

ISTI < ISIIT -

Remark 2.5. It follows that B(H) is a vector space and that composition of operators defines a
product on B(H ), turning B(H) into an algebra. The precise definition of an algebra A over C
goes as follows: A is at the same time a ring and a vector space over C such that the multiplication
map A x A — A : (a,b) — ab is bilinear.

What we have to keep in mind, is that we can make little computations with the elements of B(H ).
If for instance S, T € B(H), the expression S3T + 7S — i T'? defines again an operator in B(H).
Moreover, the algebra B(H') has a unit element, given by the operator

1:H— H:1lx=x forall x e H .

Tt should be stressed that specific types of noncontinuous operators (so called unbounded operators) are of crucial
importance, but are not treated in this functional analysis course. Examples include the differential operators.
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2.2 Sesquilinear forms, bounded operators, adjoints

In 1.1, we defined the notion of a sesquilinear form. A sesquilinear form s : H x K — C is called
bounded if there exists M > 0 such that

lsCe, I M x| >l
The smallest M satisfying the above inequality is called the norm of s and denoted by ||s]|. So,
sl = sup{[s(x, )| | x € H,y € K, |x]| < L [ly]| <1} .
The importance of bounded sesquilinear forms lies in the following lemma.

Lemma 2.6. Let H, K be Hilbert spaces. Define for every bounded operator T : H — K, the
sesquilinear form
st: Hx K —C:sp(x,y)=(Tx,y).

The map T +— st is a bijection between B(H, K) and the bounded sesquilinear forms Hx K — C,
satisfying ||st | = [|T].

Proof. 1t is easy to check that for every T € B(H, K), the sesquilinear form sz is bounded with
ls7|| < |IT||. Observing that for all z € K we have

Izl = sup{[(z. ¥} | y € K. [yl = 1},

it follows that
[sTll = sup{|T(xX)[| | x € H,[[x|| =1} =|T] .

Conversely assume that s : H x K — C is a bounded sesquilinear form. Fix x € H. One
checks that the formula K — C : y + s(x, y) is a bounded linear functional on K. By the Riesz
representation theorem 1.10 there is a unique vector in K, that we denote by 7'(x), such that

s(x,y) = (y. T(x))

for all y € K. The uniqueness of the vector 7'(x) implies that x + 7'(x) is a linear map from H
to K. The boundedness of s implies that 7" is bounded. By construction s = s7. [

The relation between sesquilinear forms and operators allows to define the adjoint of a bounded
operator. It is a generalization of the Hermitian adjoint of a matrix.

Theorem 2.7. Let H, K be Hilbert spaces and T : H — K a bounded operator. There exists a
unique bounded operator T* : K — H satisfying

(T*y,x) =(y,Tx) forall xe H yeKkK.
We call T* the adjoint of T. We have the following.

1. AT + uS)* = AT* +uS* forall S,T € B(H,K)and A, ju € C.
2. (TH*=T forallT € B(H, K).
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3. (ST)* =T*S* forallT € B(Hy, Hy) and S € B(H,, H3).

4. |IT*| = T|| forall T € B(H, K).
Proof. Let T € B(H, K). Check that
s:KxH —C:s5(y,x)=(y,Tx)

defines a bounded sesquilinear form. Lemma 2.6 yields a unique operator from K to H that we
denote by T* and that satisfies

s(y,x)=(T*y,x) forall xe H,y e K.

This proves the existence of 7*. Uniqueness of 7* is obvious and the proof of the remaining
statements is left as an exercise. U

Exercise 3. Let A € M, ,,(C) be an n x m matrix defining the linear map
m
T:C"—C": (TX),' = ZAijx]' .
j=1
Prove that the matrix of the adjoint 7* corresponds to the Hermitian adjoint of A.

Proposition 2.8. Forall T € B(H, K), we have

o |T*T| =|T]>
o Ker7T = (ImT*)*.
Proof. First observe that |[T*T|| < ||T*|||IT]| = ||T||*>. On the other hand, for every x € H we

have
ITCHN? = (T (x), T(x)) = (T*Tx,x) < |T*Tx| |lx|| < IT*T| [lx]|* .

It follows that ||T'||> < ||T*T]|.

Finally we have x € Ker T iff T'(x) = 0iff (T'(x), y) = Oforall y € K iff (x, T*(y)) = 0 for all
y e Kiff x L T*(K). [

2.3 Integral operators

The following proposition provides us with a large family of bounded operators, the so called
integral operators.

Proposition 2.9. Let A C R” be a Borel set and K : A x A — C a measurable function. Suppose
that one of the following conditions hold.

(a) K is square integrable.
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(b) There exist c1,co > 0 such that

/ |K(x,y)| dy <c; foralmostall x € A,
A
/ |K(x,y)| dx <c, foralmostall y € A .
A

Then, the formula
(Tf)(x) = /A K. f() dy forall feL(A.})

defines a bounded operator T on L*(A,X). Under condition (a), we have |T|| < || K||», while
under condition (b), we have ||T| < /cica.

We call T the integral operator with kernel K. The adjoint T* is again an integral operator with
kernel K*(x,y) = K(y, x).

Proof. We first study case (a). So, let K € L*(A x A, 1). The Holder inequality implies that

@ = ([ 1KGP ay) ([ 150F dy)
It follows that | Tf |2 < ||K|l2 || f|l2- So, T is a bounded operator and || 7’| < || K||2. The formula
for T* is left as an exercise.

For case (b), see [Con, II.1.6]. The estimates to be made are more subtle. O]

2.4 Orthogonal projections

In Definition 1.11, we have already seen that every closed vector subspace K of a Hilbert space
H admits an orthogonal projection Px : H — K. For every x € H, the vector Px(x) € K is
the best approximation of x by a vector in K. We already observed that || Px(x)|| < ||x]|| and it
follows that Pk is a bounded operator.

The following proposition gives an abstract characterization of orthogonal projections.

Proposition 2.10. A bounded operator P on a Hilbert space H is an orthogonal projection onto
a closed vector subspace of H if and only if P = P* and P?> = P.

Proof. Suppose first that P = Pk for some closed vector subspace K C H. It is clear that
P? = P.Take x,y € H and write x = x| + X5, y = y; + ¥, with x;, y; € K and x,, y» € K+
It follows that Px = x; and Py = y;. So,

(Px,y) = (x1,y1 + y2) = {x1,y1) = {(x1 + x2, y1) = (x, Py) .
Hence, P = P*.

Suppose conversely that P = P* and P2 = P. Define K = Im P and observe that K = {x €
H | Px = x}, proving that K is closed. We claim that P = Pk. Since x = Px 4+ (x — Px), itis
sufficient to prove that x — Px € K= for all x € H. But this follows because

(Py,x — Px)=(y,P(x—Px))=0 forall x,ye H.
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2.5 Unitary operators

Definition 2.11. A bounded operator 7' : H — K is called unitary if T is a bijection satisfying
(Tx,Ty) = (x,y)forallx,y € H.

In other words, a unitary operator is “an isomorphism in the category of Hilbert spaces”, which is
just an expensive way of saying that a unitary operator between two Hilbert spaces is nothing else
than a bijection that preserves all structure (vector space, sesquilinear form, norm).

Example 2.12. (i) The operator
U:*(Z) = *(Z): (Ux)(n) =x(n—1) forall x e l*(Z),neZ

is unitary.
(i1) The operator

V:3(N) - £2(N) : (Vx)(n) =

x(n—1) itn>1,
if n=0.

is isometric, but not unitary.
(i11) The Fourier transform

1 2 .
.72 2 . _ —inx
F L([0,2n],A) > £5(Z) : (Ff)(n) = —m/() f(x)e dx

1S unitary.

Exercise 4. Prove the statements in Examples 2.12.(i) and 2.12.(ii). The remaining Example
2.12.(ii1) is usually proved in a course on Fourier analysis. If you admit Example 1.13.(iii), you
can prove it yourself though.

2.6 Self-adjoint operators

Definition 2.13. 230 A bounded operator 7" € B(H) is called self-adjoint it T = T*.
If H = C”" with the standard scalar product, bounded operators on H correspond to matrices.

Self-adjoint operators correspond to so called Hermitian matrices, i.e. matrices A that are equal to
the complex conjugate of their transpose.

2.7 Exercises

Exercise 5. Let P, Q be orthogonal projections on closed vector subspaces of H. Prove that the
following statements are equivalent.

1. The operator P + Q is an orthogonal projection.
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2. PQ =0.
3. The subspaces Im P and Im Q are orthogonal.

Exercise 6. Let T : H — K be a bijective linear map that preserves the norm: || 7(x)| = |x||
for all x € H. Use the polarization formula to prove that 7 is unitary.

Exercise 7. LetT : H — K be a bounded operator and (e,,),en an orthonormal basis for H.

1. Prove that 7 is an isometry if and only if 7*T =1,
2. Prove that T is unitary if and only if 7*7T = 1and TT* = 1.
3. Prove that T is unitary if and only if (Te;),cn is an orthonormal basis of K.

4. Let (fn)nen be an orthonormal basis for K. Prove that there exists a unique unitary operator
U : H — K satisfying Ue, = f, foralln € N.

Exercise 8. Prove that the operator 7" in Example 2.2.(i) has adjoint

y(n—1) if n>1,

* . p2 — 2 . * —
T* : 2(N) — 2(N) : (T*y)(n) {0 it n=0.

Exercise 9. Prove that the Volterra operator 7" defined in 2.2.(ii) has adjoint given by

1
(T* f)(x) = / £) dy .

Exercise 10. Prove that the multiplication operator M, defined in 2.2.(iii) has adjoint M5 where
A(n) = A(n).
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Compact operators

Before starting the actual contents of this lecture we remind a number of properties about compact
metric spaces.

3.1 Compact metric spaces

By definition (see 7.9 below) a metric space (X, d) is called compact if every covering of X by a
family of open subsets admits a finite subcovering, i.e. a finite subfamily that still covers the whole
of X. This definition is not very intuitive, but makes sense for arbitrary topological spaces. For
metric spaces, several more natural conditions are equivalent with compactness.

Theorem 3.1. Let (X,d) be a metric space and K C X. Then, the following statements are
equivalent.

(i) Every sequence in K has a subsequence converging to an element of K.
(ii) Every infinite subset of K has an accumulation point in K.

(iii) The metric space (K, d) is complete and for every ¢ > 0, there exists a finite subset I C X
such that

K C UB(x,e).

xel

(iv) K is compact.

Proof. Prove as an exercise that 1 and 2 are equivalent.

(i) = (iii). Suppose that (i) holds. We first prove that (K, d) is complete. Let (x,) be a Cauchy
sequence in K. Let (x,, ) be a convergent subsequence with limit x € K. Choose ¢ > 0. Take ng
such that d(x,, x,,) < ¢/2 for all n,m > ny. Take k such that ny > ng and d(x, x,,) < &/2. It
follows that for all n > ng we have

d(xp,x) < d(xn, Xn,) +d(xn,.,x) <e€.

31
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So x, — x and (K, d) is complete. Next choose ¢ > 0. Suppose that there is no finite subset
I C X such that K C |J,..; B(x,&). We can then choose inductively a sequence (x,) in K
satisfying

xel

X1 € K\ (U B(x;, e)) .
i=0

Let (xn,) be a subsequence of (x,) converging to x € K. Take k¢ such that d(x,x,,) < &/2
for all kK > ko. It follows in particular that d(x,, ., Xs,,) < €. This is in contradiction with the
construction of x,, ...

(iii)) == (ii). Suppose that (iii) holds and that A C K is an infinite subset. We claim that we can
inductively construct a decreasing sequence of infinite subsets A, C A as well as a sequence (x,)
in X such that A, C B(xy, 1/n). Suppose that we have constructed 4 D A; D --- D A, and
X1,...,X,. Take a finite subset / C X such that

1
n—+1

K C UB(x,

xel

) .

Because A, is infinite, the pigeon hole principle provides us with an infinite subset 4,41 C A,
and an element x,,+; € I such that A,1; C B(x;+1, ﬁ). This proves the claim. Take mutually
different elements a, € A,. If n,m > ny, it follows that d(a,, a,) < 2/ny. So, (a,) is a Cauchy
sequence in K. Because of 3, the sequence (a,) converges to a € K. By construction, a is an
accumulation point of A4.

(i) = (iv). Suppose that (i) holds. Let ({/;);e; be an open covering of K. Because we already
know that (iii) holds, it is sufficient to prove the existence of ¢ > 0 with the following property:
for all x € K, there exists i € I such that B(x, ¢) C U;. Suppose that the contrary holds. Take for
every n > 1 an element x,, € K such that

1
B(x,,—) ¢ U; forall i el.
n

Let (x,, ) be a subsequence of (x,) converging to x € K. Take i € [ such that x € U;. Take § > 0
such that B(x, §) C U;. Finally take k such that i < % and d(x, xp, ) < % It follows that

1
B(xp,, E) C B(x,8) C U;

yielding a contradiction.

(iv) = (ii). Finally suppose that K is compact and let A C K be an infinite subset. Assume that
A has no accumulation point in K. Whenever x € K, we thus know that x is not an accumulation
point of A, meaning that there exists €, > 0 such that

B(x,ex)N A C {x}.

Then, {B(x, ex) | x € K} is an open covering of K. Take a finite subcovering { B(x, &) | x € I},
with I C K finite. It follows that

A=KNA= (U B(x,ex)) nA=|JBxe)nAcl.

xel xel

This is a contradiction with the assumption that A is infinite. 0
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Corollary 3.2. Let (X,d) be a complete metric space and Ky C X. Then, the following two
conditions are equivalent.

e The closure of K is compact.

e [or every ¢ > 0, there exists a finite subset I C X such that

Ky C U B(x,¢) .

xel

3.2 Compact operators

Definition 3.3. Let H, K be Hilbert spaces. A bounded operator 7' : H — K is called compact if
the set
{Tx|xeH,|x|| <1}

has compact closure in K.

The set of compact operators from H to K is denoted by X (H, K) and the set of compact operators
on H is denoted by IC(H).

We define the rank of an operator T : H — K as the vector space dimension of Im 7". So, T has
finite rank if the image of T is a finite-dimensional vector subspace of K. Since the unit ball of
C" is compact, it follows that all finite rank operators are compact. The converse does not hold,
but every compact operator can approximated in the norm topology by finite rank operators, as we
prove now.

Theorem 3.4. Let H be a Hilbert space. Then IC(H) is a closed two-sided ideal in B(H). This
means that

e K(H) is a closed vector subspace of B(H);

e STeK(H)and TS € K(H) forall T € K(H) and S € B(H).
If T € B(H), the following conditions are equivalent.

e T is compact.
o T* is compact.

o There exists a sequence (T,) of finite rank operators such that |T — T,| — O.

Proof. The proof can be found in [Con, 11.4.2 and 11.4.4]. You can however write a proof yourself
according to the following steps. For simplicity we assume that H is separable.

Use the following scheme to prove that X(H) is a closed vector subspace of B(H). Take a se-
quence 7, € K(H)anda T € B(H) such that ||T — T, || — 0. You have to prove that T € K(H ).
Choose ¢ > 0. You have to prove that {T'x | ||x|| < 1} can be covered by finitely many balls of
radius .
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1. Take n such that |7 — T, || < &/2.

2. Since T, is compact, choose finitely many vectors yi,...,yx € H such that the balls
B(yi,e/2),i = 1,....k,cover {Tx | [|x|| < 1}.

3. Prove that the balls B(y;,¢),i = 1,...,k,cover{Tx | || x| < 1}.
Next take T € (H) and S € B(H).

1. To prove that ST € KC(H ) use that the continuous map S : H — H maps compact sets to
compact sets.

2. To prove that T'S € K(H) use that the bounded operator S : H — H maps the unit ball of
H into the ball around 0 with radius ||.S|.

We already observed that finite rank operators are compact. Since K(H) is closed inside B(H)
all limits of finite rank operators are compact as well. Since the adjoint of a finite rank operator
is still of finite rank, the only remaining property to prove is that every compact operator can
be approximated by finite rank operators. Take 7" € KC(H). Let (e,)nen be an orthonormal
basis of H. Denote by P, the orthogonal projection of H onto span{ey, ..., e,}. We know from
Proposition 1.22 that for all y € H we have P,y — y.

Prove as follows that P,y — y uniformly on compact subsets of H. So let K C H be a compact
subset. Choose ¢ > 0.

1. Cover K with finitely many balls B(y;,&/3),i = 1,...,k.
2. Take ng such that || P,(y;) — yi|| < e/3foralln > ngandalli =1,...,k.

3. Prove that || P,(y) — y|| < eforalln > ngandall y € K.

Deduce that P, 7 x — T x uniformly on the unit ball of H. Conclude that this means that || P, T —
T|| — 0. Since P,T is a finite rank operator, we are done. [

The next criterion proves that all integral operators with square integrable kernel are compact. In

fact, operators satisfying (3.1) are called Hilbert-Schmidt operators and are studied in more detail
in Section 3.6.

Proposition 3.5. Let H be a Hilbert space with orthonormal basis (ey)nen. If T € B(H) and

o0
Y N Ten|? < 00 3.1)
n=0

then T is a compact operator.

Proof. We claim that for all S € B(H)

0o
NEEDN A
n=0



Lecture 3. Compact operators 35

Indeed, since ||S|| = ||S*|, it suffices to observe that

o0 o0 o0

IS*x12 = " {en. S*X)> = D [(Sen. x Z ISenll flx]1* .

n=0 n=0 n=0

Suppose that T € B(H ) satisfies (3.1). Set
oo
=3 |ITel?.
k=n+1

Observe that ¢, — 0. Moreover, if P, denotes the orthogonal projection onto span{ey, ..., e,}, it

follows that

o0
1T = TP, |> = IT(A = P> < Y _IIT(1 = Perl* =&, > 0.
k=0

So, T is compact. O

Corollary 3.6. An integral operator T defined by a square integrable kernel K € L*>(A x A, L) as
in Proposition 2.9, is compact.

Proof. Let (e,)nen be an orthonormal basis for L?(A4, A). Define f,, ,(x,y) = en(x)e,(y) and
check that ( f;y.n)m.nen is an orthonormal family in L?(A4 x A, 1). (One can actually prove that
(fm.n)mneN is an orthonormal basis but this is not needed to prove this corollary.) It follows that

o o0

D I Tenl? = Z (Ten.em)* = D K. fun)> < K3 < 00
n=0 n,m=0 n,m=0
By Proposition 3.5, the operator 7" is compact. 0

3.3 Diagonalizable operators

In linear algebra, one proves that every Hermitian matrix can be diagonalized: there exists a basis of
eigenvectors. We prove that this holds in general for compact self-adjoint operators. We introduce
the following obvious definition.

Definition 3.7. Let T € B(H ) be a bounded operator.

e A vector x € H is called an eigenvector of T if x # 0 and Tx = Ax for some A € C. We
call A the eigenvalue of x.

e A complex number A € C is called an eigenvalue of T if there exists an eigenvector with
eigenvalue A.

e We call T diagonalizable if H admits an orthonormal basis consisting of eigenvectors of 7.

Example 3.8. The multiplication operator M, in Example 2.2.(iii) is diagonalizable for all A €
£ (N). Indeed, the standard orthonormal basis (e,,),en for £2(N) consists of eigenvectors.

Exercise 1. Let H be a separable infinite dimensional Hilbert space and 7 € B(H ). Prove that
T is diagonalizable if and only if there exists A € £°(N) and a unitary operator U : {?>(N) — H
suchthat 7 = UM, U™, where again M}, is the multiplication operator defined in Example 2.2.(iii).
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3.4 Diagonalization of compact self-adjoint operators

The main aim of this section is to prove the following theorem.

Theorem 3.9. Every compact self-adjoint operator is diagonalizable.

To prove Theorem 3.9, we start with the modest lemma 3.10 below telling us that a compact self-
adjoint operator has at least one eigenvector. But first of all, we need the following.

Lemma 3.10. Let T € B(H) be self-adjoint. Then,

IT| = suptl{T'x, x)| | x € H, |x]| < 1} .

Proof. Denote M = sup{|[(T'x,x)| | x € H,||x|| < 1}. Check that M < |T||. Also observe
that &(T'x, x) < M| x||? for all x € H (this inequality makes sense: because T is self-adjoint,
(Tx,x) e Rforallx € H).

Take x,y € H. Then,

(T(x+y),x+y) <Mlx+y|>.
—(T(x—y),x—y) < M|x—yl|>.

Adding these two inequalities and making a little computation, we arrive at
4Re(Tx,y) <2M(||x|> + Iy [*) -
It follows that Re(7T'x, y) < M for all x, y with || x|, ||y|| < 1. Hence, ||T|| < M. ]

Lemma 3.11. Let T be a compact self-adjoint operator. Then T has an eigenvector with eigen-
value ||T|| or —||T||.

Proof. If T = 0, nothing has to be proven. Suppose 7" # 0.

Write B = B(0,1) C H. By Lemma 3.10, take a sequence (x,) in B such that |(T x,, x,)| —
|IT||. Theorem 3.1 ensures that we can pass to a subsequence and suppose that 7x,, — y and
(Txy,x,) — A with A = £||T||. In particular, A # 0. Check that ||y|| = |A| and hence, also

y #0.
Observe now that

7T x, — /\)cn||2 = ||T)c,,||2 —2ARe(T x,, x,) + )L2||)c,,||2 < 2()&2 — ARe(Txy,x,)) — 0.

Because T'x, — y, it follows that Ax, — y and hence x, — % y. By continuity of 7', we get
Tx, — %Ty and so, Ty = Ay. O

Proof of Theorem 3.9. By Zorn’s lemma take a maximal orthonormal family (e;);e; of eigenvec-
tors for 7. Denote by K C H the closure of the linear span of the vectors e;,i € 1. We shall prove
that K = H. Check that TK C K. Use the self-adjointness of T to deduce that TK+ C K* .
Denote by T, the restriction of T to K. View Ty as a bounded operator on the Hilbert space K.
Prove that Ty is compact and self-adjoint. So if K+ # {0}, Lemma 3.11 provides a norm one
eigenvector f for Ty. Then we can add f to the family (e;);c; contradicting its maximality. So
K+ = {0} meaning that K = H. ]
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3.5 Positive operators (optional)

Definition 3.12. A bounded operator 7" € B(H) is called positive if
(Tx,x) >0 forall x e H .

We denote the set of positive operators by B(H)*. We also write T > 0 to denote that T is a
positive operator.

Observe that a positive operator is automatically self-adjoint. Indeed, for all x € H, we have

(Tx,x) =(Tx,x) = (x,Tx)

and polarization implies that (T'x, y) = (x,Ty) forall x,y € H.
Exercise 2. Prove that T = 0 whenever T € B(H)* and —T € B(H)*.

Definition 3.13. Because of the previous exercise, we can define a partial order on the set of self-
adjoint operators, by putting

T <S ifandonlyif S—T eB(H)".

Exercise 3. Prove the following statements.

1. If S is self-adjoint, we have —||S||1 < S < ||S||1.
2. If S < T and R € B(H), then RSR* < RTR*.

Observe that the first item of the previous exercise implies that every self-adjoint operator can be
written as the difference of two positive operators. This provides the first indication that self-adjoint
operators behave much like real numbers with the positive operators corresponding to the positive
real numbers. This becomes more clear in the course Spectral Theory and Operator Algebras.

Another illustration is provided by the following theorem.

Theorem 3.14. Let T € B(H)™ be a positive operator. There exists a unique positive operator
S € B(H)7T satisfying S? = T. In words: every positive operator has a unique positive square
root. We write S = T1/2,

An elegant proof of Theorem 3.14 can only be given by invoking the spectral theorem for arbitrary
self-adjoint operators, which we will do in Lecture 4 (see 4.14. For compact operators we did prove
a spectral theorem in 3.9 and this will allow us to prove easily Theorem 3.14 when 7T is compact.

Proof of Theorem 3.14 when T is compact. We first prove the existence of a positive square root
S. By Theorem 3.9, take an orthonormal basis (e;);c; of H satisfying Te; = Aje; foralli € I.
By positivity of T, it follows that A; > 0 for alli € I. Define S € B(H) such that Se; = /A;e;
foralli € I. Check that S € B(H)" and S? = T.

In order to prove uniqueness of S, it suffices to prove the following statement: whenever R €
B(H)t, R? = T and x € H is an eigenvector for T with eigenvalue A > 0, then Rx = +/Ax.
First note that if A = 0, we have T'x = 0 and hence

IRx[* = (Rx, Rx) = (Tx,x) = 0
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implying that also Rx = 0. If p > 0, first observe that Ker(R + p) = {0}. Indeed, if (R+p)x = 0,
it follows that
0= ((R+ p)x,x) = (Rx,x) + pllx[|* = pllx||?

implying that x = 0. But, when 7x = Ax and A # 0, the vector (R — +/A)x belongs to the kernel
of R 4+ +/A, implying that Rx = +/Ax. N

3.6 Trace-class and Hilbert-Schmidt operators (optional)

The trace of an n x n matrix A € M,,(C) is defined as
n
TI'(A) = Z A,‘,‘ .
i=1

If we consider A as an operator on C”, the formula for the trace can be rewritten as

n

Tr(A) = Z(Aei,e,-) ,

i=1
where eq, ..., e, denotes the standard orthonormal basis of C”.

All this makes the following definition not so surprising, but we have to take care because the
Hilbert spaces involved are infinite dimensional and so, finite sums become series.

Throughout this section, all Hilbert spaces are supposed to be separable.

Definition 3.15. Let (e,),en be an orthonormal basis for a Hilbert space H. We define the map

Tr:B(H)" — [0, +00] : Tr(A) = i(Aen,en) .

n=0

We call Tr the trace on B(H).

There is no problem in summing the series in Definition 3.15. Indeed, for the moment we are only
dealing with positive operators and a series with positive terms can always be summed provided
that we allow +o0 as a value for the sum.

Proposition 3.16. The trace Tr is independent of the choice of orthonormal basis. Moreover; the
trace satisfies the following properties.

1. Te(T*T) = Te(T T*) forall T € B(H).

2. Forall . > 0, the set {T € B(H)' | Te(T) < A} is closed. In words: the trace is lower
semicontinuous.

3. If0< S <T, wehave 0 < Tr(S) < Tr(T).
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Proof. Suppose that (e,,) and ( f;,) are two orthonormal bases for H. Let T € B(H )™ with positive
square root S as in Theorem 3.14. Then the Parseval equality yields

o0
E (Ten,en) =

K

1Seal? = 3 1(Sen. Sl

n,m=0

S

(e.¢]

(S fom» €n) | Z 1S fon1?

0 m=0

(Tfm,fm) ,

N

Il Il
M%“ﬁmg L

3
Il

proving that the definition of Tr is independent of the choice of orthonormal basis. The formula
Te(T*T) = Tr(T T™) follows by an analogous application of the Parseval equality. The remaining
statements are left as an exercise. [

Definition 3.17. We define

TC(H) = {T € B(H)" | T(T) < oo} .
TC(H) =spanTC(H)™" ,
US(H) = {T € B(H) | Te(T*T) < oo} .

The elements of 7C(H) are called trace-class operators. We define for T € TC(H),

oo

Te(T) = Y (Tey. en)

n=0
and observe that the series on the right hand side is absolutely summable.

The elements of HS(H ) are called Hilbert-Schmidt operators.

Example 3.18. The integral operators 7" with square integrable kernel K (see Proposition 2.9)
are Hilbert-Schmidt operators. Indeed, in the proof of Corollary 3.6 we checked that Tr(7*7T) <
| K||3. In fact, equality holds if you accept that the orthogonal family (f; m)n.men defined in the
proof of Corollary 3.6 is in fact an orthonormal basis of L*(4 x A4, ).

The next proposition is conceptually nontrivial: the set of Hilbert-Schmidt operators on H forms
itself a Hilbert space.

Proposition 3.19. (i) The Hilbert-Schmidt operators form a vector subspace of B(H).
(ii) If T, S € HS(H), we have TS, ST € TC(H) and Tr(TS) = Tr(ST).
(iii) Equipped with the inner product
(T,S) =Tr(TS™),

the vector space HS(H ) becomes a Hilbert space. We denote the corresponding norm as

IT]l2 = vTr(T*T) .
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(iv) Further, HS(H) is a two-sided ideal in B(H), meaning that ST, TS € HS(H) whenever
T € HS(H) and S € B(H). Moreover, the following inequalities hold.

ISTl2 < ISIIT N2 and TS| = ISIIT]2 -
(v) Finally, HS(H) C K(H).
Proof. (i) Take S, T € B(H). Observe that
S+T)S+T)+ S -T)(S-T)=2(S*S+T"T).

Hence, (S + T)*(S +T) <2(S*S 4+ T*T) implying that HS(H ) is a vector subspace of B(H).
(i) If T € HS(H), we have by definition and Proposition 3.16 that T*T, TT* € TC(H) with
Tr(T*T) = Tr(T T*). By polarization, we get that TS*,S*T € TC(H) forall T, S € HS(H)
and that Tr(7'S*) = Tr(S*T).

(iii) From 2 we know that (7, §) = Tr(7'S™) yields a well defined positive Hermitian form on
HS(H). In the proof of Proposition 3.5, we have already seen that Tr(T*7T) > || T||?, implying
that the above Hermitian form is positive-definite. So, it remains to prove that HS(H ) equipped
with the norm || - ||, is complete. Suppose that (7,) is a Cauchy sequence in HS(H). The
inequality ||T|| < ||T ||, forall T € HS(H ), implies that (7},) is also a Cauchy sequence in B(H ).
So, T, — T in B(H). It remains to show that |7 — 7,,|| — 0. Choose ¢ > 0. Take n( such that
|Tm — Tyll2 < € forall n,m > ny. By lower semicontinuity of Tr, we can take the limit m — oo
and get | T — T,||» < e forall n > ny.

(iv) Let T € HS(H) and S € B(H). The inequality (ST)*ST = T*S*ST < ||S|*T*T
implies that ST € HS(H) and ||ST |2 < ||S|| ||T||2- The fact that TS € HS(H) with ||T S|, <
IS IT]|2 is proven similarly.

(v) This follows from Proposition 3.5. [

Exercise 4. Let M, be the multiplication operator defined in Example 2.2.(iii). Prove that

1. M, is compact if and only if A € ¢o(N);
2. M, is trace-class if and only if A € £!(N); compute Tr(M}) in that case;

3. M, is Hilbert-Schmidt if and only if A € £2(N).

Conclude that the inclusion HS(H) C K(H) is strict when H is infinite dimensional.

Before making a more detailed study of trace-class operators, we introduce a new tool: the polar
decomposition of a bounded operator. Recall that every complex number can be written as the
product of a number of modulus 1 and a positive real number. In a certain sense, a similar thing
can be done with bounded operators on a Hilbert space.

Definition 3.20. Let 7 € B(H). Define the absolute value of T as

IT| = (T*T)= .
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Theorem 3.21. Let T € B(H). Denote by P the orthogonal projection onto (Ker T)*. There
exists a unique operator U € B(H) satisfying

T=U|T| and U*U =P .
We call the expression T = U|T|, the polar decomposition of T
Proof. Check that the formula U*U = P is equivalent with the following statement

|Ux|| = ||x|| forall x € (KerT): and Ux =0 forall x € KerT .

Also observe that ||Tx|| = || |T|x || for all x € H. It follows in particular that Ker 7" = Ker |T'|
and so (Ker T')* coincides with the closure of Im |T'|. So, we uniquely define U € B(H) satisfying
U*U =PandU|T|x =Tx forall x € H. ]
Exercise 5.

1. Let A € £°°(Z). Define the operator
T :02(Z) — £2(Z) : (Tx)(n) = A(n)x(n + 1) .
Prove that T" is a bounded operator and compute its polar decomposition.
2. Let U € B(H). Prove that the following statements are equivalent.

(a) U*U is an orthogonal projection.
(b) UU* is an orthogonal projection.

(c) There exists a closed subspace K C H such that the restriction of U to K is isometric
and Ux = 0 forall x € K+.

An operator satisfying one of these equivalent conditions is called a partial isometry. Note
that the polar part U in the polar decomposition given by Theorem 3.21 is a partial isometry.

3. Let T = U|T| be the polar decomposition of a bounded operator 7. Prove that U is unitary
if and only if Ker T = Ker(7T*) = {0}.

We gathered enough material to prove the following duality theorem. First recall Exercise 4, saying
that the multiplication operator M) is compact if and only if A € ¢¢(N) and is trace-class if and
only if A € ¢!(N). Finally recall the Banach space duality £!(N) =~ c¢o(N)* and £*°(N) =
¢'(N)*. The same results holds true for operators: 7C(H) = K(H)* and B(H) = TC(H)*. A
more precise statement is given now.

Theorem 3.22. (i) The vector space TC(H) is a two-sided ideal in B(H) and Tr(ST)
Te(TS) forall T € TC(H) and S € B(H).

(ii) A bounded operator T € B(H) belongs to TC(H) if and only if Tr(|T|) < oo. Moreover,

the formula
1T = Te(IT])

defines a norm on T C(H) and equipped with this norm, TC(H) is a Banach space.
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(iii) The maps

TCH) - K(H)*: T~ wr with or:K(H)—C:wr(S)="Tr(ST),
B(H) > TC(H)* : S+ us with pus:TC(H)—> C:us(T)=Tr(ST),

are isometric isomorphisms.

(iv) We have the inclusions TC(H) C HS(H) C K(H) with corresponding inequalities

1Tz < VITIIT:  and S]] < [S]2

forallT € TC(H) and S € B(H).

Proof. (i) By linearity, we may assume that 7 € TC(H)*. Set R = TZ. Then, R € HS(H)
and Proposition 3.19 implies firstly that SR, RS € HS(H), secondly that ST = (SR)R and
TS = R(RS) are trace-class operators and finally that

Tr(ST) = Tr((SR)R) = Tr(R(SR)) = Tr((RS)R) = Tr(R(RS)) = Tr(TS) .

(i) Let T = U|T| be the polar decomposition of 7. Since T = U|T| and |T| = U*T, it follows
from (i) that 7 € TC(H) if and only if |T| € TC(H). And the latter is by definition equivalent
with Tr(|7T'|) < oco. The rest of (ii) will be proven below.

(iii) We first prove that for all T € TC(H),
Te(IT]) = sup{| Te(ST)| | S € K(H), [|S]| = 1} = sup{| Te(ST)| | S € B(H), [[S]| = 1} .
3.2)

Choose S € B(H) with ||S|| < 1. Take the polar decomposition 7 = U|T|. Using the inner
product on HS(H ) and the results of Proposition 3.19, we get

1 1 1 1
| Te(ST)| = [(SUI|T |2, [T2) = |SUIT2 |21 1T|ZMl2 = SU| Te(IT]) < Te(IT]) -
‘We have shown that
sup{| Tr(ST)| | S € B(H), ||S|| < 1} < Tr(|T)) .

Next, let (e,)nen be an orthonormal basis of H and denote by P, the orthogonal projection onto
span{eg, ..., e, }. It follows that

n

Te(PaUNT) = Te(PalT]) = Y (T lex. k) -
k=0

Because P,U ™ is a compact operator with || P,U™*| < 1, we have shown that
Tr(|T]) < sup{| Te(ST)[ | S € K(H).[[S]| < 1}

Altogether, we have proven (3.2). It follows that the formula ||7'||; = Tr(|7|) defines a norm on
TC(H) in such a way that the map ® : TC(H) — K(H)* : T — wor is an isometry. If we
now prove that ® is surjective, it follows that ® is an isometric isomorphism and that 7C(H) is a
Banach space (concluding in particular the proof of (i1)).
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Suppose that € K(H)*. Denote for all x, y € H by 0, , the rank one operator defined as

Ox.y(2) = (z,y)x .

It follows that H x H — C : (x,y) — w(0y,,) is a bounded sesquilinear form on H. So, we find
a bounded operator 7' € B(H ) such that

w(0x,y) = (Tx,y) =Tr(Tby,y) forall x,y e H.

We prove now that T € TC(H). Since the finite rank operators are dense in [C(H), it then
follows that w = wg, proving the surjectivity of ®. Let T = U|T| be the polar decomposition
of T and let (e,),en be an orthonormal basis of H. Denote by P, the orthogonal projection onto
span{ey, ..., e,}. For every n, we have

(ITen,en) = (Ten,Uep) = @(Be, ve,) = @(Be, .0, U) .

It follows that

n

Y (ITlex,ex) = o(P,U) < |||
k=0

for all n. Hence, Tr(|T|) < ocoand T € TC(H).

To conclude the proof of (iii), it remains to study S — us. By the above results, ||us|| < || S| for
all § € B(H). Moreover, (Sx,y) = Tr(S6x,,) = us(bx,y), implying that ||S|| < |us]|. So, we
obtain 3 once we have shown that every u € 7C(H)* is of the form ug for some S € B(H). But
given u, we find in exactly the same way as above, a bounded operator S € B(H) such that

(Sx,y) = u(Oy,) foral x,ye H.
We claim that the finite rank operators are dense in 7 C(H ), implying that © = ps and concluding
the proof of (iii).

It is sufficient to prove that every 7 € TC(H)™ can be approximated in || - ||;-norm by finite rank
operators. Let again (e,),en be an orthonormal basis of H and P, the orthogonal projection onto
span{ey, ..., e, }. Then,

o0

1= P)T(L=P)i = Y (Tex,ex) > 0.
k=n+1

But(1-P)T(1—P,)=T—-(P,T+TP,— P,TP,). Since P,T + TP, — P, TP, is an operator
of finite rank, we are done with 3.

(iv) Only the first inequality still has to be shown. But,

1 1
17113 = Te(T*T) = Te(IT|2 |T|T12) < [ ITII Te(IT) = ITIIT|s -
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3.7 Exercises

Exercise 6. Let H be a Hilbert space. Prove that one of the following holds.

1. Either there exists an n € N and a unitary operator U : C" — H,

2. or there exists an isometry V : £2(N) — H.

Deduce that the unit ball of the Hilbert space H is compact if and only if H is finite-dimensional.
In fact, the same statement holds for arbitrary normed spaces, but is slightly harder to prove (cf.
[Ped, 2.1.9]).

Exercise 7. Consider the following variant of the Volterra operator. Define

H=Ueﬁm%MA F(x) dx = 0}

Define T € B(H ) by the formula

x . 2m
) i
anw =i [ soray+ o [ aroray.
0 7T Jo
Prove the following statements

1. T is a compact self-adjoint operator on H.
2. Forall f € H, Tf is a continuous function.
3. f Tf = Af with A # 0, the function f is infinitely differentiable and satisfies A f/ = if .

4. Deduce that A # 0 is an eigenvalue of T if and only if A = % with n € Z \ {0}. Compute
the corresponding eigenvectors.

5. Define e, € L%([0,27]) by e,(x) = (2m)~1/2e!™*. Accept for the moment that Ker 7 =
{0}. Conclude that (e,),ez\(0; is an orthonormal basis for H and hence, (e;),ez is an
orthonormal basis for L?([0, 27]).

6. Suppose that f € Ker T. We want to prove that f = 0. First prove that

b
/ f(x)dx =0 forall 0<a<b<2m.

Use your knowledge of measure theory to deduce that f(x) = O for almost all x.



Lecture 4

Spectral theorem

The aim of this lecture is to prove that any self-adjoint operator can be put in a special form, just like
any compact operator can be diagonalized. The motivating example is the following multiplication
operator on the Hilbert space L2[0, 1]

(M (1) == 1f(1).

The subscript x denotes here the identity function f(x) = x and should not be confused with
the variable y. In a certain sense this operator is diagonal, if we view the interval [0, 1] as some
sort of ‘continuous’ orthonormal system. But this operator does not have any eigenvalues, so we
cannot study it using the same tools as the ones applied in the case of compact operators; we need
something more general.

4.1 The spectrum

Definition 4.1. Let 7 € B(H ). Define the spectrum o (7)) and spectral radius p(7") of T as

o(T)={A € C| T — Al is not invertible } ,
p(T) = sup{[A| | A € o(T)} .

The spectrum can be divided into 3 disjoint parts:

e point spectrum — the eigenvalues;

e continuous spectrum — A € o(T) such that A is not an eigenvalue but the range of 7 — Al is
dense in H;

e residual spectrum — none of the above.

Lemma 4.2. The residual spectrum of a self-adjoint operator T is empty.
Proof. Suppose that A belongs to the residual spectrum, so (Im(7" — AL £ {0}, But (Im(T —

A1)t =ker(T — A1) by Proposition 2.8, so A is an eigenvalue of T'. As eigenvalues of self-adjoint
operators are real, A = A is an eigenvalue, so it does not belong to the residual spectrum. 0

45
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Lemma 4.3. Let T € B(H) be self-adjoint. Then A € o(T) if and only if there exists a sequence
of unit vectors &, € H such that
T8 — A&l — 0. 4.1

So, contrary to the finite-dimensional and the compact case, elements of o (7") need not be eigen-
values, but they do arise from approximate eigenvectors.

Proof. The statement is clear for eigenvalues, so we may assume that A belongs to the continuous
spectrum.

If there is no sequence of unit vectors &, € H satisfying (4.1), then we find ¢ > 0 such that
(T —A1)E|| > ¢||&]| forall ¢ € H. So, T — Al has closed range and is an invertible operator from
H onto this closed range. But the range is also, so it is all of H. Therefore 7" — Al is an invertible
operator, thus A ¢ o (7). O

Corollary 4.4. If T € B(H) is self-adjoint and A € o(T) then there exists a sequence of unit
vectors &, € H such that (T&,,&,) — A.

Proof. By the previous corollary, there is a sequence of unit vectors &, € H such that | T§, —

A&y || — 0. It follows from Cauchy-Schwarz inequality that (T, &,) — A (§,,§&,) — O. [
——
=1

Corollary 4.5. Spectrum of a self-adjoint operator T is real.
Proof. We (T&,&) e Rforany &€ € H. ]
Lemma 4.6. If T € B(H) is self-adjoint, then o (T) contains ||T || or —||T||.

Proof. It follows from the proof of Lemma 3.11. 0
Lemmad4.7. If S € B(H) and ||S|| < 1, then 1 — S is invertible.

Proof. The sequence ) ;_, S k converges in operator norm and its limit is the inverse of 1 —S. [

Lemma 4.8. Forall T € B(H), we have p(T) < ||T||.

Proof. Let A € C with [A| > ||T|. Write S = —A~!T. By Lemma 4.7, T — Al = —A(1 — §) is
invertible. So, A & o (T). O

Proposition 4.9. If T € B(H) is self-adjoint, then o(T) is a closed subset of [—|T|, |T||] and
p(T) = |T].

Proof. By Lemmas 4.6 and 4.8, it only remains to prove that o(7) is closed. Take A & o(T).
Write S = T — A1. Whenever || < ||S7!||7!, we get that

T—A+ml=8S—ul=S1-puS™h
is invertible by Lemma 4.7. So, A + u & o(T) for all ;& small enough. O

Lemma 4.10. Let S, T € B(H). Then ST and TS are both invertible if and only if S and T are
both invertible.
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Proof. Assume that ST and T'S are both invertible. Then, (S7)~!S and S(TS)™! are a left,
respectively right inverse of 7, so that 7" is invertible. Similarly, S is invertible. The converse is
trivial. =

Lemma 4.11. Let p € C[X] be a polynomial and T € B(H). Then, o (p(T)) = p(o(T)).

Proof. Since p(T) — Al = (p — A)(T), it suffices to prove that p(7) is invertible if and only if
all zeros of p lie outside o (T"). Writing p(X) = (X —Ay)--- (X — A,,) with A; € C, this follows
from Lemma 4.10. O

Lemma 4.12. Let T € B(H) be self-adjoint and p € C[X]. Then,

| p(T)|| = sup{|p(M)| | A € a(T)} .

Proof. Define the polynomial p* by taking the complex conjugate of each coefficient of p. Write
q = p*p. Since T = T*, we get that ¢(T) = p(T)*p(T). It follows that g(T) is self-adjoint
and that || p(T)||* = ||¢(T)||. By Proposition 4.9 and Lemma 4.11, we get that
2
Ip(D)11* = llg(T)| = p(g(T)) = sup{lg(V)| | 2 € 6(T)} = (sup{|p(V)] | 2 € o(T)})" .
O]
We can apply polynomial functions to operators and our next goal will be to show that in the case

of self-adjoint operators we can also apply continuous functions defined on the spectrum; Lemma
4.12 will be a crucial tool.

4.2 Continuous functional calculus

Given a compact subset K C R, we denote by C(K) the space of bounded continuous functions
K — C with the supremum norm || - || co.

Proposition 4.13. Let T € B(H) be self-adjoint. There is a unique unital *-homomorphism
®: C(o(T)) — B(H) (it means that ® is a linear map that satisfies ®(fg) = P(f)P(g),

O(f) = (P(f)* and ®(1) = 1) such that [|®(f)|| = || flleo and ®(p) = p(T) forall f €
C(o(T)) and p € C[X].

We write f(T) instead of ®( f). Then the following properties hold for all f € C(o(T)).
1. If S € B(H)and ST =TS, then S f(T) = f(T)S.

2. If ¢ € H \ {0} is an eigenvector of T with eigenvalue A, then & is also an eigenvector of
f(T), with eigenvalue f(A).

3. a(f(T)) = f(a(T)).

4. When f : o(T) - Rand g : f(o(T)) — C are continuous functions, we have that

g(f(T)) = (g o f)T).
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Proof. The existence and uniqueness of @, as well as properties 1 and 2, follow immediately from
Lemma 4.12 and the density of polynomial functions in C(c (7).

It remains to prove properties 3 and 4. Note that (0 (7)) is a compact subset of C. If A ¢
f(o(T)), wedefine g € C(o(T)) by g(x) = (f(x)—A)"L. Then, g(T) is the inverse of f(T)—Al,
sothat A € o(f(T)). Conversely, assume that A = f(u) with u € o(T). By Lemma 4.3, we can
take a sequence of unit vectors &, € H such that ||T&, — &, || — 0. It follows that || p(T)&, —
p(u)é,|| — 0 forevery p € C[X]. By density, it also follows that || f(T)&, — f ()&, || — 0. This
implies that f(7") — f(u)1 is not invertible. So, A = f(u) belongs to o ( f(T)).

Property 4 is immediate when g is a polynomial function and thus holds in general by density. L[]

Recall that an operator T € B(H) is said to be positive if (T&,&) > 0 for all £ € H. Note that
positive operators are always self-adjoint. We include the following characterization of positive
operators as a corollary of the continuous functional calculus (cf. 3.14).

Corollary 4.14. Let T € B(H) be self-adjoint. Then the following statements are equivalent.

(i) T = S? for some self-adjoint S € B(H).
(ii) T = S*S for some S € B(H).
(iii) T is positive.
(iv) o(T) C [0, +00).

Also, for every positive operator T € B(H), there exists a unique positive operator S € B(H)
suchthat T = S2.

Proof. The implications (i) = (ii) = (iii) 3 are easy.

(iv) = (i). Define f € C(o(T)) given by f(x) = +/x forall x € o(T) C [0, +00). Write
S = f(T). Then S = S*and S2 =T.

(ii1) = (iv). It follows from Lemma 4.4.

For the remaining statement, let 7 € B(H) be positive. Define the continuous function f :
[0, +00) — R : f(x) = 4/x. Then, f(T) is positive and f(T)?> = T. When also S € B(H) is
positive and T = S2, we get that f(T) = f(S?) = f(g(S)), where g : R — R : g(x) = x%.
Since o (S) C [0, +00), we getthat f(g(x)) = x forall x € o(S). Using property 4 in Proposition
4.13, it follows that f(T) = (f o g)(S) = S. [

4.3 Spectral theorem vol. 1 — mutliplication operator form

We will now show that any self-adjoint operator is unitarily equivalent to a multiplication operator
on some measure space. To this end we are going to need the following result.

Theorem 4.15 (Riesz representation theorem). Let K be a compact space and let ¢ : C(K) — C
be a bounded functional. Then there exists a Borel measure (1t on K such that ¢(f) = fX fdu.
Moreover, if ¢ is a positive functional, i.e. o(f) = 0 for any f = 0, then [ is a positive measure.
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We start with a lemma.

Lemma 4.16. Let T € B(H) be a self-adjoint operator. Assume that it admits a cyclic vector v, i.e.
a unit vector such that span{T"v : n € N} is dense in H. Then there is a measure . on o (T) and
unitary operator U: H — L?*(o(T), ) such that UTU* = M, where M,: L*(c(T), u) —
L%(o(T), 1) is the operator given by (M, f)(t) := tf(¢).

Proof. By Proposition 4.13, we may consider a functional ¢, : C(o(T)) — C given by ¢, (f) :=
(f(T)v,v). By the Riesz representation theorem 4.15 we get a positive measure i on o (7)) such
that (f(T)v,v) = [,y fdi. We may now consider the map H > f(T)v > f € L*(o(T), ),
which is defined on a dense subspace of H and its range is also dense, because continuous functions
are dense in the L2-space. This map is isometric

1£12 = /(T) |fPdp = (| f1*(T)v.v)

= (f(T) f(T)v,v) = (f(T)v, f(T)v)
= [l F(T)v]>.

It follows that it extends to a unitary operator U: H — L?(o(T), ). We will check that the
equality UT U* = M, holds on the dense subspace formed by continuous functions. Indeed, we

have UTU* f = UTf(T)v=Ux- f)(T)yv=x-f = M,f. O

Exercise 1. Let T = T* € M, be an Hermitian matrix. Prove that it admits a cyclic vector iff it
has no repeated eigenvalues.

Theorem 4.17. Let T € B(H) be a self-adjoint operator. Then there exists a measure space
(X, ), a bounded measurable function g: X — o(T) and a unitary operator U : H — L*(X, 1)
suchthat UT U™ = M.

Proof. Let v € H be a unit vector. Consider the subspace H; := span{7”v : n € N}. By
Lemma 4.16 there is a measure p; on o(7T') and a unitary operator U;: H, — L*(o(T), u1). If
H, = H then we are done. If H; # H, we pick a unit vector in H;- and repeat the construction; as
T(H,) C H, and T is self-adjoint, we also have T (H;-) C H;i‘. Since we can always continue the
procedure, we will exhaust the whole space H at some point — we get an orthogonal decomposition
H = P;_, H;, where we allow n = oo. We also have the corresponding unitary operators
Ur : Hy — L*(o(T), ux), which allow us to build a unitary U: H — @_, L*(o(T), i),
given by U := @;_, U;. To finish the proof, we have to view the space @;_, L*(o(T), i) as
L?(X, ) for some measure space (X, ). As X we take a disjoint union of n copies of o (7) and
the measure u will be given as disjoint union of the measures p;, i.e. the restriction of u to the
i-th copy of o(T) will be given by p;. Finally, the function g restricts to the identity function on
each of the copies of o (7). O

We will now be able to extend the continuous functional calculus to Borel functional calculus.
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4.4 Spectral theorem vol. 2 — Borel functional calculus

Let K C R be a compact subset. We denote by B, (K) the space of bounded Borel functions
f : K — C and we equip Bp(K) with the supremum norm || - |-

We say that a sequence f, € Bp(K) converges boundedly pointwiseto f € Bp(K)if sup,, || fulloo <
oo and f,(x) — f(x) forevery x € K.

Theorem 4.18. Let T € B(H) be self-adjoint. There is a unique unital x-homomorphism ® :
By(o(T)) — B(H) with the following properties.

(i) ®(f) = f(T) forall f € C(o(T)).

(ii) PO = NI flloo for all f € By(o(T)).

(iii) If fn € Bp(a(T)) and f, — f boundedly pointwise, then ®(f,) — P(f) strongly, i.e.
limy, 00 P(f)v = ®(f)v foranyv € H.

We write f(T) instead of ®( f). Then the following properties hold for all f € By(o(T)).
1. If S € B(H)and ST =TS, then S f(T) = f(T)S.

2. If ¢ € H \ {0} is an eigenvector of T with eigenvalue A, then & is also an eigenvector of
f(T), with eigenvalue f(A).

3. a(f(T)) C f(o(T)).

4. When f : 0(T) - Rand g : f(6(T)) — C are bounded Borel functions, we have that
g(f(T)) = (g o f)T).

Proof. The existence of extension follows from Theorem 4.17. Indeed, if UTU* = Mg and
f:0(T) — C is a Borel function, we define f(T) := U*Mys.gU. It is clearly a unital *-
homomorphism and(i) and (ii) hold. Let us prove (iii). Assume that the sequence ( f,),en con-
verges boundedly pointwise to f. For any v € H we have

1A (T = fu(T)0|* = |U*(Myog — My,o0)Uvl|?
:/X|fog—fnog|2~|Uv|2d,u.

Since | f og— f,0g| < M for some constant M > 0, the integrand is dominated by the integrable
function M |Uv|?, so Lebesgue’s dominated convergence theorem shows that lim, . || f(T)v —
fo(T)v| = 0. The Lemma 4.20 shows that the extension is unique.

To check properties 1. and 2. consider the class of Borel functions for which they hold. By Propo-
sition 4.13 this class contains the continuous functions. It suffices to check that it is closed under
bounded pointwise limits and then appeal to Lemma 4.20. But bounded pointwise convergence
translates to strong convergence of the corresponding operators, so it is clear. Property 3. follows
from the easy observation that if M, is a mutliplication operator then its spectrum is contained in
the closure of the image of g; otherwise you can easily write a formula for the inverse. Since g
takes values in o (7), it follows that o (f(T")) = 0(Mrog) C f(g(X) C f(o(T)). Now you can
verify property 4. exactly the same as properties 1. and 2. O

We can now provide yet another formulation of the spectral theorem. In what follows we denote
by P(H) the set of all orthogonal projections onto closed subspaces of H .
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4.5 Spectral theorem vol. 3 — the spectral measure (optional)

Theorem 4.19. Let T € B(H) be self-adjoint. Denote by B the Borel o-algebra on o(T'). There
is a unique map E : B — P(H) with the following properties.

1. E@)=0and E(c(T)) = 1.
EUNY) = EU)EYV) forallU,V € B.
E(U,Un) =), EUy) if the U, € B are disjoint.

L

EU)T =T EU) forallU € B.

5. ForallU € B, the spectrum of T | gy is contained in the closure U.

When U, € B are disjoint, property 2 implies that the projections E ({4,) have orthogonal ranges,
so that ) E(U,) is a well defined orthogonal projection, with the series converging in the strong
topology.

The map E : B — P(H) in Theorem 4.19 is called the (projection valued) spectral measure of 7.
When H is finite dimensional, we have

EU) = Z E; .

reUna(T)

where E is the orthogonal projection onto the eigenspace with eigenvalue A.

Proof. By Theorem 4.18, the map E(U) = 1,(T) satisfies properties 1-5.

When F : B — P(H) is another map satisfying properties 1-5, it follows from Theorem 4.18 that
EU) F(V)=F(V) EU) foralli,V € B. To prove the uniqueness of E, it thus suffices to prove
that £ = F whenever E and F satisfy properties 1-5 and E, F have commuting ranges.

Let K C o(T) be closed. We first prove that E(K) = F(K). Let L C o(T) \ K be closed.
We start by proving that E(L) F(K) = 0. The projections E(L) and F(K) commute, and they
commute with 7. By property 5, the spectrum of the restriction of 7' to E(L) F(K) H is contained
inLNK =9.So, E(L) F(K) = 0. Writing o(T) \ K as the increasing union of a sequence of
closed subsets, it follows that also E(o(7)\ K) F(K) = 0. This means that (1—E(K)) F(K) =0
and thus, F(K) = E(K) F(K). Since our assumptions on E and F are symmetric, we also have
E(K) = F(K) E(K) = E(K) F(K). So, E(K) = F(K) for all closed subsets K C o(T).

Properties 1-3 imply that {{/ € B | E(U) = F(U)} is a o-algebra. It thus follows that E(U) =
FU) forallUd € B. [

4.6 Borel functional calculus strikes again

We will now give an alternative proof of Theorem 4.18, which does not rely on the Riesz represen-
tation theorem. We present the necessary prerequisites in Section 4.6. We will be following [Ped,
Section 6.1].
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Alternative proof of Theorem 4.18. By Lemma 4.20 below, the uniqueness of ® is immediate.

By Lemma 4.23 below, for all £, 7 € H, there is a unique linear map wg,, : Bp(o(T)) — C
that is continuous under bounded pointwise limits and that satisfies wg , () = (f(T)&, n) for all
f € C(o(T)). Given f € Bp(a(T)), it also follows from Lemma 4.23 that (§, 1) — wg ,(f) is a
bounded sesquilinear form. We can therefore uniquely define ®( /) € B(H ) satisfying

(P(f)e.n) = wey(f) forallé,ne H.

The uniqueness of the extension of wg, from C(o(T)) to By(o(T)) implies that a)g,,,(T) =
wne(f) forall f € By(o(T)). It follows that ®(f) = ®(f)*.
Let g € C(o(T)). Again, the uniqueness of the extension implies that wg (e, (f) = we ,(fg) for
all f € Bp(o(T)). It follows that ®( fg) = ®(f)P(g) forall f € Bp(c(T)) and g € C(a(T)).
This means that

Wgo(f)n(8) = wey(fg) forall g e Clo(T)).
It follows that the same equality holds for all g € Bp(0(T)). We conclude that ® is a x-homomor-
phism.

Since [ @(f)E* = (R(f)*P(f)E. &) = (P(f 1)§.§) = we(IfP) < IEI |l f I3, we conclude
that [[®(f)[| < || flleo forall f € By(o(T)).

The continuity of wg , implies that ®( f,) — P(f) weakly whenever f, — f boundedly point-
wise. Then also,

1P(f)E = DNEN? = (D(| fu — f1)E.8) = (| f = fIP) = 0.
This means that ®( f,,) — P(f) strongly.

Let S € B(H) such that ST = TS. By Proposition 4.13, we have S f(T) = f(T) S for all
f € C(o(T)). It follows that wg s+,(f) = wsey(f) forall f € C(o(T)) and hence, for all
f € Byp(o(T)). We conclude that S f(T) = f(T) S for all f € By(c(T)). We similarly prove
that f(T)E = f(A) & whenever T§ = A £ and £ # 0.

When f € By(o(T))and A & f(o(T)), the function g : x — ( f(x) —A)~! is bounded and Borel
on o(T). Then, g(T) is the inverse of f(T) — Al, proving that A € o (f(T)).

Finally, let f : o(T) — R be a bounded Borel function and define K = f(o(7T)). When
p € C[X], we immediately get that p( f(T)) = (po f)(T). Approximating g € C(K) uniformly
by polynomial functions, we conclude that g( f(7)) = (g o f)(T) for all g € C(K). This means
that for all &, n, the linear maps C(K) — C given by

g (g(f(T)E.n) and g ((go f/HT)E. 1)

coincide on C(K). By definition, the first one has a unique extension to a linear map on B (K)
that is continuous under bounded pointwise convergence on K and that is given by

By(K) — C: g (g(f(T)E.m) .

For the second one, denote by wg , the unique extension of C(o(7)) — C : h — (h(T)&,n) to
a linear map By(c(T)) — C that is continuous under bounded pointwise convergence on o (7).
Then also

By(K) - C: g wgp(go f)
is continuous under bounded pointwise convergence on K. We conclude that wg ,(g o f) =

(g(f(T))&. n), sothat (g o f)(T) = g(f(T)). D
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Some measure theoretic background

Using the approach of [Ped, Section 6.1], one can avoid using measure theory and the Riesz rep-
resentation and give a reasonably short self-contained presentation. We reproduce part of [Ped,
Section 6.1], adapted to our notations. The following results hold for arbitrary compact second
countable spaces K, with the same proof. Even second countability can be removed, but one then
has to replace all sequences by nets.

Lemma 4.20. Let K C R be compact. Then Bp(K) is the smallest vector space of functions from
K to C containing C(K, R) and being closed under bounded pointwise limits.

Proof. Denote by V' the smallest vector space of functions from K to R containing C(K,R) and
being closed under bounded pointwise limits. Then, C(K) C V C Bp(K).

For every g € C(K), theset{f € V | fg € V}is a vector space of functions containing C(K)
and being closed under bounded pointwise limits. So this set is equal to V. This means that
fg e Viorall f € Vand g € C(K). We then similarly prove that V is an algebra. It follows
that By = {Ud C R | 1y € V}is ao-algebra. When U C K is open, we can write 1, as the limit
of an increasing sequence in C(K). It follows that By is the Borel o-algebra. Since the linear span
of {1;; | U C K Borel } is uniformly dense in By (K), we get that V = By (K). ]

Theorem 4.21. Let K C R be compact. Every R-linear map w : C(K,R) — R that is positive,
meaning that w(f) > 0 whenever f € C(K,[0,400)), has a unique extension to a C-linear
map @ : By(K) — C that is continuous under bounded pointwise convergence. Moreover, @ is

positive, d(f) = @(f) forall f € By(K) and |&| = w(1).

Proof (taken from [Ped, Section 6.1]). If f € C(K,R), we have —|| flloo ] < f < || flloo 1 and
conclude that |w(f)] < (1) || f]lco-

Denote by U(K, R) the space of bounded functions f : K — R that can be written as the point-
wise limit of a bounded increasing sequence in C(K, R). Define the map

wy :UK,R) = R:w,(f) =sup{w(g) | g€ C(K,R), g < f}.

Note that the following two properties hold by definition. If g € C(K, R), then g € U(K,R) and
wy(g) = w(g). When f,g € U(K,R) and f < g, then w,(f) < w,(g).

1. Whenever f, € C(K, R) is a bounded increasing sequence and f = sup,, f,, we have w, (f) =
lim, w( fy).

To prove 1, fix g € C(K,R) with g < f. Then g A f, is an increasing sequence of continuous
functions converging pointwise to the continuous function g. Therefore, the convergence is uni-
form and w(g) = lim, w(g A f,) < lim, o(f,) < w,(f). Since this holds for all g € C(K,R)
with g < f, statement 1 follows.

2.If f,g € U(K,R) and a,b > 0, we have that af + bg € U(K,R) and w,(af + bg) =
awy(f) + bwu(g).

This follows immediately by writing f and g as the limit of a bounded increasing sequence of
continuous functions and then applying 1.

3.If f, € U(K,R) is a bounded increasing sequence and f = sup,, f,, then also f € U(K,R)
and @y, (f) = lim, @y (/).
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Note that w, ( f,) is a bounded increasing sequence, so that lim, @, ( f,) is well defined. Choose
bounded increasing sequences (g, x)x in C(K, R) such that f, = sup; g»x. Define g, € C(K,R)

given by
n
8n = \/ 8m,n -
m=1

Then (g,)» is an increasing sequence with f = sup, g,. So, f € U(K,R). Also, g, < fn < f.
By 1, we get that

wy(f) = lignwu(gn) = h}?’“”u(fn) <wu(f),
ending the proof of 3.

We now similarly define L(K,R) = —U(K,R) and w; : L(K,R) — R : w;(f) = —w,(—f).
Then, L(K,R) and wy satisfy 1, 2 and 3, replacing increasing sequences by decreasing sequences.

We extend w,, and w; to arbitrary bounded functions f : K — R by

wy(f) = inf{w,(g) | g € UK, R), f < g},
w(f) =sup{wi(g) | g € L(K,R), g < f}.

4. For every bounded function f : K — R, we have that w;( f) < w,(f).

Letg € L(K,R), h € U(K,R) and g < f < h. We have to prove that w;(g) < wy(h). Since
0<h—g=h+ (—g),itfollows from 2 that h — g € U(K,R) and

0 < wy(h—g) =wuh) + wu(=g) = wu(h) —wi(g) .
concluding the proof of 4.

Denote by I(K,R) the set of bounded functions f : K — R with the property that w,(f) =
w;(f). We denote this common value as @ ( f). By 4, we get that /(K, R) consists of all bounded
functions f : K — R with the following property: for every ¢ > 0, there exist g € L(K,R) and
h e UK,R)suchthat g < f < h and w,(h) — w;(g) < &. Combining this characterization with
2, it follows that (K, R) is a real vector space and that w : I(K,R) — R is an R-linear map.
Similarly, /(K,R) is closed under v and A. When f : K — R is a bounded positive function, we
have w, (f) > 0. Therefore, w : I(K,R) — R is positive as well.

5. Forevery f € U(K,R), we have that f € I(K,R) and @(f) = w,(f). Similarly, for every
f € L(K,R), we have that f € I(K,R) and o (f) = w;(f).

Given f € U(K,R)and ¢ > 0, we can find g € C(K,R) with g < f and w,(f) — w(g) < &.
Then g € L(K,R) and w;(g) = w(g). So, f € I(K,R) and @(f) = w,(f). The second
statement holds by symmetry, so that 5 is proven.

6. If f, € I(K,R) is a bounded increasing sequence and f = sup, f,, then also f € I(K,R)
and @(f) = lim, @( f,).

By the positivity of @, the sequence @( f,,) is bounded and increasing, so that its limit is well
defined. Choose ¢ > 0 arbitrarily. Denote go = fo and g, = f, — f,—1 foralln > 1. Since
gn € I(K,R), we can choose k, € U(K,R) such that g, < k, and w,(k,) < @(g,) + 27 "¢.
Write M = || f || and define

k:=MA (ik”) = sup(M A ik’") .
n=0 n

m=0
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By 3, we get that k € U(K, R). By construction, f < k. Also by 3 and by the linearity of @, we
have that

wy (k) < Za)u(kn) <2+ Z’aT(gn) =2e+ supa(z gm) = 2e +supd(fy) -
n=0 n=0 n m=0 n

For every n, we have
o(fn) = 01(fu) < o1(f) < 0u(f) < wy(k) <2e + S‘ipa(f”) .
Taking the supremum over n, we conclude that
sgpa(fn) <oi(f) S ou(f) <2e+ Sgpa(fn) :

Since this holds for all ¢ > 0, we get that f € I(K,R) and that @(f) = sup, @(f,). This
concludes the proof of 6.

By symmetry, 6 also holds for bounded decreasing sequences and their infimum.

7. 1If f, € I(K,R) is a bounded sequence and f = liminf, f,, then also f € I(K,R) and
o(f) < liminf, @(f).
Define h,, = inf,>, fm = lim,(fu A fat1 A -+ A fm). The decreasing variant of 6 implies

that h, € I(K,R). Since f = sup, hy, it follows from 6 that f € I(K,R) and that & (f) =
sup,, @ (h,). We have (h,) < @( f,,) for all m > n and conclude that 7 holds.

8. If f, € I(K,R) is a bounded sequence converging pointwise to f, then also f € I(K,R) and
the sequence @( f,,) converges to w( f).

Applying 7 to the sequences f, and — f,,, we find that f € I(K,R) and
limsupw(f,) < o(f) <liminfw(f,) .
n n

So, 8 holds.

We have proven that I(K,R) is a real vector space of bounded functions on K that is closed
under bounded pointwise convergence and that contains C (K, R). By Lemma 4.20, we get that
By(K,R) C I(K,R). The restriction of @ to By(K,R) is the (necessarily unique) extension of w
to an R-linear map B, (K, R) — R that is continuous under bounded pointwise convergence.

For f' € By(K), we finally define o(f) = @(Re f) + iw(Im f). We get that @ : By(K) — C is
linear, positive, continuous under bounded pointwise convergence and that w( ) = w(f) for all
f € Bp(K).

Finally, whenever f € By(K), take @ € C with |a| = 1 such that |[&(f)| = a @w(f). It follows
that

[@(f)| =Re(@@(f)) = Rew(a f) = dRe(x f)) = o) [Re(e /)| <o) | flloo -
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Remark 4.22. Theorem 4.21 provides the following construction for the Lebesgue measure on the
interval [0, 1]. Define w : C([0, 1], R) — R using the Riemann integral

o(f) = /0 F(x) dx .

Then extend to @ : By ([0, 1]) — C. The Lebesgue measure A(U) of a Borel set U/ C [0, 1] is now
given by
AU) = o(1y) -

Lemma 4.23. Let T € B(H) be self-adjoint. For every §,n € H, the functional wg , : C(K) —
C : wen(f) = (f(T)&,n) has a unique extension to a functional wg, : Bp(K) — C that is
continuous under bounded pointwise convergence. Moreover, ||wg || < 4 |&| |In]|. Also, for every
f € Byp(K), the map (§,1) = we,,(f) is sesquilinear.

One can actually prove that the norm of ||wg ;|| is bounded by [|£]| ||n]|, but we do not need this in
our approach to spectral theory.

Proof. Forevery § € H,define wg : C(K) — C : we(f) = (f(T)E, §). Note that wg is a positive
linear map. By Theorem 4.21, wg has a unique extension to a positive linear map wg : Bp(K) — C
that is continuous under bounded pointwise convergence and that satisfies ||w¢| = || €]

Given &, € H, define by polarization

1,
Oy By(K) > C gy = > ik wgyiny - (4.2)
k=0

Then wg , is continuous under bounded pointwise convergence and wg ,(f) = (f(T)&, n) for all
f € C(K). This proves the existence of the extension. Its uniqueness follows from Lemma 4.20.

The uniqueness of the extension implies that for every f € Bp(K), the map (§,7) — wg,(f)
is sesquilinear. To finally prove that |wg | < 4|£] ||n]l, we may thus replace & by ¢ £ and 1 by
t~1n, so that we can assume that ||£|| = ||»||. Then,

lwgyirgl = 11§ + %0l < (&N + InlD> = 41€1> = 4 1€] Inll -

It then follows from (4.2) that ||wg ,|| < 4 || €]l In]l- O
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The Hahn-Banach extension theorem

We discuss in this and the following lectures Stefan Banach’s classical theorems on, what we
nowadays call, Banach spaces.

The three main theorems are the following.

e The Hahn-Banach theorem. It allows to extend a functional defined on a vector subspace of
a Banach space to the whole space in a norm-preserving way. Convince yourself that such a
thing is nontrivial. Indeed, try (and probably fail) to prove yourself that every Banach space
different from {0} admits a nonzero continuous functional.

e The open mapping theorem and the closed graph theorem. These theorems deduce continuity
of linear maps out of seemingly weaker assumptions.

e The uniform boundedness principle. This theorem allows in certain cases to prove that a
family of linear maps is uniformly bounded once it is pointwise bounded.

The Hahn-Banach theorem deals with arbitrary seminormed spaces and the proof is a quite easy
application of Zorn’s lemma. The two other theorems are very specific for Banach spaces and use
the remarkable Baire category theorem. That theorem says that in a complete metric space, the
intersection of countably many open dense subsets is still dense.

Important convention. As long as the opposite is not explicitly stated, all vector spaces are over
the field C of complex numbers. Nevertheless, all vector spaces over C can be regarded as vector
spaces over R and we sometimes exploit this.

5.1 Hahn-Banach extension theorem — a first version

Suppose that X is a vector space over the field R and that ¥ C X a vector subspace. Assume that
o : Y — R is a linear functional. Can you extend w to a linear functional from X to R ? The
answer is yes and the proof is easy, but nonconstructive: choose a vector space basis for ¥ and
extend this basis for Y to a basis for the whole of X; extend w to X by imposing that w equals 0
on the new basis vectors.

Now assume that X is a normed vector space over R and that Y C X is a vector subspace. Assume
that w : Y — R is a bounded linear functional. Can you extend @ to a bounded linear functional

57
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from X to R ? Without increasing the norm of w ? The above proof no longer works because a
vector space basis for X has no relation at all with the norm on X. But the same idea still works:
we add one by one new basis vectors, extend w at every step and are careful enough to ensure that
the norm never increases. The precise proof goes as follows.

Theorem 5.1. Let X be a normed vector space over the field R. Let Y C X be a vector subspace
and assume that w : Y — R is a bounded linear map. Then w can be extended to a bounded linear
map @ : X — R satisfying ||| = |w]|.

We provide the following sketch of proof where you have to fill in the details yourself. A more
general result will be stated below as Theorem 5.6, for which you can find a detailed proof in [Con,
II1.6.9 and paragraph after 6.9].

Proof. Let xo € X \ Y. Use the following steps to prove that w can be extended to a bounded
linear map @ : ¥ + Rxy — R without increasing the norm.

1. Replacing @ by a multiple, we may assume that ||| = 1.
2. Realize that we need to prove the existence of a real number o € R such that the linear map
w:Y +Rxg > R:@0(y +tx9) =w(y) +ta forall yeY,t eR
satisfies ||o] = 1.

3. Note that to prove that ||w|| = 1, it suffices to prove that @(y + txq9) < ||y + txo]| for all
yeY,t €R.Soweneed to find o € R such that

w(y)+ta <|y+txy| foral yeY,teR.

4. Consider separately the cases t = 0,7 > 0,7 < 0 and observe that it suffices to find an
o € R such that

o(y)+ao <|y+ x| forall yeY and 5.1)
w(y) —a < ||y —xo|| forall yeVY . '

5. Prove that one can find an o € R satisfying (5.1) provided that

o(y) =y = xo|| < —w(z) + ||z + xo|| forall y,zeY .

6. The above inequality can be rewritten as
o(y +z) <|ly —xoll + ||z + xo| forall y,zeY .

Deduce this new inequality from the fact that ||w|| = 1.

So far we have proven that we can always extend a bounded functional to a vector space of one
dimension higher without increasing the norm. We now return to our initial problem. Intuitively
we add one by one more and more vectors to Y and extend w at every step without increasing the
norm. But how can we make sure that the procedure stops? For this we again need Zorn’s lemma.
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Denote by 7 the “set of extensions” of . More precisely Z is defined as the set of pairs (Y7, ®1)
where Y; C X is a vector subspace containing Y and w; : ¥; — R is an R-linear map that extends
o and satisfies ||w|| = ||w]|. Define the partial order < on Z by declaring (Y7, ;) < (Y2, w,) if
Y; C Y, and if w; is an extension of w;. Check yourself that (Z, <) satisfies the assumptions of
Zorn’s lemma.

By Zorn’s lemma, take a maximal element (Y o) in 7. It suffices to prove that Y = X because we
then have found the required extension of w. If Y # X, wecan find xg € X \ Y. The first half of

the proof then allows to extenqv DY + Rxo without increasing its norm. This would contradict
the maximality of (Y, ®). So, Y = X. O

Theorem 5.2. The same theorem as 5.1 holds over the field C.

Proof. Let X be a normed vector space over the field C. Let Y C X be a vector subspace and
assume that  : ¥ — C is a bounded linear map. View X as a normed space over R. Then
Rew : Y — R is a bounded R-linear map with || Rew| < ||w| (actually equality holds). By
Theorem 5.1 we can choose an R-linear extension i : X — R of Re w to the whole of X satisfying

|l = [|Rew]. Definew : X — C : w(x) = u(x) —iu(ix). Check yourself that @ is C-linear
and that w(y) = w(y) forall y € Y.

It remains to prove that |@| < |w]||. Choose x € X with |x|| < 1. It suffices to prove that
|o(x)| < ||p|l. Take A € C with |A] = 1 such that [@(x)| = Aw(x). Since |@(x)| is a real
number, it equals its real part and we find that

[@(x)| = Re[@(x)| = Re(Aw)(x)) = Re@(Ax) = pu(Ax) < [luell |Ax] <l -
]

Corollary 5.3. Let X be a normed space. If x € X \ {0}, there exists w € X* with ||w|| = 1 and
w(x) = ||x||. In more abstract language: denoting the dual of X* by X** = (X™*)*, the map

X > X" i(x)(w) = w(x)
is an isometry.

Proof. PutY = Cx and define  : ¥ — C given by w(Ax) = A| x| forall A € C. Check that
|w]|| = 1. Extend w to the whole of X using Theorem 5.2. ]

If X is anormed space and Y C X a vector subspace, we define for x € X,
d(x,Y) =inf{|x —yll | y € Y} .

Observe that d(x, Y') = 0 if and only if x belongs to the closure of Y.

We prove the following last corollary to the Hahn-Banach extension theorem.

Corollary 5.4. Let X be a normed space and Y C X a vector subspace. If x € X and d(x,Y) =
1, there exists a continuous functional w € X* satisfying w(x) = 1, w(y) = Oforall y € Y and
ol = 1.
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Proof. Definew : Y +Cx — C : w(y + Ax) = Aforall y € Y, A € C. We only need to prove
that ||w| = 1, because then Theorem 5.2 provides an extension of w to the whole of X without
increasing its norm. So we have to prove that

Al <y + Ax| forall yeY,AeC .

Divide both sides of the inequality by |A| and deduce the inequality from the fact that d(x,Y) >
1. O

5.2 Hahn-Banach extension theorem — a second version

In Theorem 5.1 we extended linear functionals from subspaces of a normed space to the whole
normed space without increasing the norm. In later lectures it will be useful to work with more
general “pseudo-quasi-almost-norms” that we call sublinear maps.

Definition 5.5. Let X be a vector space over the field R. Amap f : X — R is called sublinear if

o fx+y) = f(x)+ f(y)forallx,y e X,
o f(tx)=tf(x)forallx € X andt > 0.

Observe that we do not assume that f takes its values in the positive real numbers and that we do
not say anything about f(¢x) when ¢ < 0. So, a sublinear map is more general than a seminorm
and certainly much more general than a norm.

Theorem 5.6 (The Hahn-Banach extension theorem). Let X be a vector space over R and f :
X — R a sublinear map. If Y C X is a vector subspace and @ : Y — R is an R-linear map
satisfying w(x) < f(x) forall x € Y, then w can be extended to an R-linear map @ : X — R
that satisfies w(x) < f(x) forall x € X.

Exercise 1. Prove yourself Theorem 5.6 following the same method as in the proof of Theorem
5.1. Details can be found in [Con, II1.6.9 and paragraph after 6.9].

In the same way as Theorem 5.2 is a complex version of the real Theorem 5.1, we have the follow-
ing result.

Corollary 5.7. Let X be a vector space and p : X — [0, +00) a seminorm. If Y C X is a vector
subspace and w : Y — C a linear map satisfying |w(y)| < p(y) forall y € Y, there exists a
linear map @ : X — C extending w and satisfying |&(x)| < p(x) forall x € X.

Exercise 2. Prove yourself Corollary 5.7 in exactly the same way as we have proven Theorem 5.2.

5.3 Illustration: Banach limits

As an illustration of the Hahn-Banach theorem, we discuss the following: although a bounded
sequence in C is not necessarily convergent, there exist (noncanonical) ways to attach a kind of
limit to an arbitrary bounded sequence in C. In order to interpret the following theorem, you have
to realize that a bounded sequence in C is the same thing as an element of £*°(N).
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Theorem 5.8. There exists a linear map L : {*°(N) — C, called a Banach limit, satisfying the
following properties.

(i) L(x) = lim x(n) if this limit exists

(ii) L(y) = L(x) whenever y(n) = x(n + 1) for all n > 0.
(iii) If x(n) = O for all n, then L(x) = 0.

(iv) |L| =1

It is crucial to keep in mind that a Banach limit L is by no means unique or canonical. To get some
feeling for its properties, first make the following exercise.

Exercise 3. Let L be a Banach limit on £*°(N).

1. Prove that L(0,1,0,1,0,1,...) = 1.

2. Prove that there exist x, y € £°°(N) such that L(xy) # L(x)L(y). So we can never arrange
for a Banach limit to have the property that the limit of the product of two sequences is the
product of the limits.

3. Prove that L(xy) = L(x)L(y) if at least one of the sequences (x(n)) or (y(n)) is conver-
gent.

Proof of Theorem 5.8. Complete the following sketch to give yourself a proof of Theorem 5.8.
Details can be found in [Con, II1.7].

Put X = (°°(N, R) (real-valued bounded sequences) equipped with the supremum norm || - | co-
For a sequence x € £*°(N) we define its sequence of Cesaro means by C,x := %A Consider
the following subspace

Y :={x € {°(N,R) : C,,x converges}.

On Y we can define the following functional L:Y >R given by Z(x) = lim,_,» C,x. We
clearly have ||L|| = 1, so by the Hahn-Banach theorem (Theorem 5.1) we get an extension
L: ¢*(N,R) — R. We can extend it uniquely to a complex linear functional L: {*(N) — C.
We just need to verify that L is a Banach limit.

We get (i) because if the sequence (x,) converges then also its sequence of Cesaro averages con-
verges and the limits agree. If we take x € £°°(N) and y € £°°(N) is defined by y, := x,+; then
Cp(x —y) = &= — 0,50 L(y) = L(x), which establishes (ii). If x > 0 and ||x|| = ¢ then
cl — x = 0, hence ||c1 — x| < c¢. We therefore get! ¢ — L(x) = L(cl —x) < c,ie. L(x) =0,
thus we get (iii). The last part (iv) is immediate. [

5.4 Exercises

Exercise 4. A Banach space is called reflexive if the isometric map i : X — X** in Corollary 5.3
is an isomorphism. So, X is reflexive if and only if X** = i(X).

'We can write this inequality because x is real, hence L(x) = L(x), so we are dealing with real numbers.
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1. Prove that the Banach space £7(N) with 1 < p < oo is reflexive. A way of doing so, goes
as follows. Take 1 < ¢ < 400 such that L 4+ 1 = 1. Theorem 0.14 yields an isomorphism
1 £P(N) — £9(N)* and an isomorphism 7, : £9(N) — £7(N)*. Dualizing 75, you get
an isomorphism 75 : £7(N)** — £49(N)*. Prove that (75)~ ! o 71y : £7(N) — £P(N)**
coincides with the embedding i .

2. Use the same technique as in 1 to prove that every Hilbert space is a reflexive Banach space.

3. Prove that £!(N) is not reflexive.



Lecture 6

Baire category, open mapping, closed graph,
uniform boundedness

6.1 The Baire category theorem

The Baire category theorem says that in a complete metric space, the intersection of countably
many open dense subsets, is still dense. Before proving this result and in order to get some intuition,
you should think about the following facts.

e [t is crucial to look at open sets: give an example of two dense subsets of R that have an
empty intersection.

e Prove that a subset K of a metric space (X, d) is dense if and only if K intersects nontrivially
every nonempty open subset.

e The intersection of two (and hence of finitely many) open dense subsets, is dense (and, of
course, open). Prove this.

e It is crucial to look at only countably many open dense subsets: give an uncountable family
of open dense subsets of R that have an empty intersection.

Theorem 6.1 (Baire category theorem). Let (X, d) be a complete metric space. If (Uy) is a se-
quence of open dense subsets of X, the intersection (), <y Un is still dense.

The strange name category theorem has the following origin: a subset of a topological space is said
to be of the first category if it can be written as the union of countably many closed subsets with
empty interior. It is said to be of the second category if it is not of the first category. An equivalent
formulation of the Baire category theorem then says that in a complete metric space every subset
of the first category has empty interior.

Proof of Theorem 6.1. Use the following hints to give yourself a proof of Theorem 6.1. Details
can be found in [Ped, 2.2.2].

Put K := (),cn Un. We have to prove that K is dense in X. So choose a nonempty open subset
YV C X. We have to prove that V N K is nonempty. We use the notations

B(x,e):={ye X |d(y,x) <e} and B(x,e):={ye X |d(y,x)<e}.

63
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1. Note that V N Uy is open and nonempty. So, choose xo € X and g9 > 0 such that
B(XQ,Eo) cV ﬂZ/IO .
Make sure that 0 < gy < 1.

2. Since B(xg, &9) N U; is open and nonempty, similarly choose x; € X and 0 < ¢; < 1/2
such that
B(X1,81) C B(X(),S()) N .

3. Continue by choosing inductively x, € X and 0 < &, < 1/(n + 1) satisfying

B(x,,8,) C B(Xp—1,8n—1) NU, .

4. Prove that (x,),en is a Cauchy sequence in X . Since (X, d) is complete, x,, — x for some
x € X. Prove that x € V N K.

O

Corollary 6.2. Let (X, d) be a complete metric space and (K,) a sequence of closed subsets of X
with empty interior. Then the union \ ), .y Kn still has empty interior.

Proof. A subset of a metric space has empty interior if and only if its complement is dense. So
Corollary 6.2 is tautologically equivalent with Theorem 6.1 by taking complements. U

6.2 Illustration: there are many continuous functions that are
nowhere differentiable

Maybe you already had the occasion to construct by hand a continuous function f : [0,1] — R
that is nowhere differentiable. Then you certainly remember that such a construction is nontrivial.
We will see now that an application of the Baire category theorem yields rather easily that the
continuous nowhere differentiable functions are uniformly dense in the space of all continuous
functions.

Define the complete metric space
X ={f:[0,1] =R | f iscontinuous} with d(f,g)=|f — &l -
Define the subsets
K, ={f € X | Thereexists x € [0, 1] such that | f(x) — f(y)| <n|x —y| forall y € [0, 1]} .

We prove two statements.

1. If £ :[0,1] — R is continuous on [0, 1] and differentiable in x, there exists n € N such that
f € K,. In other words, if f belongs to the complement of | J,cyy K», then f is nowhere
differentiable.
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2. The subsets K,, C X are closed and have empty interior.

Both statements together and Corollary 6.2 yield that the nowhere differentiable continuous func-
tions are dense in X .

Exercise 1. Prove the first statement and prove that K, is closed. Hint: use the compactness of
[0, 1].

We now prove that K, has empty interior. We define for every n > 1 a continuous function
hy @ [0, 1] — R with the following properties: [|/,]|c0 = % and h, & K if k < 4n. The graph of
h3 looks like

0.3
0.2

0.1

-0.1 X

-0.21

-0.31

A formal definition of 4, can be given as

4k—3 . k=1 2k—1 _ 2
By [0.1] = R : Iy (x) = dnx — == 1fx€[n—2, 2nz]andk—l,...,n ,
’ —4nx—|—4kn—_1 ifxe[zé‘,;l,,%]andkz1,...,n2.

In order to prove that K,, has empty interior, we have to prove the following: given m € N,
f € X and ¢ > 0, we have B(f,¢) ¢ K,,. Because polynomial functions are dense in X by
Weierstrass’ theorem, we may assume that f is continuously differentiable. Take k such that
k > |f'(x)| forall x € [0, 1]. Take n € Ny such that 4n > m +k and 1/n < . Then, the function
f =+ h, belongs to B( f, e). We claim that f + h, &€ K,,. Indeed, if f + h, € K,,, it follows that
hy, = (f + hy) — f belongs to K,,,+«. Because 4n > m + k, this is a contradiction.

6.3 Open mapping and closed graph theorem

Definition 6.3. A map f : X — Y between topological spaces is called open if f(Uf) is open for
every open subset i/ C X.

From now on we will often use the following notation when X is a vector space, A € C, x € X
andU,V C X :

x+U:={x4+u|ueld},

U+ YV ={u+tv|ueld,veV},
U=V ={u—v|ueld,veV},
A :={Au|uel}.
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Lemma 6.4. Let X and Y be normed spaces and T : X — Y a linear map. Assume that 0 lies in
the interior of T(B(0, 1)) for some r > 0. Then T is open.

Proof. Use the following scheme to prove yourself the lemma. So assume that 7 : X — Y is a
linear map and that O lies in the interior of 7(B(0,r)).

1. Observe that B(0,e) = (&¢/r)B(0, r). Use the linearity of 7' to show that 0 lies in the interior
of T (B(0, ¢)) for every ¢ > 0.

2. Note that B(x,e) = x + B(0, ¢) and hence that 7'(x) lies in the interior of T'(B(x, ¢)) for
every x € X, e > 0.

3. Deduce that for every open )V C X and every x € )V we have that T'(x) lies in the interior of
T (V). Note that this precisely means that 7" is an open map.

]

Theorem 6.5 (Open mapping theorem). Let X and Y be Banach spaces and T : X — Y a
surjective bounded operator. Then, T is open.

Proof. The following scheme should allow you to prove the theorem yourself. Details can be
found in [Con, III.12.1]. Denote by int K the interior of a subset K C X. Denote by cl L the
closure of a subset L C X.

Part 1 of the proof. Use the following steps to prove that 0 € intcl 7(B(0, r)) for every r > 0.

1. For n > 1 write K, = cIT(B(0,n)). Prove that | J7—, K, = Y. Use Corollary 6.2 to
deduce the existence of an n € N such that int K, is nonempty.

2. Deduce that ¢l T(B(0, 1)) has nonempty interior and take y € Y, ¢ > 0 such that B(y, &) C
cl T(B(0,1)).

3. Write B(0,¢) = y — B(y, ¢) and deduce that B(0,¢) C cl T(B(0,2)).

4. Deduce part 1 of the proof.

Part 2 of the proof. Use the following steps to prove that cl 7(B(0,1)) C T(B(0,2)). Choose
yo € clT(B(0,1)).

1. Since 0 lies in the interior of cl T(B(0,1/2)) and yy lies in the closure of T(B(0, 1)), it
follows that yo — cl T(B(0, 1/2)) intersects T (B(0, 1)). So, take y; € cl1 T(B(0,1/2)) and
Xo € B(0, 1) such that yo — y; = T (xy).

2. Continue inductively and prove that you can choose y,+; € clT(B(0,27"" 1)) and x, €
B(0,27") such that y,, — y,+1 = T(xy).

3. Prove that the sequence Y _, Xk is a Cauchy sequence in X . Denote its limit by x. Prove
that x € B(0, 2).

4. Prove that T(3_;_o Xk) = Yo — Yn+1-
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5. Prove that ||y,|| < 27"||T|| and conclude that y, — 0. Deduce that T(x) = yo. So,
Yo € T(B(0,2)).

Combining parts 1 and 2, we conclude that O lies in the interior of 7/(B(0, 2)). By Lemma 6.4 we
are done. 0

In the proof of the open mapping theorem, both the completeness of X and the completeness of Y
are used. In Exercises 4 and 5 below we see that both completeness assumptions are crucial.

Corollary 6.6. Let X and Y be Banach spaces. If T : X — Y is a bounded and bijective linear
map, then the inverse T~ is bounded as well.

In Exercise 6 of Lecture O we put several norms on a direct sum X @ Y of normed spaces X and
Y. Since the norms || - ||sum and || - ||max are equivalent (see Exercise 10 in Lecture 7), we do not
specify a choice and simply speak about the Banach space X @ Y.

Definition 6.7. Let X and Y be Banach spaces. The graph of the map f : X — Y is the subset
of X @ Y defined as

graph f = {(x, f(x)) | x € X} .
We say that f has closed graph if graph f is a closed subset of X & Y.

Theorem 6.8 (Closed graph theorem). Let X and Y be Banach spaces and T : X — Y a linear
map. Then, T is bounded if and only if T has closed graph.

Proof. We leave it as an exercise to prove that bounded operators have closed graph. Suppose
conversely that graph 7" is closed. Then, graph 7 C X @ Y is a Banach space and the restriction
of X®Y — X :(x,y) + x to graph T yields a bounded bijective linear map p : graph T — X.
By Corollary 6.6 the inverse of p is bounded and so, T is bounded. 0

6.4 The uniform boundedness principle

Theorem 6.9 (Uniform boundedness principle). Let X be a Banach space and Y a normed space.
Let A be a family of bounded operators from X to Y satisfying

sup{||[Ax|| | A € A} < oo forall x € X .
Then, sup{||A]|| | A € A} < 0.
So, the uniform boundedness principle provides a conclusion that is hard to believe: if a family
of bounded operators on a Banach space is pointwise bounded, then it is uniformly bounded.
Nevertheless, the proof of the uniform boundedness principle is an easy application of the Baire
category theorem.
Proof. Define the closed subsets K, C X as

Ky={xeX||Tx|| <n forall T € A}.

The assumption of the theorem says that X = | J,,cny K». Since K, is closed, Corollary 6.2 implies
the existence of at least one n such that K, has a nonempty interior. Since K, — K,, C Ky, it
follows that O lies in the interior of K,,. Take p > 0 such that B(p) C K,,. It follows that
IT|| <2n/pforall T € A. O
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In Exercise 7 you will see that the completeness of X is a crucial assumption.

As a consequence of the uniform boundedness principle, we get the following result: if a sequence
of bounded operators on a Banach space is pointwise convergent, the limiting operator is necessar-
ily bounded.

Theorem 6.10 (Banach-Steinhaus theorem). Let X be a Banach space and Y a normed space. Let
T, : X — Y be a sequence of bounded operators. If (T,,x) is a convergent sequence for every
x € X, the linearmap T : X — Y : Tx = lim, T, x is bounded and sup,, ||T,|| < oo.

Proof. The theorem follows immediately from the uniform boundedness principle once you ob-
serve that a convergent sequence in a Banach space is bounded. [

Remark 6.11. The Banach-Steinhaus theorem does not hold for nets of bounded operators con-
verging pointwise. The point is that a convergent net in a normed space is not necessarily bounded.

6.5 Exercises

Exercise 2. A topological space is called Hausdorff if there exist for every two points x # y in
X open neighborhoods U/ of x and V of y such that i/ NV = @. A compact Hausdorff space X
has the following property that you may use in this exercise without proving it: whenever Uf is a
nonempty open subset of X, there exists a nonempty open subset WV such that the closure W of W
is contained in /.

Prove now, inspired by the proof of the Baire category theorem, the following variant: if X is
a compact Hausdorff space and (U,) a sequence of open dense subsets, then the intersection
(nen Un is still dense.

Exercise 3. Let X be a topological space and f : X — R a function. Then f is called lower
semicontinuous if

xeX|[flx)>a}

is open for all @« € R. The function f is called upper semicontinuous if
xeX| f(x) <a}

is open for all @ € R.

Check that a function f : X — R is continuous if and only if f is both lower and upper semicon-
tinuous. The aim of the exercise is to prove the following statement: if X is a compact Hausdorff
space and f : X — R is a lower semicontinuous function, then

C={xe€ X | f iscontinuousin x}

is a dense subset of X .

1. Replacing f by %Ifl’ we can assume that f is bounded.
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2. Define the function

g: X = [0,400) : g(x) = (limsup f(y)) — f(x) .

y—ox
Here we used the notation
lim su = inf su .
y_,xp f(y) U neighborhood of x (yell/){ f(y))

Prove that g is upper semicontinuous.
3. Define U, = {x € X | g(x) < 1/n} and prove that C = [, ¢, Un-

4. Because of Exercise 3, it remains to prove that U, is dense for every n. Suppose that VV is a
nonempty open set and V C X \ U,. Take xo € V. Construct inductively a sequence (xi) in
V with the property that f(xg4+1) > f(xx)+ % Obtain a contradiction with the assumption
that f is bounded.

Exercise 4. Let X = £'(N) with norm || - ||;. Consider Y = £!(N) with the norm || - ||oo. Then,
Y is a normed space but not a Banach space. The identity mapid : X — Y : x + x is a bounded,
bijective linear map. Prove that id is not open.

Exercise 5. LetY be aBanach space and w : Y — C an unbounded linear map. Define for y € ¥
the new norm ||y ||pizare = || V]| + |@(»)]. Define X as the normed space (Y, || - |vizarre). Prove that
the identity map id : X — Y is bounded and bijective, but not open.

Use a vector space basis for Y to prove that every infinite dimensional Banach space ¥ admits un-
bounded linear maps w : ¥ — C. The following exercise gives an indication why it is impossible
to give an explicit unbounded linear functional on an infinite dimensional Banach space.

Exercise 6. Let x : N — C be a sequence such that xy € £!(N) for all y € £2(N). Use the
closed graph theorem to prove that x € £2(N). I personally do not know a more elementary proof
of this fact.

Exercise 7. Define for every n € N, the operator T, € B(£?(N)) given by

kx(ky ifk<n,

(L) E) =, if k>n.

Define
Xo = {x € £*(N) | There exists no suchthat x(k) =0 forall k > ng}.

Check that sup{||T,x|| | n € N} < oo for all x € X,. Deduce that completeness of X is crucial in
the formulation of the uniform boundedness principle.

A series of exercises: continuous functions with divergent Fourier series

A function f : R — C is called 27-periodical if f(x + 2n) = f(x) forall x € R. If f is
2m-periodical and integrable on [0, 277], one defines the Fourier coefficients of f as

~ 1 [ .
f(n) = —/ f(x)e™"* dx forall ne€Z.
27 0
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The Fourier series of f is given as

+m>‘A .
Z f(n)e’”x )

More precisely, we associate to f the sequence of 27 -periodical functions s, defined by

sn(x) = Y J ke

k=—n

An important aspect of Fourier theory is to study under which conditions s,(x) — f(x). Dirich-
let’s theorem says for example the following: if f is continuous in x and admits a left and a right
derivative in x, then s,(x) — f(x).

Starting from Dirichlet’s theorem, it is a natural question whether s,(x) — f(x) for every 2x-
periodical continuous function f and every x € R. The answer is no, but it is not entirely trivial to
provide an explicit continuous 27 -periodical function f such that, say, s,(0) 4 f(0). But, using
the Banach-Steinhaus theorem, we will easily prove the existence of such functions f.

Consider the Banach space X of continuous 27 -periodical functions from R to C equipped with
the supremum norm || - ||o. Check that |7(n)| < ||flloo forall f € X and all n € Z. It follows
that

T, : X - C:T,(f) = s5,(0)
is a sequence of bounded linear maps from X to C. We claim that sup, ||7,| = +oo. It then

follows from the Banach-Steinhaus theorem that 7, ( /) is divergent for at least one f € X.

In order to prove the claim, we have to take a closer look at some (elementary) aspects of Fourier
theory. We rewrite the Fourier series s, as a convolution of f and the Dirichlet kernel: using the
fact that the integral of a 2 -periodical function over [a, a + 2] is independent of a, we get

n . ' 1 21 '
sn(x) = 3 [ = — S dy

k=—n

1 T " iky

- g/_,,f“‘y)(k;nek ) v
T . l

"t —Da) dy with D) = S )

o 2 sin(%)

Prove that for all g € L'([a, b], 1), we have

b
| regtrax] | £ € Clan.lif e <1} 6.1)

Il = sup{

You may use without proving it that C([a, b]) is dense in L' ([a, b], 1).

Hint. It is easy to prove that the right hand side is smaller or equal than the left hand side. Check
that it is sufficient to prove the converse inequality when g € C([a, b]). Take g € C([a, b]). Define
for every ¢ > 0, the function

o if |z e
e :C — C:gez) = -
v ¢:(2) {% if |z] <e.
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Prove that for all ¢ > 0, the function f, = @, o g is continuous and satisfies || f;||co < 1. Also,
fe(x)g(x) — |g(x)| uniformly in x € [a, b] when ¢ — O.

Using (6.1) we get that

||Tn||=/_ |Dn<y)|dy=2f0 Du(y)] dy .

4

k + 7 + 35
Ifye[ T, frr]andkzo,...,n,wehave
n+s5 n+s;
. 1 1 .Y y (k+x
-)y)|>—= and O<sin(:)<Z <-—"—.
sin((n + 2)y)‘ 25 an sm(2) <=t
n4+1
It then follows that for the same y, | D, (y)| > ———2—— . We conclude that
272k + 1)

1 n+1

i 1
[} ipaotar= g3

=1

Because the harmonic series diverges, it follows that ||7},|| — +o0.



Lecture 7

A quick course in topology

From this lecture onwards we deal with the heart of functional analysis. The basic idea is that
the same vector space can often be equipped in a natural way with several topologies. In the case
of a Banach space X, these are for instance the well known norm topology and another, weaker,
topology defined by the continuous functionals on X. Only when X is finite-dimensional, both
topologies coincide.

In this lecture we remind a number of results in general topology. We strongly emphasize topolo-
gies defined by a family of pseudometrics (see Definition 7.2). Intuitively, pseudometric spaces
are almost the same as ordinary metric spaces, but they are nevertheless sufficiently general for our
purposes.

Definition 7.1. A topology T on a set X is a collection of subsets of X satisfying the following
conditions.

e The empty set @ and the whole set X belong to 7.
o IfUVeT, thenU NV eT.

o If (U;);es is a family of elements of 7, then | J;.; U; is an element of 7.

A set X equipped with a topology 7 is called a topological space. The elements of 7 are called
open subsets of X, or simply opens. We say that K C X is closed if X \ K is open.

7.1 Metric and pseudometric spaces

If (X, d) is a metric space, the associated metric topology is defined as follows: a subset i/ C X
is open if and only if there exists for every x € U, a p > 0 satisfying B(x, p) C U. Here, B(x, p)
denotes the ball with center x and radius p, i.e.

B(x,p) ={y e X |d(y,x) <p}.

In particular, every normed space is equipped with its norm topology. Even more specifically, R”
and C” get a topology in this way. In whole this course, the usual norm topology on R” and C” is

72
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the only topology that we consider on R”, C”. But it is absolutely crucial that we consider more
than just the norm topology on infinite dimensional normed spaces.

The most general type of topology that we will be interested in, is induced by a family of pseudo-
metrics.

Definition 7.2. Let X be a set.

e Amapd: X x X — [0, +00) is called a pseudometric if the following conditions hold.

- d(x,x) =0forall x € X,
—-d(x,y)=d(y,x)forallx,y € X,
-d(x,z) <d(x,y)+d(y,z)forall x,y,z € X.

e The pair (X, D) is called a pseudometric space if D is a family of pseudometrics on X with
the following property : if d(x, y) = O for all d € D, then x must be equal to y.

o If (X, D) is a pseudometric space, the pseudometric topology on X is defined as follows:
U C X is open if and only if for all x € U, there exist p > 0 and dy, ..., d, € D such that

Bay(x,p) N+ By, (x.p) CU where Ba(x,p) =1{y € X | d(y.x) < p}.

Example 7.3. Let H be a Hilbert space. Define for every x € H the pseudometric

dx(yvz) = |<X,y _Z)| .

Check that the family {d, | x € H} of pseudometrics turns H into a pseudometric space. The
associated pseudometric topology is called the weak topology on H .

Example 7.4. Let X be a set and let K := F(X, C) be the space of complex-valued functions.
For any x € X consider the pseudometric d,( f, g) = | f(x) — g(x)|. The associated topology on
K is called the topology of pointwise convergence.

7.2 Continuity, convergence, interior, closure and the subspace
topology

The motivation to speak abstractly about a topology, is the following: it provides the natural frame-
work to introduce continuity of functions, convergence of sequences (or nets) and other topological
notions like closure, compactness, etc.

We recall in this section several of these abstract definitions and, more importantly, say what they
mean in the case of interest for us, namely for pseudometric spaces.

Definition 7.5. Let X, Y be topological spaces, f : X — Y a function and x € X.

e A subset K C X is called a neighborhood of x if there exists an open subset i/ C X such
that x e Y and U C K.
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e We say that f is continuous in x if f~1(V) is a neighborhood of x whenever V is a neigh-
borhood of f(x).

e We say that f is continuous if f~!(}) is open whenever V C Y is open.

e We call f a homeomorphism if f is bijective and f and f~! are both continuous.
e The closure of K C X is the smallest closed subset of X containing K.

e The interior of K C X is the largest open subset of X contained in K.

e The sequence (x,) is said to converge to x if there exists for every neighborhood ¢/ of x an
no such that x,, € U for all n > ny.

e We say that x is an accumulation point of K C X if there exists for every neighborhood U
of x anelement y € Y N K with y # x.

e Let (x,) be a sequence in X. We say that x € X is a limit point of the sequence (x,) if there
exists for every neighborhood U/ of x and every ng, ann > ny with x,, € U.

Exercise 1. Let X, Y be topological spaces.

1. Prove that f : X — Y is continuous if and only if f is continuous in every x € X.

2. Prove that x belongs to the closure of K C X if and only if &/ N K is nonempty for every
neighborhood U of x.

3. Prove that x belongs to the interior of K C X if and only if K is a neighborhood of x.

If X is a topological space and ¥ C X is a subset, the subspace topology on Y is defined as
follows: a subset V C Y is open if and only if there exists an open subset &/ C X such that
V=Uny.

If 7 and 7 are topologies on the same set X, we say that 7 is weaker than T’ (or T stronger
than 7)) if 7 C T'. We say that T is strictly weaker if moreover 7 # 7T'. In Example 7.3, we
have seen that a Hilbert space H admits its so called weak topology. Prove as an exercise that if
(ey,) is an orthonormal family in H, then e, — 0 weakly. But of course, (e, ) does not converge to
0 in the norm topology. So, for infinite dimensional Hilbert spaces, the weak topology is strictly
weaker than the norm topology.

7.3 Continuity, convergence, etc. for pseudometric spaces

We specify the notions of interior, closure, convergence, continuity, ... to the special case of pseu-
dometric spaces. The following exercises should make you familiar enough with pseudometric
spaces.

Exercise 2. Let (X, D) be a pseudometric space equipped with its pseudometric topology. Prove
the following statements.
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1. A pointx € X lies in the interior of a subset Z C X if and only if there exist dy,...,d, € D
and ¢ > 0 such that
Bi (x,e)N---N By, (x,e) C Z .

2. A point x € X lies in the closure of a subset Z C X if and only if for all dy,...,d, € D
and all ¢ > O there exists z € Z satisfying d;(x,z) < eforalli =1,...,n.

3. A sequence (x,) in X converges to x if and only if for all d € D we have that d(x,,x) — 0
asn — oo.

Exercise 3. Let (X,D) and (X', D’) be pseudometric spaces. Let f : X — X'. Prove that f is
continuous in x € X if and only if for all d’ € D’ and all ¢ > 0, there exist dy,...,d, € D and
8 > 0 satisfying d'( f(x), f(y)) < € whenever d;(x,y) < foralli =1,...,n.

Exercise 4. Let (X, D) be a pseudometric space equipped with its pseudometric topology. Assume
that Z C X. Prove the following statements.

1. Restricting every d € D to Z, the set Z becomes a pseudometric space itself.

2. The pseudometric topology on Z coincides with the subspace topology as a subset of X .

7.4 Be careful with sequences ... and say hello to nets

Without going into details, we point out some pitfalls when working with sequences in general
topological spaces. Recall the following two properties of a metric space (X, d) :

e A point x belongs to the closure of a subset K C X if and only if there exists a sequence
(x,) in K converging to x.

e Afunction f : X — Y iscontinuous in the point x € X if and only if ( f(x,)),en converges
to f(x) whenever (x,) is a sequence in X converging to x.

None of both properties holds true in arbitrary topological spaces. And the crucial point is that
this is not a pathological phenomenon. In Exercise 12 you see that both properties fail for instance
when X is an infinite dimensional Hilbert space equipped with the weak topology of Example 7.3.

The correct generalization of a sequence is the notion of a net. We give here the definition and an
illustration.

Definition 7.6. We call (/, <) a directed set if (I, <) is a partially ordered set such that for all
i,j €I,thereexists ak € [ satisfyingi < k and j < k.

A net (x;)jey inaset X isamap I — X :i — x; from a directed set I to the set X.

Let X be a topological space and x € X. We say that the net (x;);e; converges to x if for every
neighborhood U of x there exists an iy € I such that x; € U whenever i > ij.

We say that x is a limit point of the net (x;);es if for every neighborhood U of x and for every
ig € I there exists ani > iy such that x; € U.
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Exercise 5. Let X be a topological space and x € X. Define / as the set of neighborhoods of x
and order / by inverse inclusion: &/ <V if and only if &/ D V. Check that / is a directed set.

Use the directed set of neighborhoods of x to prove the following two statements.

1. The point x belongs to the closure of a subset K C X if and only if there exists a net (x;);es
in K converging to x.

2. Let Y be a topological space. A function f : X — Y is continuous in x if and only if the
net ( f(x;))ier converges to f(x) whenever (x;);e; is a netin X converging to x.

Exercise 6. Let I be a set. Let J be the family of finite subsets of /, ordered by inclusion. Prove
that J is a directed set.

Let (x,)nen be a sequence in a normed space. We say that the series Y ., x, converges un-
conditionally to x if Y 02 | Xy = x for any bijection 0: N — N. Define a net (Sp)res
via Sp 1= Y, p Xu. Show that the series Y .-, x, converges unconditionally to x iff the net
(SF)Fey converges to x.

Exercise 7. Let (X, D) be a pseudometric space equipped with the pseudometric topology. Let
(x;)ier be anetin X and x € X. Prove that x; — x if and only if d(x;, x) — O for every d € D.

One can work with nets in essentially the same way as with sequences. The only tricky point is to
define the notion of a subnet.

Definition 7.7. Let (x;);c; be a net in a set X. A subnet of (x;)ier is a net (y;);jes of the form
Y; = Xn(j) where h : J — [ is a map such that for every i € [ there exists a j, € J satisfying
h(j) >1i forall j > jj.

In most cases the map 4 in the definition of a subnet will be nondecreasing, i.e. h(j) < h(j’)
whenever j < j’, but it is more convenient not to make this a hypothesis.

Exercise 8. Let (x;)ie; be a net in a topological space X. Assume that (x;);e; converges to x.
Prove that every subnet of (x;);c; converges to x.

Lemma 7.8. Let (x;)ies be a net in a topological space X and take x € X. Then x is a limit point
of the net (x;);ey if and only if (x;);c; admits a subnet that converges to x.

Proof. Assume firstthat 4 : J — I suchthat y; := xj(;) defines a subnet of (x;);<; that converges
to x. We have to prove that x is a limit point of (x;);e;. Take a neighborhood I/ of x and take
ip € I. We have to prove the existence of i € I such thati > iy and x; € U. From the definition
of a subnet we find jo € J such that 2(j) > i, whenever j > j,. Since y; — x there exists
J1 € J such that y; € U forall j > j;. Take j € J suchthat j > joand j > j;. Puti := h(j).
It follows thati > ip and x; = y; € U.

Conversely assume that x is a limit point of (x;);c;. Denote by N the set of neighborhoods of x
ordered by inverse inclusion. Define on I x A the partial order given by (i,U/) < (j, V) if and only
ifi < jandU D V. Since x is a limit point of (x;);e; we can choose for every (i,U/) € I x N an
element 2 (i,U) € I suchthat h(i,U) > i and xp( ) € U. Define y( 1) 1= Xn( ). Prove yourself
that (Y u))G.uyerxn is a subnet of (x;);er that converges to x. O
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7.5 Compactness

Definition 7.9. Let X be a topological space and K C X. We say that K is compact if every open
cover of K admits a finite subcover: whenever O is a family of open subsets of X covering K, i.e.

satisfying
KclJu.
Ueo

there exists a finite subset O; C O such that still

Note that compactness is in fact an intrinsic property of K. Indeed, one easily checks that K C X
is compact if and only if K is compact when we equip K with the subspace topology.

Proposition 7.10. A family of subsets is said to have the finite intersection property if every finite
subfamily has a nonempty intersection.

A topological space K is compact if and only if every family of closed subsets of K having the
finite intersection property, actually has a nonempty intersection.

Proof. The proof is almost tautological. Taking complements, families of closed subsets of K are
in one-to-one correspondence with families of open subsets. The family of closed subsets has the
finite intersection property if and only if the corresponding family of open subsets has no finite
subfamily that covers K. On the other hand the whole family of closed subsets has a nonempty
intersection if and only if the corresponding family of open subsets does not cover K. U

For metric spaces, several more natural conditions are equivalent with compactness, see Section
3.1. Existence of convergent subsequences is particularly useful. Using nets, we can arrive at an
analogous characterization of compactness for general topological spaces.

Proposition 7.11. Let X be a topological space. Then the following statements are equivalent.
(i) X is compact.
(ii) Every netin X has a limit point.

(iii) Every net in X admits a convergent subnet.

Proof. Not (i) = not (i). Assume that (x;);ecs is a net in X without limit point. For every x € X
choose a neighborhood U/, of x and an index i, € [ such that x; & U, for all i > i,. Then
{Ux | x € X} is an open covering of X. Finitely many Uy, ..., Uy, never cover the whole of X
because we can find i € [ suchthati > i, forallk = 1,...,n. Then x; € X belongs to none of
the sets Uy, .k =1,....n.

(i1) <> (iii). This follows immediately from Lemma 7.8.

Not (i) = not (ii). Suppose that i/ = (O;);es is an open cover of X without a finite subcover.
Let J be the directed set of finite subsets of /. For any F' € J the subfamily (O);cr does not
cover X, so there exists xz € X \ |J;cr O;. The net (xr) res does not have a limit point. Indeed,
suppose that x is a limit point. There exists i € [ such that x € O;. If we choose F = {i} then
any G € J satisfying F C G will give an element xg ¢ O;, so x cannot be a limit point. [l



Lecture 7. A quick course in topology 78

7.6 Infinite products of topological spaces and Tychonoff’s
theorem

The main aim of this section is to define infinite cartesian products and to prove the Tychonoff
theorem on compactness of an infinite cartesian product of compact spaces.

Definition 7.12. Let / be a set and suppose that for all i € I, we are given a set X;. Then, the
infinite cartesian product of the sets X; is defined and denoted as

[[X: = {(x)ies | xi € X; forall i €I},
iel

If X; = X for all X, check that [ [,; X; is in fact the set of all functions from 7 to X.

iel
Definition 7.13. Let (X;);e; be a family of topological spaces. Set X = [[;c; Xi. AsetU C X
is a basic open subset if there exist finitely many indices iy,...,i, € I and open sets Uy € X;,
such that U = {(x;)ier : x;, € Uxforl <k < n}. A setis open if it is equal to a union of basic
open subsets.

Remark 7.14. For every i € I we have map m; : X — X, that maps an element of the product to
its i -th coordinate. The topology in the product is the smallest topology that makes all these maps
continuous.

Exercise 9. Let (X;);er be a family of topological spaces. Set X = [[;.; Xi, equipped with the
product topology. Let (x;);es be a sequence in X. Prove that lim;e; x; = x if and only if for
every i € I we have lim; ;,; m;(x;) = m;(x).

For those familiar with the usual definition of the product topology, the following exercise shows
that both definitions are equivalent.

Theorem 7.15 (Tychonoff theorem). Let (X;, D;);es be a family of compact pseudometric spaces.
Then, X = [],c; Xi equipped with the product topology, is compact.

Proof. Let (xg)kex be anetin X. We will show that it admits a limit point. For any J C [ define
the projection map ;: X — X; := [[;c; Xi by choosing only the coordinates indexed by J.
We say that g; € X is a partial limit point of (xi)xex if its a limit point of the net (777 (xx))kek-
We introduce a partial order on the set of partial limit points in the following way: g; < gy if
J CJ andmy(gy) = gJ,i.e. gy is anextension of g;.

We will show that there exists a maximal partial limit point, using Zorn’s lemma. First of all, since
each of the spaces X; is compact, if we take J = {i} we can find a partial limit point g;. Now
we have to show that any linearly ordered family of partial limit points admits an upper bound.
Suppose that (g7)sey, where Y C P([), is such a family. Consider J = Ujey J. For any
J € J there exists J € Y such that j € J, so we may define g5(;) := gs(/j); the definition does
not depend on the choice of J. It remains to check that g7 is a limit point of (75(xx))kek- Let U
be a basic neighborhood around g7 in X7. For any k € K we would like to find k" > k such that
my(xxr) € U. Since U is a basic neighbourhood, there are only finitely many indices ji,..., ja
that we have to care about. We can find J € Y such that j,..., j, € J and now use the fact that
g 1s a partial limit point to conclude.
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Let now g; be a maximal partial limit point of the net (xi)xex. We claim that / = [. If not,
there exists i ¢ J and we will find a partial limit point g;yugy. Indeed, there exists a subnet of
(7wy(xx))kek converging to gy and we can ensure the convergence of (77; (Xx))xex after passing to
a further subnet, simply by using the compactness of X;. So if J # I, then the partial limit point
g cannot be maximal. Therefore J = [ and g; is a genuine limit point. [

Remark 7.16. The proof above is similar in spirit to the proof of the Hahn-Banach theorem (The-
orem 5.1. We have partial limit points and we want to extend them to the full product. What we
can do, using compactness, is to extend the partial limit points a single coordinate at a time. Then
Zorn’s lemma gives extension to the whole space.

7.7 Topological vector spaces

Definition 7.17. A topological space X is said to be Hausdorff if for every x # y in X there exist
neighborhoods ¢/ of x and V of y that are disjoint, i.e. L/ NV = 0.

Proposition 7.18. Let (X, D) be a pseudometric space. The pseudometric topology is Hausdorff.

Proof. Let x # y be two distinct points in X. Take d € D such that d(x,y) # 0. Put ¢ :=
d(x,y)/2. Defined := Bi(x,e)and V := By(y,e). Then U and V are neighborhoods of x and
y respectively andd NV = @. ]

When dealing with vector spaces, metrics are usually given by norms on the vector space. Simi-
larly, pseudometrics are usually given by seminorms.

Definition 7.19. Let X be a vector space over C.

e Amap p: X — [0, 400) is called a seminorm on X if the following conditions hold.
- p(Ax) = |A| p(x) forallx € X, A € C,
- px+y)<px)+ p(y)forallx,y € X.

e The pair (X, P) is called a seminormed space if ‘P is a family of seminorms on X such that
x = 0 whenever p(x) = 0 forall p € P.

e If (X, P) is a seminormed space, the seminorm topology on X is defined as the pseudometric
topology on X given by the family of pseudometrics {d, | p € P} defined by d,(x,y) =

px—y).

Definition 7.20. A topological vector space is a vector space X equipped with a Hausdorff topol-
ogy such that the maps

XxX—=>X:(x,y)px+y and CxX —- X:(A,x)—~ Ax

are continuous when we put on X x X, respectively C x X, the product topology.

Proposition 7.21. Let (X, P) be a seminormed vector space. The seminorm topology turns X into
a topological vector space.
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Proof. We use nets to check the continuity of the addition. Let ((x;, y;))ie; be a netin X x X
converging to (x, y), which means that lim;c; x; = x and lim;¢; y; = y. We want to check that
the net (x; + y;);e; converges to x + y. We have to check that for any seminorm p € P we
have lim;c; p(x; + y; — x — y) = 0. By the triangle inequality we have p(x; + y; —x — y) <
p(x; —x) + p(y; — y) and both terms on the right-hand side converge to 0, because lim;e; x; = x
and lim;ey y; = .

Prove yourself the continuity of the scalar multiplication. O

Remark 7.22. All topological vector spaces that we encounter in these lecture notes are semi-
normed spaces. The terminology ‘seminormed space’ is not a standard one. On page 92, a series
of exercises will lead to the following alternative characterization of seminormed spaces: they are
exactly the locally convex topological vector spaces. So, the class of seminormed spaces (with
their seminorm topology) is the same as the class of locally convex spaces. This last terminology
is much more standard. The reason for our unorthodox terminology is our belief that seminormed
spaces are intuitively much easier to understand than locally convex spaces.

7.8 Exercises

Exercise 10. The norms || - ||, and || - || on the vector space X are called equivalent if there exist
constants Cy, C, > 0 such that

Cilxlla < Ixllp < Callx|ls forall x € X .

Prove that equivalent norms induce the same norm topology on X .

Exercise 11. Let H be a Hilbert space with its weak topology defined in Example 7.3. Sup-
pose that the sequence (x,),— o0 converges in the weak topology. Using the uniform boundedness
principle, show that this sequence is bounded, i.e. sup,, ;,n ||Xz| < 00.

Exercise 12. Let H be an infinite dimensional Hilbert space. Let (e,),en be an orthonormal
family in H. Follow the hints below to prove the following statements.

(i) The point 0 belongs to the weak closure of K := {./ne, | n € Ny}.

(i) There is no sequence in K that converges to 0 weakly.

To prove (i), you have to prove that there exists for all x;,...,x; and all ¢ > 0 an n € Ny such
that
(Vne,,x;)| <e forall i =1,... k.

This can be done by contradiction.
To prove (ii) use Exercise 11.

Exercise 13. Let H and K be as in Exercise 12. Define the function

if xe K,

Sl =R S = (1) if xd K.

Prove that f is not weakly continuous in 0 but that nevertheless ( f(x,)) converges to 0 whenever
(xy) is a sequence in H converging weakly to 0.



Lecture 8

Weak topologies and the Banach-Alaoglu
theorem

8.1 Examples of topological vector spaces

We will systematically equip one and the same space (typically a Banach space) with different
topologies! and that is the crucial aspect of the list of examples in this section. It is extremely useful
to consider several topologies on the same vector space, motivated by the following simplistic
reasoning. In a weaker topology, there are fewer open sets. Therefore, subsets are more often
compact. Compactness is very useful, since it allows to take limit points. A typical illustration of
this phenomenon is the Banach-Alaoglu theorem below.

Our first example was already given as Example 7.3.
Example 8.1. Let H be a Hilbert space. Define the family P of seminorms on H given by
P={py|ye H} with py(x)=[(y.x)| forall x e H .

The resulting seminorm topology on H is called the weak topology on the Hilbert space H .

In the last paragraph of Section 7.2, it was shown that the weak topology on an infinite dimensional
Hilbert space H, is strictly weaker than the norm topology.

Example 8.2. This example generalizes the previous Example 8.1. Let X be a Banach space.
Define the family P of seminorms on X as

P={po|weX* with po(x) = |w(x)| forall x € X .

The seminorm topology defined by P is called the weak topology on the Banach space X .

Since every Hilbert space is a Banach space, Examples 8.1 and 8.2 could lead to a potential problem
of terminology, but the Riesz representation theorem 1.10 tells us that this is not the case.

'Browsing some books, you will find at least seven seminorm topologies on B(H ) that are all different when H is
an infinite dimensional Hilbert space. In Example 8.5 and Exercises 5 and 6, we treat five of them.
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Example 8.3. Let X be a Banach space and X * its dual Banach space. Define the family P of
seminorms on X * as

P={px|x€X} where py(w) = |w(x)| forall w € X*.

The seminorm topology defined by P is called the weak™® topology on the dual Banach space X *.

The Banach-Alaoglu theorem below tells us that the unit ball of X™* is compact in the weak™®
topology for every Banach space X. Using Theorem 1.10, it follows that the unit ball of a Hilbert
space is compact in the weak topology. More generally, the same holds for the unit ball in an
arbitrary reflexive Banach space, but not in other Banach spaces.

Example 8.4. Let X = C(R) be the space of continuous functions on R. We define two families
of seminorms on X: P; := {px : K C Riscompact}, where px(f) := sup,cg | f(x)|, and
P, :={px : x € R}, where p,(f) := | f(x)|. The topology induced by P; is called the topology
of convergence on compact subsets, whereas the topology defined by P, is called the topology of
pointwise convergence.

Example 8.5. Let H be a Hilbert space. On the Banach space of bounded operators B(H ), we
have the following families of seminorms.

P1 consisting of the seminorms 7"+ [(Tx, y)| forall x,y e H.
P, consisting of the seminorms 7" +— || 7T x|| forall x e H .
P3 consisting of the seminorms 7T + ||Tx|| + ||[T*x|| forall x € H .

The family P; defines the weak topology on B(H). The family P, defines the strong topology on
B(H). The family P; defines the strong™ topology on B(H).

Remark 8.6. It is unfortunate but crucial to observe that the weak topology on B(H) defined
in Example 8.5 does not coincide with the weak topology on B(H) when viewing B(H) as a
Banach space. Whenever we deal with B(H), the terminology ‘weak topology’ will refer to the
terminology introduced in Example 8.5.

8.2 The Banach-Alaoglu theorem

Theorem 8.7 (Banach-Alaoglu theorem). Let X be a Banach space. The unit ball (X*); of the
dual Banach space X™ is compact in the weak™ topology defined in 8.3.

Proof. We will identify (X *); with a closed subset of an infinite product of compact metric spaces.
Tychonoft’s theorem 7.15 will then yield the compactness of (X *);.

Elements of X* are, in particular, functions from X to C, so we can identify them with a subset
of [[,ex C. But this space is not compact, so we have to use something else. Every element
w € (X7*); satisfies |w(x)| < |x|, so we may identify (X*); with a subset of the product K :=
[Liex Bx|» where for r > 0 we define B, = {z € C | |z| < r} — a compact subset of C. By
Tychonoff’s theorem 7.15 this product is compact.

More formally, we define a map

0:(X*)) - K:0(w)y =wx).
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We have to check two things: that the topology on 6((X*);) induced from K agrees with the
topology of (X*); (so 8 is a homeomorphism onto its image) and that 8((X*);) is closed in K,
because this would imply that 6((X*);) is compact.

The first part is simple: both topologies are given by pointwise convergence on X, so a net (w;);er
in (X*); converges iff the net (6(w;));e; converges.

To check that 8((X*);) is closed in K, we also use nets. Elements of K are functions f from
X to C that satisfy | f(x)| < ||x||, while the subset 8((X™*);) consists of linear functions. Prove
yourself that linearity is preserved under convergence of nets. The condition | f(x)| < ||x]|| for
a linear functional f implies that || f|| < 1, so any element in the closure of 6((X*);) actually
belongs to O((X™*);), i.e. this set is closed. ]

8.3 Illustration: an invariant mean on the group of integers

Definition 8.8. Let X be a set. A mean or finitely additive probability measure m on X is a map
that assigns to every subset A C X a number m(A) € [0, 1] such that

e m(@¥) =0and m(X) =1,
e m(AU B) = m(A) + m(B) whenever A and B are disjoint subsets of X.

Definition 8.9. Let G be a group. An invariant mean m on G 1is a finitely additive probability
measure m on G satisfying

m(gA) =m(A) forall geG,ACG.

In words, an invariant mean is a translation invariant finitely additive probability measure on the
group. A group G that admits an invariant mean, is called an amenable group.

Exercise 1. Denote by | A| the number of elements of a finite set A. Let G be a finite group. Prove

that

_ 4]
m(A) = @

is the unique invariant mean on G.

It is far from obvious that certain infinite groups can have an invariant mean. This is already
illustrated by the following exercise.

Exercise 2. Let G be an infinite group and m an invariant mean on G. Prove that m(A4) = 0 for
every finite subset A C G.

Using the Banach-Alaoglu theorem, we can prove the following.

Theorem 8.10. The group G = Z has an invariant mean.

The idea of the proof of Theorem 8.10 is the following. For every n € N, we define the finitely
additive probability measure m, on Z as

|A N [—n,n]|

m,(A) = o+ 1
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In a sense to be made precise, the finitely additive probability measure m, is more and more
invariant as n — oo. The Banach-Alaoglu theorem will allow us to take a limit point of the
sequence (my),en. This limit point will be an invariant mean.

Proof of Theorem 8.10. Define the Banach space X = £°°(Z) with the supremum norm || - ||c.
Define for every n € N, the linear maps

o £20) = Cron(f) = 5= 37 S,

Check that ||w, || = 1 for every n.
Define for every w € £>°(Z)* and every k € Z, the element k - @ € £°°(Z)* by the formulae

(k-o)(f) =w(f-k) where (f-k)(n)= f(k+n).
We claim that for every k € Z,
Ik - wp —wu|| > 0 when n — oo .

You easily check that for all n > k > 1, we have

1 —n+k—1 n+k
k-on—o)()=5—(- D fO+ X 10)).
2n + 1 , .
1=—n i=n+1
Hence, ||k - @, — wu || < 525 proving the claim.

Combining the Banach-Alaoglu theorem and Proposition 7.11 we find a subnet (@;);es of the
sequence (wy)nen such that y; — p € £°(Z)*. Write u; = wp(j) where h : J — N is a map
such that for every ny € N there exists a jo € J satisfying h(j) > ng for all j > j,. The fact that
w;j — w in the weak™ topology means that u;(f) — u(f) for every f € £°°(Z). Deduce from
this that

1. k-u=pforalk € Z,
2. u(f)€[0,1]if0 < f(i) < 1foralli € Z,

3. u(l) =1.
Conclude that denoting by y 4 the indicator function of a subset A C Z, the formulam(A) = u(x4)
provides us with an invariant mean on Z. [

8.4 [Exercises

Exercise 3. Let X be a Banach space and suppose that its norm topology and weak topology
coincide. Find wq, ..., w, € X™* such that

.....

Deduce that the linear map X — C” : x > (w1(x), ..., w,(x)) is injective and hence, X is finite
dimensional.
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Exercise 4. Let X and Y be Banach spaces and let 7: X — Y be a bounded operator. Use the
basic neighborhood in the weak topology to prove that 7" remains continuous, when X and Y are
endowed with their respective weak topologies. Try to prove this continuity using nets.

Exercise 5. Consider the different seminorm topologies on B(H') defined in Example 8.5. Prove
that the weak topology is weaker than the strong topology; that the strong topology is weaker than
the strong* topology and that the strong™® topology is weaker than the norm topology.

Use next the following examples to prove that we can replace ‘weaker’ by ‘strictly weaker’ ev-
erywhere in the previous paragraph, whenever H is infinite dimensional. Define the sequences of
operators.

1. U, : 03(Z) — €*(Z) : (Upyx)(k) = x(n + k) forall x € £>(Z).k € Z ,
2.V, 2(N) — L2(N) : (Vox)(k) = x(n + k) forall x € 2(N).k € N ,

x(k)y ifk>n,

3. Py 2(N) > £2(N) : (Pax)(k) = 0 if k<n.

Check that U, — 0 in the weak topology, but not in the strong topology; that V;, — 0 in the strong
topology, but not in the strong® topology and that P, — 0 in the strong® topology, but not in the
norm topology.

Exercise 6. In Theorem 3.22, we have seen that B(H) =~ T C(H)*. Prove that the weak™ topology
on B(H) (defined through the identification of B(H) and 7C(H)*) and the weak topology on
B(H) defined in Example 8.5, coincide on the unit ball (B(H));.

Exercise 7. Prove that the map B(H) — B(H) : T +— T* is continuous if we equip B(H ) with
its weak topology. Is this still true for the strong topology?

Denote by (B(H)); the unit ball of B(H ) and prove that the multiplication map
(B(H)); xB(H) > B(H) :(S,T)— ST

is continuous if we equip (B(H)); x B(H) with the product of the strong topologies and B(H )
with the strong topology.

Exercise 8. Let H be an infinite dimensional Hilbert space. Prove as follows that the multiplica-
tion map
m:B(H)xB(H)—>B(H): (S, T)—~ ST

is not continuous for the strong topology. Denote by 6, , the rank one operator defined by
Qx,y(Z) - (Z’ y)x .

Assume that the multiplication map is strongly continuous. It follows that also the map B(H) —
B(H) : T ~ T? is strongly continuous. Let (e,),en be an orthonormal family in H. Consider
the subset A C B(H) given by

A={Jnb, o |neNp}.

Use Exercise 12 in Lecture 7 to prove that 0 belongs to the closure of A in the strong topology. By
continuity of 7'+ T2, it follows that 0 belongs to the strong closure of

B = {nb,, ., | n € No} .
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Find a vector x € H such that ||T x| = 1 forall T € B. Derive a contradiction.

Finally prove as follows that the multiplication map m does preserve limits of sequences. Indeed,
if (Sp, T,) — (S, T) in the product of the strong topologies, it follows that S, — S and 7,, — T
strongly. Use the Banach-Steinhaus theorem and Exercise 7 to conclude that S, 7,, — ST strongly.

We conclude that the multiplication map, although preserving limits of sequences, is not a con-
tinuous map. We already met this phenomenon in Exercise 13 of Lecture 7, but now it appears
in a seemingly innocent case, namely for the map 7 + T2 on B(H) equipped with the strong
topology.

Exercise 9. This exercise complements Theorem 5.8 in Lecture 5, where the necessary terminol-
ogy is introduced. Imitate the proof of Theorem 8.10 to give a different proof for the existence
of a Banach limit L on £°°(N) satisfying L(x) = A whenever the sequence of Cesaro means of
(x(n))nen converges to A.



Lecture 9

The Hahn-Banach separation theorem

Let A and B be disjoint subsets of R3. Under which assumptions does there exist a plane P C R?>
such that A lies entirely on one side of P and B entirely on the other side? Depending on whether
we want A and B to lie strictly on both sides of P (i.e. not intersecting P), sufficient conditions
vary but all have a common ground: A4 and B should be convex. If we replace R* by R”, the natural
question becomes to separate A and B by a hyperplane, i.e. an affine subspace of dimension n — 1.

The main subject of this lecture is to prove such a separation-by-a-hyperplane theorem for convex
disjoint subsets of infinite dimensional topological vector spaces. At first this sounds as a very
abstract, almost nonsensical topic. But as we will see, the so called Hahn-Banach separation
theorem reveals deep properties about the weak topology of Banach spaces. This will be applied
to prove striking results in group theory.

9.1 The Hahn-Banach separation theorem

Theorem 9.1 (Hahn-Banach separation theorem). Let X be a topological vector space. If A and
B are nonempty disjoint convex subsets of X and if A is open, there exists a continuous linear
functional o : X — C and a number a € R such that

Re(w(a)) < @ < Re(w (b)) forall a € A,b € B .

The Hahn-Banach separation theorem may seem more innocent than it really is. Given a topo-
logical vector space, it is not obvious to find open convex subsets. Indeed, there exist topological
vector spaces such that the only open convex subsets are ¥ and X. For such topological vector
spaces, the statement of the Hahn-Banach separation theorem is empty. Remark also that such
topological vector spaces have only one continuous functional w : X — C, namely v = 0. But,
if (X, P) is a seminormed space with its seminorm topology, there are plenty of open convex sets,
e.g. the sets given by

U={xeX | pi(x)<er,...,pn(x) <&y} 9.1

whenever py,...,p, € Pand¢y,...,&, > 0. The relation between open convex sets and semi-
norms goes much further, see the exercises on page 92.

Before proving the Hahn-Banach separation theorem, we need a number of preliminary results.
The main point in the proof will be an application of the Hahn-Banach extension theorem 5.6. So,

87
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we will need to construct sublinear maps on X . Such sublinear maps (called Minkowski functionals
in [Ped]) are provided by the following result.

Lemma 9.2. Let X be a topological vector space and U an open convex neighborhood of 0. Define
forevery x € X,
m(x) =inf{t |t > 0,t 'x elU}.

Then, m(x) € [0,400) for all x € X. Moreover, m is a sublinear map on X in the sense of
Definition 5.5. Finally,
U={xe X |mx)<l}.

Proof. Prove yourself this lemma according to the following steps. Details can be found in [Ped,
2.4.6].

1. Letx € X and ¢ > O such that t ~'x € U{. Prove that s~'x € U for all s > ¢.
2. Let x € X. Prove that n~!'x — 0 as n — +o00. Deduce that m(x) < oo.
3. Prove that m(sx) = sm(x) forall x € X and s > 0.

4. Forall s,# > 0 and x, y € X one has

s
s—|—t_1x+ = s_lx-i—
( ) y) s+t s+t

Deduce that m(x + y) < m(x) + m(y).

S. Let x € U. Use the fact that I/ is open to find ¢ > 0 satisfying (1 + ¢)x € U. Deduce that
m(x) < 1.

6. Conversely, prove that if m(x) < 1, then x € U.

]

Example 9.3. Let X be a normed space and let B be the open unit ball,i.e. B :={x € X : ||x|| <
1]|. Then the associated Minkowski functional is equal to the norm.

We also need the following characterization of continuous functionals on a topological vector
space. We formulate the result over the field R, which is the version that we will apply below, but
the same result holds of course over the field C.

Lemma 9.4. Let X be a topological vector space over R and w : X — R a linear functional.
Then, the following statements are equivalent.

(i) w is continuous.
(ii) w is continuous in 0.

(iii) There exists a neighborhood U of 0 such that |w(x)| < 1 forall x € U.
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Proof. (i) = (i1). Obvious.

(i) = (iii). Since w is continuous in 0, since w(0) = 0 and since the unit interval [—1, 1] is a
neighborhood of 0 in R, there exists a neighborhood U of 0 in X such that w(U/) C [—1, 1]. This
means that |w(x)| < 1 forall x € Y.

(iii) = (i). Take a neighborhood &/ of 0 in X such that |w(x)| < 1 for all x € U. Choose
X0 € X and ¢ > 0. Put V := xo + €. Check that V is a neighborhood of x( in X and that
|w(x) — w(x¢)| < e forall x € V. So w is continuous at x, for every xo € X. m

Lemma 9.5. Let X be a vector space over R and ¢ : X — R a nonzero linear functional. Let
U C X be a nonempty convex subset. Then ¢(U) is a nonempty interval. If X is a topological
vector space and U is open, then (U) is an open interval.

Proof. Also the proof of this lemma is left as an exercise.

(i) Prove that (/) is convex.

(i) Prove that intervals (open, closed, half open, etc.) are the only convex subsets of R. Deduce
that ¢(U) is a nonempty interval whenever /{ C X is nonempty and convex.

(iii) Finally assume that X is topological and that I/ is open. Fix a € X such that ¢(a) # 0.
Choose x € U. Prove the existence of ¢ > 0 such that x + sa € U for all s € (—¢,¢).
Deduce that ¢(x) lies in the interior of ¢({/). Conclude that ¢(I{) is open.

]

Contemplating about the previous lemma it might sound strange that we make a statement about a
topological vector space without assuming continuity of ¢. Actually we only used the following
algebraic weakening of U being open: for every x € U and every a € X, there exists an ¢ > 0
such that x + sa € U for all s € (—¢,¢).

We are now ready to prove the Hahn-Banach separation theorem.

Proof of Theorem 9.1. Give a proof yourself according to the following steps. Details can be found
in [Ped, 2.4.7].

(i) Fixag € Aand by € B. Put ¢y := by —ag and C := A — B + ¢¢. Prove that C is convex.
Write

C=|J@d=b+co)
beB

and conclude that C is an open neighborhood of 0. Denote by m the sublinear map associated
with C as in Lemma 9.2.

(i) Check that m(co) > 1.

(iii) Define the linear map ¢ : Rcoy — R : @o(sco) = s. Check that ¢o(x) < m(x) for all
x € Rcy. Apply the Hahn-Banach extension theorem 5.6 to get a linearmap ¢ : X — R
satisfying ¢(x) < m(x) for all x € X and ¢(cg) = 1.
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(iv) Prove that |p(x)| < 1 whenever x € C N (—C). Use Lemma 9.4 to deduce that ¢ is
continuous.

(v) Use the fact that m(x) < 1 for all x € C to deduce that p(a) < ¢(b) foralla € A, b € B.
(vi) Use Lemma 9.5 to find @ € R such that p(a) < o < ¢(b) foralla € A, b € B.

(vii) Define w : X — C : w(x) = ¢(x) —ig@(ix) to conclude the proof of the theorem.

]

Corollary 9.6. Let X be a seminormed space with its seminorm topology. Suppose that A and B
are nonempty disjoint convex subsets of X such that A is compact and B is closed. Then, there
exists a continuous linear map w : X — C and numbers o1,y € R such that

Re(w(a)) < a1 < ar < Re(w (b)) forall a € A,b € B .

Proof. We claim that there exists an open convex subset A1 C X suchthat A C A;and A1 N B =
@. Indeed, for every a € A, we find by (9.1), an open convex neighborhood ¢/, of 0 such that
(a+Uy;+U,)NB = §. Take ay, . .., a, such that A C \J!_, (a; +U,,). DefineUt = Uy, N+ +-NU,,.
Then, U is an open convex neighborhood of 0 and (A + &) N B = @. Check this and check that
we cantake A; = A + U.

By Theorem 9.1, we find a continuous linear map w : X — C and a real number o, such that
Re(w(a)) < a, < Re(w(b)) forall a € A;,be B .

Set a; = sup{Re(w(a)) | a € A}. Since A is compact and @ continuous, the supremum «; is
attained in some a € A. So, a1 < a, and we are done. O

Our final corollary to the Hahn-Banach extension theorem may seem very abstract, but it has far
reaching consequences. The idea is the following: if in a Banach space X, we can approximate an
element x in the weak topology by elements of some subset A C X, then we can approximate x in
norm by elements of conv(A), where

conv(A) = {Xn:tiai

i=1

n €Ny, t; €[0,1]anda; € A forall i =1,...,n, Zti =1}.
i=1

In words, conv(A) is the smallest convex subset of X that contains A.

Corollary 9.7. Let X be a Banach space and A C X a convex subset that is closed in the norm
topology. Then, A is closed in the weak topology.

Also, if A C X and if x belongs to the weak closure of A, then x belongs to the norm closure of
conv(A).

Proof. Take x € X \ A. We have to find a weak neighborhood ¢/ of x such thati/ N A = @. Apply
Corollary 9.6 to the Banach space X equipped with the norm topology. Since {x} is compact and
convex, while A is convex and closed, we can take w € X* and « € R such that

Re(w(x)) < @ <Re(w(a)) forall a e A.

Definingd = {y € X | Re(w(y)) < a}, we are done. [
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9.2 Linear functionals that are continuous for a weak topology

The Hahn-Banach separation theorem can only be interpreted in a concrete situation if we know
which are the continuous functionals on X . In this course, all concrete topological vector spaces
are seminormed spaces and most of the time, they are even defined as follows.

Let X be a vector space and F a faithful family of linear maps w : X — C, meaning that
(Nwer Kerw = {0}. Define for every w € F the seminorm p, on X as p,(x) = |w(x)| for all
x € X. Set P = {p, | ® € F}. Then, (X, P) is a seminormed space and hence, a topological
vector space when equipped with the seminorm topology.

This brings us to the following natural question: describe the linear maps X — C that are continu-
ous for the seminorm topology described above. The answer to this problem is surprisingly simple:
these are exactly the linear maps belonging to span F. This is the contents of the next proposition
and is concretely interpreted below in Example 9.9.

Proposition 9.8. Let X be a vector space, F a faithful family of linear functionals from X to C
and ‘P the associated family of seminorms on X. If we equip X with the seminorm topology given
by P, a linear functional @ : X — C is continuous if and only if ® € span F.

Proof. ltis straightforward to check that functionals in span F are continuous. Suppose conversely

that o : X — C is continuous. Take wy,...,w, € F and ¢ > 0 such that |w(x)| < 1 whenever
lwi (x)] < eforalli = 1,...,n. Use the linearity of o, w1, ..., w, to conclude that w(x) = 0
whenever w;(x) = O foralli = 1, ..., n. Define the linear map

7: X —=>C":71(x) = (w1(x),...,0,(x)) .

Set K = w(X). Then, K is a vector subspace of C". Also, Kerm C Kerw, allowing to define
the linear map u : K — C such that w(x) = u(w(x)) for all x € X. Extending u to a linear
functional on the whole of C”, we find A4, ..., A, € C such that u(zy,...,2,) = Y i  Aiz; for
all (z1,...,z,) € K. But this means that v = Z?zl A;w;, proving that w € span F. ]

Example 9.9. We apply Proposition 9.8 to the following more concrete cases.

e If X is a Banach space, a linear functional X — C is continuous for the weak topology if
and only if it is continuous for the norm topology.

e If X* is the dual of a Banach space X, a linear functional  : X* — C is continuous for the
weak™ topology if and only if there exists x € X with 8(w) = w(x) forall w € X*.

9.3 Exercises

Exercise 1. Use the hints below to prove the following theorem (Goldstine’s theorem).

Let X be a Banach space and i : X — X** the isometry given by i (x)(w) = w(x) introduced in
Corollary 5.3. Then, the image i ((X)1) of the unit ball (X)), in X is weak™ dense in the unit ball
(X*)1 of X**.

Hints. Equip X ** with its weak™ topology. Denote by K the weak* closure of i ((X);). Suppose
that 6 € X** \ K. You have to prove that ||| > 1. Apply Corollary 9.6 to the closed convex
subset K and the compact convex subset {#}. Use Example 9.9 to prove that ||6] > 1.
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Exercise 2. 'We know that in reflexive Banach spaces the unit ball is weakly compact (by the
Banach-Alaoglu theorem). Prove the converse, according to the following steps:

(i) Check that the embedding ¢t: X — X** is continuous when X is endowed with its weak
topology and X ** = (X *)* with its weak™ topology.

(i1) Deduce that the image of the unit ball ¢((X);) is compact in the weak* topology, hence
closed.

(iii) Use Exercise 1 to show that (((X);) = (X**);.

(iv) Conclude that ((X) = X™**.

The following is a series of exercises that leads to a proof of the equivalence of the following two
statements about a topological vector space X:

e the topological vector space X is a seminormed space; this means that there exists a family
‘P of seminorms on X such that the topology on X coincides with the seminorm topology
defined by P;

e the topological vector space X is locally convex; this means' that every neighborhood I/ of
0 contains a convex neighborhood of 0.

Exercise 3. Let (X, P) be a seminormed space and consider on X the seminorm topology. Let U/
be a neighborhood of 0. Prove that there exist py,..., p, € P and an ¢ > 0 such that

{(xe X | pi(x)<e forall i =1,...,n}

is a convex neighborhood of 0 contained in /.

So, you have shown that every seminormed space is locally convex.

Exercise 4. Let X be a topological vector space and U/ an open convex neighborhood of 0. Define
the associated sublinear map m as in Lemma 9.2. Prove that m is a seminorm if and only if AU/ = U
forall A € C with |A| = 1.

We call a convex neighborhood U of 0 balanced it AU = U for all A € C with |A| = 1.

Exercise 5. Let X be a topological vector space.

1. Use the compactness of the circle S := {A € C | |A| = 1} to prove that
V=)
AeSt

is a balanced convex neighborhood of 0 whenever U is a convex neighborhood of 0.

2. Prove that the interior of a balanced convex neighborhood of 0 is still a balanced convex
neighborhood of 0.

'In the terminology of general topology, this means that the topology on X has a basis consisting of convex open
sets.
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3. Assume that X is locally convex. Prove that every neighborhood of 0 contains an open
balanced convex neighborhood of 0.

Exercise 6. Let X be a locally convex topological vector space. Define O as the set of all open
balanced convex neighborhoods of 0. Define for every & € O the map

pu(x) = inf{t € [0, +00) |t 'x e U} .

By Exercise 4, P = {py, | U € O} is a family of seminorms on X. Use Exercise 5 to prove that
the seminorm topology on X defined by P coincides with the original topology on X.



Lecture 10

The Krein-Milman theorem

In this lecture we make a careful study of compact convex sets in a seminormed space. Keeping in
mind the intuition about convex sets in the plane, the notion of an extreme point is probably not so
surprising: we say that a point in a convex subset K of a vector space X is extreme if the point does
not lie on an interval contained in K. The Krein-Milman theorem says that a compact convex set
K has “enough” extreme points, in the sense that K can be retrieved as the closure of the convex
hull of its extreme points.

As an application we prove a result in the representation theory of groups: all groups have “enough”
irreducible representations.

10.1 The Krein-Milman theorem

Definition 10.1. Let X be a vector space and K C X a convex subset. We say that x € K is
an extreme point of K if the following holds: whenever x = ty + (1 — ¢)z with y,z € K and
t€(0,1),wehave x = y = z.

The set of extreme points of K is denoted as ext K.

A non-empty subset F' C K is called a face if the following condition holds: whenever ¢ty + (1 —
t)z € Fwithy,ze Kandt € (0,1) then y,z € F. We usually assume that the faces are convex;
if not mentioned otherwise, the word face will always mean a convex face.

Remark 10.2. An extreme point is a face that consists of a single point.

If you want to find a maximum of convex function defined on a convex set, knowing the extreme
points might be very helpful.

Exercise 1. Let X be a vector space and let K C X be a convex subset. Suppose that f: K — R
is a convex function that attains a maximum. Show that the set of points, where f attains a
maximum is a (not necessarily convex) face of K. In particular, if the maximum is unique, it is
attained at an extreme point.

Remark 10.3. In many cases (see the proof of Theorem 10.4) one can find an extreme point inside
a face, so even in the case of a non-unique maximum, one can often conclude that there is an
extreme point at which the maximum is attained.

94
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The central question of this section is the following: do convex subsets always have extreme points?
If we think about convex subsets of the plane, a few natural conditions pop up: an open convex set
never has extreme points and also a line in the plane has no extreme points. But a convex subset
K of the plane seems to have extreme points whenever it is closed and bounded, i.e. compact.
Moreover, in that case, you can recover K by taking convex combinations of its extreme points.

Such a geometric intuition holds in arbitrary seminormed spaces and that is the content of the
Krein-Milman theorem. The way that we find extreme points in the proof of the Krein-Milman
theorem is by proving that minimal closed faces consist of a single point. In order to do that, we
need a bit more information about faces.

Exercise 2. Let X be a vector space and K C X a convex subset. Assume that F'; C K is a face
and that F, C Fj is a face (of F;). Prove that F, is a face of K.

Exercise 3. Let X be a seminormed space and let K be a convex compact subset. Let ¢: X — R
be a bounded linear functional. Prove that F, := {x € K : ¢(x) = sup,cx ¢(»)} is a closed face
of K.

Theorem 10.4 (Krein-Milman Theorem). Let X be a seminormed space and K C X a nonempty
compact convex subset. Then, K equals the closure of conv(ext K).

Proof. The proof will consist of two parts. In the first one we will show that extreme points exist.
In the second one we will upgrade this statement to K = conv(ext K).

Let F denote the set of closed faces of K, ordered by reverse inclusion. We claim that there exists
a maximal element of this set, a minimal closed face. In order to apply Zorn’s lemma, we have to
show that any decreasing family of faces has a lower bound. By compactness, the intersection will
be non-empty and you should check that it is a face. Therefore we get a minimal face F' and our
aim is to show that it consists of a single point. If there are two distinct points x, y € F, then we
can find a functional ¢ : X — R such that ¢(x) # ¢(y), using the Hahn-Banach theorem. Define
now Fy :={x € F : ¢(x) = sup,cr ¢(y)}. By Exercise 3 Fj is a face of F', hence a face of K by
Exercise 2. But F; # F, because at most one of the points x and y belongs to F;. It contradicts
the minimality of F', so F' = {x} for some point x € K; we thus have an extreme point.

Let us consider the set K; := conv(ext K). It is a compact convex set. If K; # K then there exists
apoint y € K \ K;. Using the Hahn-Banach separation theorem 9.6, we can find a functional
@: X — R such that sup, g, ¢(x) < @(y). Now define a face F, as in Exercise 3. By the first
part of the proof, we can find an extreme point belonging to F,. But F, N K; = @, so K; did not
contain all of the extreme points of K; this is a contradiction. O]

In applications, as for instance in the proof of the Ryll-Nardzewski fixed point theorem below, it
is often not sufficient just to know that a compact convex set has a lot of extreme points, but it is
often also needed to locate the extreme points. The following theorem provides a tool for that.

Theorem 10.5. Let X be a seminormed space and K C X a nonempty convex compact subset of
X. If F C K is closed and if K is equal to the closure of conv(F), thenext K C F.

Proof. Suppose by contradiction that x € ext(K) \ F. Since F is closed, we can take a neigh-
borhood V of 0 in X such that V is closed convex and x ¢ F + V. Since F is compact, take
Y1,...,Yn € F such that

n
FclJoe+m).
k=1
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Define K} as the closure of conv(F N (yx + V)). Since yx + V is closed and convex, it follows
that Ky C yx + V for all k. Moreover, F C |J;_, Kk, implying that K is the closure of
conv(K, U---U K}). Because the K, are compact convex, the set conv(K; U ---U K},) is already
closed and we conclude that

K =conv(K; U---UKp,).

Write x = Y j_, tkxx With xx € Kg, tx € [0,1] and Y _;_, #x = 1. Since x is an extreme point of
K, there exists a k such that x = xg. It follows that x € Ky C yx + V C F + V. This yields the
required contradiction. [

10.2 Irreducible representations of groups

Definition 10.6. A unitary representation of a group G on a Hilbert space H is a homomorphism
of G to the group U (H ) of unitary operators on H. In other words, itisamap 7 : G — U(H)
satisfying w(e) = 1 and 7w (gh) = n(g)nw(h) forall g,h € G.

Example 10.7. Every group has at least the following two unitary representations.

e The trivial representation on the one dimensional Hilbert space H = C given by (g) = 1
forall g € G.

e The regular representation on the Hilbert space H = (?(G) given by 7(g)§ = £- g7 !, i.e.

(m(g)€)(h) = E(gth) forall g, h € G, £ € £%(G).

Often unitary representations are built up out of subrepresentations. More precisely, assume that
;i + G — U(H;) are two unitary representations of G. Then we can construct the unitary rep-
resentation 7r; @ m, of G on the Hilbert space H; & H, given by (r; & m3)(g) : & & & +—
m1(g)€1 ® ma(g)éa-

Unitary representations that cannot be broken up into a direct sum of two subrepresentations, are
called irreducible. The precise definition goes as follows.

Definition 10.8. Let 7 : G — U(H ) be a unitary representation of the group G.

e A vector subspace K C H is called a w-invariant subspace if 1(g)K = K forall g € G.

e The representation 7 is called irreducible if {0} and H are the only rr-invariant closed vector
subspaces of H.

Obviously the trivial representation is irreducible, since {0} and C simply are the only vector
subspaces of C. A priori it is not clear that a group admits other irreducible representations. The
fact that they always do, is a consequence of the Krein-Milman theorem, as we shall see below.

Exercise 4. Prove that the direct sum of two unitary representations my, 7w, (with H; # {0}) is
never irreducible.

Conversely prove that if # : G — U(H) is a unitary representation and K C H a closed n-
invariant vector subspace, then 7 can be written as the direct sum of two unitary representations,
on K and K+ respectively.
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10.3 Unitary representations and positive definite functions

Let G be a group and 7w : G — U(H ) a unitary representation. Whenever £ € H, the function

9 G — C:e(g) = (m(g)§.§)
has a very special property. Indeed, whenever g; € G and A; € C, we have

D dikjes(gr g = Y Aidy (m(g; gi)E.E)

i,j=1 i,j=1

= Y W7 (g (g6 €)

i,j=1

- (Z Aim(g)E, Z Ajm(gi)E)
i=1

j=1

= | hanteo]|
> Ol.=1

Functions from G to C satisfying this property are called positive definite.

Definition 10.9. Let G be a group. A function ¢ : G — C is called positive-definite if for all
neN,allgy,...,gn € GandallAq,..., A, € C we have

> Xihip(g; g = 0. (10.1)

i,j=1
This exactly means that the matrix (¢ (gj_1 gi))i,j is positive (semi)definite.
We have seen above that unitary representations give rise to positive definite functions gg. We now
prove that also the converse holds. Before we can have any chance to prove this statement, we

have to check that every positive definite function ¢ on G satisfies ¢(g~!) = ¢(g) forall g € G.
Indeed, the positive definite functions of the form ¢ satisfy

ps(g7") = (m(g7HE&) = (m(9)"E. &) = (5, m(9)§) = (n(9)6.£) = ¢&(g) -

Lemma 10.10. Let ¢ : G — C be a positive definite function on the group G. Then forall g € G
we have

e 0(g™h) =0l(g)

* ¢(e) = Oand |p(g)| < ¢(e).
Proof. Choose g1 = e and g, = g. As @ is positive definite, the matrix |: ve) ¢(e™) :|
’ o(g)  wle)
is positive semidefinite. It follows that the diagonal entries are non-negative, i.e. ¢(e) < 0,

that the matrix is Hermitian, i.e. ¢(g~!) = ¢(g), and that the determinant is non-negative, i.e.
0(2)1> = p(8)e(g™") < ¢(e)*. O
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Proposition 10.11. Let ¢ : G — C be a positive-definite function on a countable group G. There
exists a Hilbert space H,, a unitary representation n, : G — U(H,) and a vector §, € H, such
that

0(g) = (m,(8)6p.&p) forall g € G and span{m,(g)é, | g € G} isdensein H,. (10.2)

Proof. Denote by Funy(G) the vector space of finitely supported functions from G to C. For all
&, n € Fung(G), we define
En) = > nE@eh'g).

g.heG

By (10.1) we have that (¢, £) > O forall £ € Fung(G). By Lemma 10.10 we get that (1, £) = (&, n).
So we have defined a positive Hermitian form on Funy(G).

Denote by Fungo(G) C Fung(G) the vector subspace consisting of the functions § € Fung(G)
satisfying (£,&) = 0. The same formula as above defines a positive-definite Hermitian form on
the quotient Fung(G)/Fungo(G). Denote by | - || the associated norm. Define H, to be the
completion of Funy(G)/Fungo(G) with respect to the norm || - ||. Define £, to be the vector in H,
that corresponds to the function in Funy(G) that equals 1 on e and 0 elsewhere.

For every g € G and £ € Fung(G) define & - g € Funy(G) as the translated function (¢ - g)(h) =
£(gh). One checks easily that (¢ - g,& - g) = (&, n) forall £, n € Fung(G) and g € G. Therefore
the formula

7o(g)(§ + Fungg(G)) = & - g7' + Fungoe(G)

provides a well defined linear operator 7, (g) on the vector space Fung(G)/Fungo(G). Moreover
m,(g) preserves the norm || - || so that 7,(g) extends in a unique way to an isometric operator
m,(g) : H, — H,. By construction m, is a unitary representation satisfying (10.2). [

10.4 Application of the Krein-Milman theorem: all groups ad-
mit many irreducible representations

We denote by PD;(G) the set of all positive-definite functions ¢ on G satisfying ¢(e) = 1. Note
that PD;(G) is a convex subset of the vector space Fun(G).

Proposition 10.12. Let G be a group and ¢ : G — C a positive-definite function satisfying
@(e) = 1. Assume that ¢ is an extreme point of PD(G). Then the unitary representation 1,
given by Proposition 10.11 is irreducible.

Proof. Assume that m,, is reducible. We have to show that ¢ is not an extreme point of PD(G).
Take a closed vector subspace K C H,, such that {0} # K # H, and m,(g)K = K forall g € G.
Denote by pg the orthogonal projection of H, onto K. Check that 7,(g)px = pxm,(g) for all
g € G. Define the positive-definite functions ¢, and ¢, by the formulae

91(8) = (my(g) Préyp. &) and  @2(g) = (me(g)(1 — px)éy. &) -

By construction ¢(g) = ¢1(g) + ¢2(g). Puta@ = ¢1(e). Note that | —a = ¢, (e).
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We prove that ¢; # o@. Assume the contrary. It follows that for all g, 7 € G we have

(01 7o (Q)Ep, mp(h)Ey) = ap(h™'g) = @1(h7'g) = (pk 7o (8)Ep. Tp(h)E,) -

The second condition in (10.2) now implies that px = « 1. This means that either K = {0},
a =0or K = H,, « = 1. Both are absurd and it follows that ¢; # a¢. We analogously get that

p2 # (1 —a)e.
Note that it also follows that 0 < o < 1. Indeed, if « = 0 we have ¢;(e) = 0 and Lemma 10.10

implies that ¢; = 0. Hence ¢ = ¢,, which we contradicted above. So, @ # 0. We similarly prove
that o # 1.

Finally the formula

1
§0=a5¢)1+(1—a) ©2

l -«
shows that ¢ is not an extreme point of PD;(G). ]

The converse of Proposition 10.12 also holds but is not needed to prove Theorem 10.13 below:
if m, is irreducible, then ¢ is an extreme point of PD;(G). To prove this converse one needs to
prove first Schur’s lemma: if 7, is irreducible and 7" € B(H,,) is an operator satisfying ,(g)T =
T'n,(g) forall g € G, then T must be a multiple of the identity operator 1.

Theorem 10.13. Let G be a countable group and g, h € G two distinct elements in G. There exists
an irreducible unitary representation w of G satisfying w(g) # n(h).

In other words: a countable group admits sufficiently many irreducible representations to distin-
guish the group elements.

Proof. Forevery g € G define the seminorm p, on Fun(G) given by p.(F) = |F(g)|. The family
of seminorms {p, | g € G} turns Fun(G) into a seminormed space. We claim that PD;(G) C
Fun(G) is a compact subset. By Lemma 10.10 we know that |¢(g)| < 1 for all ¢ € PD;(G) and
all g € G. Imitating the proof of the Banach-Alaoglu theorem 8.7, one identifies PD;(G) with a
closed subset of | gec D, where D C C denotes the unit disc. The compactness of PD;(G) then
follows from Tychonoft’s theorem.

We claim that PD;(G) admits an extreme point ¢ € PD;(G) satisfying ¢(g) # 1. Assuming
the contrary the Krein-Milman theorem 10.4 implies that ¢(g) = 1 for all ¢ € PD;(G). Denote
by A : G — U{?(G)) the regular representation of G as defined in Example 10.7. Let 8, be the
function that is equal to 1 in e and equal to O elsewhere. Then the function ¥ (g) = (A(g)de, Se¢)
belongs to PD;(G) and satisfies ¥ (g) = 0, contradiction.

So we can take an extreme point ¢ of PD;(G) satisfying ¢(g) # 1. Proposition 10.11 provides
a unitary representation m, of G satisfying (10.2). Proposition 10.12 says that m,, is irreducible.
Since

(0 (8)€p: Ep) = 0(g) # 1 = p(e) = (§,,6,)

it follows that 7, (g) # 1. This proves the theorem. ]



P B

Lecture 10. The Krein-Milman theorem 100

10.5 Exercises

Exercise 5. Let H be a Hilbert space and K = {x € H | ||x| < 1}. Prove that x € ext K if and
only if || x| = 1.

Exercise 6. Prove that the unit balls of L!([0, 1]) (with | - ||;) and ¢o(N) = {x : N — C |
lim, x(n) = 0} (with || - ||o) have no extreme points (see [Con, V.7.2,V.7.7]).



Lecture 11

Applications to amenability of groups

Recall the following definition of amenability of a countable group G.

Definition 11.1. Let G be a group. An invariant mean m on G is a finitely additive probability
measure m on G satisfying

m(gA) =m(A) forall geG,ACG.

In words, an invariant mean is a translation invariant finitely additive probability measure on the
group. A group G that admits an invariant mean is called an amenable group.

In this lecture we show the strength of the abstract theorems proven in the previous lectures and
obtain a number of deep results on amenability of groups.

11.1 The Markov-Kakutani fixed point theorem

There are quite a few fixed point theorems in mathematics that have remarkable consequences. In
Analysis I and 11, you met the theorem that says that a (strict) contraction on a complete metric
space has a unique fixed point. That theorem is used in the Picard iteration method to prove
existence and uniqueness of solutions of certain differential equations. But it is also used to prove
the inverse function theorem.

In this section, we prove a fixed point theorem of a different nature. As an application, we will study
invariant means on abelian groups. In the final “extra” lecture we will prove the more powerful
Ryll-Nardzewski fixed point theorem.

Definition 11.2. Let X and Y be vector spaces and K C X a convex subset. Amap7 : K — Y
is called affine if

Tax+(1—-—a)y)=aT(x)+ (1 —-a)T(y) forall « €[0,1], x,y e K.

Check that an affine map 7' : K — Y satisfies
n n
T(ZO(,‘X,‘) = ZOQ‘T(X,‘)
i=1 i=1

101
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whenever n € No, o; € [0,1], x; € K foralli =1,...,nand ) ;_, o; = 1.

Obvious examples of affine maps are of course restrictions to K of linear maps from X to Y.

Theorem 11.3 (Markov-Kakutani fixed point theorem). Let X be a seminormed space and K C X
a compact convex subset. Let F be a family of continuous affine maps from K to K. Assume that
ST =TS forall S,T € F. Then, there exists an xo € K such that T (xo) = x¢ forall T € F.

Proof. Prove yourself this theorem according to the following steps. Details can be found in [Con,
V.10.1].

Whenever T € F and n € Ny, we write 7™ : K — K given by
1 n—1
7™ = — T* ,
(x) = kg (x)

where T* denotes the k-fold composition 7% = T o --- o T and where by convention 7°(x) = x
for all x € K.

1. Check that T™ indeed maps K into K. Check that 7™ S = ST forall S, T € F
and n,m € Np.

2. Consider the family of sets K := {T"(K) | T € F,n € Ny}. Prove that each set in K is
compact.

3. Observe that forall 71, ...,7T, € F and ny,...,n, € Ny we have that

p
k=1

Deduce that the family /C has the finite intersection property. Deduce the existence of xo € K
such that xo € T™(K) forall T € F and all n € N,

4. It remains to prove that T(xg) = xo forall T € F. Sofix T € F and n € Ny. Write
xo = T™(x) for some x € K and prove that

T(x0) %0 = - (I"(x) ~ %)

Deduce that T'(x¢) — x¢ € %(K — K) for all n € N.

5. Use the continuity of the map X x X — X : (x,y) — x — y to prove that K — K is a
compact subset of X.

6. Prove as follows that 7'(xg) — x¢ € U for every T € F and every convex open neighborhood
of 0. Fix such T and U. Prove that (nlf),cn, is an open covering of X . Deduce the existence
of n € Ny such that %(K — K) C U. Conclude that T'(x¢) — xo € U.

7. By definition a topological vector space is Hausdorff. Hence the statement above implies
that T'(xg) = xo forall T € F.

]
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11.2 Abelian groups are amenable

If G is a countable group and £ : G — C a function, we define for every g € G, the translated
function

§:8:6G>C:(5-8)(h) =£(gh) .

Recall that we have proven in Theorem 8.10 that the group Z is amenable. As an application of
the Markov-Kakutani fixed point theorem, we can prove that every abelian group is amenable.

Theorem 11.4. Every abelian group is amenable.

Proof. Define
K={el®G)*|||¥|<1,¥Yd)=1, U(F)>0 whenever F(g)>O0forall g€ G }.
We equip £°°(G)* with the weak™ topology.
1. Prove that K is weak™ compact and convex.
2. Define for every g € G the map
Te : K= K: (T,W)(F)=VY(F-g).
Prove that every Ty, g € G, is weak™ continuous and affine.

3. Since G is a commutative group, we can apply the Markov-Kakutani fixed point theorem to
the family {7, | g € G} of affine maps from K to K. So, we get W € K such that 7, ¥ = ¥
for all g € G. Define m(A) = W(y4) whenever A C G and check that m is an invariant
meanon G.

11.3 The compact space of means

Let G be a countable set. Denote by P(G) the power set of G, i.e. the set of all subsets of G.
Recall that a mean m on the set G is a finitely additive probability measure on G, i.e. a map
m : P(G) — [0, 1] satisfying m(@) = 0, m(G) = 1 and m(A U B) = m(A) + m(B) whenever A
and B are disjoint subsets of G.

Then define

M(G) := the set of means on G
:={m:P(G) - [0,1] | misamean }.

Whenever A C G the formula d4(m,m’) := |m(A) — m’(A)| defines a pseudometric on M(G).
The family D := {d4 | A C G} turns M(G) into a pseudometric space.

Proposition 11.5. The space M(G) of means on a countable set G equipped with the pseudomet-
ric topology given by D is compact.
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Proof. Prove this proposition yourself. The proof is almost identical to the proof of the Banach-
Alaoglu theorem 8.7, identifying M (G) with a closed subset of the infinite Cartesian product

[T4cqlO. 1] ]

The most obvious means on G are given as follows. Assume that £ : G — [0, 1] is a finitely
supported function with ) .5 £(g) = 1. Define

mg : P(G) — [0, 1] : mg(4) = ) &(g) .
geA
Check that me is indeed a mean on G. We denote by S(G) the set of these easy means :
S(G):=1{mg | §:G — [0,1] is finitely supported and Z E(g) =1}. (11.1)
geG
Proposition 11.6. Equip the space of means M(G) with the pseudometric topology given by D.
Then S(G) is a dense subset of M(G).

Proof. Fix m € M(G). We have to prove that m lies in the closure of S(G). By definition we
have to prove that for all Ay,..., A4, C G and every ¢ > 0 there exists £ € S(G) such that
dg;(m,mg) < e foralli = 1,...,n. We will actually do better and prove that we can find
§ € S(G) such that m(A;) = mg(A;) foralli =1,...,n.

1. Take intersections of A;’s and complements G \ A; to find a partition of G into nonempty
disjoint subsets D1, ..., D,, C G with the property that every A; can be written as the union
of some D;’s.

2. Choose points g; € D;. Define

E(gi) =m(D;) forall i=1,....,m,
§(g)=0 if ¢ {g1, - 8m}-
Prove that § € S(G) and that m(D;) = mg(D;) foralli =1,...,m.

£§:G—>10,1]:

3. Deduce that m(A;) = mg(A;) foralli =1,...,n.

11.4 A first characterization of amenability: approximately in-
variant functions

We already saw in Theorem 11.4 that every abelian group is amenable. Actually many more groups
are amenable as we shall see below. However once the group is infinite, it is impossible to give a
concrete formula for an invariant mean. When proving the amenability of the group Z (Theorem
8.10) we nevertheless started with very concrete “approximate” invariant means

n

1
M A(Z) — C :my(F) = — > F(k). (11.2)

=-n
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The really invariant mean then arises as a (highly nonconcrete and nonunique) weak™® limit point
of the sequence (1, ),eN-

The first result that we prove in this section is the following: any invariant mean on a countable
group G arises as the weak™ limit point of a concrete sequence of “approximate” invariant means.

We first introduce the following notation. Throughout G denotes a countable group. Whenever
l<p<oocandf: G — C, we put

i, = (X )

geG

We define £7(G) :={£ : G — C | ||§], < oo}. By Proposition 0.10 we know that £7(G),
equipped with || - ||, is a Banach space.

Also recall that the following concrete formula provides an isometric embedding of £!(G) into the
dual of £°(G). Whenever £ € £'(G), define

mg :£°(G) - C :me(F) = ) £(2) F(g) . (11.3)

geG
Then [me| = [|§]l:.

In the case G = Z, we define &, := ﬁ X[-n,n] and observe that the approximate invariant
means m, in (11.2) are precisely equal to m, = mg,. One checks that for all g € Z we have
|én - g — &4ll1 = 0 as n — oo. All this motivates the following theorem.

Theorem 11.7. Let G be a countable group. Then, the following statements are equivalent.
1. The group G is amenable.

2. There exists a sequence &, : G — [0, +00) of finitely supported functions such that

Y &) =1 forall n €N and lim |& -g—El =0 forall g€ G .

geG

3. There exists a sequence &, € £*(G) satisfying

|énllo =1 forall n e N and lim ||&,-g —&,]l2 =0 forall g€ G .
n—oo

Before proving the theorem we need the following easy lemma.

Lemma 11.8. Let G be a countable set. The finite rank functions from G to C
span{y4 | A C G}
forma || - || co-norm dense subspace of £>°(G).
Proof. Fix F € £°°(G) and ¢ > 0. Take finitely many balls B(z;,¢),i = 1,...,n, of radius &

that cover {z € C | |z| < ||Floo}- Put B; := F~'(B(z;,¢)). Observe that | J!_, B; = G. Write
Ay :=Byand A; ;== B; \ (B1U---U B;_;) fori =2,...,n. Define the function

£:= ZZiXAi .
i=1

By construction || F — &|o0 < €. ]



Lecture 11. Applications to amenability of groups 106

Proof of Theorem 11.7. 1 = 2 (due to Day). Let m : P(G) — [0, 1] be an invariant mean on
G. Using the notation in (11.1) and Proposition 11.6 we can take a net (§;);c; in S(G) such that
mg, — m in the pseudometric topology on M(G). This concretely means that for all A C G we
have that lim; ey mg, (A) = m(A). Check that mg, (gA) = mg, . (A) forall g € G and A C G. The
invariance of m implies that

ljn;(m;i (A) —mg.g(A)) =0 forall ge G, ACG.
1AS]

Whenever £ : G — C is a finitely supported function, we view mg as an element of £>°(G)* as in
formula (11.3). Because of Lemma 11.8 it follows that

l_inllmgl._g,..g(F) =0 forall ge G, F €L>(G).
1AS]

This means that for all g € G we have that §; — &; - g converges to zero weakly in £!(G). We want
to turn this weak convergence into norm convergence.

Fix a finite subset / C G and an ¢ > 0. We will prove the existence of £ € S(G) such that
|€ —&-g|l1 <eforall g € F. Define the vector space

X =)

gEeF

and turn X into a Banach space using the norm || - ||..x of Exercise 6 in Lecture 0. Observe that
X is defined as a direct sum of finitely many Banach spaces. Define the convex subset K C X as

K={PE¢-9|ees@).

gEF

Since the net (@ geri-g— éi))i o7 converges weakly to 0, it follows that 0 belongs to the weak
closure of K. But then Corollary 9.7 guarantees that 0 belongs to the norm closure of K. This in
turn means that there exists a §¢ € S(G) such that ||§ — & - g||; < eforall g € F.

Let G = {go, g1, - - .} be an enumeration of the elements of G. Because of the previous paragraph
we can choose for every n € N an element &, € S(G) such that ||§, — &, - g|l1 < 1/n for all
g €{go,...,&n} By construction we have that lim, ., ||, - g — &,||1 = O forevery g € G.

2 = 3. Given §, € S(G) satisfying lim, . [|&, - g — &, ]|1 = O for every g € G, we put

7711:G_>(C:77n(g): Vgn(g)'

One checks easily that n, € £2(G) with ||5,]|l» = 1 for all n € N. It remains to prove that
limy o0 |1 —Nn - gll2 = O for all g € G. To prove this statement, first observe that for all positive
real numbers a, b € [0, +00) we have

[Wa —~bP? < |Va—b|[Va+ Vb =la—b]|.

It follows that ”nn —Nn - g“% = ”sn - En . g”l — 0. O
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11.5 A second characterization of amenability: positive defi-
nite functions

A related characterization can be obtained using positive definite functions.

Proposition 11.9. Let G be a countable group. Then G is a amenable if and only if there exists
a sequence (¢n)neN Of finitely supported positive definite functions that converges pointwise to 1,
i.e. limy, oo 0 (g) = 1 forany g € G.

Proof. Suppose that G is amenable. By theorem 11.7 we get a sequence (§,),en of finitely sup-
ported unit vectors in £2(G) which are approximately invariant. We can define the positive definite
functions ¢,(g) := (A(g)&x, &,). They are finitely supported, because &,’s are finitely supported
and they converge to 1 pointwise, because ||Ag(§,) — &, || — 1.

Suppose now that we have a sequence (¢,),en Of positive definite functions with the desired
properties. We may assume that ¢, (e) = 1, because ¢, (e) converges to 1 and we can replace the

function ¢, by @, := (p‘pfe) if needed. We will now construct the approximately invariant vectors

in £2(G). We could have applied Proposition 10.11 in order to get some unitary representations
and unit vectors, but we have to insist on finding those vectors inside £2(G) and using the A as
our representation, so we need to find another way. Our aim is to construct a positive operator
T,: €2(G) — €5(G) that commutes with A(g) and T,,6, = ¢,. Indeed, if we have that, we may
define £, := /7,8, and then we have

qon(g) = (‘Pnagg) = <§0n’ A(g)8e>
= (Tu8e, M(2)8e) = (VTuSe, VTuA(g)8e)
= (£, M&) VTne) = (Ens A(2)En)

How do we construct the operators 7,,? We want them to commute with A(g), which multiply from
the left, so they should be built from operators of multiplication from the right. We declare

(Tuf)(Q) = (f *@a)(g) = Y _ f(gh™en(h).

heG

Because ¢, is finitely supported, the sum above is always finite and it is easy to see that 7, is a
bounded operator. Show that 7, is positive, using the fact that ¢, is positive definite. We clearly
have 7,8, = ¢,, so we get we wanted: unit vectors &, such that ¢,(g) = (£,, A(2)&,). Let us now
check that the condition lim, .« ||A(g)&, — &, || = O follows from the condition lim, .o ¢, (g) =
1. Indeed, we have

IA(g)En — &l = 11(8)8n 11> — 2 Re(En. A(g)En) + II5n1?
= 2(1 —Re(&n, A(8)én)) = 2(1 —Regn(g)),

which tends to 0. ]
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11.6 A third characterization of amenability: existence of fixed
points

In Theorem 11.4 we proved that every abelian group is amenable. The method of the proof went
as follows: we defined the convex, weak™ compact subset of £>°(G)* given by

K:={¥el®G)* ||V <1,¥1)=1, ¥(F)>0if F(g) >0forall g € G}

and we considered the action of G on K by translation. The Markov-Kakutani fixed point theorem
provided us with the invariant mean.

We now prove that conversely amenability can be characterized by a fixed point property: a group
is amenable if and only if every “affine action” on a convex compact set has a fixed point. We first
recall some terminology.

e We call («tg)sec an action of the group G on a set K if every oy, g € G, is a permutation
of the set K and if the following two conditions hold: «.(x) = x for all x € K and
og(an(x)) = agn(x) forall g,h € G, x € X. In other words, an action of G on K is
nothing else than a homomorphism from G to the permutation group of K.

e If X is a vector space and K C X a convex subset, we say that (ag)gec 1S an affine action
of G on K if every ag, g € G, is an affine map from K to K.

o We call (g )geq an action by homeomorphisms if K is a topological space and every o :
K — K is a homeomorphism.

e We call x € K a fixed point for the action (2g)geg 0f G on K if oy (x) = x forall g € G.

Theorem 11.10. A countable group G is amenable if and only if every action of G by affine
homeomorphisms of a nonempty compact convex subset K C X of a seminormed space X, admits
a fixed point.

Proof. Assume first that every action of G by affine homeomorphisms of a nonempty compact
convex subset K C X of a seminormed space X, admits a fixed point. We can repeat the proof of
Theorem 11.4 to find an invariant mean on G.

Conversely assume that G is amenable. Let X be a seminormed space, K C X a nonempty
compact convex subset and («g)geg an action of G on K by affine homeomorphisms. Fix an
arbitrary point xo € K. By Theorem 11.7 and using notation (11.1) take a sequence (&,) in S(G)
such that lim, e [|€, — &, - gll1 = O forall g € G. Since §,(g) € [0,1] and }_, . &x(g) = 1 and
since K is convex, we can define the sequence

Xn =) En(Q)atg(Xo) .

geG

Check that for all # € G and n € N we have

an(xn) = D (En-h7)(Q)atg(xo) -

geG
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Denote by P the family of seminorms on X that define its topology. Check that for all p € P and
all h € G, n € N, we have that

p(xn —ap(xn)) < (sup pU))I§n —&n - 11
kekK

Since K is compact we can take a limit point x € K of the sequence (x,),en. Check that p(x —
ap(x)) = 0 for all p € P. Deduce that x is a fixed point for (¢tg)gec- ]

11.7 A large class of amenable groups

The following theorem shows that amenability is preserved under several constructions of groups.
In combination with the fact that all finite groups and all abelian groups are amenable, it follows
that the class of amenable groups is really large.

Theorem 11.11. The following properties hold.

1. If the countable group G is amenable, then all its subgroups are amenable.

2. Let G be a countable group and N <1 G a normal subgroup. Then G is amenable if and
only if both N and G/ N are amenable.

3. Let G be a countable group and (G,) an increasing sequence of subgroups of G. If G =
\U,, Gn and if all the G,, are amenable, then also G is amenable.

Proof. 1. Let K C G be a subgroup. Take a sequence of positive definite functions ¢,: G — C
like in Proposition 11.9. Then the sequence of restrictions ¥, := (¢,)|x shows that K is amenable.

2. First assume that G is amenable with invariant mean m. By 1 above, the subgroup N C G is
amenable. Denote by 7: G — G/N the quotient map and check that n(A) = m(z~!(A)) defines
an invariant mean on G/ N .

To prove the converse we use Theorem 11.10. So assume that N and G/N are amenable and
let (xg)gec be an action of G by affine homeomorphisms of a nonempty compact convex subset
K C X of a seminormed space X. By Theorem 11.10 and because N is amenable, the restriction
of this action to an action of N admits a fixed point. This means that the set

K :={x e K|ap(x) =x forall h € N}

is nonempty. Check that K’ is convex and compact. Use the fact that N is normal in G to prove
that o, (K') = K’ for every g € G. Also check that the formula

,BgN(x) = ag(x)

provides a well defined action (Bgn)gnec/n of G/N on K’ by affine homeomorphisms. By
Theorem 11.10 and because G/N is amenable, this action admits a fixed point x € K’. By
construction x is a fixed point for the original action (¢g)geg. So every action of G by affine
homeomorphisms of a nonempty compact convex subset K C X of a seminormed space X, admits
a fixed point. Again by Theorem 11.10, it follows that G is amenable.
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3. Let F/ C G be a finite subset and ¢ > 0. We have to find a function § € S(G) such that
l€-g —&|l1 < eforall g € F. Since F is finite, we find n such that ¥ C G,. Because G, is
amenable, we can take a function &, € S(G,) such that ||€y- g —&y||; < & forall g € F. It suffices
to define the function § € S(G) as

_)bo(g) if g€ Gy,

8 =1, if ¢&G, .
O
Example 11.12. Theorem 11.11 implies that the following groups are amenable.
1. Define the group S as follows.
Seo ={0 :N — N | 0 isabijection, IN € N such thato(n) =n foralln > N } .
The group S. contains the usual permutation groups S, = Perm{0,1,...,n — 1} as an

increasing sequence of finite subgroups with Soo = | J,, Sn.

2. If G is a group, one defines the derived group |G, G] as the subgroup of G generated by all
the commutators {ghg='h~! | g,h € G}. Check that [G, G] is a normal subgroup of G
and that the quotient group G/[G, G] is commutative. Then, define by induction G® = G
and G®*tD = [G™, G™]. The group G is said to be solvable if there exists an n such that
G™ = {e}.

Prove that every solvable group is amenable. Prove that for all n € N, n > 2, the group
G={AcGL,(Z)| A;j =0 1if i > j}
is solvable.
3. Fix an invertible matrix A € GL,(Z). Define the group G on the set Z" x Z with product
(x.k)-(.1) = (x+ Ay k+1).

Here, we regard A as a group homomorphism from Z" to Z". Check that G is a group and
that this group is amenable.

11.8 Nonamenable groups

We shall prove that for n > 2, the group
SL,(Z) ={A € GL,(Z) | detA = 1}

is nonamenable. It is not hard to see that for n > 3, the group SL,(Z) can be realized as a subgroup
of SL,,(Z). By Theorem 11.11, it is therefore sufficient to prove that SL,(Z) is nonamenable. And
even this will not be proven in a direct way: we rather show that SL,(7Z) contains the free group on
two generators IF, as a subgroup and that [, is nonamenable. Of course, we first have to explain
what is [F5.
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Definition 11.13. Let G be a group and a,b € G \ {e}. We say that a and b are free if the
following condition holds: every product where the factors are alternatingly a nonzero power of a
and a nonzero power of b, is different from e. So, whenever k > 1 and n;,m; € Z \ {0}, we have

a™b™ . ..a"k " £ e
a'h™ ... pMk=1g"k £ e
b™a"t .- b"Mkg"k £ e,

b™at ...q" 1 pMk £ e,

(11.4)

All the products in G where the factors are alternatingly a nonzero power of a and a nonzero power
of b, are called alternating products of powers of a and powers of b.

Definition 11.14. Let G be a group. We call G the free group on two generators if G is generated
by two elements a, b € G \ {e} that are free in the sense of Definition 11.13. We denote G = [F5.

Does the free group exist and is it uniquely determined up to isomorphism? The answer to both
questions is yes. First of all the usual construction of the free group freely generated by a and b
goes as follows. First consider the set of words W in the alphabet {a,a~!, b, b}, including the
empty word that we denote by e. Elements of W look like e, ababab™!, aaab™'bbba™!, etc. A
word is called reduced if there are “no obvious simplifications” : the letter a is never followed or
preceded by the letter a!, the letter b is never followed or preceded by the letter b~!. Also there
is an “obvious” reduction procedure, reducing arbitrary words to reduced words by canceling all
occurrences of aa™', a~'a, bb~', b='b. The set of reduced words can be turned into a group. The
group law consists of concatenating two words and then reducing the concatenated word:

e ala b -bbb =ata bbb,
e a a7 'b-b7bb =alahb,

e a a7 'p-blaaab™ = ab7 1.

It is painful to prove that this group law is well defined and associative. We therefore proceed in
a different way. We first show that [, is unique up to isomorphism, if it exists. We then exhibit a
concrete group that is freely generated by two elements.

Proposition 11.15. Let G be a group that is generated by two elements a,b € G that are free in
the sense of Definition 11.13. Then the following universal property holds: whenever H is a group
and x,y € H, there exists a unique group homomorphism w : G — H satisfying w(a) = x and

w(b) = y.

Proof. Define
Jr(a”‘bm‘ ---ankbmk) — Xn]yml ___xnkymk

and define 7 analogously on the other alternating products of powers of a and b given in (11.4).
Because a and b are free, two alternating products of powers of a and b can only be equal in the
group G if they are factorwise equal. Therefore, 7 is a well defined map from G to H. We need
to prove that 77 is a group homomorphism. By definition 7 (e) = e. It also follows almost directly
from the definition of 7 that 7(g™') = n(g)~! forall g € G.
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One then checks that the set {g € G | n(gh) = n(g)n(h) for all h € G} is a subgroup of G. By
the definition of 7 this subgroup contains a and b. Hence it is the whole of G.

The uniqueness of 7 follows because a and b generate G. 0

Corollary 11.16. If it exists, the free group on two generators is uniquely defined up to a unique
isomorphism.

Proof. Assume that G and H are freely generated by a,b € G, respectively x,y € H. By
Proposition 11.15 we find group homomorphisms 7 : G — H and p : H — G satisfying
w(a) = x, 7a(b) = y, p(x) = a and p(y) = b. But then 7 o p and p o 7 are the identity
homomorphism, because they are the identity on the generators. [

It remains to prove the existence of a group with two free generators a and b. In fact, it suffices to
provide an example of a group G with elements a, b € G \ {e} being free in the sense of Definition
11.13, because we can then take the subgroup generated by a and b. Given a concrete group G and
elements a, b € G, it is most of the time not so easy to prove that a and b are free (if they are). An
example is provided by Proposition 11.18. Most of the examples in the literature are based on the
following extremely nice lemma.

The lemma uses the notion of a group action: an action of a group G on a set X is a map
GxX—->X:(g,x)—>g-x

satisfyinge - x = x forallx € X and g- (h-x) = (gh)-x forall g,h € G, x € X. Check that
an action of G on X is nothing else than a group homomorphism G — Perm(X) from G to the
group of all permutations of X, mapping an element g € G to the permutation x — g - x.

Lemma 11.17 (Serre’s Lemma, also called ping-pong lemma). Let G be a group acting on a set X.
Suppose that S, T € G and that X is the disjoint union of nonempty subsets X1 and X, satisfying

S"- X1 CXy and T"-Xo, C Xy, forall neZ\{0}.

Then, S and T are free in the sense of Definition 11.13.

Proof. Two elements x and y in a group G are called conjugate if there exists a g € G such that
gyg~! = x. Conjugating an arbitrary alternating product of powers of S and 7" with a sufficiently
large power of §, it is sufficient to prove that every alternating product of powers of S and T
starting and ending with a power of S, is different from the neutral element e :

SMOT™ISNT .. MK oL o

whenever k € N and n;,m; € Z \ {0}. Denote the left-hand side of the above expression by g.
The assumptions of the lemma imply that g - X; C X,. Since X, X, are disjoint and nonempty, it
follows that g # e. ]

Proposition 11.18. The elements

1 2 1 0
S—(O 1) and T—(2 1)

of the group SL,(Z) are free.
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Proof. Set X = R\ Q, the set of irrational numbers. Define the action of SL,(Z) on X by the

formula
a b ax +b
-X = .
c d cx +d
If weset X; = X N[—1,1]and X, = X \ Xy, you can easily check that S, 7', X; and X, satisfy
the conditions of Serre’s Lemma. Therefore, S and 7T are free. O]

The above proposition ends the proof of the existence of the free group on two generators.

Proposition 11.19. Let G = [, be the free group on two generators. Then, G is nonamenable.

Proof. Suppose that m is an invariant mean on G. Denote by G, the set of all alternating powers
of a and b that start with a power of a. Add the neutral element e to G,. Denote by Gy, the set of
all alternating powers of a and b that start with a power of b. 1t is clear that G is the disjoint union
of G, and Gy,.

Because bG, and b2G, are disjoint subsets of Gy, it follows that
2m(G,) = m(bG,) + m(bzGa) <m(Gyp) .

On the other hand, aG, C G,, implying that m(Gp) = m(aGp) < m(G,). We conclude that
2m(Gy) < m(Gp) < m(Gy). Therefore m(G,) = m(Gp) = 0. But then m(G) = m(G,) +
m(Gp) = 0, a contradiction. O

Corollary 11.20. The group SL,(Z), n > 2, is nonamenable

Proof. The group SL(n, Z) admits a copy of SL(2, Z) and hence a copy of [, as a subgroup. Since
[F, is nonamenable, Theorem 11.11 implies that also SL(n, Z) is nonamenable. [

11.9 Concluding remarks on amenability of groups

Theorem 11.11 and Proposition 11.19 imply that a group G is nonamenable if G contains a sub-
group isomorphic with [F,. In 1929, John von Neumann posed the problem whether the converse
holds: does every nonamenable group have a subgroup isomorphic with [F,? Ol’shanskii proved in
1980 that the answer is no.

But this does not mean that all mysteries about amenability of groups disappeared. Motivated by
Theorem 11.11, one defines the class £G of groups as the smallest class of groups satisfying the
following properties.

e The class £G contains all finite groups and all commutative groups.
e If G belongs to £G, then all subgroups and all quotients of G belong to £G.

e If G has a normal subgroup N such that both N and G/N belong to £G, then G belongs to
&g.

e If G has an increasing sequence of subgroups G, that all belong to £G and satisty G =
\U,, Gn, then G belongs to £G.
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Theorem 11.11 implies that all groups in the class £G are amenable. In 1957, Day asked if £G
equals the class of amenable groups. But in 1984, Grigorchuk proved that also the answer to Day’s
question is no.

Finally consider again the free group [F, on two free generators a and b. Denote by N the smallest
normal subgroup of I, containing the elements [ab™',a~'ba] and [ab™!, a=2ba?], where we use
the notation [g, h] = ghg 'h™! to denote the commutator of g and h. Define F = F,/N. We
call F Thompson’s group. 1t is still an open problem to decide whether Thompson’s group F is
amenable. It is known though that F' does not contain a subgroup isomorphic with [, and it is also
known that F' does not belong to £G.

At first sight, the construction of F' may seem a little strange. This method of constructing finitely
generated groups is called the method of generators and relations: F ‘is’ the group with generators
a and b subject to the relations

e the element ab~! commutes with the element a ~'ba,

e the element ab~! commutes with the element a —2ha?.

If you then define xo = a, x; = b and x,+; = x,"x1x§ for all » > 1, Thompson’s group F can
also be defined as the group generated by xg, x1, ... subject to the relations

x,:lxnxk = Xp4+1 Whenever 0 <k <n .

11.10 Exercises

Exercise 1. Let G be a countable set. Whenever ¢ € £°°(G)* satisfies ||¢|| = 1, ¢(1) = 1 and
@(F) > 0 whenever F(g) > 0 for all g € G, we can define a mean m on G by the formula
m(A) := ¢(xa). The aim of this exercise is to perform a converse construction: whenever m is a
mean on G, there is a unique ¢ € £>°(G)* such that m(A) = ¢(y4) forall A C G.

1. Use Lemma 11.8 to prove the uniqueness of ¢.
2. Check the result in the special case where m € S(G).

3. Use Proposition 11.6 to deduce the general case.

Intuitively a mean is a finitely additive probability measure, while ¢ € £*°(G)* is a “finitely
additive” integral. So we have shown that there is a one-to-one correspondence between finitely
additive measures and integrals.

Exercise 2. Consider the group G = Z and denote A, C G given by A, = [—n, n]. The subsets
A, C G are finite and more and more translation invariant in the following sense.

Definition 11.21. Let G be a countable group. A sequence of nonempty finite subsets 4, C G is
called a Folner sequence if

m ———-

n—00 |An|

=0 forall geG,

where A denotes the symmetric difference of two sets.
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The aim of this exercise is to prove the following theorem due to Namioka: a countable group G
is amenable if and only if G admits a Fglner sequence.

First assume that 4, C G is a Fglner sequence. Check that &, := |A4,|™! x4, satisfies the second
assumption in Theorem 11.7. So G is amenable.

Conversely assume that G is amenable.

1. Observe that it suffices to prove the following: for every finite subset / C G and every
e > 0, there exists a nonempty subset A C G such that |gA A A|/|A| < e forall g € F. So
fix a finite subset / C G and fix ¢ > 0.

2. We use Namioka’s trick. For every r € [0, 1] we denote by E, the function that is equal to 1
on (r, 1] and equal to O elsewhere. Prove that for every a, b € [0, 1] we have

1 1
|a—b|=/0 |E;(a) — E.(b)| dr and a=/0 E.(a)dr .

3. Whenever £ : G — [0,1] and r € [0, 1], we denote £&" := E, o £. Note that £ = yy4,
where A, = {g € G | £(g) € (r,1]}. Prove that for all finitely supported functions
&, n:G — [0,1] we have

1 1
||§—n||1=/0 I& ol dr and ||s||1=/0 Vel dr .

4. Since G is amenable Theorem 11.7 provides us with a finitely supported function £ : G —
[0, 1] such that ||&]|; = 1 and

DllE-g —El<e.

geF

Deduce that . .
| X g < [elgriar.
0 gEF 0

Conclude that we can fix an r € [0, 1] such that

DONE g =€ <ellE ]

geF

5. Prove that §” # 0 and that A := {g € G | £(g) € (r, 1]} is a nonempty finite subset of G
satisfying
|gA A Al
yleAnA
gEF |A|

This ends the proof of the theorem.



Dessert

The Ryll-Nardzewski fixed point theorem

We treat a very powerful and deep fixed point theorem due to Ryll-Nardzewski. In the formulation
and the proof of the theorem, one plays all the time back and forth between two topologies on the
same vector space. In order to avoid confusion, we introduce the following terminology.

Terminology 12.1 (Only relevant in 12.2 and 12.3). We work with a seminormed space X and
refer to the seminorm topology on X as the strong topology on X . At the same time, we consider
the weak topology on X defined by the seminorms p,(x) = |w(x)| where w : X — C runs
through the strongly continuous linear functionals on X.

We distinguish between two typical cases.

e We start with a Banach space X. Then, the strong topology is the norm topology and the
weak topology is the weak topology of Banach spaces introduced in Example 8.2.

e We start with a dual Banach space X * equipped with the weak™ topology. Because of Propo-
sition 9.8, both the strong and the weak topology are given by the weak™ topology.

Let G be a family of maps from a set K to itself. We call G a semigroup if the identity map belongs
toGandif S o T € G whenever S, T € G.

Theorem 12.2 (Ryll-Nardzewski fixed point theorem). Let X be a seminormed space and K a
nonempty, convex, weakly compact subset of X. Let G be a semigroup of weakly continuous affine
maps from K to K satisfying the following property.

Ifx,y € K, x # y, then 0 does not belong to the strong closure of {Tx — Ty | T € G}.

Then there exists an element x € K such that T(x) = x forall T € G.

Proof. Define for every T € G the weakly closed subset of K defined by
Fixp ={xe K| Tx = x}.

If we can prove that Fixy, N--- N Fixy, # @ foralln € Ny and T1,...,T, € G, the weak
compactness of K implies the existence of x € K such that Tx = x for all 7 € G. Considering
the semigroup generated by 71, ..., T,, we therefore may suppose that G is countable.

116
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By Zorn’s Lemma, we can take a minimal weakly closed, convex, nonempty, G-invariant subset of
K. So, we may assume from the beginning that this minimal element is K itself. In other words:
if L C K is weakly closed, convex, nonempty and G-invariant, then L = K.

Applying once more Zorn’s Lemma, we find a minimal weakly closed, nonempty, G-invariant
subset C C K. (Observe that convexity disappeared from our list of conditions.) We will prove
that C is a singleton and hence provides the required fixed point. Suppose that x,y € C and
x # y. By Theorem 10.4, we can take an extreme point z € ext K. Define

F = weak closure of {T(#) | T €g}.

Since F is a nonempty, weakly closed and G-invariant subset of K, our minimality condition on
K implies that K equals the weak closure of conv(F). By Theorem 10.5, we have z € F.

Take a net (7;);e; in G such that T,(%) — z weakly. Since K is weakly compact, we may
assume that 7;(x) — u and 7;(y) — v weakly. It follows that z = % and the extremality of z
implies that v = z = v. It follows that T;(x) — T;(y) — 0 weakly and hence, 0 belongs to the
weak closure of {T'x — Ty | T € G}. This yields a contradiction with Lemma 12.3. O

Lemma 12.3. Let X be a seminormed space and C a nonempty, weakly compact subset of X.
Let G be a countable semigroup of weakly continuous maps from C to C satisfying the following
minimality condition.

Forall x € C, the set {Tx | T € G} is weakly dense in C.

If x,y € C are such that 0 does not belong to the strong closure of {Tx — Ty | T € G}, then 0
does not belong either to the weak closure of {Tx — Ty | T € G}.

Proof. Leta € C be arbitrary. Define D as the strong closure of conv{7Ta | T € G}. By construc-
tion and because G is countable, D is strongly separable, meaning that D has a countable subset
that is strongly dense. Since D is convex, D is also weakly closed. The minimality assumption on
C,says thatthe set {Ta | T € G} is weakly dense in C. Hence, C C D.

Take x, y € C and assume that O does not belong to the strong closure of {Tx — Ty | T € G}.
Take a strong neighborhood V of 0 in X suchthat V N{Tx — Ty | T € G} = 0. Take a strong
neighborhood W of 0 in X such that W is strongly closed and convex, and satisfies W — W C V.
Since W is convex, W is also weakly closed.

In the first paragraph of the proof, we included C in a strongly separable set D. Therefore, we can
take a sequence (xx)ken in X such that C C | Jg—(xx + W). But then

C = J(C€n@+w)
keN

is a covering of the weakly compact set C by a sequence of weakly closed subsets. A variant of
Baire’s theorem (Exercise 3 in Lecture 6) implies the existence of k € N such that C N (xx + W)
has a nonempty weak interior with respect to the weak subspace topology on C. So, we can take a
weakly open subset &/ C X such that

GA£UNC CCN G+ W).
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But then, C \ (UTeg T YU )) is a weakly closed, G-invariant subset of C that is different from C.
So, it must be the empty set, yielding C = | J7q4 T-Y(U).

Assume now that 0 belongs to the weak closure of {Tx — Ty | T € G}. We derive a contradiction.
By weak compactness of C, we can take a net (7;);c; such that T;x — z and 7; y — z for some
z € C. Take S € G such that z € S~!1(If). Take i sufficiently large such that T;x and 7; y belong
both to S~1(U). It follows that ST;x and ST;y belong both tof N C C x; + W. Hence,

STix—-—STiye W-WcCV.

This is a contradiction with the choice of the neighborhood V' in the beginning of the proof. [
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