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What this course is about

The minimal definition of Functional Analysis is that it deals with (usually
infinite-dimensional) vector spaces over R or C, which are in addition equipped
with topology, and with continuous linear maps between them. A little more lively
(quoted from the introduction of [3]):

“Functional Analysis might be described as a part of mathematics where analysis,
topology, measure theory, linear algebra and algebra come together to create a rich
and fascinating theory. The applications of this theory are then equally spread
throughout mathmatics (and beyond)”.

Methods of functional analysis are used in partial differential equations, differ-
ential geometry, algebraic topology, number theory, group theory, ....

The books which were used in preparation to this course

(1) Hirzebruch—Scharlau [6]. This classic introduction which covers a lot of
material in a few pages is highly recommended.



(3)
"
5)
6)
(7)
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Rudin, Real and Complex Analysis [8]. This contains only a little bit of
functional analysis proper, but a is very good introduction to some neces-
sary background material from measure theory, Fourier analysis and basic
complex analysis.

Rudin, Functional analysis [9]. This well-known classic is in my opinion not
a good introduction, because it is not an introduction at all.

Conway [2] is highly recommended.

Werner, Funktionalanalysis [I1] is also highly recommended.

Einsiedler, Ward [3].

Tao [10].

Standard notations

(1)

K is one of the fields R or C. The real and imaginary part of z € C are
denoted R(z), I(z), and the complex conjugate is Z. At some places, there
are arguments from linear algebra which work for every field. Then we use
the letter k, to indicate that the argument is purely algebraic.

For a k-vector space V and A, B C V, z € k, we denote A+ B = {a+bla €
A,be B} and zA = {zala € A} and A— B:= A+ (—B).
N=1{1,2,3,...}, Ng:=NU{0}.

n:={1,...,n}

P(X) is the set of all subsets of a set X (the power set).

For a linear map F' : V' — W of vector space, we use the notation ker(F')
and im(F') for kernel and image.

For two k-vector spaces V, W, we denote Hom(V, W) the vector space of all
linear maps V. — W.

Prerequisites for this course

(1)

(2)

Linear Algebra, as done in the introductory lectures. In particular, famil-
iarity with the theory of euclidean and unitary vector spaces and normal
endomorphisms of them will be of great help.

Basic measure theory and Lebesgue integration, as covered in Analysis 111,
will be used throughout the course, both to have interesting examples to
which the theory can be applied, as well as useful tools for the development
of the theory. I collected the relevant facts with proofs in the appendix §C}
This is intended as a reference.

Basic point-set topology, as we have learnt it in the course “Analysis,
Topologie und Geometrie”. In the beginning, metric spaces suffice. We
will make occasional use of theorems about continuous functions on com-
pact Hausdorff spaces, such as Urysohn’s lemma and the Stone—Weierstrass
theorem. Later on, knowing the product topology (with infinitely many fac-
tors) and Tychonov’s theorem will be crucial. We make occasional use of
(ultra)filters and nets. The appendix [B] collects the material.

There is no way around using some facts about holomorphic functions in one
complex variable when it comes to the discussion of spectra of operators.
The small amount of things which is needed in this course is collected in
the appendix [D] Unfortunately, this has been kicked out of the curriculum.
Even though this is the case, I think that any serious student of mathematics
must know the Cauchy integral formula.
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(5) Some key theorems in this course depend crucially on the use of Zorn’s
lemma. This was introduced in the course “Analysis, Topologie und Ge-
ometrie”, before we proved Tychonov’s theorem. The appendix [A] contains
a proof of this fundamental result, together with some typical applications.

Remarks

(1) Some subsections are marked with an asterisk. These contain material
which is not so important, and in particular not examinable.
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1. NORMED SPACES AND BANACH SPACES
1.1. Normed spaces. Throughout these notes, K is one of the fields R or C.
Definition 1.1. Let V be a K-vector space. A seminorm on V is a map
I+ V' = [0, 00),
such that
(1) for allv eV and a € K, we have ||av| = |al||v],
(2) for all v,w € V, we have ||v+ wl|| < |jv]| + ||w]|.
If in addition
v =0=v=0
holds, ||-|| is a norm.
A normed vector space is a K-vector space V', together with a norm ||_|| on V.

The absolute value on K is a norm. Other finite-dimensional examples are the

norms
ller == 5 = 1|1,
[2]le> := max |zy]
j=1,....n
and
]l o= /> 5 = 1" ?
on K".

Definition 1.2. Let (V,||-||) be a normed vector space. The distance function
d:VxV =V, dvw):=|v—w|
makes V' into a metric space, and the metric induces a topology on V.
We use the following notations for balls.

Notation 1.3. Let (V,||||) be a (semi)normed space. We write
B,(v) :={weV]v—w| <r}

for the open r-ball around v, and
B,(v) ={weV|v—-w|<r}

for the closed ball. The closed ball B,.(0) appears often enough to be denoted by a
special notation
D, (V):={veV]||| <r}cCW

The metric topology on V' is of course Hausdorff if ||-|| is a norm, and it is first
countable. Recall that continuity of maps between metric spaces can equivalently
expressed using open sets, the € — J-criterion and sequential continuity.

Lemma 1.4. Let (V,||-||) be a normed vector space. Then

(1) The norm ||| : V — R is continuous.
(2) The addition a: V xV =V, a(v,w) := v+ w, is continuous.
(3) The scalar multiplication u: K xV =V, p(a,v) := av, is continuous.

The proof is trivial, once one uses the characterization of continuity by sequences.
The lemma has an important consequence.
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Lemma 1.5. Let V and W be normed vector spaces, and let L(V, W) be the set of
all linear continuous maps F :' V. — W. Then L(V,W) is a vector space.

Proof. This amounts to proving that when F,G : V — W are continuous and
a € K, the two linear maps
aF\F+G

are continuous, which is a straightforward consequence of the previous lemma. [
Continuous linear maps have a very important characterization.

Theorem 1.6. Let V and W be normed vector spaces and let F' : V. — W be linear.
The following are equivalent:

(1) F is continuous,

(2) F is continuous at 0,

(3) there is C > 0 such that ||Fv| < C|lv|| for allv e W.

(4) sup,cy o<1 [[F0]] < oo.

Definition 1.7. Another name for a continuous linear map is bounded operator.
If the target space is the ground field K, we also say functional.

Proof of Theorem[I1.6 The implications 1 = 2 and 3 = 4 are trivial, and 4 = 1 is
very easy. 2 = 3: there is § > 0, so that |[v|| < ¢ implies ||Fv|| < 1. Then for each
v

) 1

[[v]l
Fol|l = F V|| < =|lv]|.
I£0l = ISPl < 5ol

(]

Definition 1.8. Let F' : V — W be a continuous linear map between normed vector
spaces. We define the operator norm of F' as the quantity

|F|l:== sup [[Fv].
veV,|v]|<1

Note that for all v # 0, we have
v
[E[l = [IE vl = vl F(

(% v

= Nl E G < Aol E1]

o]l o]l o]l

so that
[Fvll < [|F[[||v]l

for all v.

Lemma 1.9. Let V and W be normed vector spaces. Then the operator norm is a
norm on L(V,W). If U is a third normed vector space, F : V — W, G : W — U

continuous linear maps, then
IGF|| < [|GIIIF]).

Proof. Tt is clear that |[aF|| = |a|||F|| when F € L(V,W) and a € K. If |F|| =0,
then ||Fv|| = 0 for all v with ||v|| < 1, but that implies F'v = 0 for all v. For the
triangle inequality, let Fy, F1 € L(V,W) and v € V with |[v|| < 1. Then

[ Fov + Fro|| < ||[Fovl| + [[Frol| < [|Foll + (|41l
and pass to the supremum. Similarly
[GFo| < GIIIIF]| < (|G F|[[lv]
implies |GF[| < [|G[|| F|. O
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Definition 1.10. Let V and W be normed space and let F': V — W be a bounded
linear operator.

(1) F is an isometry if it preserves norms, i.e. if
[Ev]l = o]l

forallveV.

(2) F is an isomorphism if F' is bijective and if the inverse F~* : W — V is
also bounded.

(3) F is an isometric isomorphism if F is both, an isometry and an isomor-
phism.

The notions of “isomorphism” and “isometric isomorphism” of two normed
spaces need to be distinguished. Both appear naturally. A special case is when
a vector space V is equipped with two norms ||_||p and ||-|];. A special case of
Theorem is the following:

Lemma 1.11. Let ||-|o and ||-|1 be two norms on V. Then the following are
equivalent.

(1) lIllo and ||-]|l1 induce the same topology on V.

(2) id: (V, o) = (V, 1) and id s (V3 ]| 1s) = (V; [ llo) are continuous.

(3) There are constants 0 < ¢ < C such that c|lv|lo < ||v]l1 < C|vllo for all
veV. g

If the two norms satisfy these conditions, they are called equivalent.
The following crucial result is known from last term’s course.

Theorem 1.12. All norms on a finite-dimensional K-vector space V are equivalent.
Hence each linear map F : V. — W from a finite-dimensional normed space to an
arbitrary normed space is bounded.

The second claim follows from the first, since ||v||F := ||v]| + || Fv| is a norm on
V, and hence there is C' with |[v||p < C|lv||. The Hahn-Banach Theorem, which
will be shown later in this course can be used to give a quick proof of Theorem
[[:12] For sake of completeness:

Proof of Theorem[1.12 Without loss of generality, V = R™. Let ||-|| be a norm on

R"™. Then
ol = 1Y wiesl < D vjlllesll < fvlle= D llesll-
J J J
Hence there is C' > 0 with
(1.13) o]l < Cllolle-
The norm ||_||ge induces the product topology on R™. The subset
S :={v eR"|||v|lgee =1} CR"

is closed and bounded and hence compact. The function R” — R, v — |jv| is
continuous by (1.13)), and so it attains its minimum

0 < ¢:=min|v].
veS
It follows that
clolle <ol < Cllvle
for all v € S, and hence by homogeneity for all v € R". O
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Exercise 1.14. Let F: V — W and G : W — V be bounded operators. Show:
(1) If F is an isometry, it is injective.
(2) If F is an isometry and bijective with inverse G, then G is an isometry.
(3) If GF = 1 and ||F|,|IG|| < 1, then F is an isometry. Proof: |jv|| =
IGFo|| < [|Gl[|[Foll < [[Foll < [lo].

1.2. Completeness.

Definition 1.15. A normed vector space is a Banach space if V is complete with
the metric induced by ||_||. In other words, each Cauchy sequence in V' converges.

Lemma 1.16. Let V' be a normed vector space. The following are equivalent:

(1) V is complete.

(2) Whenever v, € V is a sequence such that > -~ ||um|| < oo, the sequence
S w_y vk of partial sums converges in 'V ("absolutely convergent series are
convergent”).

Proof. 1 = 2is clear, by the argument form Analysis I which shows that absolutely
convergent series in R are actually convergent.

2 = 1: let v, be a Cauchy sequence in V. We can find a subsequence v,,, such
that for k > [, we have ||vy,, — vp, || < % By hypothesis, the series

o0

E (Unm+1 - Unm)
m=1
converges to some w € V. But
k-1
g = Up, — Un,
m=1
and so we have limytooo Un,, = W + Uy, . Since limg_, oo ||Ug — Uy, || = 0, this implies
that limg_y 00 Vs = W + Uy, . ([

Lemma 1.17. Let U C V be a linear subspace of a normed space. Then

(1) if V is complete, and U is closed, then U is complete.
(2) if U is complete, then U is closed.

Proof. (1): a Cauchy sequence u,, in U converges to a limit v € V, and as U is
closed, u € U, s0 u,, has a limit in U. (2): let u,, be a sequence in U which converges
to a limit u € V. As U is complete and u,, a sequence, it must converge to some
limit v € U, and necessarily v = u. O

Lemma 1.18. Let F': V — W be a bounded linear operator and assume that there
is ¢ > 0 such that c||v|| < ||[Fv]| for allv € V' (this is often expressed by saying that
F is bounded away from zero. Then if V is complete, the image im(F) C W is
complete and hence closed (by Lemma .

Proof. Let v, € V be a sequence such that Fv, is a Cauchy sequence. As |v, —
Um |l < L|[F (v, — vm)||, vn is Cauchy and converges to some v € V. Because F is
continuous, F'v = lim,, F'v,, € im(F'), so that im(F') is complete. O

Corollary 1.19. Let ||_|lo and ||-||l1 be two equivalent norms on V. Then (V,|-|lo)
is complete iff (V;||-||1) is complete.
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Proof. Because equivalence of norms is an equivalence relation, it is enough to prove
one implication. When (V,]|-||o) is complete, the identity (V,|_lo) = (V. |-ll1)
satisfies the hypotheses of Lemma and so (V,||-||1) is complete. O

Corollary 1.20. FEach finite-dimensional normed space V is complete, and each
finite-dimensional linear subspace V. C W of an arbitrary normed vector space is
closed.

Proof. V is isometrically isomorphic to (R™,||-||) for some norm on R™. But as
(R™, ||-]l¢==) is complete by Analysis II, shows that V' is complete. The second
part follows from the first one and Lemma O

A dramatic difference between finite-dimensional and infinite-dimensional normed
spaces is that infinite-dimensional normed spaces can contain dense subspaces.
These play an important role in many situations. The following Theorem describes
the standard method of constructing bounded operators, and is very important.

Theorem 1.21 (Extension of bounded operators). Let V' be a normed space, let
W be a Banach space and let U C V be a dense linear subspace. Let ' : U — W
be a continuous linear map. Then there is a unique extension of F' to a continuous
linear map G : V. — W, and |G| = ||F||-

Proof. Uniqueness: if v € V, pick a sequence u,, € U with lim, u, = v. By
continuity, we must have Gv = lim,, Gu,, = lim,, F'u,,, in other words: F' can have
at most continuous extension.

For the existence, let v € V' and pick a sequence u,, € U with u,, — v. The
sequence F'u, € W is a Cauchy sequence, since

HF(un - um)H < HF”Hun — U,

and so
Gv :=lim Fu,, € W

exists. We have to verify the following:
(1) ||Go|| < ||F||||v||. Because ||Fuy|| < ||F||||un| for all n, we have

|Gl = [[Tim Fuy, || = Tin || Fug|| < {15 T {lwn || = [|F][][o]-

(2) G is well-defined, that is, the above definition of Gv does not depend on the
choice of the sequence u,, which converges to v. But if u,, € U is another
sequence with w,, — v, then lim, (u, —u,,) = 0, and since F' is continuous,
it follows that

lim F (u,, — wy,) =0,

and therefore

lim Ful, = lim Fu,,.
n n

(3) G is linear and G|y = F. This is easy.
[

Theorem 1.22. Let W be a normed space and let V' be a Banach space. Then
the vector space LW, V') of bounded operators W — V , equipped with the operator
norm, is a Banach space. In particular, the dual space W' := L(W,K) of any
normed vector space is complete.
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Proof. Let (F,), be a Cauchy sequence in L(V,W). Then there is C' so that
|IE,|| < C for all n. For each v € V, the sequence F,,v € W is Cauchy because
|Fv — Frvl| < ||Fn — Fullllv]], and so has a limit

Fv:= lim F,veW.

n—oo
It is easy to verify that the so defined map F' : V. — W is linear. For v € V| we
have
[Foll = lim [|Fyo] < Cllo],

so that I is bounded. To check that ||F' — F,|| — 0, let ¢ > 0 and pick ng so that
| Ey — E | < € for all m,n > ng. For v € V and all such m,n, we have

[(En = En)oll < [[Fn = Fal[[|o]] < €f|v]].

Therefore
|(Fn = F)oll = lim [[(F, — Fn)ol] < ellel],

as required. 0

Definition 1.23. Let V' be a normed space. A completion of V' is a Banach space
W, together with an isometry v : V — W with dense image.

A completion has a universal property, which makes it unique up to isometric
isomorphism, once it exists.

Proposition 1.24. Let V be a normed space.

(1) Let ¢ : V. — W be a completion of V, let U be a Banach space and let
F :V — U be bounded. Then there is a unique bounded G : W — U with
Gov=F, and |G| = || F|-

(2) Let v; : V. — W;, i = 0,1, be two completions. Then there is a unique
isometric isomorphism F : Wy — Wy with F oy = 1.

Proof. (1): Since ¢ is an isometry, the inverse map ¢~ : ¢(V) — V is an isometry.

The operator F o~ : (V) — U is bounded, and so it has a unique extension to
G : W — U, by Theorem [1.21}

(2): part (1) gives two bounded operators Fy : Wy — Wy and Fy : Wi — Wy
with Fy o9 =1 and Fy o1y = tg. The operator FyFy : Wy — W, satisfies

FioFyou=Fiou =,

and id : Wy — W, has the same property. By the uniqueness statement of part (1),
it follows that F} o Fy = id. Similarly Fy o Fy = id.

Furthermore || F;|| = ||«|| = 1, and so Exercise implies that Fp, Fy are
isometries. O

The proposition shows that a completion, if it exists, is unique. The following
theorem guarantees that completions always exist.

Theorem 1.25. Let V' be a normed vector space. Then there exists a Banach space
W and a linear isometry v : V. — W such that (V) is dense in W.

We will give two proofs later on. Many (but not all) important Banach spaces
arise as a completion of a normed spaces, and many important bounded operators
come from an application of Theorem [1.21
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Let us now explain another drastic difference between finite-dimensional and
infinite-dimensional spaces: closed bounded subsets of R™ are compact (Heine-
Borel theorem), and this plays a key role in analysis. This is always false in infinite
dimensions.

Lemma 1.26 (Riesz Lemma). Let V' be a normed vector space and let W C V' be
a proper (W #£V ) closed linear subspace. Then for each § > 0, there is v € V with
lv]] <1 and distw (v) > 1 —4.

Proof. Choose u € V '\ W. Then r := disty (u) > 0 because W is closed. For each
€ > 0, there is w € W with r < |ju — w|| < r +e. Then v := *=%: has norm 1 and

lu—w]|
for each x € W, we have
1 1 r
T T (lu=(w+[u—wlz)[]) > :
lu—w]| [lu —wl] rte

Pick e small enough so that %_FE >1-4. ]

[o—ul = (lu=w = Jlu—wllz]) =

Proposition 1.27. Let V be a normed vector space and assume that the closed
unit ball D1(V') is compact. Then V is finite-dimensional.

Proof. We prove the following: if V is infinite-dimensional, there is a sequence
(Un)n in Dy(V) with [|v, — vm | > & whenever n % m. This sequence cannot have
a convergent subsequence, so that D (V') is not compact.

To construct the sequence, pick v; € Dy (V) arbitrarily. If vy, ..., v, are already
constructed, let V,, := span{v;|j < n} C V. This is a closed subspace because
V., is finite-dimensional and a proper subspace because V' is infinite-dimensional.

By Lemma there is v,1 € Di(V) with disty, (vp11) > 3, in particular
||Un+1 - 'UJ” > 5 for allj <n. 0

1.3. Linear-algebraic constructions I: quotients. From linear algebra, one re-
calls the notion of a quotient space: if V is a k-vector space and U C V is a linear
subspace, the quotient V/U is the set of all subsets of V' of the form

v+U:={v+ujlueU} CV.
The addition and scalar multiplication is defined by
w+U)+(w+U):=@w+w)+U, av+U):=av+U,

and one checks that these are well-defined and give V/U the structure of a k-vector
space. The quotient map

q:V=>V/U, qv)=v+U

is linear, surjective, and has ker(q) = U. It is sometimes useful notation to write
[v] := v+ W, if the subspace W is understood. The most important feature of the
quotient construction is its universal property: If F : V — W is a linear map to
some other vector space, and F'|y = 0, then there is a unique linear G : V/U — W
such that Go ¢ = F. G is defined by the formula

Gv+U):=Fwv.

Let us introduce (semi)norms into these constructions.
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Definition 1.28. Let V be a seminormed space and let W C V be a linear subspace.
Consider the quotient space V/W with the quotient map q : V — V/W. We define
a seminorm on V/W by

]l :== inf —lof].
veV,q(v)=z

Proof that this is a seminorm. The only point that requires thought is the triangle
inequality. Let xg,2z; € V/W and let € > 0 be arbitrary. Choose v; € V with
q(v;) = x; and ||v;|| < |||l + €. As g(vo + v1) = xg + 21, we have
20 + 21| < [lvo + vall < [lvoll + [[oa]l < llzoll + [z ]| + 2e.
This holds for all € > 0, and the triangle inequality follows. (|
Occasionally, an alternative description for the quotient seminorm is useful. If

x = q(v) = v+ W, then any other v' € V with ¢(v') = x can be written as v’ = v+w
with w € W. Hence we also have

(1.29) llg(v)| = inf [lv +wll.
By definition, we have
lqull < vl

for each v € V, so that ¢ is bounded with operator norm at most 1.
The seminorm on the quotient interacts nicely with the universal property:

Proposition 1.30. Let V' be a seminormed space and let U C V be a linear sub-
space. Let W be a further seminormed space and let F :' V. — W be a bounded
linear operator with F|y = 0. Then the unique bounded linear map G : V/U — W
with G o ¢ = F is bounded, and |G| = ||F||.

Proof. Let x € V/U and € > 0, and pick v € V with ¢(v) = = and ||v|| < ||z]| + €.
Then G(z) = G(g(v)) = Fv and so

G| < [IF[Hvll < (1[Il + [ F]le.

e > 0 was arbitrary, and so |Gz|| < ||F||/||z|. Therefore G is bounded, and |G| <
[|F'||. On the other hand

IFI = 1IGoqll < lIGIlgl < G-
O

The first thing we want to do with this construction is to replace seminorms by
norms.

Proposition 1.31. Let V be a seminormed space. The null space
N:={veV||=0}cCcV

is a linear subspace, and the quotient seminorm on V/W is a norm, and ||q(v)|| =

[[o]-

Proof. The triangle inequality shows that N is a linear subspace. Let € V/N be
a vector with ||z|| = 0 and write = g(v). We have to prove that z = 0, or that
v € N, or that ||v]| = 0.

For each € > 0, we can find, by , w € N with

|lv+wl| <e.
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It follows that
ol = [I(v +w) —w]| < [l +wl| + Jw]| = |lv+w] <e,
and hence ||v|| = 0. O

Here is a more substantial application of the quotient construction.

Proof of Theorem[I-25 (In the lecture, we give a short proof later on). Let CF(V)
be the vector space of all Cauchy sequences in V. If (v,), € CF(V), then (||up])n
is a Cauchy sequence in R. Define

[ (vn)nllcr = nh_{%o [[vn |-

This is a seminorm, as it is easily checked.

The null space of ||_||cr is the space NF(V) C CF(V) of all null sequences. We
define

W := CF(V)/NF(V)
with the induced quotient norm (see[1.31). Furthermore, we define ¢ : V. — W as
the composition
V5 CRV) S w

of the map which assigns to v the constant sequence with value v with the quotient
map. It is clear that ¢ is a linear isometry.

It remains to prove that +(V') is dense and that W is complete. To this end, we

make the following observation. Let x := (v,), € CF(V), which defines a point
g(z) € W. Then

(1.32) q(x) = li7rln t(vp).
This is because
l[e(vn) = q(@)lw = [[i(vn) = z]lcr = Tim [jv, — o]
implies
tim [1(v) — q(e) [w = limnlim [0, — v,,| = 0

as (vy,) is Cauchy. Since each point of W can be written as ¢(x) for some x € CF(V),
(1.32) immediately implies that «(V) C W is dense.
To prove that W is complete, let x,, be a Cauchy sequence in W. By density of
the image of ¢, we can pick a sequence y,, € V such that |2, — t(y,)|| < L. Since
1 1
[e(yn = ym)l| < 120 — il + =+ —,
n m

t(yn) is a Cauchy sequence and because ¢ is an isometry, y := (y,)n is a Cauchy

sequence in V. By
lim [|e(yn) = q(y)|| = 0.

Therefore
1
lzn = gl < llzn = c(yn)ll + e(yn) = a()ll < =+ lle(yn) = a(y)]
tends to 0 as well. O

Lemma 1.33. Let V be a normed space and let W C V be a linear subspace. Then
the quotient seminorm on V/W is a norm if and only if W is closed.
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Proof. Assume that the quotient seminorm is a norm, and let v,, be a sequence in
W with v = lim,, o v, € V. But

[(on + W) = (v +W)|| < [jon — o] =0

implies that |jv + W|| =0, i.e. that v € W.

Vice versa, let W be closed, and assume that ||v + W|| = 0. For each n € N,
there is w, € W with ||v 4+ w,| < % But then —lim,,_o, w, = v proves that
veW,ie v+ W =0. O

Lemma 1.34. Let V be a Banach space and let W C V' be a closed linear subspace.
Then the normed space V/W is complete.

Proof. By Lemma we have to show that if v, + W € V/W is a sequence with
>0 llvn + W < oo, the series Y, v, + W converges in V/W.
Pick w,, € W with |[v, + w,|| < 3. Then

D v+ wal <14 [on + W| < o0,

n=1 n=1

and because V' is complete, the sequence

m
U, ::ZanrwneV

n=1
converges to some u € V, again by Lemma But u, + W =% 1" (v, + W)€
V/W, and so the latter series converges in V/W, to u + W. O

1.4. Examples I: spaces of continuous functions. We fill the abstract notions
with life and introduce the most important Banach spaces. We have essentially two
important classes: spaces of continuous functions on topological spaces, and spaces
of measurable functions on measure space.

Definition 1.35. Let X be a topological space. We denote by Cp(X;K) or just
Cy(X) the vector space of all bounded continuous functions f: X — K. The norm
of f is defined by

[fllco = sup [f(x)].
zeX
It is easy to see that this defines a norm.
Lemma 1.36. Cy(X) is complete.

Proof. Let (fn)n be a Cauchy sequence in Cy(X). For each z € X, the sequence
fn(x))n is Cauchy in K and hence convergent. Define

f@) = lim f (@)

We show that f,, converges uniformly to f, so let € > 0 and pick ng, such that for
all m,n > ng, we have ||f, — fm|| <e. For each n > ng and x € X, we have

1) = fa@)] = Jim_|fn(2) = fo(a)| < lmnsup S = fulleo < e

With the argument known from Analysis I, f is continuous, and we also get || f||co =
lim, || fnllco < oo.



16 JOHANNES EBERT

The most important case is where X is compact and Hausdorff (the Hausdorff
condition is not needed here, but compact and non-Hausdorff spaces do usually
not amit many functions to K). In that case, each continuous function X — K is
bounded and attains its maximum value. It is usual to write

C(X;K) := Cp(X;K)

in that case.
An important variation occurs if X is locally compact and Hausdorff.

Definition 1.37. Let X be locally compact and Hausdorff. We denote by
Co(X) C Cp(X)

the subspace of all continuous bounded functions which vanish at infinity. That is,
for each € > 0, the set {z||f(x)| > e} C X is compact.

This is a closed subspace and hence a Banach space on its own right. Why
is it closed? Let f, — f be a sequence in Cy(X) which converges to a limit in
Cy(X). For € > 0, choose n with || f — fn|| < € and let K C X be compact so that
|fn(z)| <eife ¢ K. lfx ¢ K, we have |f(x)| < 2e. Altogether {z € X||f(x)| > 3¢}
is compact.

The simplest topological spaces are discrete sets (all sets are open). In that case,
we write

Co(S) = Co(S)
and

0°(S) := Cy(S)

(we’ll learn soon where this notation comes from). When S = N, ¢o(N) is the space
of all null sequences in K, and ¢°°(N) is the space of all bounded sequences.

When dealing with Banach spaces, it is useful to know dense subspaces, in order
to apply Theorem [[.21] Here are some useful examples.

(1) The space C.(X) of compactly supported continuous functions on a locally
compact Hausdorff space is a dense subspace of Cy(X). When S is a discrete
set, one usually writes

(138) Coo(S) = CC(S)

For S = N, this is the space of all finite sequences (of arbitrary length).
Let us prove the density. In the discrete case, let f € ¢o(S) and let € > 0.
Then T := {s € S||f(s)| > €} is compact, hence finite. Let xr be the
characteristic function of 7', in other words

1 seT
xr(s) = {o sgT.

Then xrf € coo(S), and ||f — xrf|| < e. For arbitrary locally compact
Hausdorff spaces, recall that if K C X is a compact subset and K C U C X,
U open, there exists a continuous function h : X — [0, 1], which is 1 on K,
0 outside U and has compact support. This is a consequence of Urysohn’s
lemma, see Proposition Now if f € Cp(X) and ¢ > 0, let K C X
be compact so that |f(z)] < € when z ¢ K. Let h be as above. Then
hf € Co(X) and | f — hf|| <e.
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(2) The Stone-Weierstrass theorem (Theorem [B.72)) plays a crucial role in the
study of C'(X) when X is compact Hausdorff. It says that if A C C(X) is a
linear subspace, which contains 1, separates points, is closed under taking
products and conjugates, is dense in C(X).

(3) Important examples are the space of polynomials P C C([a,b]), and the
space of trigonometric polynomials 7 C C(S1).

(4) The space C°(R™) C Cy(R™) of compactly supported, smooth functions is
dense.

1.5. Examples II: spaces of measurable functions. This is what we want to
say about spaces of continuous functions for the moment. The second source of
important Banach spaces comes from measure theory. For more details and proofs,
we refer to §C|

Let (X, B, pt) be a measure space. That is, X is a set, B is a o-algebra on X and
w: B —]0,00] is a measure. A function f: X — K is measurable if for each open
UCK, f71(U) € B. For p € [1,00), we define the LP-norm of f by

[ fllze = (/X |f(@)[Pdpu()) "7 € [0, o]

and the L°°-norm by
[l = sup | f(z)] € [0, oq].
zeX
The most important cases are p = 1,2,00. The following two inequalities are
important. Let p,q € [1,00] be two numbers with % + % = 1, with the convention

that é = 0. These are called conjugate exponents. The Holder inequality (Theorem
(C.37)) states that when f,g: X — K are measurable, then

gl < [ fllzellgllze,
and the Minkowski inequality (Theorem states that
If +gllee <[ fllze + llgllze-

For p € [1,00), we define

LP(X,Bopp) = {f 0 > K| fll1 < o0}
The Minkowski inequality proves that .£P(X) is a vector space and that ||| z» is a
seminorm. The kernel of the seminorm is

N(X, B, p) =:{f : X — K|f measurable , u({z|f(z) # 0}) = 0},

the space of all functions which vanish p-almost everywhere. The quotient

LV (X, B, ) = ZLP(X, B, )/ N (X, B, )

is a normed vector space by Proposition [I.31]
For p = 0o, we define
L (X, B, 1)
as the space of all bounded measurable functions. ||_||p~ is a norm on £°°, and
not merely a seminorm. Nevertheless, we define

L¥(X, B, p) == foo(Xa B, N)//V(X7 B, )

with the induced norm. Because a union of countably many null sets is a null
set, A(X,B,u) C ZL°(X,B,u) is a closed linear subspace, and it follows that
L>(X,B, u) is a normed space.
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Usually, we write LP(X, u) := LP(X,B,u) or even LP(X) or LP(u), depending
on the context. Sometimes, we need to specify the field K, in which case we use
notations such as LP(X,K) or LP(X, u, K) or the like.

Remark 1.39. We note that the elements of LP(X,u) are not functions on X,
but equivalence classes of such functions, with f = g if and only if they agree -
almost everywhere. We shall usually be sloppy about this distinction and refer to
elements of LP(X,u) as functions. When doing so, one must of course keep in
mind that not all concepts one is used to when dealing with functions make sense
for equivalence classes. For example, the expression “f(x)” does not at all make
sense when f € LP(X, ).

Let f, € LP(X, ) be a sequence and let g : X — K be a measurable function.
We say that f, converges pointwise almost everywhere to g, if for any choice of
representatives g, € ZLP(X,u) with [gn) = fn, there is a measurable set S C X
with p(S) = 0 such that lim,, g,(x) = g(x) holds for all x € X \ S. (this notion
does not depend on a specific chice of representatives g, : if hy is another choice
of representatives, the set Sy, = {x|gn(x) # hn(x)} has measure zero, and so does
Uo—1 Sn US, and outside this set, hy(z) — g(x)).

Let us recall the fundamental result of integration theory.

Theorem 1.40 (Theorems and [C.43)). Let (X, B, u) be a measure space and
p € [1,00]. Let fy, be a sequence in LP(X, ).
(1) If fn is a Cauchy sequence, there is a subsequence f, — such that f,  con-
verges almost everywhere to a function f € LP(X, ), and || fn — fllzr — 0.
In particular, LP(X, 1) is a Banach space.
(2) Letp < oo. If g: X — [0,00] is a measurable function with [ g(x)Pdu <
oo, and if |fn] < g for all n, and if f, converges pointwise to a function
f, then f € LP(X, ), (fn)n is a Cauchy sequence, and || fn — fllr — O
(dominated convergence theorem,).

Important dense linear subspaces of LP(X, u) are the spaces of step functions.
For S C X, the characteristic function yg of S is

1 ze€8
xs(®) = {o s S

Let St(X) be the space of all finite linear combinations of characteristic functions
Xs, S € B. Then St(X) C L*>(X, ) is dense (Proposition [C.48)).

Moreover, let St;(X) C St(X) be the subspace of all sums Y7, a;xs;, where S;
has finite measure. Then St¢(X) C LP(X) is a dense linear subspace (Proposition
C.49).

The definition of LP(X, ) and the proof of Theorem uses integration, but
only the integral of nonnegative functions. With the help of the dense linear sub-
space Sty(X), we can define the integral

/X:Ll(X7u)—>K

as follows. For a step function f = Z;;l ajxs,, we define

[ #@du@) = 3 asu(s;).
X =
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The map | « is linear. This is not completely obvious because a step function can

be written as linear combination of characteristic functions in many different ways,

but rather boring: one writes f as a characteristic function of pairwise disjoint sets.
Furthermore, if all S; are disjoint, then

I/Xf(x)du(ff)\ <]Z_:1|ajlﬂ(5j)=/X|f(x)|du(w)= [fllzr-

Therefore, by Theorem [x extends to a bounded functional L'(X, p) — K,
which we also denote by [,. There is usually no way to define / + f(z)dp when
ferP(X,pu),p>1.

Example 1.41. The simplest measures are the counting measures. That is, let S
be a set. The whole power set P(S) is a o-algebra and we define

p:P(X) = [0, 00], u(T) := [T,
the number of elements of T. It is customary to write
P(S) .= LP(9).

Note that every nonempty subset of S has positive measure, and so A (S, p) = {0}.
Therefore, the elements of ¢P(S) are really functions f : S — K, not equivalence
classes.

The space £>°(S) is the same as the space Cy(S) of bounded continuous functions
on S.

The space Sty(S) C £P(S) is exactly the space of all functions S — K with finite
support, which is exactly the space coo(S) introduced in .

More interesting measures are hard to construct. The Lebesgue measure on R™
is known from Analysis III, see also Let us put this example in a greater
context.

Definition 1.42. Let X be a topological space. The Borel-o-algebra is the smallest
o-algebra which contains all open subsets of X. A Borel measure on X is a measure
which is defined on the Borel o-algebra.

Definition 1.43. Let X be a locally compact Hausdorff space. A Radon measure
is a Borel measure p on X such that

(1) u(K) < oo for all compact K C X (u is locally finite),

(2) for each Borel set S C X, we have

p(S)=  sup  p(K)= __inf pu(U)

KCS compact SCU open
(i is inner and outer regular).

Under favorable circumstances, regularity holds automatically: if X is second
countable, then each locally finite Borel measure on X is a Radon measure, see

Proposition [C.59}

Proposition 1.44 (Proposition |[C.58). Let X be a locally compact Hausdorff space
and let p be a Radon measure on X. Then C.(X) C LP(X,pu) for each p, and if
p < 00, then this is a dense linear subspace.

Examples 1.45. (1) On every discrete space S, the counting measure is a
Radon measure.
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(2) The Lebesgue measure A on R™ is a Radon measure. The Lebesgue measure
has the important feature that it is translation invariant, and it is (up to
multiplication by a constant factor) the only such measure on R™.

(3) For each f € L*(R™, \), the measure f\ defined by

FA(S) == /Sfd)\

1s a Radon measure.

Now let X be a locally compact Hausdorff space and let 4 be a Radon measure
on X. Then since C.(X) C L*(X, 1), we have the linear functional

/ dp: Co(X) > K
X

which sends f to f « Jfdp. This functional is positive, which means that

[ sau=o
X
whenever f > 0.

The space C.(X) has the supremum norm, but [ « -dp is usually not bounded.
If, however, p is finite, e.h. u(X) < oo, then by Holder’s inequality

I/ fdpl = [[fller < [Allfllze = p(X) 1 fllco-
X

Since C.(X) C Co(X) is dense, the integral extends to a bounded linear functional
on Cy(X) in this case. We now state one of the main results of this course; the
proof is beyond our capabilities yet.

Theorem 1.46 (Riesz-Markov-Kakutani representation theorem). Let X be a lo-
cally compact Hausdorff space. Let F : C.(X;K) — K be a positive functional (not
necessarily bounded). Then there exists a unique Radon measure p on X such that

Aﬂmwwsz
for all f € Co(X,K).

Example 1.47. The Riemann integral gives a positive functional F : C.(R) — K,
F(f) = fix;o f(x)dx. Theorem provides a Radon measure on R, which s
nothing else than the Lebesgue measure.

Example 1.48. The functional ev, : C.(X) — K, f — f(z) is positive. The
corresponding measure is the Dirac measure at x, which takes a set S C X to 1 if
x €S and to 0 otherwise.

The space C.(X) has the supremum norm || f||co; Co(X) is not complete with
respect to that norm unless X is compact. The space C.(X) is a dense linear
subspace of Cy(X). A positive functional on C.(X) is usually not bounded, as the
example of the Lebesgue measure shows.

Lemma 1.49. Let X be a locally compact Hausdorff space and let p be a Radon
measure on X and let F,, : Co.(X) — K be the integration functional. Then F), is
bounded if and only if n(X) < 0o, and in that case

[Eull = p(X).
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Proof. It suffices to prove that

W)= s )< sw [ e < a0,
K CXcompact 0<f<1,feC.(X)J X

The first equality is immediate from the definition of a regular measure. If K C X

is compact, there is f € C.(X) with 0 < f < 1and f|x = 1. Then pu(K) < fX fdu,

from which the first inequality follows. If 0 < f <1, then

/deu = Fu(f) = [Fu (DI < IEMIFF < TTE]-

This proves the second inequality, and the third holds because if f € C.(X) and
I/l <1, then 0 < |f| <1 and so

FuDI=1 [ fdul < [ 1f1d < ux)
X X
where we used the first equation in the last step. 0

Example 1.50. Consider X = S' and the map p : R — S*, p(t) := 2™, We
define a functional F : C(S*) — K by

P = [ ety

This is obviously positive. The Riesz-Markov-Kakutani theorem yields a Radon
measure p on S1. Observe that u(S') = F(1) = 1. This measure has an important
property: it is translation-invariant.

To formulate this, let z € S* and define for f € C(S') the translated function

T.f(y) == f(z"y).

Then F(T,f) = F(f) for all z and f. To see this, pick s € [0,1] with > = 2.
Then

1-s

1 0 1-s
F(Tzf) — /0 f(€27ri(tfs))dt — /; f(eQWiu)du — f(€27rit)dt_|_/0 f(e27rit)dt —

S —S

1 ) 1—s )
— [ pema+ / ()t = F(f).
0

1-s
The measure p is the normalized Haar measure on the circle.

Let us give some context for this construction.

Definition 1.51. A locally compact group G is a group which is equipped with a
topology such that

(1) the multiplication map G x G — G is continuous,
(2) the map G — G, g+ g~ is continuous,
(3) G is locally compact and Hausdorff.

For a function f € C.(G) and g € G, we define Ty f(z) := f(g~'z).

Definition 1.52. Let G be a locally compact group. A Haar measure p on G is a
Radon measure which is not identically 0 and satisfies the following two equivalent
conditions:

(1) for each g € G and each Borel set S C G, we have u(gS) = p(S),
(2) foreachg € G and each f € Cc(G), we have [, f(x)du(x) = [, Ty f(z)dp(x).
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Theorem 1.53 (Existence of Haar measure). FEvery locally compact group has a
Haar measure which is unique up to multiplication by a positive constant.

The proof of that result is beyond our scope (we develop enough theory to give
a proof for abelian G).

1.6. Duality relation between the sequence spaces. Let S be a set. For
1 < p < ¢ < oo, we have the inclusions

coo(S) C £1(S) C IP(S) C £9(S) C co(S) C £>°(8S).
To see this, let p < q. Then, if f € coo(S), we have

1l = (3 I(s)]7) /0 = |f||ep<2<";5|‘fjp'>%1/q <
(this inequality follows, as 0 < h];(li)i <1, and for = € [0, 1], we have 27 < zP)
<l (G = L = il
s o S

Therefore, the identity (coo(S), ||-ller) = (co0(S), ||-|le«) has operator norm < 1 and
so extends to a bounded operator (P(S) — ¢9(S). It is easy to see that this is
injective.

Similarly, for f € ¢go(S) and s € S, we have

1F$)] = (£ < QoIS = [ fller

so that || f|lcy < ||f|ler. Finally, the inclusion c¢o(S) C £°°(S) is clear (and it is an
isometry, unlike the other inclusions).

Exercise 1.54. Let p < ¢ < oo and let S be infinite. Prove that there is no ¢ > 0
with || fller < c||fllea for all f, and that there is no ¢ > 0 with || f|lee < || flle, for all

f.

The right way to think about the relation between these spaces is in terms of
duality. We will now prove the following three results.

Theorem 1.55. There is an isometric isomorphism
®:LY(S) = co(9)
constructed explicitly in the course of the proof.
Theorem 1.56. There is an isometric isomorphism
D : 0>°(S) — L1(S)
constructed explicitly in the course of the proof.

Theorem 1.57. Let 1 < p,q < 0o be conjugate exponents (% +é =1). Then there
is an isometric isomorphism

O 01(S) — P(S)
constructed explicitly in the course of the proof.
Let us introduce the notation
1 t=s

0s: S = K, 05(t) := {0 L 4
s.
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Proof of Theorem[1.55, Let f € £(S) and g € £°°(S). By the Holder inequality,
we have
Y1) = llfgller < Ifllexllglle-
seS
It follows that the sum ) _¢ f(s)g(s) is absolutely convergent. In particular, this
holds when g is an element of the closed linear subspace ¢ (S) C £>°(.S). We define
® by the formula
®(f)(9) =Y f(s)g(s) € K
seS
Then [8(/)(9)| < [Ifle ey, and hence (f) € co(S)' with [B(f)] < [l Tt
follows that
®: 0H(S) = co(9)
is a bounded operator of norm ||®| < 1.
We claim that ® is an isometric isomorphism. This involves two things: || ®(f)|| =
[ f1ler, and that @ is surjective.
Let us first show that || ®(f)| = ||f]|sx. We have already proven that ||®(f)| <
12NN Il < |Ifllex- For the reverse inequality, let € > 0. Pick a finite subset T' C S,

so that
1l = D £ = 1l —e.

seT
Let as € S* be a complex number so that asf(s) > 0. Define g € ¢o(S) by the

formula
(5) = as sSE€T
K=o seT.
Then ||g|le, <1, and
D@ =D F(as) =D f(s)as=D_|f)] = | fller — e
seT seT seT

This proves that ||®(f)|| > ||f|le — €, and since € was arbitrary, that ||®(f)| = ||f|I-
For the surjectivity of @, let F' € ¢¢(S)" be a bounded functional. We define a
map f: 5 — Kby
f(s) = F(6s),
and first claim that f € ¢!(S). To prove this, let T C S be an arbitrary finite
subset. Pick by € S with f(s)bs > 0. Then

DI =D f(s)bs = F(Q_bad) = [F(Y_bsbo)| < [|F|[|Al]eo.

seT seT seT seT
where h € ¢gp(.9) is the function h(s) :=bs if s € T and h(s) =0 if s € T. Clearly
[[h]le < 1, so that

ST < |F

seT
for each finite T C S, so that || f|la < ||F|.
Now let g € cpo(S). Since

F(g) =) g(s)F(d:) = > g(s)f(s)
sES sES
(only finitely many terms in the sum are finite!), we see that

©(f)(9) = F(9)



24 JOHANNES EBERT

for all g € ¢go(S), and hence by continuity that ®(f) = F. O

Remark 1.58. The formula for ® in Theorem [I.55 really defines an isometry

P 0H(S) = 1(9).
However, this map is far from being surjective. To prove that this is the case, more
theory (and the axiom of choice) is needed.

We now turn to Theorems [I.56] and [[.57] These have analogues for measure
spaces, which are isometric isomorphisms
LY(X,p) — LP(X, )
and
L(X, 1) — LM(X, 1Y
(the latter only if u is o-finite). The first half of the proofs is the same for both,
the discrete and the general case. To get started, we need a converse to the Hélder

inequality (which is very useful in some other contexts, when LP-norms need to be
estimated).

Proposition 1.59 (Reverse Holder inequality). Let (X, u) be a measure space and
let f: X — K be measurable, and let p,q be conjugate exponents. When p = oo,
assume that X is locally finite. Then f € LP(X) if and only if

sup I/ fgdp| < o0
X

llgllza <1

and in that case

Ifler = sup | /X fgdp € [0,0].

lgllLa <1

Proof. Let Cy := supyg,.<1 | [x fodul-
The Holder inequality shows that Cy < ||f||r», and we only have to prove that
| fllz» < Cy. We define a : X — K by

Lf ()]
1 f(z) =0.
Then a € L>®(X, u), |la||lp~ =1 and af = |f| > 0.
For p =1, let g := a and observe that

CfZI/XfadulZ/Xfaduz/xlfldu=||f\|u-

For p = oo, let 0 < R < ||f||L~ and consider S := {z € X]||f(z)| > R}. By

definition of the L>-norm, u(S) > 0, and if y is locally finite, we find T' C S with

0< pu(T) <oo. Put g:= ﬁGXT Then

lgllps =1

1 1
Cy = | [ fanl = —= [ 1f1du = —u(n)R = R

Therefore R < C'y. This holds for each R < || f||re, and therefore || f||zr < Cj.
It remains the case 1 < p < co. Assume first || f]|Lr < co. Set

h(z) = a(@)|f(2)]5.

and
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Then
Al = [ 17Pdu= 1£15, < oc,
and for
o) = h(zx) _ h(mﬂ)
ez,

we have ||g|lr« =1, fg > 0 and so

1 3
CfZI/ fgdu|=/ fgdp = — /|f|1+qdu.
X X £l /X

Butl—i-%:p(%—l—%):pand%zp—landso

1 _
/ fo=—4 / P = 1574 = (£l e,
X, Jx

proving that || f|L» < Cy provided that || f||.» < co.
It remains to prove that

1Nz =00 = C} = o0.
Define
Fulz) == {f@f) L<|f@)|<n

0 otherwise.

Then || fnller < 00 and 0 < |f1] < |f2] < ... = |f[, and by the monotone conver-
gence theorem,

T [ fullhe = 115, = oo.

It hence suffices to prove that || f,,||» < C} for each n. By what we already proved,
there is g € LY(X) with [|g||ze and | [ fagdu| = || fnllr. On the other hand

!
I/ fngdulﬁ/ \fnglduz/ fnalgldué/ falgldp < Cy
X X X X

(the second inequality holds because f,alg| = |fnllg| < |f]lg] = falg|, and the third
because [lalg|||Le = llgllLe)- O

Corollary 1.60. Let 1 < p,q < oo be two conjugate exponents, and assume that p
18 locally finite when p = 1. Then the formula

(1.61) B LI(X,p) = (X, ), [ o> (g /X Fodu)

defines an isometry.

Proof. Tt is by now clear that ® is well-defined, linear, and bounded with ||®(f)| <
[If|lza. By the reverse Holder inequality

1@ = sup|lgl[r <1 /X fadpl =l flza,

so that @ is an isometry (if p = 1, we need that y is locally finite). a
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Proof of Theorem[I.56L By Corollary [1.60] the formula
®(f)(9) =Y f(s)g(s)
seS
defines an isometry
D °(S) — H(S)
(note that the counting measure on S is obviously locally finite). It remains to

prove that @ is surjective, so let F' € ¢1(S)’ be a given linear bounded functional.
Define a function f: S — K by

Since
[E (G < [1F[1[0sller = NIl

for all s € S, f is an element of ¢>°(.S). For each g € coo(S), we can write

9=">_9(s)3s

seS
(which is truely a finite sum), and so
F(g) =) g(s)F(6:) =Y g(s)f(s) = 2(f)(9)-
s€S s€S

Hence we have

o(f)(9) = F(g)

for all g in the dense subspace coo(S) C £1(S), and hence by continuity of ®(f) and
F also for all g € ¢1(9). O

Proof of Theorem[I.57 By Corollary [1.60] the formula
®(f)(9) =Y f(s)9(s)
ses
defines an isometry
:(9(S) — P(S).
We claim that ® is surjective. To that end, let F' € ¢P(S)" be a functional. Define
f:5—=>Kby
f(s) == F(6s).
We claim that f € ¢9(S). If that is proven, it follows as in the proof of Theorem
that ®(f)(g) = F(g) for all g in the dense subspace cgo(S) C ¢P(S), and hence
by continuity for all g € ¢P(S5).
To prove that || f||¢« < oo, note that

[ fllea = sup |Ixzfllea-
T C Sfini

nite
By the reverse Holder inequality
IxTflles = sup | > f(s)g(s)],
lgller<1 2
and since

1> F©)g(s) = 1D F6)g(s)l = 1Y dsg(s)) < IEIID_ bs9(s)ler =

seT seT seT seT
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=71 lg))> < IFllglles,

seT
it holds that
X7 fllea < [|F]
and hence that
[fllea < [IF],
as claimed. O

1.7. x-Absolute and unconditional convergence. We often have to deal with
infinite series whose terms are elements in a Banach space V. We begin with a
recapitulation from Analysis I. Let a : N — R be a sequence. One defines

Z a(n) := hglnz a(n) eV

if that limit exists. Sometimes, one has a better type of convergence: absolute
convergence, which means that

> la(n)] < oo

n=1
(or, equivalently: there is C such that Y " | |a(n)| < C for all m). We have the
following basic result from Analysis I:

Theorem 1.62. Let a: N — R be a sequence. Then
(1) if > ,enal(n) is absolutely convergent, then limp, oo Y 1", a(n) exists.
(2) More generally, if ), o a(n) is absolutely convergent and Fy C F C ... C
N is a sequence of finite subsets which is exhausting (in other words N =
D1 Fin ), thenlimp, o0 37, e a(n) exists, and is equal to limpy, 00 Y"1 a(n).

m=1
(3) Conversely, if the limit limp, oo Y, cp a(n) exists for all ezhausting se-
quences of finite subsets Fy C Fs C ..., then the limit is the same for each

such sequence (Fry)m and ), . a(n) converges absolutely.

Condition (2) expresses the rearrangement property: if ¢ : N — N is bijective
and Y _ya(n) is absolutely convergent, then Y~ a(p(n)) converges, and the
limit does not depend on the choice of .

Proof. (1) is one of the main results of Analysis I. (2) is most conveniently shown
using the dominated convergence theorem: consider the measure space N; then
absolute convergence of a means the same as a € £*(S), and the sequence xr, a
converges pointwise to a and is dominated by a. (3): we show that if ) _ya(n)
does not converge absolutely, there is an exhausting sequence of finite subsets (F};,)
such that lim, o0 D, a(n) does not converge. This will prove (3).

So suppose that » a(n) does not converge absolutely. Without loss of gen-
erality a(n) # 0 for all n. Let Iy = {n € N| £ a(n) > 0. Then I, and I_ are
disjoint subsets. At least one of the sums }, ;. +a(n) must be +00; assume that
> ner, a(n) = +o00. One can build a sequence of finite subsets I C F C ... with

Um—1 En = N such that 7 5 a(n) > m. O

m=1"m

The proof of (3) very much depended on the order structure in R, and one should
expect this step to fail when R is replaced by a general Banach space.
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Definition 1.63. Let V be a Banach space, let S be a countablcﬂ set and let a :
S — V be a map. We say that the series ) g a(s) is
(1) absolutely convergent if > g |lvs| < o00.
(2) unconditionally convergent if for each € > 0, there is a finite ' C S such
that for each finite F' C G C S, || Y secr Usll < €
(3) unconditionally convergent to v € V if for each € > 0, there is a finite
F C S such that for each finite F C G C S, |lv =3 cqvsl| < e

Theorem 1.64. LetV be a Banach space, let S be a countable set and leta : S — V
be a map.

(1) If > cqa(s) converges absolutely, it converges unconditionally.
(2) If > ,cgals) converges unconditionally, it converges unconditionally to a
unique v € V.

There is no parallel to the third part of Theorem [1.62|in general Banach space.
For example, let S =N, V = ¢*(N) and a(n) = 14,. >, ya(n) converges uncon-
ditionally to a € ¢3(N), a(n) = %, but not absolutely.

Proof. (1) Absolute convergence of ) _¢a(s) can be expressed by saying that for
each € > 0, there is a finite ' C S such that for each finite ¥ C G C S, we have
> sca\r la(s)]| < €. The unconditional convergence thus simply follows from the
triangle inequality.

(2) Assume that ) s a(s) converges unconditionally. Choose finite F5, C S so
that if F;, C G and G is finite, then || >0 o a(s)|| < L In particular ||a(s)|| < 1
if s & F,.

We can also assume that Fy C F, C F5 C .... If s € S\ U _, Fy, then
la(s)|| = 0, and we may discard the set S\ |J,~; F,, entirely, and may well assume
that (J,, F, = S. The sequence

seF,
is a Cauchy sequence, which converges to some v € V. The series ) g a(s)
converges unconditionally to v, more or less by definition. A routine argument
shows that if ) g a(s) converges unconditionally to v and w, then [|v — w|| < 2e¢
for each € > 0, proving uniqueness of the unconditional limit. (Il

1.8. Notes. Most of the material in this chapter is standard material and can be
found in every textbook on functional analysis. The exception is the part about
absolute and unconditional convergence. I did work it out by myself.

Lo make things a little simpler
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2. HILBERT SPACES
2.1. Inner products.

Definition 2.1. Let V' be a K-vector space. An inner product on V is a map
(5,:VxV =K
such that

(1)
(2)

1 is R-bilinear
2
(3)
4
5

1s K-linear in the second variable and K-antilinear in the first one,

il

)

(--)
(--)
2,, ,i is symmetric, i.e. {(v,w) = (w,v) for allv,w € V and
)

(4)
()

is positive, i.e. (v,v) >0 for allv eV, and
, ) is definite, i.e. (v,v) =0 only holds for v = 0.

[o]] == V/{v,v) € [0, 00).

Example 2.2. Let (X, i) be a measure space. On L*(X, u;K), we define
(o) i= [ Falata)duta).

This is an inner product, and the induced norm is just the L*-norm. If we would
have considered (X ; i) instead, we would only have gotten a semi-inner product.

Then \/(f, f) = 1 L2-

If X =S is a set with the counting measure, this becomes the inner product
(f.9)=>_F(s)g(s)
seS
on (2(S). If S = n, we get K", with the standard inner product familiar from linear
algebra I1.

Let us first prove that ||-|| is indeed a norm on V. Because
l20]* = (2v, zv) = 22(v, v) = |*||v]®
and
v =0 = (v,v) =0=v =0,
only the triangle inequality needs to be proven.
Theorem 2.3. Let (_,_) be an inner product on V.
(1) (Cauchy-Schwarz inequality) For all v,w € V', we have
[{v, w)| < [oll[Jw]].
(2) If [{v,w)| = ||v|||lw] and ||v|| # 0, then w is a multiple of v.
(3) ||lv]l := v/{v,v) is a norm on V.

In the proof (and several of the following proofs) we make use of the following
elementary fact.

Lemma 2.4. Let
p(t) == at® + bt + c € R[]
be a quadratic polynomial with real coefficients such that p(t) > 0 for all t € R.
Then
b? < 4ac.
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Proof. If @ = 0, then b = 0 and the claim is trivial. If a # 0, the zeroes of p(t) in
C are

b b2 c
SRR
2a 4a2 a
If p(t) > 0 for all ¢ € R, p cannot have two distinct real roots, which forces
b2 4ac
TR oy,
4a?  4a?

Proof of Theorem[2.3. (1): For each ¢t € R, we have
(2.5)
0 < (vtw, v+tw) = (v, v)+t((v, w)+{w, v))+{w, w) = ||v||*+2|Jw|*+2tR (v, w) =: p(t).
Lemma 2.4] shows that

R(v, w)? < [l [lw]|*.
Taking square roots yields

R (v, w)| < [lo][Jw]-

There is z € St such that (v, zw) = z(v,w) > 0. It follows that

(v, w)| = (v, zw) = [R(v, zw)| < [Jolll|zw]| = [Jvl[|z][[w]] = [[o]l{|wl]-
(2): As above, we find z € S such that (v, zw) = ||lv||||zw]|, so that we may assume
0 < (v,w) = [{(v,w)| = ||v]|]Jw]||. We can also assume by scaling v that ||v|| = 1.
Then
lw—(v, wyv]|* = [[w]|*~2{v, w) (v, w)+(v, w)|[o]* = [|w|*~(v,w)?* = [Jw]]*~[lw|*|lv[|* = 0
or

w = (v,w)v.
(3): For the triangle inequality, note that
[v+wl? = [[]]? + [lw]? + 2R(v, w) < (o] + [lw|® + 2[[o|l[lw]l = (o] + [|lw])
and take square roots. ([

Remark 2.6. Occasionally, it is useful to consider semi-inner products, which are
maps V xV = K, (v,w) — (v,w), which satisfy all axioms for inner products,
except definiteness. In that case, the formula ||v|| := \/{v,v) defines a seminorm
on V', and the Cauchy-Schwarz inequality continues to hold.

Definition 2.7. A Pre-Hilbert space is a K-vector space V', together with an inner
product. A Pre-Hilbert space is a Hilbert space if V', with the norm induced by (_, _)
is complete.

There are a couple of simple identities for inner products, which will be used
very often. We begin with a definition.

Definition 2.8. Let V' be a Pre-Hilbert space and v,w € V.. We say that v and w
are orthogonal and write v Lw, provided that (v,w) = 0. If S CV is a subset, we
write

St = {w e V|wlovw € S}.

Proposition 2.9. Let V be a Hilbert space.
(1) For each w € V, the functional Ly, : V — K, Ly (v) := (w,v) is bounded
and || Lu|| = [|w]-
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(2) If S CV is a subset, then St is a closed linear subspace.
(3) If W C V is a linear subspace, then W N W=+ = {0}.

Proof. (1): |Ly(v)| < |lw||||v]] holds by Cauchy-Schwarz, and |L,,(w)| = |Jw||? by

definition.
(2): We can write

St = ﬂ ker(Ls),

sSES
i.e. as the intersection of closed linear subspaces.
(3): if v € WN W, we must have (v,v) =0, so v = 0. O

Proposition 2.10. Let V' be a Pre-Hilbert space and v,w € V. Then
1) flo+wl? = [[v]? + [Jw]* + 2R(v, w).
(2) (Pythagoras theorem) If vLw, then

lv +wl[* = [Jvl* + [w]|*.
(3) (Parallelogram identity) ||v + w||* + |lv — w||* = 2(||v||* + [|w]|?).
(4) (Polarization identity in the real case). If K =R, then
1
(v, w) = 7(llv+ wl* = [lv = w][®).
(5) (Polarization identity in the complex case). If K = C, then
1 Nz e 112
(v, w) =7 > ) flo+iFw].
keZ/4
Proof. The identities (1)-(4) are obvious. For (5), note that
2+ ylI* = [l = ylI* = 4%(z, )
and that
R(—iz) = S3(2)
for x,y € V and z € C. Therefore
Y o+ il = (Jo+w)? = [lo = w]?) + il = iw]® = o+ iw]|?) =
kEZ/4
= 4R (v, w)+4i(R(v, —iw)) = 4R(v, w)+4i(R—i(v, w)) = 4(R{v, w)+iS(v, w)) = 4(v, w).
(]

Just as most Banach spaces arise as completions of normed spaces, most Hilbert
spaces arise through a completion process.

Lemma 2.11. The Banach space completion of a Pre-Hilbert space is a Hilbert
space.

Proof. Let (W, {_, )w) be a Pre-Hilbert space and let V' be its Banach space com-
pletion. We have to prove that the inner product on W extends to an inner product
on V which induces the norm. To that end, we note that

(v, w) = (0", w')| = [(v,w = w') + (v =", )| < Jvllllw —w'[| + [0 = V[[[Jw].
For v,w € V, let v, — v and w,, — w be sequences in W which converge to these
vectors. The above estimate shows that the limit

(v, w) == 7}1_}1{.10(1)”,10“)
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exists, does not depend on the choice of the sequences v, and w, and yields an
inner product on V. Furthermore, the continuity of the norm proves that

ol = tim floall = tim /o o) = v/(0,0)
holds. O

2.2. The projection theorem. We recall that a subset U C V of an R-vector
space is convez if for x,y € U and t € [0, 1], the point tz + (1 — t)y also lies in U.

Theorem 2.12 (Projection theorem). Let V' be a Hilbert space and let K C V be
a nonempty closed convex subset. Then there is a unique v € K of smallest norm.
For all w € K, we have R{v — w,v) <0.

Proof. Let d := infyef ||2|. Let t > 0 and let 2,y € K with ||z|?, |ly||? < d* + 1£2.
Since K is convex, 3(z 4+ y) € K and so

1 1 1 1 1
2+ Zlle—=vyll2 <= 2 Tl 2 _ - 2 2) < g2 4 242
+ gl =yl < 5@ +n)IP+ 15 =P = S0l + ) < & + 5
by the parallelogram identity and therefore
lz =yl < t.

Uniqueness of v follows immediately.
To prove existence of v, let x,, € K with ||z,| — d. Then for large m, ||z || <
||zn| and therefore

limsup ||z, — zm| < [|2za] —d
m— 00

which implies

lim limsup ||z, — Zm,] =0
n=00 m—oo

as ||zn|| = d. Hence (x,), is a Cauchy sequence, which converges to some v € V,
and as K was assumed to be closed, we have v € K, and furthermore

[of| = lim [z, || = d.
O

Lemma 2.13. Let V be a Hilbert space and let W C V' be a closed linear subspace.
Then

(1) each x € V' can be written uniquely as a sum
z = P(x) + Q(x)

with P(z) € W and Q(z) € W+,
(2) for all z,y € V, we have

1P(@)]* + Q)1 = [l

(3) and the maps P,Q : V — V defined in this way are linear bounded operators
of norm at most 1.

Proof. (1) The uniqueness is easy: W and W+ are linear subspaces, and WNW+ =
{0}, so if w,w’ € W and v,v' € W+ are given with

wHv=w +7,
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then w = w’ and v = v’. For the existence, note that x + W is a nonempty closed
convex subset of V. Let y € x+W be the element of smallest norm whose existence
is guaranteed by Then obviously

P(z):=x—yeW,

and we put

Qr) =z —P(x) =y.
To verify that y € W+, let w € W and t € R be arbitrary. We have

Iyl < lly + twl|* = [[yl* + 2tR(y, w) + £ |w]]?

or

£2[w]]? + 26R(y, w) > 0.
From Lemma [2.4] we conclude that

(R(y,w))* =0
and hence
R(y, w) =0
for all w € W. Pick z € S! such that z(y,w) € R and we find that
2y, w) = (y, z2w) = Ry, zw) =0

and therefore y € W+, as claimed.
(2): Since P(z) € W and Q(z) € W+, we have (P(x),Q(z)) = 0 and hence

lz[* = [1P(2)]| + Q(x)|*
by the Pythagoras identity.
(3): The statement that each v € V can uniquely be written as a sum P(x)+Q(x)
with P(x) € W and Q(z) € W+ can be reformulated by saying that the linear map
WaeWt =V, (zy)—»z+y

is bijective, with inverse map v — (P(v), Q(v)). Because inverses of bijective linear
maps are linear (a fact proven in Linear Algebra 1), it follows that P and @ are
linear. The equation ||z||? = || P(x)|*+]|Q(z)||? immediately implies || Px||, |Qz| <
lz|l, so that both are bounded of norm < 1. O

Theorem 2.14 (Projection theorem for linear subspaces). Let W C V be a closed
linear subspace of a Hilbert space, and let P,Q € L(V,V) be the two maps con-
structed in Lemma[2.13. Then

(1) For all x,y € V, we have

(z, Py) = (Pz,y), (z,Qy) = (Q,y).
(2) W =ker(Q) = im(P), W+ = ker(P) = im(Q).
(3) PP=P,Q°=Q,QP=PQ=0,P+Q=1.

Proof. (1): we compute

): w
(P(z),y) = (=, P(y)) = (P(x), P(y) + Qy)) — (P(2) + Q(x), P(y)) =
)

= (P(z), P(y)) + (P(2), Q(y)) — (P(x), P(y)) — (Q(z), P(y))
= (P(x), P(y)) — (P(x), P(y)) =0,

using that W and W+ are orthogonal. A similar computation shows the claim for

Q.
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(2): from = Pz + Qx, Pr €¢ W, Qz € W+ and W N W+ = {0}, we get
teW=Qr=c—PreWnNWt=Qr=0=>z=Pr=xcW.
This means
W C ker(Q) C im(P) c W
and therefore W = ker(Q) = im(P). Similarly
reEWr=Pr=2—-QreWnNWt=Pr=0=>z=Qr=zxec Wt
proves
W C ker(P) C im(Q) c W,
so Wt =ker(P) = im(Q).
(3): i (P) = ker(Q) implies QP = 0, and similarly PQ = 0 follows from
im(Q) = ker(P). It is obvious that P+ @ =1 and so
P=(P+QP=P> +QP=P?
and
Q=(P+Q)Q=PQ+Q*=Q"
U

Definition 2.15. The map P = Py from Lemma [2.13 is called the orthogonal
projection onto W.

The result has a converse.

Definition 2.16. Let V be a Hilbert space. A projection in V is a bounded operator
P e L(V,V) such that

P? =P, Yo,w €V : (Pv,w) = (v, Pw).
Proposition 2.17. Let V be a Hilbert space and let R be a projection. Then
im(R) = ker(1 — R)
is a closed subspace,
im(R)* = ker(R),

and R = Py, (g) is the orthonormal projection onto im(R).
Similarly, im(1 — R) = ker(R), ker(R)*, and 1 — R = Py, gy

Proof. Since
(1-R)R=R-R>=0,

it follows that im(R) C ker(1 — R). If v € ker(1 — R), then v — Rv = (1 — R)v = 0,
so v = Rv € im(R). Since (1 — R) is continuous, ker(1 — R) is a closed subspace.

If wlim(R), then (v, Rw) = (Rv,w) = 0 for all v, hence Rw = 0, so im(R)* C
ker(R). If Rv = 0, then for each w € V, we have 0 = (w, Rv) = (Rw,v), so
v €im(R)*.

To show that R = Py, (g), write P = Py, gy and Q = 1— Pyy(g) and W = im(R).
For x € W = im(R), write x = Rv and compute

Rz = R?>v=Rv =uz.

It follows that RP = P. If x € W+, then (Rx,y) = (z,Ry) = 0 for all y € V
because im(R) = W. Hence Rz = 0 when x € W+, and it follows that RQ = 0.
Therefore

R=R(P+Q)=RP+RQ=P.
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O
Proposition 2.18. Let W C V be a linear subspace of a Hilbert space. Then
Wt =W
and
(WHt =w.

Proof. For two subsets S C T C V, we have T+ C S+. Applying this to W ¢ W
shows
W cwt
If v € W+, then (v,w) = 0 for all w € W, hence by continuity also for all w € W,
Sov € WL, which proves W+ C Wl.
For the second part, we can assume without loss of generality that W is closed,
by the first part. By Theorem we have

W =im(Py), Wt =im(1 — Py)
and 1 — Py = Pyyo. It follows that
(W)t =im(1 — Pyr) =im(1 — (1 — Py)) = im(Py ) = W.
O

Corollary 2.19. Let W C V be a proper closed linear subspace of a Hilbert space
(i.e. W #£ V). Then there is v € WL with ||v| = 1.

Proof. We must have W+ = ker(Py) # {0}. O

In the finite-dimensional case, the statements of Theorem [2.14] and Proposition
[2.1§ are easily shown by methods of linear algebra. What we achieved so far was to
prove that the geometric intuition derived from the finite-dimensional case is largely
correct for Hilbert spaces. Completeness of both V' and the linear subspace W was
used in an essential way, in the proof of Theorem [2:12] We are no ready to harvest
the fruits of these results and turn to linear functionals and linear operators.

2.3. The Riesz representation theorem.

Theorem 2.20 (Riesz representation theorem for functionals on Hilbert spaces).
Let V' be a Hilbert space and let F': V — K be a continuous linear functional. Then
there is a unique w € V', such that

F(v) = (w,v)

for allv € V, and we have
1E] = [lwl].

Proof. The uniqueness statement is clear: if w,w’ are two such vectors, then (w —
w',v) = 0 for all v € V, in particular ||w — w'[|? = (w — w',w —w’) = 0. The
inequality || F'|| < ||w|| follows from the Cauchy-Schwarz inequality, and as |F'(w)| =
(w, w) = [w]]?, we also see [[w]| < |F].

For the existence statement, we can assume without loss of generality that F' # 0.
As F is continuous, ker(F) C V is a closed linear subspace, and it has codimension
1. We choose u € V with F(u) = 1, and define

wo = (u — Prex(ryu) € ker(F)*.
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Because the codimension of ker(F) is 1, the complement ker(F)= is 1-dimensional,
and because wg # 0, ker(F)* is spanned by wy. Hence any v € V' can be written
in the form vy + twg, vy € ker(F), t € K.

We claim that there is a € K such that F(v) = (awg,v) for all v € V. But this
is now easily verified, writing v = vy + twg as above:

F(vg + twg) = F(vo) + tF(wo) = tF(u — Peey(pyu) = tF(u) =t
and
(wo, v + twg) = t{wo, wo)

Hence w := ﬁwo solves the problem.

wo ,w

O

It is crucial for the validity of Theorem that V is complete. Despite its
simplicity, the result is very powerful. When applied to the Hilbert space L?(X, u),
this result has an important consequence.

Corollary 2.21. Let (X, ) be a measure space. Then the map

B2 L2(Xp) > LX) 0(1)(a) = [ Fod
is an isometric isomorphism.

Proof. We can write

o(f)(9) = (£.9).

and the claim is immediate from Theorem 2.201 O

To demonstrate the power of these methods, we identify the dual space of
LY(X, p1). Recall from Corollary that the map

:L>®(X,p) — LYX, p)
defined by

B(f)(9) = /X Fady

is an isometry if X is locally finite. We use Hilbert space methods to prove that ®
is in fact surjective.

Theorem 2.22. Let (X, u) be o-finite. Then the map
:L>®(X,p) — LYX,p)
is an isometric isomorphism.

Proof. A o-finite measure is locally finite, and so Corollary [I.60] proves that ® is
an isometry. The only remaining issue is to prove that ® is surjective.

We first consider the case where p(X) < co. The (quite ingenious) trick is to
bring the Hilbert space L?(X, p) into play. So consider F' € L' (X, i)'

Since u(X) < oo, the function 1 belongs to L?(X, i), and ||1]|z2 = /u(X). The
Cauchy-Schwarz inequality shows that for f € L?(X, p)

[fllzr = /X |fldp = /Xl\fldﬂz (LIS < ez llf e = VrEOIFIlza-

This proves that L?(X, u) C L'(X, ) and that the inclusion map I : L?(X,pu) —
LY(X, p) has norm [[I|| < v/u(X).
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Therefore, G = Fol : L?>(X, ) — Kis a bounded linear functional. By the Riesz
representation theorem or rather its Corollary there is a unique g € L?(X, p)
with

Fol(f) = [ afds

for all f € L*(X, p).
We claim that g is in L>(X, u) C L*(X, ). For ¢ > 0, let

Se:={x € X||g(z)| > ¢} C X.

This is a measurable subset of finite measure. Let a : X — S! be measurable such

that ag > 0. Define
a(lr) €S,
Sy = {2
0 x & S..

Then f is a bounded measurable function and hence f € L?(X, ). Observe that
7y = u(Se). We have constructed f so that

eu(S.) < /X ofdp = F(f) = [F(F) < | P11l = u(S)IF].

If ¢ > | F||, the above inequality is impossible unless u(S.) = 0. It follows that
lg(=)] < [|F]]

for almost all x € X. Hence g € L (X, p).

We have constructed an element g € L>(X, ) such that F(f) = [y fgdu for
all f € L*(X, u). Since L?(X, ) C L*(X, p) is dense, the claim follows.

This settles the case of finite p(X). The general case can be reduced to the
finite case, using Lemma below. Let w € L'(X, i) be as in that Lemma. The
measure v = wy is finite, and the map

T:LY(X,v) = LYX,p), T(f) :=wf

is an isometric isomorphism as

/X wfdp = /X fdv

(the inverse is T71(g) = 1g). Let F € L'(X,u) be a linear functional. By the
finite case of the theorem, there is a unique g € L (X, v) with

FT(f) = /X ofdv

for all f € LY(X,v). If h € L' (X, i), then

F(h) = FT(T 'h) = /

X

B 1
T (f)dv = /X g fudp = /X ofdp.

Since 0 < w(z) < oo for all z € X, L*°(X,v) = L*(X, u), and the Theorem is
proven. ([l

Lemma 2.23. Let (X, pu) be a o-finite measure space. Then there is a measurable
function 0 < w < 1 with ||w||p: < co.
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Proof. Write X = |J;—; X,, as the disjoint union of subsets of finite measure. The
function w will be of the form

oo
w = § an XX,

n=1

with certain 0 < a,, < 1. Since

wllzs = Z anpi(Xn),
n=1

1

we only have to pick a, so that a,u(X,) < 5,

which is certainly possible. O

Remark 2.24. A similar method can be used to show that LY(X, u) — LP(X, ) is
surjective for o-finite p and 1 < p < 2. The case 2 < p < oo is more difficult because
L?(X,u) ¢ LP(X, p) in that case. The proof given in [ that LP(X,p) = LY(X, p)
for p > 2 also uses the Riesz representation theorem, but through a longer detour
(via the Radon-Nikodym Theorem ), and we omit it.

2.4. The adjoint operator.

Theorem 2.25. Let V and W be Hilbert spaces, and let F' : V — W be a bounded
operator. Then there is a unique bounded operator F* : W — V such that

(w, Fv) = (F*w,v)
forallveV,weW.

Proof. Uniqueness is clear, since if F/ : W — V is another such operator, then
(F*w— F'w,v) =0 for all v and w, and so F*w = F'w for all w. For the existence,
let w € W and consider the linear functional

Ly, :V =K, Ly () := (w, Fv).

This is bounded because |L,,(v)| < ||w]||||F||||v]]. By the Riesz representation theo-
rem, there is a unique v € V with

Ly(v) = (u,v)
for all v € V. Define a map F*: W — V by
F*w := u.

By construction, we have
(w, Fv) = (F*w,v)
for all v € V, w € W. It follows that F'* is linear, since
(F*(apwo + aywn),v) = {agwo + aywy, Fv) = ag{wg, Fv) + ar{wy, Fv) =

= ag(F*wo, v) + ar(F w1, v) = (acF*wo + a1 F w1, v).

Finally
[Fw] = sup (F"w,v) = sup (w, Fv) < [[w|[[[F]]][],
lvll<1 lvll<1
so that F* is bounded with [|[F*|| < || F|. O

Examples 2.26. (1) Let V. =K" and W = K™, both equipped with the stan-
dard inner product, and let A € Mat,y, ,,(K) = Homg (K", K™). The adjoint

of A is Zt, the conjugate transpose matriz.
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(2) If W C V is a closed linear subspace, then P}, = Py . Here, we view
Py :V—=V.

(3) If we view Py as a map V- — W, its adjoint is the inclusion map W — V.

(4) Let (X, p) be a measure space and let f € L™(X,u). This determines
a multiplication operator My : L*(X,p) — L*(X,pn), Ms(g) := fg, with

adjoint (Mg)* = M.

Theorem 2.27. Let V,W,U be Hilbert spaces. Then for all F,H € L(V,W),
G e LW,U) and a € K, we have

1) (F+ H)* = F* + H*,

) (aF)* =aF*,

) (GF)" = F*G™,

) (F*)" =F,

) IIE= =17,

) (C*-identity) | F*F| = | F|1>
)

Proof. The first four identities are straightforward to prove. For example, (F*)* is
the unique operator V' — W such that

(F*)v,w) = (v, F*w)
for all v,w. But F also has this property, as
(Fv,w) = (v, F*w).

It follows from the uniqueness statement of Theorem that (F*)* = F.
At the very end of the proof of Theorem we established that ||F™*| < || F|.
The reverse inequality follows from

N = [ICE™) ™[] < L
For (6), first note that
1Pl < [IFIIF] = [1F]%.
For the reverse inequality, let ¢ > 0 and pick v € V with ||v|| < 1 and ||Fv|]? >
||F||? — €. Then

IF]? < [Foll® + e = (Fv, Fo) + € = (F*Fo,v) + e < [|[F*F|[[o]* + € < [ F*F||* +e,

and the claim follows by letting € — 0.

For the last point, let v € ker(F*) and w = Fv € im(F). Then (u, Fv) =
(F*u,v) = 0 for all v € V and hence u € im(F)*. The argument can be read
backwards to show im(F)+ C ker(F*). Finally

im(F*) = (im(F*)*)* = ker(F)*.
O

The innocent equation ||F*F|| = ||F||? is fundamental for the theory of algebras
of operators on Hilbert spaces. We will only gradually see its impact.

Definition 2.28. A bounded operator T € L(V,V) is called selfadjoint if T* =T.

For example, a projection as defined in is the same as a self-adjoint P €
L(V,V) with P2 = P.

Lemma 2.29. Let V and W be Hilbert spaces and let T : V. — W be a bounded
operator.
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(1) Then T is an isometry if and only if (Tx,Ty) = (x,y) for allz,y € V, and
this if and only if T*T = 1.

(2) Inthat case, TT* is the orthogonal projection onto the closed linear subspace

im(7T).

(3) T is an isometric isomorphism if and only if T*T =1 and TT* = 1.
Definition 2.30. A unitary operator on a Hilbert space V is an element T €
LV, V) with T*T = TT* = 1; in other words, an isometric isomorphism V — V.
Proof. (1) If T*T = 1, then

I To|* = (Tv, Tw) = (T*Tv,v) = (v,0) = |jv||?

for all v and hence T is an isometry. If T is an isometry, we have (in the case
K =C)

1 Nk PN N ko2 _
(Tv, Tw) = 7 > EHITw+ifw) | = 1 > =)o+ ifw]? = (v, w)
kez/4 keZ/4

for all v,w by the polarization identity. Similarly in the real case. If (Tv,Tw) =
(v, w) holds for all v, w, then

(v,w) = (T, Tw) = (T*Tv,w)

for all v,w and so T*T = 1.

(2) If T*T = 1, then (TT*)? = TT*TT* = TT*, and (T'T*)* = (T*)*T* = TT".
Hence TT* is a projection, and by Proposition 2.17] it is the projection onto the
(closed) subspace im(7T7T*). Finally im(7T7T*) = im(7T'), because

im(TT*) € im(T) = im(T(T*T)) = im((TT*)T) C im(TT*).

(3) if T is an isometric isomorphism, then T is bijective, and since T*T = 1,
we must havd?] T~ = T*, which implies TT* = TT~' = 1. Vice versa, if T is an
isometry with T7* = 1, then 1 is the orthogonal projection onto im(7"). Hence
im(T) = W, or T is surjective. O

2.5. Orthogonal systems.

Definition 2.31. Let V be a Hilbert space. An orthonormal system in V' is a map
S =V, s— v from a set S such that

s

for all s,t € S.

Example 2.32. Let S be a set and define 55 € £%(S) by 6s(t) = 0 if t # s and
ds(s) =1. Then S =V, s — §5 is an orthonormal system.

Example 2.33. Let i be the Haar measure on S, normalized by p(S*) = 1. Then
the functions z", n € Z, form an orthonormal system. This follows from

1
(z",zm>:/ zinzmdu:/ zm_"du:/ e2mim=n)t gy
51 51 0

2This is a general fact: if f : X — Y is a bijective map of sets and g : Y — X is a map with
go f =idx, then fog=idy.
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Construction 2.34. Let V' be a Hilbert space, and let (vs)ses be an orthonormal
system in V. Denote
Wp := span{v,|s € S}

and
W= W,.
Then
(2.35) Ty:coo(S) =V, f> > f(s)v
ses

is a linear map (the sum is finite since f has finite support). Using that (vs)s is
orthonormal, compute

ITofIP = Y~ (f(s)vs, f =D 1F &P ws,vs) = D If (P = I flIZcs)
s,t€S s€s s€s
It follows that Ty is an isometry, and by continuity, it extends to a bounded operator
T:02(8) =V
which is also an isometry. By definition im(Ty) = Wy, and by continuity, it follows
that

Wo C T(£2(S8)) = T(coo(5)) C To(coo(5)) = Wo = W.
By Lemma[1.18, im(T) is closed, and it follows that im(T) = W.

The bounded operator T has an adjoint
T*:V — £3(9).

We know that T*T =1 and TT* is the orthogonal projection onto im(T') (Lemma
2.29).
Let us compute a formula for T*. For x € V., T*x is a function on S. But

(T*x)(s) = (05, T"x)p2 = (Ths, x) = (vs, ).
Therefore T* sends x € V to the function
(2.36) (T*x)(s) = (vs, ).

Lemma shows that T'T™ is the orthogonal projection Py onto W, and 1 —TT*
is the orthogonal projection Py . onto W=. For x € V', we obtain

l2]1* = [ Pwal® + [|Pwal* = |TT2|* + || Py,

and because T is an isometry, this leads to

ITT" 2|+ | P se]|* = | TP+ P l® = Y 1T (s) P+l Pz = Y (s, 2) P4 Pse] .

sES seS

We have shown
(2.37) 21> =" [(vs, @) > + || Pz,

seS
Remark 2.38. We can write at least formally

Tz = Z(’US, x)ds

seS

and

(2.39) TT x = Z(vs, x)vs.
s€S
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One might naively think that[2.39 converges absolutely, but this is false, as one
can see by the following example.

Consider V = (*(N), and the orthonormal system {6,|n € N}. In this example,
the operator T is the identity, and so is T and hence TT* as well. The function

z:N =K, z(n) = X, belongs to (*(N), because > | 5 < co. Moreover (x,8,) =
%. In this example, the formula (2.39) becomes
o 1
= — 0.

The right hand side does not converge absolutely because 220:1 % = 00. Instead, it

converges unconditionally. This notion has been explained in §1.7

Lemma 2.40. The following conditions on an orthonormal system (vs)ses with
Wo, W, T as above in a Hilbert space V' are equivalent.

(1) For eachv € V, we have ||v]|? =Y .5 [{vs, v)[*.

(2) wt=o.

(3) If (vs,v) =0 for all s € S, then v =0.

(4) The subspace Wy := span{vs|s € S} C V is dense.

(5) The maps T : £?(S) — V and T* : V. — (%(S) are isometric isomorphisms.

Such orthonormal systems are called complete. In particular, if (vs)ses is a com-
plete orthonormal system, then V is isometrically isomorphic to £2(S).

Proof. Let W :=W,. 1< 2: by , (4) is equivalent to Py, = 0, which is the
same as W+ = 0.

2 < 3: By linearity, (3) is equivalent to W3- = 0, and W3- = W+ holds as
W = W,.

2 & 4: since Py, =1 —TT* (2) is equivalent to TT* = 1, which is equivalent
to T and T being isometric isomorphisms. O

Theorem 2.41. Let V be a Hilbert space. Then V' admits a complete orthonormal
system. Hence V is isometrically isomorphic to €%(S), for some set S.

Proof. This is an argument with Zorn’s Lemma. Let Z be the set of all orthonormal
subsets S C V. We give Z the partial ordering S < T :< S C T. Since () € Z,
Z is nonempty. Let C C Z be a chain. Then (Jgc S is an orthonormal system,
as one checks easily. Therefore, we can apply Zorn’s Lemma and find a maximal
orthonormal system S C V.

If W := span(S) # V, then W+ # {0} by Corollary Pick a unit vector
v € W+, Then S U {v} is an orthonormal system, contradicting the maximality of
S. Therefore span(S) C V is dense, and S is complete. The last sentence follows
immediately. O

Proposition 2.42. Let V be a Hilbert space. The following are equivalent:

(1) V is separable (i.e. it has a countable subset),
(2) V has a countable complete orthonormal system.

Proof. 2 =1 is clear: the set of all finitely supported functions N — Q is a count-
able dense subset of £2(N), and under hypothesis (2), V is isometrically isomorphic
to /2(N).
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1 = 2isless easy. Let {v,|n € N} C V be dense, and put W, := spanf{vy,...,v,}.
Then W, has dimension at most n, and U,OLO:1 W, C V is a dense subspace of count-
able dimension. Let V1, V5, ... be a subsequence of the sequence W7y, Wa, ... so that

dim(V,,) = n for all n. Put L; := V; and let L, = V-, NV,,. The space L, is
1-dimensional (there must be a unit vector in V;, orthogonal to V,,_1), and L, LL,,
when m # n. Pick w, € L, of norm 1. Then {w,|n € N} is an orthonormal
system, and as (wy,...,w,) is a basis of V,,, it follows that span({w,|n € N}) is
dense in V.

2.6. Example: Fourier series. Let us look at an important example. Let p be
the Haar measure on S', normalized so that u(S') = 1. The functions y,(z) := 2"
form an orthonormal system (xn)nez inL?(SY;C). For f € L%*(S'), the scalar

product (xn, f) is

1
fo) = §) = [ Xafdn= [ xeafdu= [ e,
51 st 0
which is also known as the Fourier coefficient of f. The series

> f)xa

neN
is the Fourier series of f.

Theorem 2.43. The orthonormal system (Xn)nez in L?(S1) is complete.

Proof. Since the Haar measure p is regular, C(S1) C L?(S') is dense. It follows
from the Stone-Weierstrass theorem [B.72] that

Wy = span{x,|n € Z} C C(S*)

is dense (in the C%-norm). Because for f € C(S'), we have ||f[%. < | f]lco, it
follows that Wy C L2(S!) is dense. O

Remark 2.44. The density of Wy in C(S') can be shown by more direct means,
without recourse to the general Stone-Weierstrass theorem. To this end, let

Suf =Y f(n)xn

k=—n

be the nth partial sum of its Fourier series. It is not true that the Fourier series of
a continuous function f converges to f. It is a theorem by Fejer, however, that the
sequence of arithmetic means

1 n
ITnf = n
Fim g 5

converges uniformly to f, for each continuous function f. It follows that Wy C
C(S1) is dense (and this can be used to prove the general Stone—Weierstrass theo-
rem.

Corollary 2.45. For f € L*(S'), the partial sums

> fw)t

k=—n

of the Fourier series of f converge in the L?-norm to f.
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2.7. Notes. Everything in this chapter is standard material. I recommend [8] for
its elegance. The details of the treatment of orthonormal systems are as in [10].
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3. BAIRE’'S CATEGORY THEOREM AND ITS CONSEQUENCES

The main result of this section is the open mapping theorem. For the time being,
let us only state a special case, which is easily digested.

Theorem 3.1. Let V.W be Banach spaces, and let F': V. — W be a bounded linear
operator which is bijective. Then the inverse F~1: W — V is bounded.

Some remarks are in order. It is clear that F~! is a linear map. The important
part is the continuity of F~!, and as we shall see, the completeness of both, V' and
W, is an essential hypothesis.

One can compare this to an analogous result in general topology. A continuous
bijection f : X — Y of topological spaces is usually not a homeomorphism. On
the other hand, if X and Y are compact Hausdorff spaces, then any continuous
bijection f : X — Y is automatically a homeomorphism, which is a tremendously
useful result.

3.1. Baire’s Theorem. The proof of Theorem relies on a fundamental prop-
erty of complete metric spaces, which is captured by the following result.

Theorem 3.2 (Baire category theorem). Let X be a complete metric space and let
U, C X, néeN, be open and dense. Then ﬂzo:l U, C X is dense.

Let us not dwell on the question why this result is called the Baire category
theorem. It is essential that X is required to be complete: Q is countable, and
for each ¢ € Q, Q\ {¢} C Q is open and dense, but the countable intersection
Nyeo @\ {gq} is empty.

Proof. A subset S C X is dense iff for each open and nonempty Uy C X, the
intersection S N Uy is nonempty.

So let Uy C X be open and not empty. The goal is to prove that UyN(,—, U, #
0.

Since U is dense, Uy N Uy is not empty, and we pick x1 € Uy NU;. As Uy NU;
is open, there is r; > 0 such that B, (z) C Uy N Uj.

Since Us is dense, B, (z1) NUs is not empty, and we may pick zo € B, (z1)NUs,
and by openness a number 0 < ro < %7’1 such that B,.,(r3) C By, (v1) N Us.

Continuing in this fashion, we obtain a sequence x, € X and a sequence r,, — 0
of positive numbers such that

B, (2,) C By, (n_1)NUp

for all n > 0. For m > n, we have d(x,, x,) < 7y, so that z,, is a Cauchy sequence.
As X is complete, the sequence converges to some z € X.

For each n and m > n, we have x,, € B, (7,), and so x = lim,, s, € B, (7,)
for all n > 1. Therefore x € U, for all n > 0, and hence x € Uy N ﬂZo:l U,, so in
particular Uy N (o, Uy, # 0. O

Corollary 3.3. Let X # () be a complete metric space, and let A, C X, n > 1,
be closed subsets such that \J,_, A, = X. Then at least one A, has nonempty
imnterior.

Proof. If the interior of each A,, is empty, the open sets U,, := A¢ are all dense and
hence 0 # (N, Uy = (U,—; An)¢, a contradiction. O
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3.2. The open mapping theorem.

Definition 3.4. Let X and Y be topological spaces. A map f: X — Y is open if
fU) CY is open whenever U C X is open.

It is clear that a continuous and open bijective map is a homeomorphism. Hence
Theorem [3.1] is a special case of the following result.

Theorem 3.5 (Open mapping theorem). Let VW be Banach spaces and let F :
V — W be a bounded linear operator. The following are equivalent:
(1) F is surjective.
(2) There is C > 0 such that for each w € W, there is v € V with ||v]| < C|lw]|
and F(v) = w.
(3) F is an open map, i.e. if U CV is open, then so is F(U).

The implication 2 = 1 is completely trivial, but we shall show 1 = 2 = 3 = 1.
The difficult and interesting implication is 1 = 2.

Proof of the easy implications. 2 = 3: the hypothesis (2) means that
Bw(o,’f’) - F(BV(O7CT))

for each 7 > 0. Let U C V be open and w € F(U). Pick v € U with F(v) = w and
e > 0 such that By (v,e) C U. It follows that
&) =w+Bw(0, 5) Cw+ F(By(0,6) = F(By(v,)) € F(U).
So F(U) is a neighborhood of w, and hence F'(U) is open.
~ 3= 1: Since F(V) Cc W is an open neighborhood of 0, there is r > 0 such that
Bw (0,7) C F(V). For w € W, it follows that there is v € V with

rw

[[]l

B
el =

BW(wa

= F(v)

and so

O

For the implication 1 = 2, we have to use the completeness of both V and W.
The first step uses the completeness of W through the Baire category theorem.

Lemma 3.6. Let F : V — W be a surjective bounded linear operator from a normed
space to a Banach space and q € (0,1). Then there is a > 0 such that for each
w € W, there isv € V with
o]l < aljw|
and
lw = F(v)| < gllw].
Proof. For n € N, the set
A, = F(By(0,n)) c W

is closed and since F' is surjective, we have

GAn:W.

n=1
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By the Baire category theorem, there is n € N such that A,, contains a ball, say
Bw (v,7) C A,.

Then By (—v,r) C A, and since A,, is convex (why?), we conclude that
Bw(0,7) C A,.

Let a := . For R > 0 arbitrary, it follows that

Bu(0.R) = “ By (0.7) C F(By (0,aR)),
which implies that for w € W, we have
w € F(By(0,alw])).
This is what we had to prove. (I
Together with the next lemma, Lemma implies the implication 1 = 2 of the

open mapping theorem. The following Lemma appeared in the course of the proof
of the Tietze extension theorem.

Lemma 3.7. Let F': V — W be a bounded linear operator from a Banach space
to a normed space. Assume that there is g € (0,1) and a > 0 such that for each
w € W, there isv € V with
o]l < allwl]
and
[1F'(v) = wl| < qljw].
Then for each w € W, there is v € V with F(v) = w and

a
vl < ——wl|.
ol < T2l

Proof. We construct elements v,, € V', n € Ny, such that
[vnll < ag™[|w]|

and
lw = F(vo+ ... +vn)ll < ¢"FHwl].

The existence of vy is required in the hypothesis of the Lemma. Suppose that
Vg, ...,Un_1 With the above two properties have been constructed. Let w, :=
w— F(vg+ ...+ v,-1); we have

[wn| < ¢"[Jwl].
By hypothesis, there is v, € V with
[onll < allwn|| = ag™[|w]]
and
1 (vn) = wal| < qllwall < ¢"FHw].
Then
[w=F(vot. . .4vs) | = w=F(vo+...+vn_1)=F(vn)|| = wp—F(vn)|| < ¢"**||w]].

The series z:ozo vy, converges in V' to, say v, and since F' is continuous, we have
Fv = w. (It is in the last sentence of the proof that we are using that F' is
continuous). O
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3.3. Consequences of the open mapping theorem. We want to discuss the
most important consequences of the open mapping theorem by analogy with general
topology. We already alluded to the first of those analogies:

Theorem 3.8. (1) Let f : X — Y be a continuous bijective map between
compact Hausdorff spaces. Then the inverse f~' is continuous.
(2) Let F: V. — W be a bijective continuous linear map between Banach spaces.
Then the inverse F~1 is continuous.

The first part is well-known from general topology, and the second one is just
Theorem [3.I] The next analogy is the closed graph theorem.

If f: X — Y is a continuous map of topological spaces and Y is Hausdorff, then
the graph gra(f) := {(z, f(z)) € X x Y|z € X} C X x Y is a closed subset.

Proof: If (z,y) & gra(f), pick disjoint open neighborhoods y € V; C Y; f(z) €
Vo C Y, and let £ € U C X an open neighborhood such that f(U) C V;. Then
U x V) C X xY is aneighborhood disjoint from gra(f).

The converse only true under some restrictions, as the following example shows:
X =[0,1, Y =R, f(z) =1 for z > 0 and f(0) = 0 has closed graph, but is not
continuous.

Theorem 3.9 (Closed graph theorem). (1) Let f: X =Y be a map of com-
pact Hausdorff spaces. Then f is continuous if and only if the graph
gra(f) C X xY is closed.

(2) Let F:V — W be a linear map of Banach spaces. Then F is continuous
if and only if the graph gra(F) C V x W is closed.

Proof. For both statements, the “only if” part is proven above.
(1): Let pry : gra(f) — X and pry : gra(f) — Y be the two projections. These
are both continuous, pry is bijective, and the composition

-1
X5 gra() Y
is f. In order to prove the continuity, it suffices to show that the continuous
bijection pry : gra(f) — X is a homeomorphism. But gra(f) C X x Y is closed,
hence compact and Hausdorff, and so by Theorem [3.8 a homeomorphism.
(2): replace symbols X ~» VY ~» W, f ~» F, add the adjective “linear”

whereever it makes sense and replace “compact Hausdorff space” by “Banach space”
in the above argument. O

3.4. Limitations of the open mapping theorem. We show that the assumption
that both, V' and W, are complete, is necessary for the open mapping theorem to
hold. One of these is easy:

Example 3.10 (Completeness of the target is necessary for the open mapping
theorem). On the vector space C*([0,1]) of all C*-functions on [0,1], we have the
two norms

[fllo := max|f(z)|
and
I fller = max|f ()] + | ()]
Let V.= (CH([0,1]),]|]|c1) and W = (C1([0,1)]),]l-lco). Then id : V. — W s
bounded, and id : W — V is not bounded, since ||e"*||co = 1 and || c, = n+1.
Here V' is complete, while W is not complete.
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The completeness of the source is also necessary, but we have to dig a little
deeper to see that. We first show:

Proposition 3.11. Let V' be an infinite-dimensional normed vector space. Then
there exists a discontinuous linear map F : V — K.

Proof. The vector space V has a basis B in the sense of linear algebra: each v € V'
is a unique finite linear combination of elements of B. For finite-dimensional vector
spaces, this is done in Linear Algebra I, for infinite-dimensional spaces, one needs
Zorn’s lemma (Theorem [A.4)).

Since V is infinite-dimensional, there is a countable subset {v,|n € N} C B. We
define F' : V — K by prescribing it on B. For w € B, we define

nflon]] w =,
Flw):= {0 w e B\ {vn|n € N}

and extend F linearly to all of V. Since |F(v,)| = n|lv.||, F is not continuous. O

Example 3.12 (Completeness of the source is necessary for the open mapping
theorem). This is harder to come by. Let W be an infinite dimensional Banach
space. By Proposition[3.11], there is a discontinuous linear F : W — K.

Now consider V := gra(F) C W & K. By the closed graph theorem, V is not
closed and hence V' is not complete. The projection V. — W is bounded with norm
at most 1 and it is bijective, but its inverse is not continuous, since otherwise F
would be continuous.

3.5. The Banach-Steinhaus Theorem. There is another important result on
Banach spaces which is proved by the Baire category theorem. I admit that it has
less appeal than the open mapping theorem.

Theorem 3.13 (Principle of uniform boundedness). Let V' be a Banach space and
let (Wi, fi)ier be a family of normed vector spaces together with bounded linear maps
fi: V. — W,;. Suppose that
sup || fi(v)[| < o0
i€l
for each v € V.. Then
sup || fi| < oo.
il

Proof. The set
Ay ={veVNViel:|fiv))<n}CV
is closed, and

O v
n=1

by our assumption. Corollary implies that there exists n, y € V and r > 0 such
that

B.(y) C A,.
In other words:
zeVz—yl|<r=Viel:|fiz)] <n.

For v € V with |jv|| <1 and i € I, we therefore have

1) = F150l = (Ao -FGD < Lol 1G] < 24 sw £
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It follows that 1
n
1fill < =+ =sup |l fis(y)]]-
T T el
O

Theorem 3.14 (Banach-Steinhaus Theorem). Let V' be a Banach space, let W be
a normed space, and let f, : V. — W be a sequence of bounded operators. Assume
that the limat

f(v) = lim fu(0) €W
exists for allv € V.. Then f is linear, bounded, and

41 < limint || £ ]| < sup ]| < oc.
n

Proof. Tt is clear that f is linear and that liminf, || f.| < sup, ||fx|, and it is
immediate from the principle of uniform boundedness that sup,, || fn|| < oco. For
each v with ||v|| < 1, we have

()| = tim | £ ()| < liminf | £
and so the claim follows. O

Remark 3.15. It is very easy to give examples of discontinuous linear functionals
V — K when V is not complete (for example, equip coo(N) with the ||_||c,-norm.
Then {6,} is a basis for coo(N), and the functional F(d,) := n is not continuous).
It is much more difficult to construct discontinuous linear functionals on Banach
spaces, and Theorem partially explains why. It rules out the strategy to con-
struct a discontinuous F', namely as pointwise limit of continuous functionals.

3.6. Notes. Everything in this chapter is standard material which can be found
in any textbook on functional analysis. There is a slightly alternative proof of the
open mapping theorem which uses what is called Zabreiko’s lemma; in my opinion
this alternative is not very elegant.

The parallel between the proof of the open mapping theorem and the Tietze
extension theorem was noted by Grabiner [5].
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4. THE HAHN-BANACH THEOREM AND SOME OF ITS APPLICATIONS

4.1. The theorem. Let V' be a normed space, which is not the zero vector space.
Is the dual space V' nontrivial? Equivalently, does there exist a nonzero bounded
linear functional F' : V' — K? This is not at all obvious to answer (if you think
this should be obvious, think about the quotient £°(S)/co(S)). The Hahn-Banach
theorem gives a positive answer. In fact, “Hahn-Banach Theorem” is a name for
a whole collection of results. All those results concern the existence of some linear
functional F': V — K on a K-vector space V. The first version we shall learn is as
follows:

Theorem 4.1 (Hahn-Banach Theorem for normed spaces). Let V' be a normed
K-vector space, let W C V' be a linear subspace, and let F: W — K be linear and
bounded. Then there exists a bounded linear functional G : V — K with |G| = || F||
and Glw = F.

Before we study the (nontrivial) proof, let us record some important conse-
quences.

Corollary 4.2. Let V' be a normed space and let v € V' be a vector. Then there is
a bounded linear functional F :V — K with F(v) = ||v|| and |F|| <1 (if v # 0,
the latter can be improved to say ||F|| = 1).

Proof. Let W := span{v}. We define G : W — K by G(av) = a|lv||. Then G is

bounded with norm < 1 because |G(av)| = |al||v]| = |lav]||. By Theorem 4.1} we can
extend G to F : V — K with ||F| = ||G|. O
By definition of the operator norm, we have for F € V'
[Fll="sup [|F(v)].
veV,|lvlI<1

The corollary shows that we also have

(4.3) Jo]f = sup  [F(v)]
Fev' |[F|<1

(and the maximum is attained).
For each normed space V, we can form the double dual V", the space of all
bounded linear functionals on V’. There is a canonical map

vy V= V" () (F) = F(v).

Corollary 4.4. For each normed vector space V, the map vy : V. — V" is an
isometry.

Proof. Let v € V. Then

[e()= sup  |(o)(F)[= sup  [F(v)[= ][
FeVv/ ||F|I<1 FeVv' ||F|I<1
In the last equation, we used the Hahn-Banach theorem through (4.3)). O

Since the double dual is automatically complete, we obtain a different proof of
the existence of a completion.

Alternative proof of Theorem[I.25. Let W C V” be the closure of the image of
ty V. — V", Since V" is complete, so is W, and im(syy) C W is dense. Use
Corollary [4.4] O
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Another application of the Hahn-Banach Theorem is a proof that all norms on
finite-dimensional vector spaces are equivalent.

Lemma 4.5. Let V be a finite-dimensional Banach space. Then each linear func-
tional V- — K is continuous.

Proof. First note that the topological dual space V' is a linear subspace of the
algebraic dual Hom(V';R). Therefore

dim(V’) < dim(Hom(V;R)) = dim(V),
the latter equation follows from Linear Algebra I. On the other hand, Corollary [£-4]
proves
dim(V) < dim(V") < dim(Hom(V';R)) = dim(V").
Hence dim(V’) = dim(Homg(V;R)), and therefore V' = Hom(V;R), so every
element of Hom(V';R) is bounded, as claimed. O
Proof of Theorem[I.13 Let V be a finite-dimensional normed space. Pick a basis
(v1,...,vy) of V, which gives a linear isomorphism
F:R" =V, F(e;) :==v;
with inverse
G:V > R"

Equip R™ with the norm ||_||¢~. The map F is continuous, since

P el = I el < 3 el < (O oyl maxlod = O maxjai = O el
% i % Jj= 7
The map G can be written as G = (Gy,...,G,), where G; : V — R is bounded by
Lemma L5l It follows that
1G()]lee = melGj(v)l < (m?XHGjII)IIUH,

so that G is continuous. This proves that F' and G are isomorphisms of normed
spaces, no matter what norm on V is chosen. The claim follows. (]

Definition 4.6. If VW are normed spaces and T : V — W is a bounded operator,
we define the dual operator by
T W = V' T(F)(v) = F(Tv)

for F e W'.

For example, let V, W be Hilbert spaces, and recall the antilinear isometries
Av:V =V and Aw : W — W’'. Then

F* = A F Aw

(in linear algebra, this formula is often taken as the definition of the adjoint).

We can also form the double dual 7" : V" — W”.

Proposition 4.7. Let V,W,U be normed spaces and let G : U —-V, F:V - W
be bounded. Then

@) IE" = [1F1],

(2) (FGY =G'F,
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(3) the diagram

\LLV lLW
v F" w"
commutes.

(4) If F is an isomorphism, then so is F'. The converse holds when V,W are
complete.

Proof. For L € W' we have

IF'LIf = sup [F'(L)(v)| = sup |L(Fv)| <|[F|[L]|
vevluf<1 vev ol <1
and so ||[F’|| < |F||. For the reverse inequality, let ¢ > 0 and choose v € V with
[v]| <1 and |[Fo|| > ||[F| —e. By Corollary, [£.2] there is L € W’ with ||L|| < 1 and
|L(Fv)| = ||Fv||. Because

IF|l = e < [|Foll = |L(Fv)| = [(F'L) ()| < [F'LIlvll < [E" Lol < 1177,

we obtain ||F|| — e < ||F”|| for each ¢ > 0 and hence ||F|| < || F”]|.
The equation (F'G)' = G'F’ is trivial. The commutativity of the diagram is also
easy: for v € V and L € W/, we have

T" (v (0)(L) = (w ()(T'L) = (T'L)(v) = L(T)

and
(bw (Tv))(L) = L(T').

It is also clear that F’ is an isomorphism if F' is. If F’ is an isomorphism, then so
is F”. There is ¢ > 0 such that ||F"¢]|| > c||¢|| for each ¢ € V. Since ¢y and ty
are isometries, we get for each v € V' the estimate

[Foll = llew Foll = [F"wvoll 2 ellevoll = cllv]l.

Hence F' is bounded away from 0 and is therefore injective with closed image. If
im(F) # W, we get, by Lemma [4.8 below a linear functional L € W’ with ||L| =1
and F'(L) = Lo F = 0, which is impossible since F’ is injective. Therefore F is
bijective and an isomorphism by the open mapping theorem (the use of the open
mapping theorem was not essential). [

Lemma 4.8. Let V be a normed space and let W C 'V be a closed linear subspace,
W #£V. Then there is L € V' with ||L|| =1 and Llw = 0.

Proof. Let m : V. — V/W be the quotient map. The quotient V/W is a normed
space, and V/W # 0. Hence by the Hahn-Banach theorem or rather Corollary
there is F' € (V/W)" with ||F|| = 1. Then L := F o« is the desired linear
functional. O

4.2. The proof of the Hahn-Banach Theorem. We already said that Theorem
[41]is just one of several results with the name “Hahn-Banach Theorem”. We prove
a more general version, which implies Theorem [£.I] as well as the other Hahn-
Banach Theorems.

explain why
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Definition 4.9. Let V' be a R-vector space. A function p: V — R is sublinear if
plav) = ap(v)
foralla>0 andv eV and
p(u+v) < p(u) + p(v)
for all u,v € V.

For example, a seminorm is sublinear, and an R-linear map is also sublinear.

Theorem 4.10 (Hahn-Banach Theorem). Let V' be an R-vector space and let p :
V — R be sublinear. Let W C V' be a linear subspace and let f: W — R be linear
such that f(w) < p(w) for all w € W. Then there exists a linear g : V. — R such
that glw = f and such that g(v) < p(v) for allv e V.

Lemma 4.11. Theorem [{.10 holds when dim(V/W) = 1.

Proof. Let v € V\ W. Then each element of V' can be written uniquely as w + tv,
w € W and t € R. For a € R fixed, the map

g(w + tv) = f(w) + ta

is an extension of f to a linear map on V. We claim that we can pick a such that
g(z) < p(x) for all z € V. For z,y € W, we estimate

f@)+fy) = fle+y) <ple+y) =pl(z+v)+(y—v)) <plz+v)+ply—v).
It follows that
fy) —ply —v) <p(z +v) - f(z)
for all x,y € W and hence that

A= sup )ty ) < o+ 0)~ (0 = B,

and we pick a € R such that
A<a<B.

For w € W and t > 0, we have
9w+ 1) = [(w) +ta < f(w) +1B < f(w) + tp(5 +v) = f(5)) =

w
= tp(5 +v) = p(w + tv),

and
9w —tv) = f(w) — ta < f(w) —tA < f(w) = t(f(5) = p(F —v)) =
:tp(%—v)zp(w—tv). O

Proof of Theorem[[.10 Let X be the set of all pairs (U, g), where U C V is a linear
subspace containing W, and ¢ : U — R is linear with gl = f, and g(z) < p(x) for
all x € U. We give X the partial order

U,g) < (U, ¢)=UCU,d|lv=y.

The set X is nonempty, since (W, f) € X. If € C X is a chain, then X := Uy g)celU
is a linear subspace of V', the map h = Uy, g)ceg : X — R is well-defined and linear,
and h(z) < p(x) for all x € X. Hence the hypotheses of Zorn’s lemma are satisfied,
and so there exists a maximal element (U,g) € X. If U # V, pick v € V' \ U and
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let X := span(U U {v}). By Lemma |4.11} there is h : X — R with h|y = g and
h < p. This contradicts the maximality of (U, g), and so U =V, and the theorem
is proven. O

Proof of Theorem[/.1. There is not much left to be proven if K = R. The map
p(x) = ||fllll=] is sublinear, and we have f(z) < |f(x)| < p(z) for x € W. By the
Hahn-Banach Theorem, there is a linear map ¢ : V. — R with g(z) < ||f||||z] for
all z € V. If g(z) > 0, we get

lg(2)| = g(x) < [IfIlll=],

and if g(x) <0, we get
()] = —g(x) = g(—x) < [IfIlIl = =],

so that [|g|| < [|f]].
If K = C, we have to do a little more work and need a Lemma. O

Lemma 4.12. Let V' be a complex normed space and let Vg denote the underlying
real normed space. Then the map

¢ Le(ViC) — Lr(VR;R); f = R(f)
1s bijective and norm-preserving.
Proof. For h € Lx(Vr;R), we put
g(x) := h(z) — ih(iz) € C.

The functional g is C-linear because

g(iz) —ig(zx) = h(iz) — ih(i*x) — ih(z) — h(iz) = 0,
and clearly bounded. It is clear that R(g(x)) = h(z), and if h = R(f) for f €
Lc(V;C), we have
9(x) = R(f(2)) —iR(f(ix)) = R(f(2)) +iR(=if(x)) = R(f(2)) +iS(f () = f(2).
In other words,

v : Lr(VR;R) = Lc(V;C); o(h)(x) := h(z) — ih(iz)

is the inverse to 1.

The map v is norm-preserving: it is clear that |R(f(x))| < [f(2)| < |[f|||z||, so
that ||R(f)|| < ||f|l- For the reverse inequality, let € > 0 and pick z € V, ||z]| < 1
so that |f(x)| > ||f]| — €. There is z € ST so that f(zz) > 0. Hence

[Re()| = R(f(z2)) = f(zx) = [f(2)] = [[f]] -,

and as € was arbitrary, we have

[Be(H) = [I£1l
O

Proof of Theorem complez case. Let f: W — C be C-linear and bounded. By

the real version of the Theorem, there is a functional h : V' — R with hlyw = R(f)

and [|h|| = [|R(f)|| = || fI| (here we used Lemma [4.12] for the first time). By Lemma

[4.12] again, there is a (unique) g : V — C with R(g) = h, and ||g|| = ||h[| = || f]I.
By construction, we have

R(glw) = R(9)lw = hlw = R(f)
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and since f and g are both C-linear, Lemma again implies gl = f, as desired.
([

4.3. Generalized limits. Recall that
i LM(S) = £2(S), ®(f)(9) =D f(s)g(s)
s€ES
is an isometry. With the help of the Hahn-Banach theorem, we now show that ®
is not surjective.

Definition 4.13. Let S be an infinite set. Let c(S) C £°°(S) be the subspace of all
f € £>2(S) such that there is lim f € K such that for all € > 0, the set of all s with
|f(s) —lim f| < € is finite. It is easy to check that c¢(S) is a closed linear subspace,
that lim f is uniquely determined by f, that
lim: ¢(S) - K

is a functional with |[lim | = 1 and that co(S) = ker(lim).

For example, ¢(N) is the space of all convergent sequences, and lim f = lim,,_, o, f(n)
is the ordinary limit.

Definition 4.14. Let S be an infinite set. A generalized limit is a linear functional
L :£(S) — K such that |L|| = 1 and L|.gy = lim.

The Hahn-Banach theorem proves that generalized limit functionals exist.

Lemma 4.15. Let S be an infinite set and let L : £°(S) — K be a generalized
limit. Then L does not lie in the image of ® : £*(S) — £°(S)'. Hence ® is not
surjective.

Proof. Assume that g € £1(9) is such that L = ®(g) is a generalized limit. Since L
is a generalized limit, we have ¢¢(S) = ker(lim) C ker(L). Hence for each f € ¢(S5),
we must have

0=L(f) = ®(9)(f) = Y_ g(s)f(s)-

seS
Inserting f = s shows g(s) = 0, hence g = 0, hence L = 0, which is absurd, as
L(1) =1. |
Let us now turn to the case S = N. The ordinary limit
lim: ¢(N) - K

has two additional properties (besides lim(1) =1 and || lim || = 1): It is an algebra
homomorphism:

(4.16) lim(fg) = lim(f)lim(g),

and it is translation-invariant. For the latter, let T : £*°(N) — ¢*°(N) be the map
Tf(n) = f(n+1).

This is clearly a bounded operator which maps ¢(N) to itself. Then

(4.17) lim(T' f) = lim(f)

for each f € ¢(N) (this boils down to a statement about convergence which so utterly
trivial that it is not even mentioned in introductory textbooks on Analysis). One
can prove that lim is the uniquely linear map ¢(N) — K which satisfies (4.16]),
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(4.17) and lim(1) = 1. One might wish to have a generalized limit which is both,
an algebra homomorphism and translation-invariant. This, however, is impossible:

Lemma 4.18. There is no algebra homomorphism L : (*(N) — K which is
translation-invariant.

Proof. Let f = xony € £°(N). Then f+Tf=1and f-Tf =0. If L: ¢°(N) were
a translation-invariant algebra homomorphism, then
0=L(f-Tf)=L(f)L(Tf) = L(f)*
enforces L(f) =0, and
1=L{1) = L(f +Tf) = L(f) + L(T'f) = 2L(f)
enforces L(f) = 3, a contradiction. O

It turns out that there are generalized limits which are translation-invariant,
and generalized limits which are algebra homomorphisms. Both concepts are useful
enough to get names.

Definition 4.19. A Banach limit is a generalized limit L : {*°(N) — K which is
translation invariant (LT = L). An ultralimit is a generalized limit L : £°(S) — K
which is an algebra homomorphism.

For the construction of ultralimits, we need more theory, but Banach limits can
be constructed now.

Proposition 4.20. There exists a Banach limit L : £°(N) — K.

Proof. Let M : £°(N) — K be a generalized limit, as constructed by the Hahn-
Banach theorem. The idea is to average M appropriately to make it translation
invariant. We define S : £*°(N) — ¢*°(N) by

S =2 310 = (ST
k=1 k=1

and put Lf := MSf. It is clear that ||Sf|l¢e < ||f]|cc and that S(1) = 1. Moreover
Sf € co(N)if f € co(N). To see this, let f € ¢g(N) and € > 0. There is ng such that
|f(n)] < e for n > ng. This can be rephrased by the statement that |77 f]|¢~ < €
when n > ng.

It follows that for n > ng, we have

mo mo

SFI< =S TR S T )< S R ™ o,
k=1 k=mo+1 k=1

so that Sf € ¢o(N). It follows that Lf = MSf = lim(f) when f € ¢(N).
To prove that L is translation-invariant, let f € £>°(N) and observe that

n

STF(n) — Sf(n) = = S TR (1)~ -3 T (1) =
k=1

k=1

(" F(1) = F(1)) = ~(fn+1) — F(1).

S

1 n 1 n—1
_ 1 k 4 k _
=D TH) == T
k=1 k=0
Therefore

ISTF () = SF00)] < =1
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It follows that STf — Sf € ¢o(N) for all f € £>°(N). Therefore
MSTf-Sf)=0
or
LTf —Lf =0,
as claimed. O

4.4. Reflexivity.

Definition 4.21. A Banach space V is reflexive if the natural isometry ¢ : V — V"
s surjective.

Example 4.22. Finite-dimensional Banach spaces are reflexive. This has been
proven in the course of the proof of Lemma[{.5

Example 4.23. Hilbert spaces are reflexive. We give the details of the proof in the
real case. Let ® : V. — V' be the isometric isomorphism v — (w — (v, w)) (here we
use the Riesz representation theorem of course). The dual of ® is an isomorphism
V" — V'. The composition

s given by the formula

(@ (1) (w) = (1(v))(2(w)) = (2(w))(v) = (w,v) = (v, w) = B(v)(w).

Therefore ' oL = ®. As & and @' are bijective, so is t.
In the complex case, one can apply the same argument, with a little more care
because ® is antilinear in that case.

Example 4.24. Let (X, p) be a measure space and let 1 < p,q < oo be conjugate
exponents. The formula

®,(f)(g) = /X fgdu

defines an isometry
D, LU(X,u) = LP(X, ),
as we saw in Corollary[1.60. Consider the composition
L o
LP(X,p) =5 LP(X, p)" = LYX, p).

Very much as in the previous example, we compute

(@ (1 (£))(9) = (1 (1) (@ (9)) = (@(9))(f) = /X gfdp = /X fod = ®y(£)(g),
so that
<I>; oL, =D,

We have seen that ®, and ®, are isomorphisms when X is a set with the counting
measure. Therefore (P(S) is reflexive for all 1 < p < oo. It is true that this holds
for arbitrary measure spaces, and so LP(X, u) is reflexive when 1 < p < oo.

Most other Banach spaces which appear “in nature” are not reflexive.
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Example 4.25. ¢o(S) is not reflexive unlike S is finite. Recall the isometric iso-
morphisms

©: 0(S) = co(S), [ (g Y f(s)g(s))

seS
and

W 0(S) > £(S), (g D F(s)g(s)).

seS

The two compositions

co(S) 4 co(S)" B £1(SY
and

co(S) C 6°(S) =5 £1(S)Y
are equal: for f € co(S) and g € £1(S), compute

(@' ((N9) = LN @(9)) = D(9)(f) =D 9(s)f(s) = T(f)(9)-
seSs

1t follows that co(S) is reflexive if and only if co(S) = €°°(S), which happens if and
only if S is finite.

Neither ¢1(S) nor £>°(S) is reflexive. This follows from the previous example
and the following theorem.

Theorem 4.26. Let V be a Banach space. The following are equivalent:
(1) V is reflexive.
(2) V' is reflexive.

Proof. The map vy : V. — V” has a dual map ¢j, : V7 — V’. Look at the
composition
(4.27) vy Xy
For L € V' and v € V, we have by the definitions
(v (L)) (v) = (v (L)) (evv) = (evv)(L) = L(v).

Therefore, the composition (4.27) is the identity. Hence: ¢y is an isomorphism
if and only if ¢{, is an isomorphism (use Proposition [4.7)). Since the composition
(4.27)) is bijective, this is the case if and only if ¢y is an isomorphism. O

4.5. x-Complemented subspaces. We begin with a general definition from al-
gebra.

Definition 4.28. A sequence

viwSu
of linear maps between k-vector spaces is exact at W if ker(G) = im(G). A short
exact sequence of vector spaces is a sequence

0sVEwWwSUuso

which is exact at V,W and U. (In other words, ker(G) = im(F), F is injective and
G is surjective.
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For example, if W C V is a linear subspace, then
0-W-=>V->V/W-—=0
is a short exact sequence.

Lemma 4.29. Let
0w AV 33U =0
be a short exact sequence of Banach spaces. Then im(J) is closed, and J : W —

im(J), as well as the the induced map V/im(J) — Uare isomorphism of Banach
spaces.

Proof. Since im(J) = ker(Q), it is closed. The induced map R : V/im(J) — U
is bounded and bijective. By Lemma V/im(J) is complete, and so the open
mapping theorem proves that R is an isomorphism (of Banach spaces). Since im(J)
is a Banach space, and J : W — im(J) is bijective, the open mapping theorem
proves that it is an isomorphism. O

Lemma 4.30. Let
o=wiviu o

be a short exact sequence of Banach spaces. The the sequence
00 SV 5w -0
s exact.

Proof. The following things are to be shown:

(1) @' is injective (this is general nonsense).

(2) J o Q' =0, but this follows from J'Q' = (QJ)" = 0.

(3) ker(J') Cim(Q’). If F € V' satisfies J'(F) =0, then F o J =0, and by an
algebraic argument, there is a linear map G : U - K with Go Q = F. G
is bounded by the open mapping theorem: there is C' > 0 such that for all
u € U, there is v € V with |[v|| < C||lu|| and Qv = u. It follows that

|Gul = |GQu| = [Fv| < [[F[[[o] < [FIC]ull,

as desired.

(4) J’ is surjective: as J : W — im(J) is an isomorphism of Banach spaces,
each bounded linear functional F' : W — K is of the form G o J for a
bounded linear functional G : im(J) — K, which can be extended to all of
V by the Hahn-Banach theorem.

(]

Theorem 4.31. Let V' be a reflerive Banach space and let W C V be a closed
subspace. Then W and V/W are reflexive.

Proof. We consider the commutative diagram

0 w 1% V/W

-

0 W v (V/W)" ——=0.

0
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The rows are exact sequence. The hypothesis is that ¢y is bijective, and ty as
well as vy are injective for general reasons. The 5-Lemma from elementary
homological algebraﬂ proves that ty and ty/y must be surjective as well. O

Proposition 4.32. Let
0-wWAvE3uso
be a short exact sequence of Banach spaces and bounded operators. The following
are equivalent:
(1) There is a bounded operator S : U — V with QS =1 (a “section”).
(2) There is a bounded operator R :V — W with RJ =1 (a “retraction”).
If that is the case, the maps

O WaU—=V, (wu) — Jw+ Su

and
UV:VsWal, v— (Rw, Qw)

are isomorphisms. Short exact sequences with this property are called split.

Proof. 1 = 2: if v € V, then Q(v — SQuv) = 0, and so by exactness v — SQu €
ker(Q) = im(J). Since .J is injective, there is a unique w € W with Jw = v — SQuv.
Define Rv := w. To show that RJ =1, let x € W. Then Jxr — SQJx = Jx, and so
RJx = x. Note moreover that

JR=1-5Q.

It remains to prove that R is bounded. Since im(J) = ker(Q) is closed, im(J)
is complete, and J : V — im(J) is a bijective bounded operator of Banach spaces,
hence an isomorphism by the open mapping theorem, so that there is ¢ > 0 with
[[Jw| > c||w|| for all w € W. In the above construction of R, we therefore see that

IR0l < TR0 < 2ol + 5@l < ZIy
and that R is bounded.

2 = 1: The operator 1 — JR : V — V is zero on the image im(J) because
(1-JR)J =J—J(RJ)=J —J =0. Hence there is a unique 7' : V/im(J) - V
with Tg = 1 — JR, where g : V' — V/im(J) is the quotient map, and T is bounded.
Using the isomorphism V/im(J) = U, we construct S : U — V with SQ = 1— JR.
But then

RSQ=Q-QJR=Q
and since @ is surjective, Q.S = 1 follows.
It is easy to verify that ® o ¥ and ¥ o ® are the identity maps. O

Corollary 4.33. Let W C V be a closed subspace of a Banach space. The following
are equivalent:

(1) There is a bounded operator P :V — W such that Ply = id.
(2) There is a closed linear subspace U CV such thatU @ W = V. O

Such linear subspaces are called complemented. We have seen that each closed
subspace of a Hilbert space is complemented. Here is a non-example:

Theorem 4.34. The subspace co(N) C £>°(N) is not complemented.

3Check out wikipedia for the very easy proof.
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Proof. Let @ : £°(N) — £>°(N)/co(N) be the quotient map and let S : £°(N)/¢o(N) —
¢>(N) be a putative section to Q. The space ¢£°°(N) has the property that there is
a countable set F;, € £°°(N)" which separates the points of ¢>°(N). In other words,
if f € £>°(N) is such that F,,(f) = 0 for all n € N, then f = 0. For example, one
can take the evaluation functionals F,,(f) := f(n).

If the section S exists, then the functionals G,, ;= F,, 05 : £°(N)/co(N) separate
the points. We shall show that no such countable collection {G),} of functionals on
¢ (N)/co(N) can exist, which is a contradiction to the existence of S.

The first step is to prove that there is an uncountable set I and a family A;
of subsets A; C N such that A; N A; is finite once 7 # j. This sounds utterly
unplausible at first but is easy to show: for each z € R\ Q, choose a sequence ¥ ,,
of rational numbers with lim, o ¥ » = 2, and let C; C Q be the set of all terms
of Yz n. If £ # 21, then the sequences y., » and vy, » can have only finitely many
terms in common, so that Cy, N Cy, is finite. Then I := R\ Q is uncountable and
after choosing a bijection ¢ : Q 2 N, this construction provides A; := ¢(C;).

The collection {xa4,|i € I} C ¢*°(N) has the following property: ||xa,|| = 1, and
if J C I is a finite subset and a; € K, |a;| =1, j € J, then

(4.35) 1R ajxa)ll <1
jeJ

improving the generic estimate [|Q(3_;c;ajxa;)|| < [J] a lot (why exactly does
this hold?).

For n € N, let I,, := {i|G(Q(x4,)) # 0} C I. Because the functionals G,
separate the points, UZO:1 I, = I, and hence at least one I,, is uncountable.

Let Ik := {i € L||Gn(Q(xa,))| = %- As Uiy Ink = In, at least one I, j is
infinite (even uncountable).

Let J C I, ; be a finite subset, and for j € J, choose a; € K with |a;| = 1 and
a;Gr(Q(xa,)) > 0. Then

Gn(ZQjQ(XAj) = ZajGn( Z |G | > |J|

JjeJ jeJ jeJ
and
G (D~ a;Q(xa;) = 1Ga (D~ a;Q(xa) < 1GAlIQO ajxa)ll < [Gall-
jeJ jeJ JjeJ

Together, we get

|| < K[|Gnl|
for each finite J C I,, . This is a contradiction to the ascertainment that I, ; is
infinite. O

4.6. Notes. The Hahn-Banach theorem has essentially one proof, which can be
found in every textbook. Likewise, the applications are fairly standard. The con-
struction of Banach limits presented above is exactly the same as in [IT], except
that in loc.cit., the argument is phrased differently.

The proof that V is reflexive if and only if V' is reflexive is usually given using
the Banach-Alaoglu theorem which we will cover later. I found the above argument
by myself, but I am sure that it is written down somewhere.

The extremely elegant algebraic proof that subspaces and quotients of reflexive
spaces are reflexive is taken from [I2], but did not seem to have found its way
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into textbooks, where a much less memorable argument is being used. This is
probably because the language of exact sequences and the 5-lemma is foreign to
most anaylsts.
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5. THE RIESZ-MARKOV-KAKUTANI REPRESENTATION THEOREM

The capstone of this first part of the course is the proof of Theorem We
will give the proof only in the special case when X is a compact metrizable space.
Let us recall the statement.

Theorem 5.1 (Riesz-Markov-Kakutani theorem). Let X be a second countable
locally compact Hausdorff space and let L : C.(X) — K be a positive linear func-
tional (in other words, L(f) > 0 whenever f > 0). Then there exists a unique
Radon measure i on X such that

L(f) = /X fdu

for all f € C(X).

Let us first explain first the significance of the condition that X is second count-
able.

(1) a second countable locally compact Hausdorfl space is metrizable by The-
orem [B.711

(2) X is o-compact. In other words, X admits an exhaustion X; C X3 C
X3... C X, where X = J,,_; 00X,, X, is compact and X,, C X7, by
Lemma [B.8711

(3) Propositionsays that any locally finite Borel measure on X is a Radon
measure. Therefore, regularity of u is not an issue.

Proof of uniqueness. Let u, v be two Radon measures such that fx fdp = fX fdv
for all f € C.(X). We have to prove that u(S) = v(S) for all measurable S C X.

Now let X7 C X2 C X35... C X bean exaustion of X. Since p(S) = lim,,— 00 (SN
X,,) and similarly for v, we may assume that S is contained in a compact subset of
X, and hence that u(S) and v(S) are both finite.

Let ¢ > 0. Since p is regular, there is a compact set K with K C S and
w(S) < u(K) + €, and since v is regular, there is an open set U with S C U and
v(U) <v(S)+e Let f e C(X) be a function with xx < f < xy. Then

W(S) ~ e <u(K) < [ fdu= [ fav <) <u(s)+e
b's X
This is true for all € > 0, and so
u(S) < w(S)
for all S. Exchanging the roles of p and v also shows v(S) < u(S), i.e. p(S) =
v(S). O

We will prove the Theorem first for compact X, and generalize at the end to the
locally compact case. From now on, until further notification, we assume that X is
compact. Let us slowly work towards the core of the argument. The first step is a
characterization of positive functionals.

Lemma 5.2. Let X be a topological space and let L : Cp(X) — K be a linear
functional. The following are equivalent:

(1) L is positive.
(2) L is bounded and L(1) = ||L]|.
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(We stated the lemma in a more general version as it is useful in other contexts,
for example when studying ¢>°(S) = Cp(S5)).

Proof. We write down the proof in the case K = C, the real case is easier.

1 = 2: if f is real-valued, then —R < f < R for some R. Hence by positivity
we get —RL(1) < L(f) < RL(1), so L(f) € R. For f € Cy(X) arbitrary, we write
f=R(f) +i3(f) and see that

L(f) = LR(f) —iS(f)) = LR(f)) — iL(3(f)) = L(f)-
Consider the map
B:Cy(X) x Cp(X) = K
defined by
B(f,9) = L(fg)-

Then B is C-sesquilinear, and

B(g, f) = L(gf) = L(fg) = L(f,9) = B(f.9)-
Since L is positive, we also have
B(f. f) = L(f*) > 0.

Altogether, B is a semi-inner product. If f > 0, we have, by the Cauchy-Schwarz
inequality,

0< L(f) = B(f,1) < B(f, )Y/*BL,1)"? = L(If)2L()Y? < L(ISIPD)2L)Y? = | £IIL(1).
Since —|f| < f < |f], this proves

IL(HI < IFIIL).
or ||L|| < L(1). Equality holds by inserting f = 1.

2 = 1: We first show that L(f) € R when f is real valued. Without loss of
generality, we assume L(1) = 1. For s € R, we have

[L(f +is)|* = [L(f) + s[> = R(L(f))* + (s + S(L(f)))* =
= R(L(f))* + S(L())* + 5* + 253(L(f)) = [L(F)I? + 5* + 25S(L(f)).
Since ||f +is||? < ||f]|? + s? (picture!), we also see
L(f +is)[ < |If +is|® < || £]|* + 52
Together, we obtain
IL()I? +2sS(L(f) < |IfI7

for all s € R, which is only possible if S(L(f)) = 0.
If f: X — R is bounded and continuous, we get L(f) € R. The function

g=f -3l
has norm [|g|| = 3| f|| (why?). Therefore
L(f) = Llg+51£11) = o)+ AIEQ) > |2l lgl+5 1AL = ZIAIAIEI-L(1) =0,
([

The idea behind the proof of Theorem [5.1]is to reduce the statement to the case
of a space X of particular type. The reduction step is as follows.
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Lemma 5.3. Let ¢ : X — Y be a surjective continuous map between compact
metrizable spaces. If the conclusion of Theorem holds for X, then it holds for
Y.

Proof. The map ¢* : C(Y) — C(X), f — f o is an isometry because ¢ is
surjective. Let L : C(Y) — K be a positive functional. By Lemma L is
bounded and ||L|| = L(1). By the Hahn-Banach theorem, there is a functional
F:C(X) — K with |[F|| = ||L|| = L(1) and F o ¢* = L. Using Lemma [5.2] again,
we get that F is positive. Therefore, by the hypothesis of the Lemma, there is a
Radon measure y on X such that

F(f) = [ f@du(o)
X
for all f € C(X). For g € C(Y), we therefore have

L) = Flao9) = [ ale(@)dula).
We define a Borel measure @, on Y by

pati(S) = u(e™")(S).
By construction, we have

/ x5 d(att) = poplS) = ule™(8)) = / x5 ((2))du(s)
Y

X
for each measurable subset. This implies the identity

/ o) d(papt)(y) = / o((@))du(z)
Y X

for each step function and hence for each integrable function, hence a fortiori for
all continuous functions. Therefore

L(g) = /X o)) dp(z) = /Y o) d() W),
as desired. O

Lemma 5.4. Let X be a compact metric space. Then there is a closed subspace

Y C ﬁ{m}

and a surjective continuous map ¥ — X.

Remark 5.5. The space [[.,{0,1} is homeomorphic to the Cantor set in R. Even
more is true: for each compact metric space X, there is a continuous surjective
map [[,~,{0,1} = X (Hausdorff-Alezandroff theorem). For a proof of this fact
and some applications, see [I].

Proof. We first deal with the case X = [0,1]. For m € N, consider the function

gm = [J{0,1} = [0,1]
n=1
given by

gon((@0)a) == Y 3o

n=1
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Since g, can be written as the composition [[°,{0,1} ®% []"_,{0,1} — [0,1]
of the projection p,, onto the first m factors with some map from a discrete set
to [0,1], ¢y, is continuous. As [gmi1((#n)n) — gm((n)n)| < 5, the sequence gn,
converges uniformly to the function

9(wn)a) = D

which is therefore continuous. Because any ¢ € [0, 1] can be written in the form
ooy 22 for z, = 0,1 (Analysis I!), g is surjective, as claimed.
From that, we get a surjective continuous map

oo o0 o0 oo
heK:=]]{0, 1y = ] [[{0,1} = L:= ] [0,1].
n=1 m=1n=1 m=1
Part of the proof of the Urysohn metrization theorem says that for each
compact metric space X, there is an injective map f: X — [[°_,[0,1].
Now we let

Y = {(x,k) € X x K|f(z) = h(k)} C X x K.

This is a closed subspace of X x K, and X x K is a compact space by Tychonov’s
theorem and metrizable as K is metrizable, so that Y is a compact metric space.
Moreover, the continuous map ¥ — K, (z,k) — k, is injective, because f is
injective. Hence Y is homeomorphic to a closed subspace of K.

Finally, the map Y — X, (z,k) — =z is surjective because h is surjective, and
clearly continuous. O

What are the specific properties of closed subspaces of [] > {0,1}7

Lemma 5.6. Let Y C []°2,{0,1} be a closed subspace. Let CL C P(Y) be the set
of all subsets which are simultaneously open and closed (“clopen”). Then

(1) CL contains a countable basis for the topology of Y.

(2) CL is a Boolean algebra (that means, complements, finite intersections and
finite unions of clopen subsets are clopen, and ) and Y are clopen.

(3) The o-algebra (CL) generated by CL agrees with the Borel-o-algebra.

(4) The set A := {327_, a;jxu;|U; € CL,a; € K} C C(Y;K) of all linear
combinations of characteristic functions of elements of CL is a dense linear
subspace.

Proof. (1): Let g, : [],~,{0,1} — {0,1} be the projection onto the mth factor.
By the definition of the product topology, the sets of the form

4t (1) Nt (S

where r € N, m; € N, S; C {0, 1} open, form a basis for the topology of [T~ ,{0,1}.
All subsets of {0, 1} are open and closed, and hence q;l}(Si), as well as the intersec-
tion, are open and closed. Hence we found a basis B for the topology of []>~,{0,1}
which consists of clopen subsets and is moreover countable. By the definition of
the subspace topology, the intersections of the elements of B with Y are open and
closed and form a basis for the topology.

(2): is trivial.

(3): From the proof of (1), we conclude that CL contains a countable basis of
the topology. An open subset U C Y can be written as a union of elements of CL,
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and since CL contains a countable basis, countably many suffice. Hence U € (CL),
and therefore, (CL) is the Borel-o-algebra on Y.

(4): Clearly xy is continuous when U is clopen. Using that xuyxv = Xxvnv
and axy + bxv = axu\v + bxv\v + (a + b)xunv, one shows that A C C(Y;K)
is a subalgebra. Of course 1 = yy € A, and f € A implies f € A. For two
distinct points z,y € Y, we find U,V € CL with UNV =0 andx € U,y € V
(otherwise, CL would not form a basis for the topology which is Hausdorff). For
the function f = xy, we have f(z) # f(y), and so A separates the points of Y. By
the Stone-Weierstrass Theorem it follows that A is dense in C(Y; K). g

Lemma 5.7. Let Y C [[2,{0,1} be a closed subspace. The conclusion of Theorem
[51) holds for Y.

Proof. Let
L:C(Y)—=K

be a positive linear functional. It is bounded with operator norm ||L| = L(1).
For U € CL, the characteristic function xy is continuous, and we set

1o(U) = L(xv) € [0,][L][].
The set function
o : CL — [0,00)

is finitely additive. We use the Caratheory extension theorem [C:22] to extend pg to
a measure on the o-algebra (CL) generated by CL. For that, we have to verify the
following: if U,, € CL are countably many disjoint open and closed subsets, such
that U = |J,—, U, is again open and closed, then

(5.8) po(U) =Y po(Un).
n=1

But U is compact because it is closed and Y is compact, and so it can be covered
by finitely many of the sets U,. As these are disjoint, almost all U,’s are empty,
and so the right hand side of is truely a finite sum and holds as pg is
finitely additive. The Caratheodory extension theorem now proves that there
is a unique measure p on the o-algebra C = (CL) which extends py.

For each U € CL, we have

/X xvdp = p(U) = uo(U) = L(xv),

and by linearity, it follows that the functionals [ + -dp and L agree on A C C(Y;K).
Since both functionals are continuous, it follows that L(f) = [, fdu for each
feC(Y;K). O

At this point, we have proven Theorem [5.1] for compact X.

End of the proof of Theorem[5.1 Let X be second countable and locally compact.
Let L : C.(X) — K be positive, and let us first assume that L is bounded. Since
C.(X) C Cy(X) is dense, L extends to a continuous functional Cy(X) — K which
is also denoted by L and which is positive.
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The 1-point compactfication X of X is second countable and compact, and
Co(X) can be identified with the space {f € C(XT)|f(c0) = 0}. If f € C(XT),
then f — f(o0) € Co(X). For a € R, consider the bounded functional

F(f) == L(f = f(0)) + af(c0).
Which conditions need to be put on a so that F is positive? If g € C.(X) satisfies
g > —c, ¢ >0, then there is h € C.(X) with 0 < h < ¢ and g > —h, so that

L(g) =2 =L(h) = = L]e.
Let f € C(X™) be positive. Then it follows that
F(f) = L(f = f(00)) + af(00) = (a — || L]) f(o0).

Hence F is positive provided that a > ||L||. By the compact case of the theorem,
there is a Radon measure v on X1 such that

P = [ s

The formula p(S) := v(S) defines a Radon measure on X, and since F'|¢,(x) = L,
1 represents L, as claimed.

If L is not necessarily bounded, we pick a countable basis {U,,} for the topology,
with each U, compact. Let (h,), be a subordinate partition of unity (Theorem
. Let a, > 0 be chosen so that C' := > | a,L(h,) < cc.

Define F': Co(X) — K by

F(f) = ZanL(hnf)

(this is a finite sum). Then

IF(N) <D anllfIL(hn) < CII£]],
n=1

so F'is bounded. Let u be the Radon measure which represents F, and let h :=
>0 anhy, which is a positive continuous function.
We define a new Borel measure v on X by

1
v(S) = / Xs 7 dp
S

(o-additivity is easily checked using the monotone convergence theorem). For f €
C.(X), we have

Y A Y N I S W
/deu - /X R = F () = D k(G20 = (Y aa ) = 1)
so that v represents L. ([l

5.1. Notes. The standard proof of the Riesz-Markov-Kakutani theorem can be
found in [8, Chapter 2]. The proof given above is unusual; I learnt it from the book
[B]. A generalization of the idea works for arbitrary compact spaces X [4].
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6. LOCALLY CONVEX SPACES

From the viewpoint of applications in analysis, the theory of Banach spaces has
several drawbacks. The first is that infinite-dimensional Banach spaces contain very
few compact subsets. Given how important compactness is for proving existence
theorems in analysis (it provides convergent subsequences of certain sequences, and
the limit of such a subsequence is often the objects one is interested in), this is a
serious problem, and we need compensation for it.

Secondly, the theory is designed to encode various notions of convergence, either
of (continuous or measurable) functions on a topological or measure space, or of
linear operators between spaces of such functions. There are several notions of
convergence which cannot be encoded by a norm. Let us give some examples.

(1) Let X be a (say locally compact Hausdorft) topological space and let C(X)
be the space of all continuous functions X — K, bounded or not. A useful
notion of convergence of such functions is uniform convergence on compacta:
we want to say that f, — f provided that for each compact K C X,
the restrictions f,|x converge uniformly to f|x. For example, the series
ZZOZO %z” converges uniformly on compacta to exp(z), but not uniformly.

(2) For a sequence f,, € C*°([0,1]) of smooth functions, the appropriate notion

of convergence f, — f € C°(]0,1]) would be that all derivatives £k
converge uniformly to f*), for each k € Ny. Convergence of all f*), up
to k = r, could be encoded by the C"-norm Y, _ [|f*)]|co, but we cannot
encode convergence of all derivatives by a norm.

(3) We have seen examples of sequences F,,, F € L(V,W), where F,v — Fv
for each v € V, but ||F,, — F|| does not converge to 0. For example, let
V be a separable Hilbert spaces with orthonormal basis {v,|n € N}. Let
V. := span{uvg|k < n} and let P, : V. — V be the orthogonal projection
onto V,,. Then P,v — v for all v € V| but |1 — B,|| = 1. Or X could
be a compact Hausdorff space and x,, — x be a convergent sequence in X.
Let F,, : C(X) = K, F,(f) := 2. Then F,(f) — F(f) for all f € C(X),
but ||F,, — F|| does not tend to 0, unless x,, is eventually constant. Such
examples are simply too common to be viewed as pathological!

All these notions of convergence can be captured by a more general concept
than a Banach space. We have to pass to locally convex vector spaces. We remark,
however, that not all sensible notions of convergence can be described by a topology.

6.1. Prelude: weak and weakx-convergence. Before we develop the general
theory, we concentrate on the following two notions of convergence which are of
central importance in the theory of Banach spaces (and in many applications).

Definition 6.1. Let V be a Banach space. A sequence v, € V is weakly convergent
tov €V if for each L € V', we have

lim L(v,) = L(v) € K.

n—roo

A sequence L, € V' is weak-x-convergent to L € V' if for each v € V, we have
lim L,(v) = L(v) € K.
n—roo

Simalarly, we say that v, € V is a weak Cauchy sequence if for each L € V', the

sequence L(vy,) € K is a Cauchy sequence, and that L, € V' is a weak-+-Cauchy
sequence if for each v € V, the sequence L, (v) € K is a Cauchy sequence.
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In contrast to these notions, we say that v, is norm convergent to v if |v, —v|| —
0 (and similarly for sequences in V’). Before we give examples, let us develop a
little bit theory.

Lemma 6.2. Ifv, € V converges in norm to v € V, then v, is weakly convergent
to the same limit. The same is true for sequences in V'. ]

The converse is only true in finite-dimensional spaces. This will be demonstrated
by many examples below.

Lemma 6.3. A weakly convergent sequence is a weak Cauchy sequence, and a
weak-x-convergent sequence is a weakx-Cauchy sequence. (]

Proposition 6.4. Let V' be a Banach space and let L,, be a weakx-Cauchy sequence.
Then L,, is bounded, and weaklyx-convergent to a uniquely determined L € V.

Proof. This is a special case of the Banach-Steinhaus theorem O

The analogue of Proposition is not true for weak convergence. What is true
is the following.

Proposition 6.5. Let V' be a Banach space and let v,, be a weak Cauchy sequence
in V. Then vy, is bounded, and if the weak limit exists, it is uniquely determined.

Proof. Let F,, : V' — K be the functional F,, (L) := L(v,). The hypothesis implies
that F,,(L) € K is a Cauchy sequence and hence bounded. Therefore, there is Cp,
such that |F,,(L)| < O, for all n. By the principle of uniform boundedness, there
is C' > 0 such that ||F,|| < C for all n. Note that F,, = vy (vy), and so by the

Hahn-Banach theorem, ||F,| = ||v,||. Therefore ||v,| is bounded.
If v, is weakly convergent to v and to v’ € V, then for each L € V', we have
L(v) = L(v'),
and the Hahn-Banach theorem implies that v = v’. O

Now we can discuss these two notions in the cases where we have determined
the dual spaces of Banach spaces explicitly.

Example 6.6. Let V =(P(N), 1 < p < 0o, let q be the conjugate exponent and let
fn € P(N) be a sequence. The following are equivalent:
(1) fn is a weak Cauchy sequence.
(2) The sequence || fpn|l is bounded, and f,(m) is a Cauchy sequence for each
m € N.

Each weak Cauchy sequence in ¢P(N) converges weakly to some limit in ¢P(N).

Proof. 1 = 2: Let f,, be a weak Cauchy sequence. By Proposition Ifall < C
for some C and all n. For m € N, the functional §,, : #(N) —» K, f — f(m) is
bounded. Therefore, by the definition of weak Cauchy sequences, the limit f(n) :=
lim, 00 fn(m) € (P(N) exists. We claim that f € ¢P(N) and that f, is weakly
convergent to f. For k € N, we have

=

k
D Fm)lP =lim Y [f(m)l” < CP.

m=1



72 JOHANNES EBERT

Therefore f € ¢P(N). To verify that f, is weakly convergent to f, recall that each
element of /P(N)" is of the form f — " f(m)g(m) for some g € ¢¢(N). We have
to prove that

lim ) g(m)(fo(m) — f(m)) =0

for each g € £9(N). Let € > 0 be arbitrary and fix k such that Y ~_, | |g(m)|? <e.
Then

[e%) k [e%)
1S gm)(fulm)=Fm) = 1Y gtm)(falm)=fmDIH Y glm)(fulm)—f(m))] <
m=1 m=1 m=k+1
k %) [e%s)
<1 gm)(falm) = )+ S Jgm) e +( D [falm) — f(m)[?)»
m=1 m=k+1 m=k+1

by the Holder inequality. The term |an=1 g(m)(fr(m) — f(m))| converges to 0
because of pointwise convergence. The second one is bounded by

1 1
€ f — full < 20¢5.

2 = 1: let ||fn]] < C and assume that f,(m) is a Cauchy sequence for each m.
Let g € ¢9(N) and let € > 0. There is h € coo(N) with ||h — g|| < e. Then

> (falm)=fie(m)g(m)| < | (falm)=fir(m))(g(m)=h(m))|+] D (fu(m)=fr(m))h(m)|.

The second term converges to 0 as h has finite support and by pointwise conver-
gence. The first term is bounded by

1> (falm) = fu(m))(g(m) — h(m))] < || fa = fillenllg = hlles < 2Ce

and therefore | > (fn(m) — fi.(m))g(m)| < 3Ce for sufficiently large n, k. O

Now ¢P(N) = ¢9(N), and we can also speak about weaks-convergence. It turns
out that the two notions agree, and not accidentally this is linked to the reflexivity

of £4(N).

Proposition 6.7. Let V be a Banach space, let W = V' and let L, € W be a
sequence. If L, is weakly convergent, it is weak-x-convergent. The converse is true
if V is reflexive.

In particular, in Hilbert spaces, the two notions agree.

Proof. If L,, is weakly convergent, then ¢(L,) € K converges for each ¢ € W’ =
V. In particular, ¢y (v)(L,) = Lp(v) converges for each v, and L, is weaklyx*-
convergent.

If V is reflexive, then each ¢ € V" is of the form ¢y (v) for some v € V, from
which we conclude the converse. (]

Example 6.8. Recall that co(N) = (1(N). A sequence f,, € co(N) is a weak Cauchy
sequence if and only if || fu|l is bounded and if fn(m) converges for each m € N.

The limit function f(m) := limy,_ 0o fn(m) does not need to be in cy(N). In
particular, weak Cauchy sequences in co(N) do not need to converge.
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Example 6.9. The space (*(N) is the dual space of co(N), so we can speak about
weakx-convergence in (*(N). A sequence f, € (*(N) is weaklyx-convergent if and
only if it is bounded and pointwise convergent. This is done using the same method
of Example[6.6,

For weak convergence in (*(N), we have the following surprising result by I.
Schur: if f, € (*(N) is a weak Cauchy sequence, it converges in norm (!) to some

H(N).
Example 6.10. A sequence f, € £°(N) = (1(N)' is weaklyx-convergent if and only

if it is bounded and pointwise convergent. I do not know a handy characterization
of weak convergence.

6.2. Locally convex spaces. Let us now define a framework in which the above
sorts of convergence can be discussed.

Definition 6.11. A topological vector space over K is a K-vector space V', equipped
with a topology, such that the addition
ay :VxV =V, (uv)—utwo
and scalar multiplication
py KxV =V, (z,0) = 2v
are continuous.
For example, if V' is a normed vector space, then V', together with the topology

induced by the norm, is a topological vector space. Topological vector spaces are
far to general to be useful as such. A useful class are the locally conver spaces.

Definition 6.12. Let V be a K-vector space. A subset U C V is balanced if v € U
and z € K, |z| = 1 implies zv € U. A locally convex space is a topological vector
space V if 0 has a neighborhood basis which consists of convex balanced subsets.

For example each normed vector space V is a locally convex space. This is be-
cause the balls B,.(0) C V are convex and balanced and form a form a neighborhood
basis of 0.

Before we begin the development of the general theory, let us introduce the
standard construction of locally convex spaces. The reader should recall the con-
struction of the induced topology which is explained in

Definition 6.13. Let V' be a K-vector space, let F := (W;, F})icr be a family of
normed vector spaces Wy, together with linear maps F; : V — W;. We let T be the
topology on V' which is induced by this family of maps.

There are two aspects of the definition of the induced topology. Firstly, we have
described its open sets explicitly, and secondly, it has a universal property.

The explicit definition is that a subset U C V is open in 7z if and only if for
each x € U, there are i1,...,i, € I and €1,...,€, > 0, such that

n
v+ () F; (B, (0) C U
j=1
Phrased differently, the sets of the form

() Fi ' (B (0), n € N,ij € Ie; >0
j=1
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form a neighborhood basis of 0. It is easily verified that such sets are convex and
balanced.

The universal property of the induced topology (Lemma immediately im-
plies the first two items of the next result.

Lemma 6.14. LetV and F = (W;, F;);c1 be as z'n and let V' carry the topology
T (and W; the usual norm topology). Then

(1) the maps F; : V. — W, are continuous,

(2) amap g: X =V from an arbitrary topological space is continuous if and
only if the compositions F; o g : X — W, are all continuous,

(3) a sequence v, € V converges to v if and only if all sequences F;(vy,) converge
to F;(v).

(4) V, with the topology Tr, is a locally convex space.

(5) Tx is Hausdorff if and only if F separates the points of V', in other words,
if and only if for each 0 # v € V, there is i € I such that F;(v) # 0.

(6) In that case, the injective map ¢ : V. = [[;c; Wi, v = (Fi(v))icr, 5 a
topological embedding (and hence each subset Z C V is homeomorphic to
the subset ¢(Z) C [[,c; Wi.

Proof. (3) follows from (2) by considering the space X = {0,1,3,...} C R. Con-
cerning (4), we already saw a neighborhood basis of 0 which consists of balanced
convex sets. It remains to prove that the addition maps ay and py are continuous.
We know that all the ayy, and pyy, are continuous, since these are the addition and
scalar multiplication maps of normed spaces. The linearity of F; is encoded in the
relations

Fi oy = aw,; °© (Fz X Fz)
and

Fj o py = pw, o (idg x Fj).
But this already solves the problem: the right hand sides are continuous by (1),
and (2) then proves that ay and py are continuous.

(5): The map

¢:V =W
il
is continuous. To see this, we have to show (by the universal property of the
product topology) that the composition p; o ¢ : V' — W; is continuous, where p; is
the projection of the product onto the ith factor. But p; o ¢ = F; is continuous.

The map ¢ is injective if (and only if) the family F separates the points. The
product [[;.; W; is Hausdorff, and so if ¢ is injective, V' must be Hausdorff.

(6): ¢:V = ¢(V) C [l;e; Wi is continuous and bijective. To show that ¢ is a
homeomorphism, it is enough to show that for an arbitrary topological space X,
amap g : X — V is continuous if pog: X — [[;c; Wi is continuous. If ¢ o g is
continuous, then so is the composition with the projection map p; : [[,c; Wi — Wj,
but p; o ¢ = Fj}, so Fj o g is continuous for each j € I, hence g is continuous. [

Examples 6.15. (1) Let X be a set and let V = KX, the set of all maps
X - K. Lt I =X, W, =K and let evy : KX — K be the linear map
= f(x), and write F = (K,evy)zex. The topology Tx is called the
topology of pointwise convergence, because a sequence f, € KX converges

in Tr to [ if and only if f,.(x) — f(x), for all x.
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Let X be a locally compact Hausdorff space. Let C'(X) be the vector space of
all continuous functions X — K. Let KC be the set of all compact subsets of
X, and for K € K, consider C(K) with the supremum norm and the linear
map rg : C(X) = C(K), f — flx. The family F := (C(K),rk)kek
induces the topology of uniform convergence on compact subsets of X.
Let V. = C*([0,1]), and for n € Ny consider the map F, : C*>([0,1]) —
C([0,1]) (the target has the supremum norm), F,(f) := f. The topol-
ogy induced by the family (C([0,1]), Fy)nen, s the C*°-topology and is
Hausdorff.

(very important example) Let V' be a normed vector space. The family
(K, F)pey+ induces the weak topology wk on V. More explicitly, we take
the collection of maps F : V. — K, where F' ranges through the whole dual
space of V. The weak topology is Hausdorff: if 0 £ v €V, there is F € V'
with F(v) # 0, by the Hahn-Banach theorem. A sequence v, € V converges
in the weak topology to v (“converges weakly”) if and only if F(v,) — F(v)
for each F € V'. A norm-convergent sequence converges weakly (since each
F is continuous for the norm topology), but the opposite is not always true.
For example, the sequence §, € (*(N) converges weakly to 0. The identity
map id : (V,]|-]]) = (V, wk) is continuous, since each F € V' is continuous
as a map (V,||-l|) — K, by definition. This means that the weak topology
s coarser than the morm topology: the weak topology has fewer open and
closed sets than the norm topology. It has more compact subsets than the
norm topology, and more convergent sequences. There are more continuous
maps into (V, wk) are fewer continuous maps out of (V,wk). We shall learn
that the identity id : (V,wk) — (V,||-||) is continuous if and only if V is
finite-dimensional. In functional analysis, the usual wording is that the
weak topology is weaker than the norm topology.

(another very important example) Let V' be a normed space. For v € V,
we let 1, : V! — K be the map F — F(v) (this is exactly vy (v) € V", of
course). The family (K, y)pey induces the weak-x-topology wk™ on V'.
The weak-x-topology on V is Hausdor[f by definition: if F € V' is nonzero,
there is v € V with F(v) # 0. The identity id : (V',||]|) — (V’,wk™) is
continuous (by construction again) and its inverse is continuous if and only
if dim(V') < oo.

The weak and weak-+-topologies have many common features, and they can
indeed both be obtained from the same construction. Let V.W be K-vector
spaces and let B : V. x W — K be bilinear. Fach w € W defines a linear
map By 1V = K, v B(v,w). The topology on V induced by the family
(K, Bw)wew is the o(V,W)-topology. From

VxV' =K, (v, F)~ F(v),
one obtains the weak topology on V as the o(V,V')-topology, and from
V' xV =K (F,v) — F(v)
the weak-+-topology on V' as the o(V',V)-topology.
It should be said at the very beginning that the behaviour of the weak and
the weak-x-topology is very different in very important aspects.

For two normed spaces V, W, the strong operator topology on L(V, W)
is the topology induced by the maps E, : LV,W) - W, E,(F) = F(v),
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v € V. It is coarser than the norm topology. There is also a weak operator
topology, which is induced from the maps ((v,L) € V x V')

Eyp: L(V,W) = K; F s L(Fv).

It is usually only considered when V. W are both Hilbert spaces, and not
very important in the beginning.

From this list of examples, one sees that construction [6.13|gives rise to a plethora
of examples, and promises to be a very useful tool to encode various notions of
convergence.

6.3. Locally convex spaces: some basic lemmas. We now develop the general
theory of locally convex spaces. This begins with some lemmas.

Lemma 6.16. Let V and W be topological vector spaces and let ' : V. — W be
linear. Then F is continuous if and only if F' is continuous at 0.

Proof. Let v € V, and assume that F' is continuous at 0. Let T, : V' — V be the
translation map = — x + v. The translation map is a homeomorphism because the
addition in V' is continuous. It follows from the linearity of F' that

F = TF(v) oF OT,E.

Because F' is continuous at 0 and because T, and Tr(,) are homeomorphisms,
Tp(yy o Fol_, is continuous at v = T-2(0), so F is continuous at v. (]

Corollary 6.17. Let V be a topological vector space, W a normed vector space and
let F:V — W be linear. Then F is continuous if and only if F~1(B1(0)) is a
neighborhood of 0.

Proof. One direction is trivial. For the other, let » > 0; then F~1(B,.(0)) =
rF~1(B1(0)) is a neighborhood of 0 (because the map S, : V. — V, v + rv is
a homeomorphism). The sets B,-(0) form a neighborhood basis of 0 € W; hence
this observation shows that F' is continuous at 0, and by Lemma[6.16] F' is contin-
uous. (]

Next, we need to understand continuous seminorms on topological vector spaces.
We first introduce some notation. Let V' be a vector space and let W be a normed
vector space. To a linear map F' : V — W, we associate the seminorm

pr(v) = [[Fof|.

If p is a seminorm on V', we let

Ny, :={veVpw)=0}CV
which is a linear subspace by Let m, : V. — V/N,, be the quotient and let
||l-ll, be the quotient norm on V/N,, see Proposition It was shown there that
[mp (V) = p(v).
Lemma 6.18. Let V be a topological vector space and let W be a normed vector
space with norm ||_||w. Then

(1) a linear map F : V. — W is continuous if and only if the seminorm pg
defined by pr(v) := ||Fv|lw is continuous,

(2) a seminorm p is continuous if and only if the quotient map m, : V. — V/N,,
18 continuous,
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(3) a seminorm p is continuous if and only if p~1([0,1)) is a neighborhood of
0.

Proof. (1) One direction is clear since pp = ||-|lw o F and since the norm on
a normed vector space is continuous. If pr is continuous, then p}l([O,l)) =
F~1(B;(0)) is a neighborhood of 0, and continuity of F follows from Corollary
617

(2): Note that pr, = p. Hence the claim follows from (1).

(3): if pis continuous, then p~1([0, 1)) is a neighborhood. Vice versa, if p~1([0,1)) =
7 1(B1(0)) is a neighborhood of 0, Corollary implies that m, is continuous,
and (2) implies that p is continuous. O

Next, we need to understand continuous linear maps maps from (V, 7x) to some
normed vector space. This is not supported by the universal property of the con-
struction, which concerns continuous maps to V.

Lemma 6.19. Let V be a K-vector space and let F = (W;, F})icr be a family of
linear maps from V to normed spaces. Let X be a further normed vector space and
let G:V — X be linear. Then G : (V,Tr) = X is continuous if and only if there
are i1,...,i, € I and c; > 0 such that

G ()] < ZCJHF

forallveV.

Proof. The inequality
(6.20) IG (v ||<Z||Cg i (

for all v € V implies

ﬂ 4 (0) € GTH(B1(0)).

From that, we see that the inequality ( - with continuous F;, implies that
G Y(B; (O)) is a neighborhood of 0 and hence by Corollary [6.17] - the continuity
of G.

Vice versa, if G is continuous, then G~1(B1(0)) is a neighborhood of 0. By the
definition of the topology 7, we find 41,...,%, € I and ¢; > 0 such that

NE; ) € GTH(B1(0)).

j=1
In other words

|Fiwl| <ej, j=1,....,n=||Gu| < 1.
Put ¢ := min; ¢; > 0. Then

S OIF,w] < 6= |G| < 1.
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Forv € V with |G| # 0, put w := HG}vHU' Then |Gw|| = 1, so that Z?:l | Fiw]| >

6. Hence

1 — 1 1g
1< =N |IF w| = “SNE,
<5 YAl = T Y 1A,
Jj=1 Jj=1
or
1 n
IGol < £ 3 1F 0]
j=1
for all v € V, as desired. (]

Furthermore, we need a general construction of sublinear maps on locally convex
spaces.

Lemma 6.21. Let V be a locally convex space and let U C V be a convex open
neighborhood of 0. Define the Minkowski functional of U by the formula

1
qu(v) := irtlf{t > 0|¥v e U} € [0,00).

Then qu is sublinear and q[}I[O7 H=U.
If U is balanced, qu is a continuous seminorm. If U is not balanced, we find at
least a continuous seminorm p: V — [0,00) with qu < p.

One can prove without too much effort that ¢y is continuous for all convex open
U, but that is not needed for our purposes.

Proof. Since U is an open neighborhood of 0, there is for each v € V a t > 0 with
%v € U, so that the infimum is taken over a nonempty set of positive real numbers,
hence well-defined.

It is clear that gy (0) = 0. Let s > 0. Then {v € U < Lsv € U. Therefore

qu (sv) = squ(v).
Let v,w € V and let s,¢ > 0 be such that 7 € U and %w € U. Since U is convex,

we have
1 t v s w

s—l—t(erw):

This shows
quiv+w) <s+t
and by passing to the infimum, we obtain
qu(v +w) < qu(v) + qu(w).

Hence qp is sublinear.
If v € U, there is s < 1 with %v € U, because U is open and because R — U,
s+ sv is continuous. That proves qu(v) < 1 when v € U, or

U C q;'([0,1)).

For the reverse inclusion, assume ¢y (v) < 1. Then there exists ¢ < 1 such that
%v € U. Because U is convex and 0 € U, this proves that

1
v:(lft)OthEvGU.

Altogether
qp'((0.1)) C U.
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It is clear that gy is a seminorm if U is balanced. In that case, the continuity of
qu follows from Lemma [6.18

If U is not necessarily balanced, it contains a balanced convex neighborhood
0 € O C U. The Minkowsi functional go is a continuous seminorm, and from the
construction of the Minkowski functionals, it is clear that ¢y < go. O

6.4. Different constructions of locally convex spaces. Most (and probably
all) textbooks introduce the topology 7r defined in in a different way.

Definition 6.22. Let V be a K-vector space and let P be a family of seminorms
on V. We define a topology Sp on V as follows: a set U C V is open, if for each
x €V, there are p1,...,pr € P and €1,...,€6- > 0 such that

x+ ﬂ p;1([0,€;)) C U.

Lemma 6.23. Let V be a K-vector space.

(1) Let F = (Wi, Fy)ier be a family of normed spaces W;, together with linear
maps F; : V. — W,;. Fori € 1, let p; be the seminorm defined by p;(v) :=
|E:(v)|lw,, and let P := (pi)icr- Then Sp = Tr.

(2) Let P = (pi)ier be a family of seminorms. Let F; : V. — V/N,, be the
quotient map, and let F = (V/Np,, F;). Then Tr = Sp.

Proof. Exercise. O

In most (but not all) examples, the construction with linear maps to normed
spaces is in my opinion more natural. One advantage is that the viewpoint above
makes the proof of the basic properties of the construction much more straightfor-
ward (consult a textbook and study the proof that (V,Sp) is a topological vector
space if you do not believe me).

We will now prove that each locally convex space is isomorphic to one obtained
by this construction. This lets some authors define locally convex spaces as the
result of the construction. As a matter of taste, I dislike such definitions.

Proposition 6.24. Let (V,T) be a locally convex space. Then there is a family
F = (Wi, Fy)ier of normed spaces and linear maps F; : V. — W, such that T = Tr.
Proof. Exercise 0
6.5. The Hahn-Banach Theorem for locally convex spaces. The reason why

we proved the general version of the Hahn-Banach theorem for sublinear functions
(Theorem [4.10]) is that this version can be applied in locally convex spaces.

Lemma 6.25. Let V' be a locally convexr space and let 0 € U C V be open and
convez, and v € V\U. Then there is a continuous linear map F : V — R such that

Fz)<FW)=1
forallzeU.
Proof. Let qu : V — [0,00) be the Minkowski functional of U (see [6.21]), which is
sublinear. Recall that U = g, (—1,1).

Let W :=span{v} C V. We define a linear map G : W — R by G(v) = 1. Since
qu(v) > 1 and gy > 0, we have

G(tv) =tG(v) =t < tqu(v) = qu(tv)
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for ¢ > 0 and
G(tv) < 0 < qu(tv)

when ¢t < 0. Hence G < qy. By Theorem there is a linear F' : V — R with
Flw = G and F < qy. By construction F(v) = 1. It remains to prove that F is
continuous.

The formula py (v) := qu (v)+qu (—v) defines a seminorm on V', and since gy > 0,
we have F' < pyy. We claim that py is continuous.

By Lemma [6.21] there is a continuous seminorm p on V with g < p. It follows
that |F'(v)| < p(v) for all v, and so

p~([0,1)) € F7H(=1,1).
Therefore F' is continuous by Lemma [6.17] (]

Theorem 6.26. Let V' be a locally convex Hausdorff space and let v € V, v # 0.
Then there exists a continuous functional F : V — R with F(v) = 1.

Proof. Because V' is Hausdorff and locally convex, there is a convex open neighbor-
hood U of v that does not contain 0. Apply Lemma [6.25 O

Theorem 6.27. Let A, B C V be two disjoint nonempty convexr subsets, and as-
sume hat A is open. Then there is a continuous linear functional F : V — R such
that for all z € A and y € B, we have

F(x) < sgg F(x) < F(y).

Proof. The set B— A = Uyep(y — A) is open, convex (why?) and does not contain
0 (because AN B = (). Pick v € A and w € B. Then

Ui=w—-v—(B—-A)
is a convex open neighborhood of 0, which does not contain w —v. By Lemma [6.25]
there is a nonzero continuous linear F': V — R such that
F(z) < F(w—v)
whenever z € U. If x € A and y € B are arbitrary, then w —v —y+x € U, so that
Fw—v—y+z)<F(w—v)
or
F(z) < F(y).
This is almost what we want, but what is missing is that F'(x) < sup,c 4 F'(2) when

x € A. This follows from Lemma below, because we constructed F' to be
Nnonzero. O

Lemma 6.28. Let V be a locally convex space and let F : V — R be continuous
and linear, and F' # 0. Then F is open.

Proof. Assume that F' is not open; the goal is to show that F' = 0. If F' is not an
open map, there must be a convex open set U so that F(U) C R is not open. But
F(U) is a convex subset of R, hence an interval. The only possibility for an interval
I C R to be not open is if there is a € I such that a < x for all x € I or a > z for
all x € I. Assume that the former is the case, so that there is zg € U with

F(xg) < F(x)
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for all x € U. It follows that
F(z)>0

for all x in the neighborhood —xg + U of 0. If v € V is arbitrary, then for some
t > 0, we have tv € —z¢ + U and hence

for all v € V. But then also

so that F' = 0. O
The most often used version of the Hahn-Banach theorem is as follows.

Theorem 6.29 (Hahn-Banach separation theorem). Let V' be a locally convex
space, and let K, B C V be disjoint convez sets, where K is compact, and B is
closed. Then there is a continuous linear F' : V. — R such that

F < inf F(y).
Sup, (z) Jnf. (v)

Proof. Let O :=V \ B, which is an open neighborhood of K. We first prove that
there is a convex open neighborhood U of 0 such that K + U C O.

For each x € K, pick a convex open neighborhood U, of 0 such that x+ U, C O.
Then

K C U x+%Uz.

rzeK
By compactness of K, there are x1,...,z, € K with

" 1

K C U ZCJ + Qij

j=1

Put
S|
U= Uz
j=1

which is a convex open neighborhood of 0. When = € K and h € U, then there is
Jj with z € x; + %Uzj. AsheUC %U,;j, we have

r+hex;+U,; CO.

Thus K+ U C O.
The set K + U = (J,cx = + U is open and convex and disjoint from B. So by
Theorem there is a continuous linear F with
F(z) < sup F(y) < inf F(z)
yeK+U z€B
for all x € K. Because K is compact and F' is continuous, F' attains its maximum
on K, and so

F(z) < F(y) < inf F(z),
max F(z) Jup (y) < inf F(2)

as desired. O

Theorem 6.30. The only locally convex topology on R™ is the usual one.
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Proof. We show the following: if V' is a finite-dimensional locally convex Hausdorff
space, then all linear maps R® — V and V — R”™ are continuous, where R" is
equipped with its usual topology.

Any linear map f : R™ — V to a locally convex space is continuous; this is
because f is given by

n
[T, zn) = wai
i=1

for some vy, ...,v, € V.

To prove that (if V' is finite-dimensional and Hausdorff) any linear map V" — R"
is continuous, it suffices to prove that each linear form V' — R is continuous.

For that purpose, let Homg(V;R) be the algebraic dual space and let V' C
Homg (V;R) be the space of all continuous linear functionals. Now we consider the
linear map

n:V — Homg(V';R), v+ (L — L(v)).
The map 7 is injective: if n(v) = 0, then L(v) = 0 for every L € V', and this implies
v =0 by Theorem [6.26] Therefore

dim(V) < dim(Homg(V';R)) = dim(V’) < dim(Homg(V;R)).

Since dim(V) = Homg(V';R), it follows that dim(V’) = dim(Homg(V;R)) and
V' = Homg(V;R). In other words, each linear form on V' is continuous. (]
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7. DUALITY AND WEAK TOPOLOGIES

7.1. Generalities. We now put aside the general theory of locally convex spaces
and focus on the example which is most central to what follows: the weak and the
weak-*-topology on a Banach space and on its dual. These have been defined in
6.15] and we only recall that wk is induced from the family

(L V= K)LEV’
where L runs through V', and wk* is induced from the family
(t(v) : V' = K)pev,

where ¢(v) : V! = K is ¢(v)(L) := L(v). The associated notion of convergence is
the weak convergence and the weakx-convergence which we studied in some detail
already.

Lemma 7.1. Let V be a normed space. Then the weak-+-topology on V' and the
weak topology on V' are Hausdorff.

Proof. We have to prove that the defining families of linear maps separate the
points of V and V".

The case of the weak-*-topology is almost trivial: if 0 < L € V', thereisv € V
with L(v) # 0. The case of the weak topology uses the Corollary of the Hahn-
Banach theorem: if 0 # v € V, there is L € V/ with L(v) # 0. O

Not the statement of the Lemma, but its proof, is a harbinger for what comes.
The definition of the two topologies is very similar, but the behaviour of both is
fundamentally different. As we will see, each of the topologies has a distinguished
nice feature, and only for the class of reflexive Banach spaces, the nice features
both hold. Let us inspect this feature of reflexive spaces.

Let V be a Banach space. Through the natural map ¢ : V. — V", we can identify
V with the closed subspace (V) C V”. Being a dual space, V" has the wk*-
topology (which should be denoted o (V" V’)-topology to avoid confusion), and V'
carries the wk-topology (better o(V,V’)-topology).

Lemma 7.2. Let V' be a Banach space. Then the map
w: (Vio(V V) = (V7 e(V", V)
(which is injective by Hahn-Banach) is a homeomorphism onto its image.

Proof. To show that ¢ is continuous, we have to verify that for all L € V', the
composition
evpor: (V,a(V, V') - K

is continuous for each L € V’. But this sends v to ¢(v)(L) := L(v) and is hence
equal to L. The o(V, V’)-topology is designed so that each L € V' is continuous.

To show that ¢ is an embedding, we have to verify that for an arbitrary topological
space X, amap g : X — (V,o(V, V")) is continuous once tog : X — (V" a(V", V"))
is continuous. But if ¢ o ¢ is continuous, then for each L € V', evportog=Log
is continuous, and by the design of the o(V,V’)-topology, this means that g is
continuous. (]

In particular, if V' is reflexive, then ¢ : (V,o(V,V")) — (V,o(V",V")) is an
isomorphism, and weak topologies share the nice features of both, wk and wk*.
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Definition 7.3. Let V and W be vector spaces and let : V x W — K be bilinear.
The [-topology (also called o(V,W)-topology) on V is the locally convex topology
induced by the seminorms

Pw(v) = |B(v,w)|,w € W.

Dually, the B-topology (also called o(W,V')-topology) on W is induced by the fam-
ily of seminorms
qv(w) = |B(v,w)|,v € V.

For a normed vector space V', we consider the bilinear map
B:V xV' =K, (v,L)— L(v).

The o(V,V')-topology on V is the weak topology wk, and the o(V’, V)-topology
on V' is the weak-*-topology wk*.

The construction is symmetric in V and W: if §: V x W — K is bilinear, let
Bt W xV — K be defined by 8(w,v) = B(v,w). Then the B-topology on V
agrees with the B'-topology (and the same for W).

Hence for the development of the general theory, there is no need to consider the
o (W, V)-topology.

The identity map

id = (V[[-]]) = (V, wk)

is continuous. This follows easily from the universal property of the induced topol-
ogy. This implies that each functional V' — K which is weakly continuous is also
norm continuous. The opposite is also true: we have defined the weak topology so
that each norm continuous L : V — K is continuous in the weak topology.
Similarly
id: (V| — (V! wk™)

is continuous, and hence each wk*-continuous L : V' — K is norm continuous.
The wk*-topology was designed so that all evaluation functionals ¢,(v) : V' — K
are continuous. However, if V' is not reflexive, there are more norm-continuous
functionals on V' than the evaluation functionals. Are they also wk*-continuous?
The answer is “no”: the wk*-continuous functionals on V' are exactly the same as
the evaluation functionals. This follows from the next result.

Theorem 7.4. Let B : V x W — K be bilinear. Then each continuous linear
functional (V,o(V,W)) — K is of the form f, := B(,, w).

Corollary 7.5. Let V' be a normed space. Then the continuous functionals
(V,wk) - K
are precisely the elements of V'. The continuous functionals
(V' wk™) - K
are precisely the evaluation functionals L — L(v), v € V.

Proof. 1t is clear that f,, is continuous. Vice versa, let F': V' — K be continuous.
By Lemma there are wy,...,w, € W and C > 0, so that

F) < C Y | fun(0)]:
j=1



FUNCTIONAL ANALYSIS 85

Therefore
K = ﬂ ker(fu,) C ker(F).
i=1
The linear subspace K has finite codimension, say m, and
m=dim(V/K) <n

by elementary linear algebra. Let m : V' — V/K be the quotient map. There are
linear maps
h:V/K—-K, hor=F
and
gla"'agnzv/K_)Ka gioﬂ-:fwi

by the universal property of the quotient of vector spaces.

The map

g=1(91,--.,9n) : V/IK - K"
is by construction injective. Hence by elementary linear algebra again, there is a
linear map k : K — K such that
kog=h.

There is (a1, ...,a,) € K" such that

n
k(xl, . ,xn) = Zaimi
i=1

for some all (z1,...,2,) € K". Together, we get, for all v € V, that

F(v) = h(m(v)) = k(g(r(v))) = k(g1 (x(v)), ..., gn(m(v))) = Zaigi(ﬂ(v)) = Zaifwi (v) = fxr, aw, (V).

O

7.2. The Banach-Alaoglu theorem. Corollary reflects the aspect in which
wk and wk* are very similar. Now we turn to the differences, and first discuss the
most distinguished feature of the wk*-topology, which is one of the central theorem
of functional analysis.

Theorem 7.6 (Banach-Alaoglu theorem). Let V' be a normed space. Then the
closed unit ball D1(V') of the dual space is compact (and Hausdorff) when equipped
with the weak-x-topology.

Proof. We recall from Lemma [6.14] that the map
o (Vi) = [ K, é(L) := (L(©))oer
veV

is injective and identifies (V’,wk™) with the subspace ¢(V’) of the product. By
definition, ¢ restricts to a map

¢: D1(V') = [[ Dyoy(K)
veV

Since D), (K) is compact by the Heine-Borel theorem, the product is compact
by Tychonov’s theorem. It remains to be shown that the subspace ¢(D;(V')) C
[I,cv K is closed.
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But this is the intersection of the sets

(Pv + Pw — Potw) " 1(0)
and
(apy = Pav) 1 (0),
where v, w runs through V' and a through K, and p, : [],c,, K — K denotes the
projection onto the vth factor. But the maps p, + pw — Pv+w and ap, — pg, are

continuous, and so their preimages are closed, and so is the intersection, which is
O(Dy (V). O

The Banach-Alaoglu theorem is a powerful result, but many arguments in anal-
ysis are based on sequences. Therefore, it is desirable that the unit ball Dy (V') is
sequentially compact.

Let us recall the connection between these two notions of compactness (for Haus-
dorff spaces):

(1) A first-countable and compact space is sequentially compact.

(2) A second-countable and sequentially compact space is compact.

(3) For metrizable spaces, compactness and sequential compactness are equiv-
alent.

This leaves the question: when is the unit ball Dy (V') with the weak-+-topology
first countable? There does not seem to be an easy general answer, but the following
result gives a satisfactory answer.

Proposition 7.7. (1) A compact Hausdorff space X is metrizable if and only
if C(X) is separable.
(2) The unit ball D1(V') with the weak-x-topology is metrizable if and only if
V' is separable.
Hence D1(V') is sequentially compact when V is separable.

Proof. Step 1: If X is metrizable, then by Lemma C(X) is isometrically iso-
morphic to a subspace of C(Y'), where Y has a countable basis consisting of clopen
sets. By Lemma [5.6] the linear combinations of their characteristic functions span
a countably-dimensional dense subspace of C(Y'). Thus C(Y) is separable, and so
is the subspace C'(X).

Step 2: Let D;(V') be metrizable. Then it is a compact metric space, by the
Banach-Alaoglu theorem. The space C(D1(V")) of functions (with the usual supre-
mum norm) is then separable by the first step of the proof. If v € V, then the
function R(v) : D1(V’) — K which sends L to L(v), is continuous when D;(V”) has
the weak-"-topology. This defines a linear map

R:V = C(Di(V"))

which is an isometry because |[R(v)|lco = suppep, vy [L(v)] = [[v]| (the last equa-
tion uses the Hahn-Banach theorem). Therefore, V is isometrically isomorphic to
a subspace of the separable space C(D1(V"')) and therefore itself separable.

Step 3: Assume that V is separable and let {v,} C V be a dense countable
subset. The map

S Dl(V/) — 7 = H DHUTLH(K)
n=1
which sends L € D;(V’) to the family (L(v,)), is continuous by the definition
of the weak-x-topology. It is furthermore injective: if Lo # L, there is n so that
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Lo(vn) # L1(v,) because {v,} is dense. Both D1 (V') and Z are compact Hausdorff
spaces, and so D1(V’) is homeomorphic to the subspace S(D1(V')) C Z. But Z,
being a countable product of compact metric spaces is metrizable by Proposition
and hence so is S(D1(V’), and so Dy (V') as well.

Step 4: Assume that C(X) is separable. The map g : X — D1(C(X)), x —
evy, is injective (Urysohn Lemma). It is continuous by the definition of the wk*-
topology (when composed with L +— L(f), it becomes just f). Because X is
compact, g is a homeomorphism onto the closed subspace g(X) C D;(C(X)).
Since C(X) is separable, D1 (C(X)’) is metrizable by step 3, and it is follows that
X is metrizable. 0

Remark 7.8. The following fact is slightly confusing. If V is an infinite-dimensional
Banach space, then neither (V,wk) nor (V' ,wk*) are first countable, let alone
metrizable.

To see this, let B: V x W — K be a pairing and assume that (V,o(V,W)) is first
countable. We claim that W is at most countably-dimensional. Let (Up)nen be a

neighborhood basis of 0 € V.. For each n, there are wy 1,..., Wy, €W and e >0
such that

() B, (B(0) € Un

j=1

The collection C := {w, jln € N,;1 < j <r,} is countable. We claim that it spans
W. To that end, let w € W. Then By : (V,o0(V,W)) — K is continuous, hence
B, (B1(0)) is open, hence there is n such that

() Bal (B.0) € 52 (B1(0)).
j=1

In particular

ﬁ ker(,@wnﬁj) - 6';1(31 (0))7

j=1
but as the left hand side is a linear subspace, we get
Tn
ﬂ ker(By, ;) C ker(By).
j=1
Ezactly as in the proof of Theorem[7.) this proves
w € span{Wn1,..., Wy p, -

Corollary 7.9. Let V be a separable Banach space and let L, € V' be a bounded
sequence. Then there is a subsequence Ly, and L € V' such that L, (v) — L(v)
for eachv e V.

Here are some examples.

Example 7.10. Let V be a separable Hilbert space and let v, € V be a bounded
sequence. Then there is a subsequence vy, and v € V' such that (w,vy,, ) — (w,v)

forallw e V.
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Example 7.11. Let X be a compact metric space and let Prob(X) be the set of all
probability Radon measures on X. The map

W Prob(X) = C(XY, jirs (fl—>/de,u)

is injective, we identify Prob(X) with (Prob(X)) and equip is with the wk*-
topology. Clearly Prob(X) C D1(C(X)'). By the Riesz-Markov-Kakutani theorem,
Prob(X) is the space of all L € C(X)" with L(1) =1 and with L(f) >0 for f > 0.
Let Iy : C(X) — K be the map I;(L) = L(f). Hence

Prob(X) = Ii(1)n () I;7([0, %))
=0
and since each Iy is continuous, it follows that Prob(X) is closed in the wk*-

topology. Being a subset of D1(C(X)'), it is compact. Because X 1is metrizable,
C(X) is separable, and so Prob(X) is sequentially compact. This argument proves:

Proposition 7.12. Let X be a compact metric space and let p,, be a sequence of
probability Radon measures on X. Then there is a probability measure p and a

subsequence [, such that
T O
k—o0 X X

Note that we had to use the Markov-Kakutani theorem to construct the measure
I
7.3. Mazur’s Lemma. The identity map

(V- — (V,wk)
is clearly continuous. It follows that a weakly closed set Z C V is also ||_||-closed,
and that .
ZH—H c ZW

for each subset Z C V. The converse is not true:

Lemma 7.13. Let V' be an infinite-dimensional Banach space. Then the weak
closure of the unit sphere S(V) := {v € Vl|jv|| = 1} is D1(V).

Theorem 7.14. Let V' be a Banach space and let K CV be convex. If K is norm
closed, then it is weakly closed.

Proof. The point is that the set of continuous functionals V' — K is the same for
the weak and the norm topology.

If veV,v ¢ K, we apply the Hahn-Banach separation theorem to the | _||-
closed set K and the ||_||-compact set {v}. The result is a ||_||-continuous functional
L, :V — R with

ay 1= max L,(z) < L(v).

It follows that K is the intersection
() L, ((—o0,a.)).
veV\K

Since each L, is continuous when V has the weak topology, it follows that K is
weakly closed. [
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Theorem [7.14] has a nice consequence. First some notation. Let V be an R-vector
space and Z C V a subset. The convez hull co(Z) C V is the smallest convex set
containing Z (this is well-defined: it is the intersection of all convex subsets which
contain Z). We denote

n
A" = {(to, ... tn) ER"t; >0, t; =1}
§=0
If v = (vo,...,v,) € V™1 is a tuple of n + 1 points and ¢t € A", the convex
combination of those points is

n
t-v:= th’l)j.
7=0

One may alternatively describe co(Z) as the set
co(Z) = {t-vln € No,t € A" v € V"},
Elementary exercise: prove this.

Now let v, € V be a weakly convergent sequence in V', with limit v. The terms
of the sequence lie in the convex hull Z := co({v,|n € N}), and the weak limit v
lies in the weak closure

—wk
veZ .

Because id : (V,||-||) — (V, wk) is continuous, we have

7”—” c ZWk.
On the other hand, A is norm closed by Theorem , and is therefore a norm-
closed set containing Z. This shows (by the definition of the closure in a topological
space) that

7% cz"
Therefore, the two closures agree. It follows that the weak limit v of the sequence
vy, belongs to the norm closure of Z. Because

7 = U co(vg, ..., Un)
n=0

is an ascending union, we find a sequence t,, € A™ such that we have norm conver-
gence

lim ¢, - (vo,...,v,) = v.
n— oo

This argument proves:

Theorem 7.15 (Mazur). Let v, € V be a weakly convergent sequence in a Banach
space, with weak limit v. Then there exists a sequence w, € V of vectors such that

l|wn, — o] =0
and such that each wy, is a convex combination of the vectors vg,...,Un.

The remarkable point is that we upgraded weak convergence to norm conver-
gence, not of the sequence, not of a subsequence, but of a sequence of convex
combinations of the original sequence.

By itself, this is not a very powerful result. But when V is reflexive and separable,
we can combine it with the Banach-Alaoglu theorem and obtain a corollary which
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is very useful for PDE theory. The hypotheses are satisfied for LP (X, u) where X
is a second countable locally compact Hausdorff space, u is a Radon measure and
1 <p<oo.

Theorem 7.16. Let V be a reflexive Banach space with separable dual and let
v, € V be a bounded sequence. Then after passage to a subsequence, we find a
sequence of convexr combinations of the sequence which converges in norm.

For Hilbert spaces, this result can be improved a little bit (with an easier proof).
In that case, we get that after passage to a subsequence, the sequence %Zzzl Vg
is norm-convergent.

Proof. Without loss of generality ||v,| < 1. We identify V' = V”. Under this
identification, the weak topology on V and the wk*-topology coincide. By the
Banach-Alaoglu theorem, the unit ball Dy (V) is wk*- and hence wk-compact, and
because V' is separable, also sequentially compact. Therefore v, has a weakly
convergent subsequence, and applying Theorem finishes the proof. O

Theorem 7.17 (Goldstine’s Theorem). Let V' be a normed space, and let v : V —
V" be the isometric embedding into its bidual. Then

V) c (V" a(V", V)

and
YD1 (V) € (Di(V"),a(V", V"))

are dense.

Proof. The closure ¢(V) is convex. If it is not all of V| we can find ¢ € V" \
«(V). Apply the Hahn-Banach separation theorem to the compact set {¢}

and the closed set ¢(V): it follows that there is a continuous functional F' :
(V" a(V", V")) — K such that

Flg) < inf F(v))

But F' is an element of V/ by Theorem and so the above can be rewritten as

(7.18) o(F) < ngf/F(U) eR.

But V is a linear subspace, and because the linear map F : V — R is bounded
below, we must have F' = 0. This is a contradiction, because also shows
e(F)<0.

The argument for the second claim is similar: ¢(D1(V)) is convex, and if it not
all of Dy (V"), there is o € D1 (V") \ ¢«(D1(V)) and F € V' such that

F)< inf Fwo.
410() UGR(V)U

Because ||| <1, we also have

—|IFll = _inf Fuv<e(F)

€D (V)

which is a contradiction. O
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7.4. Reflexivity.

Theorem 7.19. The following conditions for a Banach space V are equivalent:
(1) V is reflexive,
(2) The unit ball D1(V) is compact in the o(V,V')-topology.

Proof. If V is reflexive, the map ¢ : (V,o(V, V")) — (V",o(V", V")) is a homeomor-
phism. Since the unit ball D1 (V") is o(V",V’)-compact by the Banach-Alaoglu
theorem, and therefore o(V, V’)-compact.

Vice versa, if the unit ball Dy(V) is o(V,V’)-compact, its image under ¢ :
(V,o(V, V")) = (V" a(V", V")) is compact as well. On the other hand, by Gold-
stine’s Theorem, «(D1(V)) € Dy(V") is o(V",V')-dense. Since the o(V",V’)-
topology is Hausdorff, «(D1(V')) is both closed and dense. This is only possible if
(D1(V)) = Dy(V"), but that implies easily that (V) = V" ie. if V is reflex-
ive. (]
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8. COMPACT AND FREDHOLM OPERATORS ON HILBERT SPACES
8.1. Compact operators.

Definition 8.1. A bounded operator F : V. — W between Banach spaces is compact
if F(D1(V)) C W is compact. By K(V,W) C L(V,W), we denote the set of all
compact operators.

Equivalently, each bounded sequence v, € V has a subsequence v,, such that
Fv,, is Cauchy.

Examples 8.2. If the rank rank(F) := dim(im(F)) is finite (for example because
V or W are finite-dimensional), then F is compact. An isomorphism F :V — W
is compact only if V and W are finite-dimensional.

More generally:

Lemma 8.3. Let F': V — W be a compact operator between Banach spaces and
let U C V be a closed linear subspace. Assume that there is ¢ > 0 such that
|Fu|| > c|lu|l for allw € U. Then U is finite-dimensional.

Proof. We show that D1 (U) is compact and invoke Proposition [1.27 So let u,, € U
with |lu,|| < 1. We need to find a convergent subsequence. Because F' is compact,
we can assume that Fu, is a Cauchy sequence, after passage to a subsequence.
Then |lup, — um| < L||Fu, — Fugy,|| proves that u, is a Cauchy sequence. O

Theorem 8.4. Let V,W,U be Banach spaces.
(1) If Se LW,U) or T € L(V,W) is compact, then ST is compact.
(2) K(V,W) C L(V,W) is a closed linear subspace.

Proof. (1) is clear, since bounded operators map bounded sequences to bounded
sequences, and Cauchy sequences to Cauchy sequences. (2): it is easy to see that
K(V,W) is a linear subspace. It remains to prove that if T,, € IC(V, W) converges
in norm to T' € L(V, W), then T is compact. Let v, be a bounded sequence in V,
and assume that ||v,|| < C for all n. There is a subsequence v; ,, such that Kjvy
is Cauchy. Next, there is a subsequence vy, of vy, such that Ksvs,, is Cauchy.
Continuing in this way, we find subsequences vy ,, v a subsequence of vi_1
such that Kjvy , is Cauchy.

The diagonal sequence n — v, , is a subsequence of the original sequence, and
for each k, Kjv, , is a Cauchy sequence. Then

1K 0n, 0 = K, ml| < [ K 0n, 0 = Kk vn |4+ [k (0n,0 = Vm,m) |4 [ K Om,m — KOm,m|| <

<N K=K || (lvnnll+1vm,m )+ Kk (vn,n—vmm) || < 20K = K[|+ || Kk (vn,n—vm,m)]|-
Therefore

lim sup lim sup || Kvp, n—Kvm m| < 2C|| K —Kp||4+lim sup im sup || K (Vn,n—0m.m)| = 2C|| K —Kx||.
n m n m
Since k was arbitrary and ||K — K| — 0, it follows that
lim sup lim sup || K vy, 5, — KU m || = 0,
n m
i.e. that Kv, , is a Cauchy sequence. [l

Lemma 8.5. Let V,W Banach spaces and let T : V. — W be bounded. The
following are equivalent:
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(1) T is compact.
(2) The dual operator T' € L(W', V") is compact.

Proof. 1 = 2: The proof uses the Arzela-Ascoli theorem which the reader
should recall. If T is compact, then K := T'(B1(V)) C W is a compact metric space
and in particular separable. Let L, € W’ be a bounded sequence. Each L,, gives a
continuous function L,|x : K — K. The set {L,|x} C C(K,K) is equicontinuous
and uniformly bounded. By the Arzela-Ascoli theorem, there is a subsequence L,
such that L,, |k is uniformly convergent. Unwinding the definitions, this means
that T"(L,,, ) = Ly, oT € V' is a Cauchy sequence.

2 = 1. Let T’ be compact. By the already proven implication 1 = 2, the bidual
operator T" : V" — W" is compact. The diagram

V#W

lw lbw

e T w"
commutes. It follows that 7" o tyy = 1y o T' is compact. So when v,, is a bounded
sequence in V, the sequence vy (Tv,) has a subsequence which is Cauchy. By the

Hahn-Banach theorem, ¢y is an isometric embedding, and so T'v,, has a subsequence
which is Cauchy. d

Let us give some instructive examples of compact operators.

Example 8.6. Let a € {*°(N). Then the formula T,(f) := af defines a bounded
operator T, : (*(N) — (?(N) with ||T,| = ||all¢=~. We claim that T, is compact if
and only if a € ¢o(N). If a € cpo(N), then T, has finite rank and is hence compact.
For a general element a € cy(N), there is a sequence a, € coo(N) which converges
to a. It follows that || T,, — Ta|| — 0, so that Ty, is compact.

Vice versa, assume that Ty, is compact. We have to prove that for e > 0, the set
I:={n € Nl||a(n)| > €} is finite. The subspace ¢*(I) = {f € ¢*(N)|supp(f) C I} C
(2(N) is closed. For f € (*(I), we have

ITaf1? =" lam)PIf ()P = €Y 1f(n))* = ElIf]1*.
nel nel
It follows from Lemma that ¢2(I) is finite-dimensional, or that I is finite.

8.2. Compact operators on Hilbert spaces. We now specialize to the case of
Hilbert spaces.

Corollary 8.7. A bounded operator T : V. — W of Hilbert spaces is compact if and
only if T is compact.

Proof. Tt is enough to prove that T* is compact if T is. Let py : V' — V' be the
map v — (w — (v,w)), which is a conjugate linear isometric isomorphism. Now
pyoT* =T opuw - W — V.
This is because for w € W and v € V| we have
T (pw (w))(v) = (pw (w))(Tv) = (w, Tv) = (T"w,v)

and
pv (T (w)) (v) = (T"w, v).
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Because uy and py are isomorphisms, and 77 is compact if T is compact, we get
that T is compact once T is compact. ([

Proposition 8.8. Let V and W be two Hilbert spaces and T € L(V,W). Then T
is compact if and only if there is a sequence T, of operators with dim(im(7T,)) < oo
and ||T — T,| — 0.

Proof. The “if” direction follows from Theorem 8.4 because operators of finite rank
are compact (the fact that V and W are Hilbert spaces plays no role).

For the “only if” direction, we shall assume that W is separable (and the general
case can be reduced to that). Pick an orthonormal basis (wy, )nen, and let P, : W —
W be the orthogonal projection onto span{wy|k < n}. Then P, has finite rank,
and hence so does P,T. We claim that P,7 — T in norm. Because T(D1(V))
is a compact metric space and because the set Pﬂm is uniformly bounded
and equicontinuous, and converges pointwise to the identity, we get that P, — id
uniformly on T'(D1(V)) by the Arzela-Ascoli theorem. But this means exactly the
same as norm convergence P, T — T. [

8.3. The spectral theorem for self-adjoint compact operators on a Hilbert
space. We first recall the following result from Linear Algebra.

Theorem 8.9 (Spectral theorem for self-adjoint operators on finite-dimensional
Hilbert spaces). Let V' be a finite-dimensional complex Hilbert space and let T €
L(V) be selfadjoint operator. Then there exists an orthonormal basis (v1,...,vy)
of V' which consists of eigenvectors, i.e. Tv; = \jv; fori=1,...,n, where \; € R.

The goal of spectral theory of operators in Hilbert spaces is a generalization
of this theorem to bounded operators on Hilbert spaces. The operators for which
the situation is closest to the finite-dimensional case are the compact self-adjoint
operators.

Let us introduce some notations first. Assume that I is a set, and V;, i € [ is a
family of Hilbert spaces. On the (linear-algebraic) direct sum €, ; V;, we introduce
the scalar product ((v;)s, (wi)i) = D ;e (vi,wi)v;. This is a scalar product, and
the Hilbert sum

(2)
Dvi

iel
of the spaces V; is the Hilbert space completion of this scalar product.
As a matter of notation, we define

Eig(T, \) := ker(T — \),

the space of all eigenvectors of the linear map T to the eigenvalue A. As in linear
algebra, an eigenvalue of T is a A € K with Eig(T, A) # {0}.

Theorem 8.10 (Spectral theorem for selfadjoint compact operators). Let T be a
compact self-adjoint operator on a Hilbert space V. Then

(1) all eigenvalues of T are real,

(2) the eigenspaces Eig(T, \) and Eig(T, 1) are orthogonal if p # A,

(3) for each € > 0, the direct sum EB‘(;LE Eig(T, \) is finite-dimensional,
(4)

4) V has a complete orthonormal system which consists of eigenvectors of T,
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This contains Theorem[8.9|as a special case. Usually, Theorem[8:9]is proven using
determinants (characteristic polynomials). This tool is not available for infinite-
dimensional Hilbert space, and we have to find an alternative proof. In fact, the
following proof simplifies in finite-dimensional spaces and gives the simplest possible
proof of Theorem
Proof of Theorem (1), (2) and (3). (1): if Tv = Av, then

A =N (v,v) = (v, \0) — (Av,v) = (v, Tv) — (Tv,v) = (v, Tv) — (v,Tv) =0
proves A € R or v = 0.
(2): assume Tv = A and Tw = pw, A\, u € R. Then

(A= 1) (,0) = () — {0, paw) = (T, w) — {v, Tus) = 0
proves A = p or (v, w) = 0.
(3): a vector v € @‘(il)zé can be written as v = > y5, vx, Where Tvy = Avx

(only countably many of these vectors can be nonzero). Then by the Pythagoras
identity (all the vectors Twvy are orthogonal by (1))

IToll* =Y Ioall® =D AP lloall? = €Y floall® = €[lo]l*.
A A A

Lemma shows that Gafi\)x is finite-dimensional. (]

Item (4) of Theorem is a bit harder. The key step is the following lemma.

Lemma 8.11. Let T € K(V) be a compact self-adjoint operator on a Hilbert space.
Then either ||T|| or —||T|| is an eigenvalue of T.

Proof. There is nothing to prove if T'= 0, so we may assume
C:=|T| >o0.
By the C*-identity (Theorem [2.27), we have
C? = ||T|)* = |T*T|| = | |-
Let
SV)y:={veV||v|=1}CV
be the unit sphere in V. By the definition of the operator norm, there is a sequence
vy, € S(V) such that
lim | T?v, || = | T?|| = C*.
Since T is compact, there is a subsequence v,, such that
U= liinTvnk eV
exists. Then
[ul < TN =C
and
T%nk — Tu,
hence
|Tu|| = C2.
It follows that
C? = ||Tul| < ||Tlflu] < C?,
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so that

(8.12) lu|| = C

and

(8.13) C*=|Tu|® = (Tu,Tu) = (TTu,u) < |TTullllu] < |T|||Tul|ull = C*.
It follows that

(8.14) (T?u,u) = [|T?ul|||ul|.

Hence by the equality case of the Cauchy-Schwarz inequality (Theorem (2)), we
must have that T2« is a multiple of u. In other words, T?u = pu for some p € C.
But as

C' = (u, T?u) = (u,upp = C*p,
we have u = C2, so that
T?u = C?u,
and that C? is an eigenvalue of T2. The operator T restricts to a linear map
Ty : Eig(T,C?) — Eig(T, C?), which satisfies
(To —C)To+C)=T? - C? =0.

Therefore at least one of Ty — C' and Ty + C' must have a nonzero kernel, and this
implies that C' or —C' is an eigenvalue of Ty, hence of T'. O

End of the proof of Theorem[8.10 Let W C V be the closed subspace spanned by
all eigenvectors of T. Then T(W) C W. If v € W, then Tv € W+, because for
each w € W, we have Tw € W and hence

(Tv,w) = (v, Tw) = 0.

The operator T'|yy 1 therefore maps W+ into itself, and when viewed as an operator
W+ — W, Ty o is self-adjoint. By Lemma W+ contains an eigenvector of
T unless W+ = {0}. The first is impossible by construction. So W+ = 0, hence
W = V. This argument shows that the eigenvectors span all of V. Picking a
complete orthonormal system for each eigenspace provides a complete orthonormal
system consisting of eigenvectors. [

8.4. x-Fredholm operators.

Definition 8.15. Let VW be k-vector spaces and let F' : V. — W be linear. F
is Fredholm if the kernel ker(F') and the cokernel W/im(F) are both finite dimen-
sional. The index of a Fredholm map is the integer

ind(F) = dim(ker(F)) — dim(W/im(F)) € Z.

If V and W are Banach spaces and F is continuous and Fredholm, then F is a
Fredholm operator.

The first thing we prove has nothing to do with norms and continuity:

Proposition 8.16. Let U S v E W be two linear maps. If two of the three linear
maps F,G and FG are Fredholm, then so is the third, and we have

ind(FG) = ind(F) + ind(G).
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Proof. Recall that a sequence

v, Bu, B,

of vector spaces is eract at Uy if im(f;) = ker(fs). If Uy and Uy are finite-
dimensional, then U; is finite-dimensional. In the situation of the Proposition,
there is a sequence

0 — ker(G) A ker(F'QG) 4 ker(F) 4 V/im(G) EN W/im(FG) & W/im(F) — 0

which is everywhere exact. The map ¢ is the inclusion, 0 sends v € ker(F') to
v+im(G), f sends v+im(G) to Fv+im(FG), and p sends w+im(FG) to w+im(F).
It is left to the reader to prove that these maps are indeed well-defined and that
the sequence is exact.
Together with the fact about finite-dimensionality of vector spaces in an exact
sequence, this proves that if two of F, G and F'G are exact, then so is the third.
To prove the formula for the index, it is enough to prove that when

R, v, By, B, o

is an exact sequence of finite-dimensional spaces, then

> (~1) dim(U;) = 0.
§=0
To this end, let d; := dim(Uj), r; := dim(im(f;)) and k; := dim(ker(f;)). The
rank-nullity theorem shows
dj = 7rjy1+ ki,
and the exactness of the sequence implies

Ty = Rjs1-

Therefore

n

(—1)7d; = (=1 (rj1 +Fjpa) = Y (=1 (rjp1 +71)) =
=0

Jj=0 J

M-

<
Il
=)

n n+1
= (=1r+ Y (=1 =4 (1) rpg1 =040 =0.
j=0 j=1
0

Proposition 8.17. Let F': V — W be a Fredholm operator between Banach spaces.
Then im(F) C W is closed.

Proof. Choose a linear complement Z C W of im(F); Z is finite-dimensional, equip

Z with a norm and denote the inclusion by I : Z — W. Then V & Z s

surjective and continuous, and hence an open map by the open mapping theorem.
Since V x (Z\0) CV & Z is open, (F + I)(V x (Z\ 0)) C W is open. Therefore,
its complement W\ (F + I)(V x (Z\0)) = F(V) is closed. O

From now on, we turn our attention to Hilbert spaces (many of the following
results remain true for Banach spaces). We denote by Fred(V, W) C L(V,W) the
set of all Fredholm operators (it is not a linear subspace).



98 JOHANNES EBERT

Proposition 8.18. The set Fred(V,W) C L(V, W) is open, and the map

ind : Fred(V,W) — Z
is locally constant.
Proof. Let T : V. — W be Fredholm. Since im(7) C W is closed, there is the
orthogonal projection map P : W — im(T). Since ker(P) = im(T)* = W/im(T)
and P is surjective, P is Fredholm with index dim(W/im(T))

The inclusion J : ker(T)t — V is injective, and V/im(J) = V/ker(T)+ =
ker(T'), so J is Fredholm with index — dim(ker (7).

The composition ker(T)* AvILwh im(T) is invertible. Hence there is § > 0
such that when ||S — T|| < 0, then PSJ is also invertible. Since P and PSJ are
Fredholm, so is SJ, and since J is Fredholm, S is Fredholm. Therefore Fred(V, W)
is open.

Moreover, for S as above
0 = ind(PSJ) = ind(P)+ind(S)+ind(J) = dim(W/im(7T))+ind(S)—dim(ker(T")) = ind(S)—ind(T).

O

Theorem 8.19 (Atkinson). For a bounded operator T : V. — W between Hilbert
spaces, the following are equivalent.

(1) T is Fredholm.
(2) There is S € LW, V) such that 1 — TS and 1 — ST are compact.

An operator S as in the Theorem is a parametriz for T

Proof of 1 = 2. Assume that T is Fredholm. Then im(T") is closed by Proposition
Write V = ker(T)* @ ker(T) and W = im(T) @ im(T)*+. With respect to this
decomposition, we can write
(T, 0
(4 )

where Tj : ker(T)+ — im(T) is the restriction of 7' and bijective. Let
_ (T o
s=(" 0):
0 0
= (0,

where the nonzero entry is the identity on the finite-dimensional space im(7)* and
hence compact. Therefore 1 —T'S is compact, and similarly, 1 — ST is compact. O

Then

For the reverse implication, we isolate the main step as a separate lemma.

Lemma 8.20. Let T : V. — W be a bounded operator between Hilbert spaces, let
K :V = U be a compact operator to a further Hilbert space and assume that

[oll < C([T[l + [[Kvl])

for some C > 0 and all v € V. Then ker(T) is finite-dimensional and im(T) is
closed.
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Proof. Let (vy,), be a sequence in ker(T') with ||v,]| < 1. We claim that it has a
convergent subsequence; this will show that dim(ker(7T)) < oo. After passing to
a subsequence, we may assume that Kwv, is convergent. But then ||v, — v,| <
C||Kv,, — Kvp,|| proves that (vy,), is Cauchy.

To prove that im(7") is closed, note that im(7") = im (7 |yey(7)+ ). In other words,
we can assume without loss of generality that T is injective, and we do so from now
on.

We show that there is ¢ > 0 so that | Tv|| > ¢||v| for all v € V; Lemma
implies that im(7T") is closed.

If there is no such ¢, we find for each n a unit vector v,, € V with ||Tv,|| < % We
therefore found a sequence of unit vectors v,, with ||Tv,| — 0, and after passage to
a subsequence we may assume that Kv,, is convergent. It follows from the estimate
lvl] < C(||Tv]| + ||Kv]||) that v, is Cauchy and hence tends to some v € V, with
[lv|l = 1. But we also have Tv = lim,, T'v,, = 0, which contradicts the injectivity of
T. O

Proof of 2 =1 of Theorem[8.19, 1f 1 — ST is compact, we get
ol < 15Tl +[[(1 = ST)oll < ST + (T = ST)v]|.

Lemma implies that ker(7) is finite-dimensional and im(7) is closed. But
im(7")* = ker(T™), and since

1- ST = (1-T8)"

is compact, we can apply the same argument and conclude that ker(7™) is finite-
dimensional. Therefore, im(7)* is finite-dimensional, and because im(7') is closed,
we get that W/im(T') = im(7T)~ is finite-dimensional as well. O

Corollary 8.21. Let T € Fred(V,W) and let K € K(V,W). Then T + K s

Fredholm, and ind(T + K) = ind(T).

Proof. Let S € Fred(W, V) be a parametrix for 7. Then
1-S(T+K)=1- 8T - SK

and

1-(T+K)S=1-TS-KS
are compact, and so by Theorem 819} 7'+ K is compact. This argument shows
that T+ tK is compact for each ¢t € [0, 1], and because the index is locally constant,
ind(T + K) = [(T). O
Corollary 8.22. LetT € Fred(V,W). Then the adjoint T* € L(W, V) is Fredholm,
and ind(T") = —ind(T™).
Proof. Let S be a parametrix for T. Then S* is a parametrix for T, and so T* is
Fredholm. Observe that

ker(T*) = im(T)* = W/im(T)

(the last is true because im(T") C W is closed). The same applies to T* because
this is also Fredholm, and hence

ker(T) = im(T*)* = V/im(T*).
It follows that
ind(T) = dim(ker(7))—dim(W/im(7T)) = dim(V/im(T™))—dim(ker(T™)) = —ind(7™).
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d

8.5. * The Toeplitz index theorem. We discuss an interesting (and fairly deep)
connection between the index of a Fredholm operator and algebraic topology. This
is the first instance of an index theorem.
Consider the Hilbert space L?(S1;C). It contains the space
H(S') := span{z"|n > 0}

of functions all whose Fourier coefficients of negative index are zero. Let P :
L2(SY) — H(S') c L?(S') be the orthogonal projection onto H(S*). Furthermore,
let f : S — C be a continuous function. This gives rise to a multiplication operator
Mp¢(h) := fh on L*(S'). Note that

M| = [ fllco,

Myg = MyM,,

Myyg = My + My,
and M1 = ]., M? = (Mf)*
We define an operator
Ty : L*(S*) — L*(S*), Ty = PM;P + (1 — P),

which is called the Toeplitz operator associated with f.
Now recall from elementary algebraic topology the notion of the winding number:
for a continuous function f : S' — C*, it associates the winding number deg(f) €
expand Z

Theorem 8.23 (Toeplitz index theorem). Let f : S1 — C* be continuous. Then
Ty is a Fredholm operator, and ind(Ty) = — deg(f).

Lemma 8.24. Let f € C(S'). Then the commutator [P, My] is compact.

Proof. Let A C C(S') be the subspace of those f for which [P, M] is compact. We
verify the following claims:

(1) A is a linear subspace (clear).
(2) 1€ A (clear, TMy — M T =0).
(3) f,g € A, then fg € A: for this, note that

[P, Myg] = PMyg — Mg P = PMyMg — My M,y P = [P, MMy + My [P, M,

which is compact if f, g € A.
(4) If f € A, then f € A. This is because

[P, M| = [P~ (My)*] = P*(My)"—(My)"P* = (MyP—PMg)" = [My, P]" = —[P, My]"

is compact.
(5) z € A. For that, we need to compute [P, M.] explicitly on the orthonormal
basis {z*}. If k > 0, we have

PM. (%) — M_P(z*) = P(z*T1) — 22F =0,
for k = —1, we have
PM,(z7") — M. P(z2') = Pz" —0 = 2",

and for k < —2, we have [P, M,]z* = 0. Therefore, [P, M,] is of rank 1 and
therefore compact.
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The Stone-Weierstrass theorem easily implies that A = C(S'), which is what we
claimed. O

Proof of the Toeplitz index theorem. Let f,g € C(S'). Then (because M, =
MfMg>
T¢Ty —Tpg = (PMyP + (1 —P))(PMyP+ (1—-P))— (PMsMyP+ (1—-P)) =
= PM;PPM,P+PM;P(1—P)+(1—P)PM,P+(1—P)>— PM;M,P—(1—P) =
(use that P2=P, Pl —P)=(1-P)P=0and (1-P)?=1-P)
=PM;PM,P — PMsM,P = P[My, PIM,P + PPM;M,P — PM;My,P =
— P[M;, P|M,P.
This is compact by the previous lemma.

If f:S8' = C* is continuous, we apply this argument to f and ¢ = f~' and
obtain that (note that T} = id)

1= TyTpr, 1 = Ty
are compact. Hence T;-1 is a parametrix for Ty, whence T is Fredholm. If f, g :
S1 — C* are continuous, the above argument also proves

ind(Tyg) = ind(Ty) + ind(Ty).
As ||T¢|| < ||fll, f = Ty is continuous, and therefore ind(7y) only depends on the
homotopy class of f in [S1;C*].

One of the key results of elementary algebraic topology is that two maps S* —
C* are homotopic if and only if they have the same winding number. Therefore,
ind(7Ty) = ind(T,x), where k = deg(f). But

ind(T,x) = kind(T3),
and all that remains is to compute ind(7). But

2k E<—1
T.(2%) = -
(=) {zk“‘1 k> 0.

Therefore T, is injective, and its image is the closed subspace span{z"|n # 0} which
has codimension 1. Thus

ind(T,) = —1 = — deg(2).
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9. THE SPECTRUM
9.1. Banach algebras.

Definition 9.1. Let k be a field. A k-algebra is a k-vector space A, together with
a k-bilinear map

Ax A— A, (a,b)— ab,
such that this multiplication is associative, that is
(ab)e = a(be).

We say that A is commutative if ab = ba for all a,b € A. If there is a neutral
element e € A (i.e. ea =ae =a for alla € A) and e # 0, we say that A is unital.

If 0 is a neutral element, then A = {0}, so the condition e # 0 only excludes
the trivial algebra A = 0. The neutral element e is uniquely determined, because
if e, e’ are two such neutral elements, then e = ee’ = ¢’. It is customary to denote
l:=e.

A homomorphism ¢ : A — B of two algebras is a linear map such that ¢(ab) =
d(a)p(b) for all a,b € A. If A and B are unital, a homomorphism ¢ : A — B is
unital if (1) = 1. If A is unital, then ¢ : k — A, z — z1 is an injective unital
homomorphism. It is customary to write z instead of z1.

A left-inverse of a € A is a ¢ with ca = 1, and a right-inverse is b with ab = 1.
An element a € A may have a left (right) inverse but not a right (left) inverse, and
many different left (right) inverses.

An element a of a unital k-algebra is a unit if it has both, a left- and a right
inverse. In that situation, left- and right inverses agree and are uniquely determined:
if da=ca=1and ab =ab=1, then

c=cab=b=cab=c =cab =V

It is customary to denote the left-and-right-inverse of a by a—1.
The set A* C A of units is a group under multiplication.

Definition 9.2. A Banach algebra is a K-algebra A, together with a norm ||| on
A, such that

[lab]l < {lall]|]

for all a,b, and such that the normed vector space (A,||-||) is complete. A unital
Banach algebra is a Banach algebra, such that the naked K-algebra A is unital and
1]} = 1.

Example 9.3. If X # 0 is a topological space, then Cy(X) is a commutative unital
K-algebra by pointwise multiplication of functions. The usual norm makes is into
a unital Banach algebra. An element f € Cy(X) is a unit if and only if 0 € f(X).

If X is locally compact Hausdorff, then Co(X) is a Banach algebra which is not
unital (unless X is compact).

Example 9.4. For each Banach space V', the space L(V) := L(V,V) of bounded
operators becomes a K-algebra, with multiplication (F,G) — FG. The operator
norm turns L(V, V') into a Banach algebra, which is unital except in the trivial case
V =0. F e L(V) is a unit if and only if F is bijective, by the open mapping
theorem.



FUNCTIONAL ANALYSIS 103

Example 9.5. Let (X, p) be a measure space. Then L (X, ), with the L>-norm,
is a Banach algebra, which is unital. An element f € L (X, pu) is a unit if and
only if there is § > 0 such that p(f~1(Bs(0))) = 0.

Example 9.6. Let X be a measurable space . Then £>°(X), the space of all
measurable bounded functions f : X — K, is a Banach algebra with the supremum
norm || fllpes 1= sup,ex |f(z)]. f € L°(X) is a unit if and only if 0 & f(X).

If X carries a measure i, the quotient map £*°(X) — L*(X, u) which assigns
to a measurable function its equivalence class, is a continuous surjective unital

homomorphism. It is usually not injective. It is important to distinguish the Banach
algebras £ (X) and L™ (X, ).

Some of these algebras have even more structure.

Definition 9.7. A C*-algebra A is a complex Banach algebra A, together with a
R-linear map A — A, a — a*, such that
(1) (za)* =za*
(2) (ab)* =b*a™,
(3) (a*)* =a and
(4) llall? = lla*al|
for all a,b € A and z € C.

Examples 9.8. For a Hilbert space V., L(V) with T — T* is a C*-algebra. Cy(X),

L>(X, ) and £*°(X) are C*-algebras with f*(x) := f(z). All these C*-algebras
are unital, except in trivial cases.

Since ||a||? = ||a*al| < |la*||||al|, we have ||a| < ||a*|| for all a, and hence |la*| <
[[(@*)*|| = |la]l, so that ||a*|| = ||a||. Furthermore, if A is unital and a € A, we
have 1*a = 1*(a*)* = (a*1)* = (a*)* = a and al* = (¢*)*1* = (1la™)* = a, so that
1*=1.

Definition 9.9. Let A be a unital C*-algebra and a € A. We say that a is self-
adjoint if a* = a, that a is unitary if a*a = aa® = 1, and that a is normal if
a*a = aa*. Selfadjoint and unitary elements are normal.

Theorem 9.10. Let A be a unital Banach algebra. Then the set A* C A of
invertible elements is open, and the inversion map ¢ : A* — A* is continuous.

The first step of the proof is a lemma that is very often used.

Lemma 9.11. Let A be a unital Banach algebra and let a € A with ||a|| < 1. Then
1+ a is invertible in A, and

1
I0+a) 7 <
1= lal|
Proof. For a € A, ||a|| < 1, the series
2 (1"
n=0

is absolutely convergent in A. Let b € A be the limit. The same computation that
computes the partial sum of a geometric series proves that

b(l4+a)=(1+a)=1.
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Therefore 1 + a € A*. We also get the estimate

1
A+ <Y el = ——
2 T[]

(]
Proof of Theorem[9.10 Let a € A*. We show that B_1_(a) C A%, and this

fla= 21l

implies that A* is open. So let h € A with ||h|| < —2r. Then ||ha™!| < 1, and

la=*"

1+ ha=! € AX by Lemma Since AX is a group, we get
a+h=(1+hat)acA*

and
(a+h)t=a"t1+ha )7L
Therefore
(a+h) P —at=a((1+ha )P =1)=0a"! Z(ha_l)k
k=1

and

= 1

Ia+h) " —a | < fla™ | Y [lha™|* = lla [[[1ha ™ || -———7

2 = ha 1]
The right hand side tends to 0 as h — 0, proving that the inversion map is contin-
uous at a. (I

9.2. The spectrum of an element in a Banach algebra.

Definition 9.12. Let A be a unital Banach algebra over C and a € A. The
spectrum of a is the set spec(a) C C which consists of all z € C such that z — a is
not invertible. The complement spec(a)® C C is the resolvent set.

Lemma 9.13. Let a € A. Then spec(a) C C is closed and contained in the closed
disc D)4 (C) of radius ||al|.

Proof. Themap J : C — A, 2z — z—a is continuous, and hence spec(a)¢ = J~1(AX)
is open, by Theorem|9.10l If |z| > ||al|, then z—a = 2(1—%) is invertible as || 2| < 1,
by Lemma [9.11 O

Example 9.14. If a € Mat,, ,,(C), then spec(a) is the set of all eigenvalues of a.
Example 9.15. If f € C(X), X compact, spec(f) = f(X) C C.
It is not true that for F € L£(V), any point in spec(F) is an eigenvector of F'

(there will be an ample supply of examples later on).
Lemma 9.16. Let A be a unital C*-algebra and let a € A.

(1) if a is self-adjoint, then spec(a) C R.

(2) if a is unitary, then spec(a) C C.
Proof. (1): Let A € spec(a) and t € R. Then A + it € spec(a + it). Therefore
A +it] < p(a+it) <|la+ it||. Therefore
A tit]? < llatatl* = ||(a+it)* (a+it)l| = [(a—it)(a+it)]| = [a® +2] < [la®||+¢2.
On the other hand

IN+it]2 = N2+ 2+ 2eS3(N).
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Together, this shows that
AP +2t3() < [la?||
for all ¢ € R. Such an inequality is impossible unless $(\) = 0.

(2): Since ||al|? = ||a*a| = ||1]| = 1, we have ||a|| = 1 and hence p(a) < |la| = 1,
or spec(a) C D1(C). On the other hand, let |z| < 1. Since a € A* and a~! = a*
has norm |la= Y| = |la*|| = |la]| = 1, we have ||za™!|| < 1, and so (1 — za™ ') is

invertible, and hence so is
a—z=(1-zaYa,
in other words z ¢ spec(a). O

9.3. The spectrum is nonempty. For the deeper investigations of the spectrum,
we henceforth assume that K = C. The first thing we have to consider are the two
spectral mapping theorems.

Theorem 9.17 (First spectral mapping theorem). Let ® : A — B be a homomor-
phism of unital Banach algebras and let a € A. Then

specg(®(a)) C specy(a).
Proof. Let z € specy(a), that is, (z —a) € A*. Since ® is multiplicative and
®(1) = 1, we get ®(z —a) = z — ®(a) € B*, hence z € specg(P(a))®. Hence
spec4(a)® C specg(P(a))® and so specg(P(a)) C specy(a), as claimed. O
The second spectral mapping theorem is about inserting elements of a Banach

algebra into polynomials. Let p(z) = >";'_, cxz* € C[z] be a polynomial, and let
a € A. We define

k=0
It is easy to check that
p+ pla)
is a homomorphism
Clz] = A

of unital algebras. Since we do not have a sensible norm on Clz], it does not make
sense to say that it is continuous, bounded or something like that.

Theorem 9.18 (Second spectral mapping theorem). Let p € Clz] and a € A.
Then
spec (p(a)) = p(speca(a)) := {p(z)|z € specy(a)}.
Proof. Let y € C. Write
q(x) :=p(x) —y € Clz],
and by the fundamental theorem of algebra, we can write

n

a@) = [ - 2).

=1
It follows that

The following statements are equivalent:
(1) y € p(speca(a)),
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2) there is z € specy (a) with p(z) =y,

3) at least one of the roots z; of g(z) lies in specy(a),

4) at least one of the (a — z;) is not invertible in A,

5) the product []}_,(a — 2;) is not invertible in A,

6) p(a) —y is not invertible in A,

7) y € spec(p(a)).

The only step that needs to be justified is the equivalence 4 = 5. What is relevant
here is that the elements (a — z;) commute with each other; it follows that if the
product is invertible, all of its factors are (exercise). |

We wish to prove that the spectrum of any element in a complex Banach algebra
is nonempty. The actual result is a little more precise, and we need a definition.

Definition 9.19. Let a € A be an element of a unital Banach algebra. The spectral
radius of a is the number

p(a) := sup{|z||z € spec(a)} € [0,00).

The definition of the supremum assumes that spec(a) # (), which we will show
soon. We already know that the spectrum is contained in D)4 (C), from which we
get

(9.20) pla) < Jall.
Our goal is to prove the following result.
Theorem 9.21. Let A be a unital Banach algebra over C and let a € A. Then
spec4(a) # 0
and the spectral radius is given by the formula
pla) = lim [|a"]=.
First part of the proof. Let A\ € spec(a). By Theorem we have
A" € spec(a”),

and (9.20]) shows that
A" = (A" < [la™|
and hence
nyd
pla) < fla™|
and hence
1 1
pla) <inf |ja™||* < limsup|ja”|™.

It remains to be shown that spec(a) # @) and that
limsup [|a™[|* < p(a).

Let
U, ={2€C|l—zaec A"} CcC.
This is an open subset. Note that

U,={z¢ (CXE € spec(a)°} U {0}.
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By (9.20]), we have
B (0) C U,.

lTall

Consider the converse resolventd function
T,:U, = A, T,(2) := (1 —za)" .

For |z| < ”—i”, we have the (absolutely convergent) representation
oo

(9.22) To(z) = Z z2"a™.
n=0

For z,z 4+ h € U,, we compute

H(T(a 4 ) = Tu() = 3 (1 (= + W)™ = (1= 2a)™)) =

S

(1=(24h)a) "t (1—za)—1)(1—za) " =

(1—(z+h)a) ™" ((1—za)—(1f(z+h)a))(1—2@)’1 -

a(l —za)™t.

S| =
S =

—

= (1= (z+h)a)”
It follows that
1
lim —(Ty(z + h) — To(2)) = (1 — za) " ta(l — za) L.
h—0 h

Now we call the basic results from the theory of holomorphic functions in one
complex variable. Recall that a holomorphic function is a function f : U — C,
defined on an open subset U C C, such that for each z € U, the limit

£/(2) = Jim = (F e+ B) — (=)

h—0

exists. The above computation shows that for each L € A’, the function
FL,a : Ua — (C7 FL,a(Z) = L(Ta(z))

is holomorphic.
Important examples are power series

flz) = Z cnz™.
n=0

There is a unique R € [0,00], the radius of convergence, so that the series con-
verges absolutely on Br(0) and diverges outside Bg(0). One can show that f is
holomorphic on Bg(0). Furthermore, if 0 < r < R, the sequence

n = |ep|r”

is bounded (otherwise, we would not have absolute convergence). The fundamental
theorem of elementary complex analysis says that all holomorphic functions can be
written as power series. Here is the precise statement. We have written the proofs

in@

4The resolvent function is Rq : spec(a)® — A, Rq := (2 —a)~!. We find it more convenient to
use T, here.
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Theorem 9.23. Let 0 € U C C be open and let f : U — C be holomorphic. Then
there is a unique power series erpansion

oo

f(z) = Z 2"
n=0

which converges absolutely on each disc B,(0) C U. The coefficients ¢, are given
by the integral formula
1 [ f(re?)
Cpn = —

A 0 Tneint

Corollary 9.24 (Liouville’s theorem). Let f : C — C be holomorphic and bounded.
Then f is constant.

Proof. Let M := sup, |f(z)]. By the formula for the coefficients, we get for each r
that

1 27 )
lealr™ < 7/ \f(re|dt < M.
2'/T 0

This implies ¢, = 0 for n > 0. The power series expansion (which converges on C)
shows that f is constant. ([

Second part of the proof of Theorem[9.21, We first prove that spec(a) # 0. Sup-
pose, for sake of a contradiction, that spec(a) = . Then a € A%, and U, = C.
Then
1
To(2) = (1—za)" = ~(= —a)~}
W2 = (1) = (2 —a)
and

zlgrolo T.(z) = 0.

Hence the function z — ||T,(z)|| is bounded. It follows that for each L € A’, the
function Fr 4 : C — C is a bounded holomorphic function. By Liouville’s Theorem,
it must be constant, and hence equal to 0. Therefore

0= FL,a(O) = L(l)

for each L € A’. By the Hahn-Banach theorem, this implies the absurdity 0 = 1.
For the spectral radius formula, it remains to be shown that

limsup [|a™[|* < p(a).
n
By the definition of U, and the spectral radius, we have

ﬁ = sup{r|D,(C) c C}.

Therefore, we must prove

(9.25) D,(C) C U, = rlimsup [|a”||* < 1.
n

So let r > 0 such that D,.(C) C U,. For L € A’, the power series expansion

Fra(z) =) 2"L(a")

n=0
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converges around 0. On the other hand, Fp , : U, — C is holomorphic, and by the
uniqueness part of Theorem it follows that the expansion converges absolutely
on D,(C). Hence there is M (r, L) > 0 such that

PL(a™)| < M(r, L)
for all n. Now we consider the family of linear maps
Gn: A —C, Gy(L) :=r"L(a").
By the Hahn-Banach theorem, the operator norm of G, is
[Gnll = 7" lla"[],

and for each L € A’, we have |G, (L)| < M(r,L). The principle of uniform bound-
edness implies that there is C'(r) > 0 such that

rlla”[| = |Gall < C(r)
for all n. It follows that
rla™|® < C(r)®
and hence
rlimsup ||la”||* < 1i7ILnC’(7‘)%.

The latter limit equals 1, and hence we have proven (9.25) for each r < ﬁ. The
spectral radius formula follows.

Theorem has some interesting consequences for C*-algebras.
Corollary 9.26. Let A be a unital C*-algebra and let a € A be normal. Then

pla) = |lal|.
Proof. First note that by the C*-identity
la®|* = ||(a®)*a®|| = [la*a”aa]| = ||(a"a)(a*a)|| = [|(a*a)*(a"a)|| = [|a*a||* = ||al*

or ||a®|| = ||a®||. Because each power a™ is also normal, we obtain inductively that
n n
la®" || = flall?

for all n > 0. By the spectral radius formula

pla) = lim a7 = lim [|a®"||2" = [[a].
n—oo n—oo

O
Corollary 9.27. Let a € A be an arbitrary element of a unital C*-algebra. Then

lall = Vpla*a).

Note that the left hand side is entirely determined by the algebraic structure of
A (the norm does not enter the definition).

Proof.
lall = Vlla*all = v/ p(a).

O

Definition 9.28. Let A and B be two C*-algebras. A s-homomorphism is an
algebra homomorphism ® : A — B such that ®(a*) = ®(a)* for all a € A.

It follows automatically that ®(a) is self-adjoint if a is self-adjoint.
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Corollary 9.29. Let A, B be unital Banach algebras and let ® : A — B be a unital
x-homomorphism. Then ® is continuous, and |®|| = 1, if one of the following
hypotheses holds:
(1) A, B are C*-algebras and ® is a x-homomorphism.
(2) B is a commutative C*-algebra.
Proof. (1):
[2(a)[* = p(®(a)*®(a)) = p(®(a*a)) < p(a*a) = |la*;
the inequality holds by Theorem [9.17]
(2): because B is commutative, ®(a) is normal, and so
|#(a)] = p(®(a)) < pla) < a]
by Theorem and the simple inequality p(a) < ||a]|. O
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10. THE SPECTRAL THEOREM FOR NORMAL BOUNDED OPERATORS ON HILBERT
SPACES

The spectral theorem is not a single theorem, but a collection of various related
results about normal operators on Hilbert spaces. We take the finite-dimensional
case as a model case. Recall from Linear Algebra:

Theorem 10.1. Let V be a finite-dimensional complex Hilbert space and let T €
L(V) be normal. Then there is an orthonormal basis (vy,...,v,) of eigenvectors,
T’Uj = )\j’l}j.

In that case spec(T) = {A1,...,A\n}. For each v € V, we have

n

v = Z(vk,v>vk

k=1

n
loll* =D [for, v) 2.
k=1

and therefore

It follows that
7ol = 3 e o) < g 3 o) = g o

and therefore
(10.2) I = max x4

It is also easily seen that o
T*Uk = )\k'Uk-

10.1. The continuous functional calculus. From linear algebra, one remembers
that the operation of inserting matrices into polynomials is very important for the
understanding of the structure of matrices. For any unital C-algebra and any a € A,
there is a unique algebra homomorphism

P Clx] = A
with
P(1) =1, ®(z) = a.
This is defined by the formula

m m
k k
@Z(E crat) = E cra®.
k=0 k=0

The homomorphism ®? is called the polynomial functional calculus for a, and it is
common to denote
p(a) := P(p).
The functional calculus tells us how to insert elements of A into polynomials.
One can insert elements of A into more general functions. For example, we can
take z ¢ spec(a) and define
1

a—z

= (a—2z)""

More generally, one can define f(a) for every rational function on C which has no
poles on spec(a). Up to this point, no norm or topology on A is used.
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If a € A is an element of a unital Banach algebra, we can define expressions such

as
exp(a) := R

k=0
The series on the right converges absolutely. Instead of the exponential series, one
can take any other power series f(x) := Zzozo cxz® with positive convergence radius
R, and define f(a) when a € A has norm ||a|| < R. These ideas can be pursued
further and give the “holomorphic functional calculus”. It defines f(a) whenever
f is a holomorphic function defined on an open neighborhood of spec(a), and a is
an element of a Banach algebra. The construction of the holomorphic functional
calculus requires deeper results from complex analysis.

Instead, we want to generalize the polynomial functional calculus for normal
elements of a unital C*-algebra. The goal is the continuous functional calculus. To
what this should accomplish, let us return to the situation of Theorem Let
fispec(T) = {\1,...,A\n} — C be an arbitrary function, we define the linear map
®5.(f) € L(V) by the formula

DT (f)vy = F(Aj)v;-
It is easily proven that
o7 C(spec(T)) — L(V)
is a unital *-homomorphism, and that ®%(z) = T, and that ®% is the unique such
homomorphism. It extends the polynomial functional calculus in the sense that
p € Clz] defines a map p : spec(T) — C, and then
o7(p) = P (p)-

To verify this, one shows that
7 (p)v; = p(\;)v; = 7 (p)v;.

Theorem 10.3 (The spectral theorem: functional calculus version). Let A be
a unital C*-algebra and let a € A be normal. Then there is a unique algebra
homomorphism

®¢ : C(spec(a)) = A,

the continuous functional calculus, such that

oe(1) =1,
C(z) =a
and B
o (f) = 25(f)"
Moreover,

[@a (O =11
for all f € C(spec(a)).
We usually write
fla) == @5(f).

Remark 10.4. It turns out that the proof is substantially simpler if a is assumed
to be self-adjoint. However, we shall carry out all steps for normal a whenever
possible, to clearly understand the additional difficulty.
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Proof of the uniqueness statement of Theorem[I0.3 Let ®,,® : C(spec(a)) — A
be two such homomorphisms. We consider

B = {f € C(spec(a))|®a(f) = ¥, (f)} C C(spec(a)).
This is a subalgebra of C(spec(a)). It contains 1 and the identity function z.
Since ®, and ®/, are both *-homomorphisms, we have f € B = f. Since z
is injective, the Stone-Weierstrass theorem implies that B is dense in C(spec(a)).
Finally, by Corollary ®,, and @/, are continuous, so that B is closed. Therefore
B = C(spec(a)). O

Construction of the functional calculus for self-adjoint a. Letp =3 ;_, cpz® € Clz].
Note that

pla)* = e(a")".
k=0
It follows that p(a) is normal if a is normal. Therefore (Corollary , we have

(10.5) Ip(a)ll = p(p(a)) = sup |yl = sup |p(z)].
y€Espec(p(a)) z€spec(a)
Now let
T C C(spec(a))
be the subalgebra of all polynomial functions. For f € T, pick a polynomial p € C[z]
such that p(A) = f(A) for all A € spec(a). (When spec(a) is infinite, p is uniquely
determined, but this is not the case if spec(a) is a finite set). We define

@o(f) = ®5(p) = pla).
The equation (10.5) shows that

H(I)g(f)H = HfHC(spec(a))-
Therefore, ®¢(f) is well-defined (it does not depend on the choice of the polynomial
p), and
T - A
is an isometry.
Since the polynomial functional calculus is an algebra homomorphism, ®¢ is an
algebra homomorphism, and it is clear that

(1) =1, ®i(z) = a.

Since ®¢ is an isometry, it extends by continuity to an isometry

T — A
from the closure to A. The closure is a subalgebra of C(spec(a)), and the extended
map ®¢ is an isometry and an algebra homomorphism by a straightforward limit
argument.

Up to this point, the construction works for normal a. Now assume that a* = a.

Therefore

spec(a) C R
by Lemma This has the following consequence: if f =Y}, cxz® € T, then
the conjugate f € C(spec(a)) is given by the formula

(10.6) fz) = Zn: cpzk = i@zk
k=0 k=0
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for all z € spec(a). Hence the conjugate of f € T is again in T.

Therefore the subalgebra 7 C C(spec(a)) is invariant under conjugation, and it
is clear that it separates points and contains 1. Therefore, by the Stone—Weierstrass
theorem, 7 = C(spec(a)).

This finishes the construction of ®; and proves that it is an isometry. We have
not yet checked that ®¢ is a x-homomorphism. But the identity (10.6]), together
with a* = a, shows that

5 (f) = @a(f)”
whenever f € T, and this identity extends by continuity to all of C(spec(a)). O

Remark 10.7. When a € A is normal, but not self-adjoint, then T C C(spec(a))
is not preserved by conjugation. Hence the Stone—Weierstrass theorem cannot be
applied (in fact, the closure T is usually smaller than C(spec(a))).

The procedure must then be modified; one considers the subalgebra

Q C C(spec(a))

which consists of all polynomial functions of the form

n
E cklac {E

This lies dense in C(spec(a)) by the Stone—Weierstrass theorem, and the formula

n n
(I)(Cl( E CMSC :c E ckla CL
k, =0 k,l=0

defines a x-homomorphism Q — A (it is important that a is normal in order for
@ to be multiplicative). To extend @S to all of C(spec(a)), one needs to prove that
®¢ is bounded (the automatic continuity from C’omllary is of no use for that
because Q is not complete). It is even an isometry, and the equation

n
1Y ewak(@)| = sup | Z A (A

k,1=0 Aespec(a) 17

holds, but is much more difficult to prove than the equation (10.5) of the above

proof.
The naive estimate

n n
IS enat @) < 3 Jewlllaf*+!

k,l1=0 k,1=0

s not sufficient to prove that ®¢ is bounded.

10.2. Multiplication operators. Theorem [I0.1]asserts that any normal operator
on a finite-dimensional Hilbert space is equivalent to a certain normal form. Here,
the normal form is a diagonal matrix. For normal operators on Hilbert spaces, the
normal form is necessarily more complicated.

Let us first define the appropriate version of equivalence.

Definition 10.8. Let (V;,T;), j = 0,1, be two Hilbert spaces with T; € L(V}). A
unitary equivalence U : (Vp,Tp) — (V1,Th) is an isometric isomorphism U : Vo —
Vi such that UT U* =T}
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Note that L(Vp) — L(V4), T — UTU* is a *-isomorphism of C*-algebras, and
so it preserves adjoints, spectra and so on.
Next, we define the normal form.

Definition 10.9. Let (X, p) be a measure space and let f € L°(X, ). We define
the multiplication operator My € L(L*(X,pn)) by

My(h) := fh.

Examples 10.10. (1) Let T be as in Theorem [10.1, Let X = n with the
counting measure, and let f : n — C be the function f(j) := ;. Let U :
(% (n) — V be the isometric isomorphism determined by U(d;) := vj. Then
UTU* = My. Hence Theorem might be restated by saying that each
normal operator on a finite-dimensional Hilbert space is unitarily equivalent
to an operator of the form My.

(2) Similarly, let X = N with the counting measure and let a € co(N). The
spectral theorem for compact self-adjoint operators can be restated by say-
ing that each compact selfadjoint operator on a separable Hilbert space is
unitarily equivalent to a multiplication operator. The proof of the spectral
theorem for compact selfadjoint operators can be adapted to deal with com-
pact normal operators as well.

Indeed, the general version reads as follows.

Theorem 10.11 (Spectral theorem, multiplication operator version). Let V be a
Hilbert space and let T € L(V') be normal. Then there is a locally finite measure
space (X, 1), f € L=(X,un) and a unitary equivalence

U s (L3(X, 1), My) = (V,T).
If V is separable, we can take p to be o-finite.

One advantage of this formulation is that it gives a lot of insight of the behaviour
of normal operators. To that end, let us first study the multiplication operators
My¢ in some detail.

Definition 10.12. Let (X, n) be a measure space and let f : X — C be measurable.
The essential range essrange(f) of f consists of all z € C such that for each ¢ > 0,
the set f~1(B.(z)) has positive measure.

It is clear that essrange(f) C Cis closed, and that || || L% = sup, cessrange(f) | (2)]-

Lemma 10.13. Let (X, u) be a measure space.
(1) L>(X,p) — L(LA*(X,p), f — My, is a unital x-homomorphism, and
AT
(2) If p is locally finite, then || My|| = || fllpe for all f.
(3) My is invertible if and only if there exists € > 0 such that pu(f~*(B(0))) =
0.
(4) spec(My) = essrange(f).

Proof. (1) is clear, except perhaps the identity M7} = My, which follows from

<th,g>=/Xﬁgdu:/Xngu=<haMyg>-
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(2): the inequality | My|| < || fllze is trivial. For the reverse one, let € > 0. The
set {x € X||f(x)| > ||f|lL~ — €} has positive measure, and because (X, 1) is locally
finite, this set contains a subset S with 0 < p(S) < co. Then ||xs|%. = u(S) and

| Mxs]? = / F@P > (£~ — 9%u(S)

together prove that || f||~ — e < || My]|.

(3): The existence of such an e shows that |f(x)] > € almost everywhere.
Hence g(z) := ﬁ is (almost everywhere) defined and (essentially) bounded, and
MMy = MgMy = 1. Vice versa, if My is invertible, the open mapping theorem
shows that there is ¢ > 0 such that ||[Msh||? > ¢2||h||? for all h € L?(X), or

[ isPibpau= e [
X X

Now let h = xy-1(Bs(0))- We get

Fils (Bs(0) = [ PR / B = f~ (Bs(0))
When § < ¢, this is only possible if u(f~1(Bs(0))) = 0.
(4): follows immediately from (3). O

Corollary 10.14. My is self-adjoint if and only if essrange(f) C R, and this
happens if and only if spec(My) C R. My is unitary if and only if essrange(f) C S*,
and this happens if and only if spec(My) C S*. O
10.3. Proof of the multiplication operator version of the spectral theo-
rem. Consider a normal operator T' € L£(V) on a Hilbert space. Theorem m
provides the continuous functional calculus
&5 : C(spec(T)) — L(V)
of T, which for simplicity we denote by f(T') := ®5(f).
Lemma 10.15. For each v € V, there exists a unique Radon measure ., on
spec(T) with p,(spec(T)) = ||[v||* and an isometry
U, : L*(spec(T), p1y) — V.
such that
Uy(1)=w
and such that
Uyo My = {(T)U
for all f € C(spec(T)).
We have p,(spec(T)) = |[v||?>. The image of U, is the closure of the linear
subspace

{f(T)v|f € C(spec(T))} C V.

Proof. Let us first prove the uniqueness of p,, which help to prove existence. The
conditions on U, force

/ Fdp, = / Tfdpy = (1, )12 = (Us(1), Up(My(1))) = (v, £(T)0)
spec(T") spec(T)

Hence the integration functional for pu, is uniquely determined, and so p,, itself is
unique.
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To show existence, we define a functional
Ly(f) := (v, f(T)v)
on C(spec(T)). Note that
Ly(1) = (v,0) = [[o]*.

The functional L, is positive: if f > 0, we can write f = gg for some g € C(spec(T))
and obtain

Ly(f) = (v, g(T)g(T)v) = (9(T)v, g(T)v) = 0
because the continuous functional calculus is a *-homomorphism.

By the Riesz—Markov—Kakutani theorem, there is a unique Radon measure g,
such that

|t = . s@)0)
spec(T)
for all f € C(spec(T')). Note that

po(spec(T)) = [|v]*.
Let us now define
U : C(spec(T)) =V
by
Uo(h) := h(T)v.
Clearly Up(1) = v and Uy is linear. It is also clear that
(10.16) Uo(fh) = f(T)Uo(h).
Calculate
1Uo(R)|I* = (R(T)v, h(T)v) = (v, (T)*W(T)v) = (|h|*(T)v,v) = /X AP dpe = [IR1IE (specer) o) -
Therefore Uy is an isometry when C(spec(T)) carries the L?>-norm of the measure
1. Therefore, it extends to an isometry
U, : L*(spec(T), piy) — V.
The equation (10.16]) shows that
UyoMy=f(T)oU,
for all f € C(spec(T)). By construction, the image of Uy is equal to
{f(T)v|f € Clspec(T))},

and so the image of U, is the closure of that linear subspace. O

If the isometry U, from Lemma|l0.15|were surjective, the proof of Theorem [10.11
would already be complete: then U, : L?(X, u,) — V, is an isometric isomorphism
with inverse U}, and the lemma shows

UvaU; = f(T)
for all f € C(spec(T')). Applied to f = x, this gives Theorem [10.11



118 JOHANNES EBERT

Definition 10.17. Let T € L(V) be normal. A closed linear subspace W C V is
T-invariant if
Fmw)cw
for all f € C(spec(T)).
The cyclic subspace generated by v € V 1is

Vi = {f(T)vlf € C(spec(T))} C V.

The cyclic subspace V,, is T-invariant, and the image of the isometry U, is pre-
cisely V,,. The proof of Theorem is finished by breaking up V into cyclic
pieces.

Consider two families (V;);c; and (W;);er of Hilbert spaces. Let T; € L(V;, W;).

Then
il iel iel
denotes the linear map
(vi)i = (Tyvi);.

This is not necessarily bounded, but if sup;c; || T;]] < oo, then it is bounded, and

one checks easily that
I EP Tl = sup | T3]l
il el
so that it extends to a bounded operator
(2) (2)

@Til@viﬁ@wi

iel i€l i€l
of the Hilbert sums. It is easy to see that
bz =P
i€l iel
Example 10.18. Let (X, p;i)ier be locally finite measure spaces, and let f; €
L>(X;, p;). Let X =]],.; X;i be the disjoint union. The formula

u(S) = ZM(S N Xi)

icl

el

defines a measure on X (on the o-algebra generated by all measurable subsets
of some X;). The union f := [[,c; f : X — C is measurable and | f||L~ =
sup;e || fill e

Then L>(X, 1) = @,c; L*(Xi, i), and My corresponds to @E?I My,.
Lemma 10.19. Let V be a Hilbert space and let T € L(V') be normal. Then there
are Hilbert spaces V;, normal T; € L(V;) such that (V;,T;) is cyclic and such that

Epv.pmn)
is unitarily equivalent to (V,T).

Lemma Lemma and Example together finish the proof of
Theorem [I0.111
Before we give the proof of Lemma [10.19], we isolate the key observation.
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Lemma 10.20. Let T € L(V) be normal and let W C V be a closed, T-invariant
linear subspace. Then the orthogonal complement W+ is T-invariant.

Proof. Let v € W+ and f € C(spec(T)). Then for each w € W, we have

(f(T)v,w) = (v, [(T)"w) = (v, f(T)w) =0
because f(T)w € W. O

Proof of Lemma[10.14 The decomposition is obtained by an argument with Zorn’s
lemma, which is similar to the argument for the existence of complete orthonormal
systems (Theorem [2.41).
Let Z be the set of all subsets S C V' with the following properties:
(1) For all v € S, we have |jv]| =1,
(2) if v,w € S, v # w, the cyclic subspaces V,, and V,, are orthogonal.

The set Z is ordered by inclusion of subsets. It is not empty because § € Z. If
C C Z is a chain, it is easy to check that g, S is an element of Z. Hence each
chain in Z has an upper bound, and Zorn’s Lemma guarantees the existence of a
maximal element S € Z.

We have to prove that W := @226)5 V, = V, or that W+ = 0. For each f €
C(spec(T)), we have f(T)(W) C W, and so by Lemma W+ is T-invariant.
If Wt # 0, we could pick w € W+ with ||w| = 1. Then the cyclic subspace V,, is
contained in W+, and so S U {w} € Z, contradicting the maximality of S. g

10.4. The measurable functional calculus. The measurable functional calculus
is an extension of the continuous functional calculus to measurable functions. Unlike
the continuous functional calculus, it can only be defined for normal operators on
a Hilbert space, not for normal elements of a C*-algebra.

One application of Theorem [T0.11]is to extend the continuous functional calculus
of a normal operator to the measurable functional calculus.

First some notation. For a measurable space (X, B), we let .Z*°(X,B) be the
space of all bounded measurable functions f : X — C (here C has the Borel o-
algebra. This is a C*-algebra, with the supremum norm, pointwise multiplication
of functions and f*(z) := f(z). £°°(X, B) is unital unless u(X) = 0. One has to
distinguish between .£*° (X, B) and L (X, p): the latter is only defined when we
specify a measure. The quotient map £*°(X) — L (X, u) is surjective, but not
injective in general.

For a compact Hausdorf space X, let B be the Borel-o-algebra, so that (X, B) is
a measurable space. We denote Z*°(X) := £*(X, B).

Theorem 10.21 (Measurable functional calculus). Let V' be a Hilbert space and
let T € L(V) be normal. Then there exists a unique x-homomorphism
O . L (spec(T)) — L(V),
the measurable functional calculus with the following properties:
(1) For f € C(spec(T)), OF(f) = D7(f),
(2) if fn € ZL>®(spec(T)) is a bounded sequence and f, — f € L (X) point-
wise, then T (fn)v — O (f)v for each v € V.

The construction that we shall give or Corollary proves that ||®F(f)] <
|| fllL for all f, but equality does not have to be true.
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Proof. First we prove existence, and the first step is that we can change (V,T) up to
unitary equivalence. Indeed, suppose that Vj, V1 are two Hilbert spaces, T; € L(V)
are normal, U : (Vp,Tp) — (V4,T1) is a unitary equivalence. Then

Ad(U) : LWVy) - L(W,), T UTU™
is a *-isomorphism of C*-algebras. Hence it preserves multiplication, the spectrum,
the norm and the adjoint operation. If Ty = Ad(U)(Tp), then spec(Ty) = spec(Tp).
Suppose that
o7 2 L (To) — L(Vo)
is a measurable functional calculus for T;. Then
o7, = Ad(U) o @7,

is a measurable functional calculus for T7.

Hence by the multiplication operator version of the spectral theorem, we may
assume that (V,T) = (L*(X, u), Ms). We can change f on a set of measure zer(ﬂ
such that f(X) C essrange(f). Because f(X) C essrange(f) = spec(My), the
composite g o f makes sense when g : spec(My) — C is a function. If ¢ is (Borel-
Borel)-measurable, then g o f is measurable. We define

Py, + L (essrange(f)) — L(LA(X, 1))
by the formula
7J\T/Lff (9) == Mgoy.

It is straightforward to prove that @TA’}[f is a unital *-homomorphism (using the
identities from Lemma [10.13), that [[®}; (g)|| < [|g]lz~ and that 7 (x) = Mj.

In particular, the restriction of 7 to C(spec(My)) is a unital +-homomorphism
which maps x to My. Therefore, by the uniqueness statement of Theorem [10.3}]
@’]\}[f |C(spec(M 1)) agrees with the continuous functional calculus of M.

Now assume that g, € £ (essrange(f)) is a sequence with ||g,||L~ < C and
that gn(y) — g(y) for all z. Let h € L*(X, ). We need to prove that
(10.22) |5 (gn — 9)hll72 — 0.
But

197, (90 — 9)PN17= = /X 190 (f(2)) = g(f (2))?|h(2)[du(=).

The integrand converges pointwise to 0, and
|90 (f(2)) = g(f(2))]*|h()[* < 4C?|h(x)[.

Since |h|? is integrable, the dominated convergence theorem applies and proves

@),

This finishes the existence proof. For the uniqueness, suppose that ®q, P :
L (spec(T)) — L(V) be two x-homomorphisms with properties (1) and (2) of the
theorem. Put

B :={f € £%(spec(T))[Po(f) = ®1(f)} C L (spec(T)).

S5Here is how this works: the preimage f~!(essrange(f)°) C X has measure zero, because the
open set essrange(f)¢ can be written as the countable union of open balls, and the preimage of
each of those balls has measure zero. Therefore, we can achieve, by changing f on a set of measure
0, that f(X) C essrange(f). It follows that essrange(f) = f(X).
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We have to prove that B = £ (spec(T')). Since ®y and ®; are x-homomorphisms,
B is a subalgebra. By automatic continuity, ®¢ and ®; are continuous, and so B
is closed. By property (1), C(spec(T)) C B. Furthermore, if f,, € B is a bounded
sequence which converges pointwise to f € £ (spec(T')), by property (2). Lemma
below implies B = £ (spec(T)), which is what we had to prove. O

Lemma 10.23. Let X be a compact metric space and let B C .£*°(X) be a closed
subalgebra such that
(1) ¢(X) c B,

(2) if fn € B is a bounded sequence which converges pointwise to f € £*(X),
then f € B.

Then B = £ (X).

Proof. One might naively expect that each f € £°°(X) is the pointwise limit of
a sequence of continuous functions, which would make the proof almost trivial.
However, that is not true (try to prove it to understand the problem), so the proof
is a little more complicated.

For each bounded f € £*°(X), there is a sequence of step functions which
converge uniformly to f. Because B is norm-closed, it is enough to prove that each
step function belongs to B, and by linearity, we must prove that for each Borel set
SCX,xseB.

So let B be the Borel-o-algebra of X and define

C:={S € B|xs € B} CB.

We must show that C = B, and do this by proving that C is a o-algebra and that
each open subset U C X belongs to C.
Since 0,1 € B, we have

0, X ecC.

Because xsc =1 — xg, it follows that
SeC=S5°¢eC.
Since B is an algebra and xsxs' = xsns’, it follows that
S,8"eC=5Sns ecC.

Because SUS" = (5°N5"°)¢, C is a Boolean algebra. If Sy C Sy C...C S=U,—,
then xs, — xs pointwise, and so S € C if all S,, belong to C. If U,, n € N are
elements of C, then

S, = LnJ U, €C
m=1

for all n, and Sy C S2 C ...Up—1 S0 = Up—y Un, we get that U,—, U, € C.
Altogether, C is a o-algebra.

For an open subset U C X, there is a sequence f,, € C'(X) with 0 < f,, < 1 which
converges pointwise to xy. This is shown in the course of the proof of Proposition
Hence U € C. O
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10.5. Spectral measures. The measurable functional calculus is the most pow-
erful version of the spectral theorem.

Theorem 10.24. Let V be a Hilbert space and let T € L(V') be normal. Let
o7 L (spec(T)) — L(V)
be the measurable functional calculus provided by Theorem [10.21] and let B be te
Borel-o-algebra of spec(T). We define
E:B— L(V)
by
E(A) := @7 (xa) € L(V).
Then (for Borel sets A, B, A,,)
(1) Each E(A) is a projection.
E(0) =0, E(spec(T)) = 1.
E(A)E(B) = E(B)E(A) = E(AN B).
if ANB =0, then E(AU B) = E(A) + E(B), and im(E(A)) Lim(E(B)).
If Ay C A C ... is an ascending sequence of Borel sets, then

\/\./\/\/

(2

(3
(4
(5

E(|JAn) = lim E(A,)
in the strong operator topology.

The projection E(A) is called the spectral projection of A, and the map E is called
the spectral measure of T'.

Proof. This is an almost trivial consequence of Theorem (1) follows from
X4 = X4 = Xa. (2) follows from yy = 0 and Xspee(r) = 1. (3) follows from
XAanB = xaxs- (4) follows from xaup = xa + xpB which holds for disjoint A, B.
(5) follows from lim,, x4, (%) = xy==_, 4, (). O

Examples 10.25. (1) Let dim(V) < co. For A C spec(T), E(A) is the or-
thogonal projection onto @, , Eig(T, A).
(2) If fe L*(X,p) and T = My, E(A) is multiplication by the characteristic
function of the set f=1(A).

Proposition 10.26. Assume the situation of Theorem [10.2]] and fix a vector v €
V. Define
vy : B—=R, A (E(A)v,v).

This is a (nonnegative) measure, and it agrees with the measure ., constructed in

Lemma|10.15, For each f € £ (spec(T)), we have

(10.27) (v, (T)w) = / F(@)dvy ().

spec(T)
Proof. Since E(A) = E(A)E(A) = E(A)*E(A), we have
(E(A)v,v) = (E(A)v, E(A)v) >0,
so that v, is nonnegative. If AN B = (), then
(E(AU B)v,v) = (E(A)v,v) + (E(B)v,v)
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and if Ay C A> C ..., then E(A,)v — E(U,~, A,)v and so
limv,(A,) = lim(E(A4,)v,v) = (hmE( U Ap)v, vy = I/U(U Ay).
n=1

Hence v, is a Borel measure with total mass
(E(spec(T))v, v) = [lv]*.

Since the step functions lie norm dense in £ (spec(T")), it suffices to prove ((10.27))
for step functions. So let f = ZT»L_ ajxa, with disjoint A;’s, and compute

a; (v, BE(A vy (4;) = x)dv,(x).
§j §j umef() (x)

For all continuous functlons f, we have

L/Mm:mﬂﬂw=/ F(@)dvy (),
X spec(T)

and so the Borel measures v, and f, represent the same functional on C(spec(T)).
By the uniqueness part of the Riesz—Markov—Kakutani theorem, u, = v,, as
claimed. g

Proposition 10.28. Assume the situation of Theorem (10.24) and let \ € spec(T).
Then E({\}) is the orthogonal projection onto ker(T'— ). Hence \ is an eigenvalue

of T if and only if E({\}) # 0.
Proof. The identity (x — A)xqx} = 0 € £°(spec(T’)) implies that
(T - NE({\}) =0
and so that
m(E({\})) C ker(T — ).
The reverse inclusion is less formal. Assume
u € ker(T — N).

Suppose that f € C(spec(T')) vanishes in a neighborhood of A. Then the function
g := % is continuous, and since g - (x — \) = f, we get

F(Tyu = g(T)(T = Ayu =0,
Next, there is a sequence of continuous f, : spec(T) — [0,1] such that f, = 0

on a neighborhood of A and such that lim, f,(2) = Xspec(r)\A(2) for all z. Then
X{a} + fn — 1 pointwise (and dominated), so that

w = lim(x ) (T + fu(T)) = E({ADu+ 0.
Therefore ker(T' — X) C imE({\}). O
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11. SPECTRAL THEORY VIA BANACH ALGEBRAS

In the previous chapter, we developped the different version of the spectral theo-
rem out of the continuous functional calculus for normal operators (Theorem .
The proof, however, was only given for self-adjoint operators. In this chapter, we
give the proof for normal elements of a C*-algebra, which is much harder, and
requires a fresh look at commutative Banach algebras.

11.1. The spectrum of a commutative Banach algebra.

Lemma 11.1. Let A be a unital complex Banach algebra and let ¢ : A — C be an
algebra homomorphism with (1) = 1. Then ¢(a) € specy(a) for alla € A and ¢
is bounded with operator norm ||¢|| = 1.

Proof. Let a € A. Then {¢(a)} = specc(p(a)), and by Theorem it follows
that ¢(a) € specy(a). Moreover |p(a)| < p(a) < |al|. O

Definition 11.2. Let A be a commutative unital complex Banach algebra. The
spectrum Spec(A) of A is the set of all unital algebra homomorphisms ¢ : A — C.
By Lemma Spec(A) C D1(A’), and we equip it with the wk™-topology.

Lemma 11.3. The space Spec(A) is a compact Hausdorff space.

Proof. By the Banach-Alaoglu theorem, D;(A’) is compact and Hausdorff when
equipped with the wk*-topology. Hence it suffices to prove that Spec(A4) C A’ is
wk*-closed. Denote for a € A

po: A" = C, po(L) := L(a).
This map is continuous by the definition of the wk*-topology. Finally

Spec(A) =pi (1) N () (aps — Par) 1 (0),
a,beA

and this is clearly a closed subspace. ([

Lemma 11.4. Let X be a compact Hausdorff space. Then the map
1 : X — Spec(C(X)), n(x)(f) := f(x)
is a homeomorphism.

Proof. Urysohn’s Lemma shows that 7 is injective: if zg # z; € X, there is f €
C(X) with f(zg) =0 and f(x1) = 1. Then

n(xo)(f) = 0# 1 =mn(x1)(f)

shows that n(zo) # n(x1).
The map 7 is continuous by the definition of wk*: it suffices to show that

pron: X = C
is continuous for each f € C(X), where ps(¢) = ¢(f). But
ps(n(x)) =n(x)(f) = f(z)

is by definition continuous.
Finally, we have to prove that 7 is surjective. To this end, we argue by contra-
diction and assume that ¢ € Spec(C(X)) is not of the form 7, for any = € X.
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Then for each x € X, we have ¢ # n,, and hence there is a function f, € C(X)
with

gp = o(fz) = fa
C e(fe) — falo)

(the denominator is a number). Then

gz (z) =1

Let
e C(X)

and

©(9x) = 0.
Let U, :={y € X|g=(y) # 0} C X; this is an open subset. Because X is compact,
we find z1,...,z, € X such that X = U;:1 U,,. Let

h:=> Fr,0: >0€ C(X).
j=1

It follows that

T

zzf%.

Jj=1

Hence

1=p(1) = Z @(gzj )@(ga,) =0,

a contradiction. O

Lemma 11.5 (Gelfand transform). Let A be a commutative unital complex Banach
algebra. The formula

a(p) = ¢(a)
defines a unital algebra homomorphism
I': A= C(Spec(4)), T(a)(p) = (),
the Gelfand transform. We have
a(Spec(A)) C specy(a)
and in particular
lall < p(a).

Proof. We first show that I'(a) is a continuous function when a € A. But I'(a) is
nothing else than the restriction of the evaluation map p, : A’ = C, L — L(a), to
the subspace Spec(A) C A’, and hence clearly continuous, by the construction of
the wk*-topology.

Since each ¢ € Spec(A) is a unital algebra homomorphism, we have

[(ab)(p) = plab) = p(a)p(b) = T(a)(L)I'(0)(¢)
and
I(1)(p) =¢(1) = 1.
The proof that I'(a + b) = I'(a) + I'(b) is the same. Hence I' is a unital algebra
homomorphism.
Lemma shows that a(¢) = ¢(a) € specy(a), and so a(Spec(A)) C specy(a).
The estimate ||a|| < p(a) follows immediately. O
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Example 11.6. Let A = C(X). The composition of T' with the isomorphism
n* : C(Spec(C(X))) — ( ) induced by the homeomorphism n from Lemma [11.})
is the map

n ol : C(X)— C(Spec(C(X))) = C(X)
given by

(L)) =T(f)(n(x)) =n(@)(f) = f(=z),
hence the identity. Therefore I is an isomorphism in that case.
11.2. The Gelfand-Naimark theorem.

Theorem 11.7 (Gelfand-Naimark Theorem). Let A be a commutative unital com-
plex Banach algebra, a € A and X € spec,(a). Then there exists p € Spec(A) such
that p(a) = A.
Corollary 11.8. Let a € A be an element of a commutative unital Banach algebra.
Then

a(Spec(A)) = spec4(a)
and

lall = pa). O

Corollary 11.9 (Gelfand-Naimark Theorem for C*-algebras). Let A be a commu-
tative unital C*-algebra. Then the Gelfand transform I' : A — C(Spec(4)) is an
isometric x-isomorphism.

Proof. If a € A is selfadjoint, then specy(a) C R by Lemma It follows from
Lemma that @ € C(Spec(A)) is real-valued.
A general element of A can be written in the form

a = aj + iao,

where L 1
ay = i(a—i—a*), ag = E(a —a”)
are self-adjoint. Then a* = a1 — ias, and it follows that
(11.10) a* () = plar) —ip(az) = p(ar) + ip(az) = alp).

Therefore T is a *-homomorphism.

Because A is commutative, every element of A is normal. From Corollary

and Corollary 0.26] we get
lall = p(a) = lall,
so that I' is an isometry.

The subalgebra I'(A) C C(Spec(A)) is closed and contains 1. It separates the
points by definition: if ¢y # @1 € Spec(A), then there is a € A with a(pg) =
vo(a) # p1(a) = a(p1). Finally, because

['(a®) =T(a)" = I'(a),
I'(A) is invariant under conjugation. By the Stone-Weierstrass theorem, I'(A)
C(Spec(A)).
Equation (11.10)) also shows the following result.

ol

Lemma 11.11. Let A be a unital C*-algebra. Then each unital algebra homomor-
phism ¢ : A — C is in fact a x-homomorphism. (]
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The first step in the proof of Theorem is of independent interest.

Theorem 11.12 (Gelfand-Mazur). Let A be a commutative unital complex Banach
algebra which is a field. Then A= C.

Proof. For a € A, there exists z € spec(a). Then a — 21 € A is not invertible, hence
a— 21 =0, hence a = z1. Therefore C — A, z — z1 is an isomorphism. ([l

Proof of Theorem[I1.7 1t is enough to prove that if a € A is not invertible, then
there is ¢ € Spec(A) with p(a) = 0. The set

(a) :={balbe A} C A

is an ideal in A (Definition [A.22)), and (a) # 1, since otherwise 1 = ba and a must
be invertible since A is commutative. A standard application of Zorn’s Lemma
(Theorem proves that there is a maximal ideal I C A with (a) C I (this
means that I # A and that when I C J C A is a larger ideal with J # A, then
J=1.

The closure I of I is again an ideal. Since AX NI = () and AX C A is open, it
must be true that AX NI = (). Hence I # A, and by maximality of I, it follows
that I = I, or that I is closed.

The quotient space A/I is a Banach space. The formula

(a+D)(b+1):=ab+1

gives a well-defined structure of a unital commutative algebra on A/I, and the
quotient map 7 : A — A/I is an algebra homomorphism.
For z,y € A/I, we claim that

eyl < [l[[[lyll-

To see this, let e > 0 and pick a,b € A with w(a) = z and 7(b) = y and ||a|| < ||z||+e,
16l < lly|| + €. Then

lzyll = llm(ab)l| < [labl < flallllbl] < ([lz]l + €)(lyll + €);

as this is true for all € > 0, we get [|zy| < |lz]||y]|-
It is clear that

11 = l=(MW) < [11]] = 15
and
1] = [l < [

implies 1 < ||1||. Together ||1|| = 1.

This proves that the quotient A/I of a unital commutative Banach algebra by a
proper ideal is again a unital commutative Banach algebra.

If I is maximal, then A/J is a field: if + € A/I is not a unit, then the ideal
(r) € A/I is a proper ideal, and the preimage 7~ !((x)) C A is a proper ideal which
contains I. Since I is maximal, I = 7~ !((x)), and this implies z = 0.

Using Theorem we find A/I = C. The composition A > A/I = C is the
desired ¢ € Spec(A). O
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11.3. The continuous functional calculus.

Definition 11.13. Let A be a unital C*-algebra and let a € A be a normal element.
We let C*(a) C A be the smallest closed x-subalgebra such that 1 € C*(a) and
a,a* € C*(A).

More constructively, C*(a) is the closure of the span of all elements a*(a*)!,

k,l € N. Note that C*(a) is commutative. By the Gelfand-Naimark theorem (or
rather Corollary [L1.9), the Gelfand transformation is a -isomorphism

I:C*(a) = C(Spec(C*(a))).
Lemma 11.14. The function I'(a) = a € C(Spec(C*(a))) gives a homeomorphism
a : Spec(C™(a)) — specg.(q)(a) C C.

Proof. From Lemma it follows that a(Spec(C*(a))) C speccw(q)(a), and from
Theorem [11.7} it follows that @ maps onto specg. (4 (a).
Since both spaces are compact, it is enough to verify that a is injective. So
assue
alpo) = ale1)
for o, p1 € Spec(C*(a)). This equation means that

po(a) = p1(a).
The set
B :={be C*(a)leo(b) = 1(b)} C C*(a)
is a closed subalgebra and contains 1 and a. Moreover, Lemma shows that

B is a x-subalgebra, and the definition of C*(a) proves that B = C*(a), in other
words that g = 1. ]

By Theorem [9.17, we have
specy(a) C specc(q)(a) C C.
The converse is also true:

Lemma 11.15. Let A be a unital C*-algebra, let B C A be a closed unital *-
subalgebra. Then for each a € B, we have

spec 4 (a) = specg(a).

Proof. The inclusion C follows from Theorem [0.17 For the reverse inclusion, we
need to prove that if a € B is invertible in A, then its inverse lies in B (suppose
this is shown and A € specy(a)®. Then a — A is invertible in A, hence invertible in
B, hence X € specg(a)©.)

Assume that @ € B is self-adjoint and invertible in A. Since specg(a) C R,
a+it € BX whenever t € R\ {0}. So (a+it)~! € B. Since the inversion map is
continuous, we have

a” ! =lim(a+it)"t €B
t—0

since B is closed.
Now let a € B be a general element which is invertible in A. Then a*a and aa™
are selfadjoint and invertible in A, and by what we have shown

(a*a)™!, (aa*)"' € B.
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Then
((a*a) 'a*)a =1
and
a(a*(aa*)™ ) =1
prove that a is invertible in B. (I

Theorem 11.16. Let a € A be a normal element of a unital C*-algebra. Then
there is a unique unital x-homomorphism

®¢ : C(specy(a)) — A

a

such that ®¢(x) = a. It is an isometry.

Proof. We have established uniqueness already in the proof of Theorem We
define ®¢ as the composition

C(spec,i(a)) = C(specc. gy (@) 2 C(Spec(C*(a))) = C*(a) C A.

The first equality comes from Lemma [I1.15] The second is an isomorphism by
Lemma [IT.74l The third is the inverse of the Gelfand transform.

This defines a unital *-homomorphism which is also an isometry. To show that
it sends the identity function x to a, we need to prove

IY(zoa)=ac A

But this is a tautology: x is the identity and ¢ = I'(a) are just two notations for
the same thing, so clearly

APPENDIX A. THE AXIOM OF CHOICE AND ZORN’S LEMMA
A.1. The Axiom of Choice.
Axiom of Choice. If X;, i € I, are nonempty sets, and I # (), then the product

1% = {(@icrlz: € X3}
i€l

1S nonempty.

Lemma A.1. The following three axioms are equivalent:

(1) The aziom of choice.

(2) Every surjective map f : X — Y has a right inverse, i.e. there is a map
g:Y = X with fog=idy.

(3) For every set X, there is a choice function ch : P(X)\ {0} — X, i.e. a
function such that ch(S) € S for each S € P(X) \ {0}.

Proof. 1= 3: Without loss of generality, X # @). The product
II s
SeP(X)\0
is not empty, and we pick an element
(iUS)SeP(X)\w-

Then ch(S) := zg is a choice function.
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3 = 2: Since f is surjective, we have f~1(y) # () for each y. Let ch be a choice
function for X. Then put

2 = 1: The map
fi{Ga)lie Loe X} -1 fli,a) =i
is surjective, and let g be a right inverse of f. Then

(9(7))ier € H X;.

iel

A.2. Zorn’s lemma.

Definition A.2. A partial order on a set X is a binary relation < on X such that

(1) <z forallx e X,

(2) ife<y,y<z thenx < z,

3) ife <y andy <z, then x = y.
A total order is a partial order, such that for all x,y € X, one of the relations
xz <y ory <z holds.

A partially ordered set or poset is a set X, together with a partial order on X.
A subset Y C X is a chain if the induced partial order is a total order.

Wewritez <yifx <y, butz#y,xz>yify<z andzx>yify <uz.

Definition A.3. Let X be a partially ordered set and Y C X.

(1) An upper bound forY is an x € X, such thaty <z for ally €Y.

(2) An lower bound forY is an x € X, such that y > x for ally €Y.

(3) A strict upper bound for Y is an upper bound x such that y < x for all
yevY.

(4) A strict lower bound forY is a lower bound x such thaty > x for ally € Y.

(5) A maximal element of X is an x € X, such that y € X, x < y implies

y=u.
(6) A minimal element of X is an x € X, such that y € X, © > y implies
Yy =x.

(7) A greatest element of X is an upper bound for X.
(8) A least element of X is a lower bound for X.

We remark that greatest elements are maximal, and that a poset X has at most
one greatest element. Maximal elements do not need to be greatest elements, and
a set might have many maximal elements. An analogous remark holds for least
elements and minimal elements.

Theorem A.4 (Zorn’s Lemma). Let X be a nonempty partially ordered set such
that each chain in X has an upper bound. Then X has a maximal element.

Zorn’s lemma is logically equivalent to the Axiom of Choice. One direction is
fairly easy, and we prove the other one further below.

Proof that Zorn’s Lemma implies the Axiom of Choice. Let f : X — Y be surjec-
tive. We let 3 be the set of all pairs (Z,h), with Z C Y and h: Z — X a map with
f(h(y)) =y for all y € Z. We have to prove that there is an element (Y, g) € 3.
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The set 3 is partially ordered by inclusion:
(Zh<Z' WysZcZ, Niz=h

Since (,0) € 3 (the empty set with the empty map to X), 3 # 0. Let € be a chain
in 3. Put

For y € W, pick (Z,h) € € such that y € Z. If (Z’, k') € € is another such element,
then either (Z,h) < (Z',h') or (Z',h') < (Z,h) because € is a chain. In the first
case
h(y) = (W|z)(y) = 1'(y)
and similarly, in the second case h(y) = h'(y). Therefore, the map
E:W =X, k(y)=hy) ye Z,(Z,h) €€

is well-defined and f(k(y)) =y for all y € W. By construction (Z, k) < (W, k) for
all (Z,h) € €, so that € has an upper bound.

By Zorn’s Lemma, 3 has a maximal element (Z,h). If Z #Y, pick y e Y\ Z
and z € X with f(x) =y. Then (Z', 1), defined by

Z":=ZU{y},;W|z:=h, W(y) ==

is an element of 3 with (Z’,h') > (Z, h), contradicting the maximality of (Z,h). O
A.3. Proof of Zorn’s lemma from the Axiom of Choice. The proof of Zorn’s
lemma that we give now follows [7]. We need some preliminaries.

Definition A.5. A well-ordering on a set X is a total order < on X, such that
each nonempty subset Y C X has a least element.

The (unique) least element of Y will be denoted
min(Y).
Note that a subset of a well-ordered set is again well-ordered. If X is partially
ordered and x € X, we write
P(X,z):={y € Xy < z}.

Definition A.6. Let X be well-ordered. An initial segment of X is a subset Y C X
with the property that
yeYzeX,z<y=2z€Y.

An initial segment Y is proper if Y # X.

Lemma A.7. Let X be a well-ordered set.

(1) The proper initial segments Y C X are exactly the subsets P(X,z), z € X.
(2) The union of initial segments is an initial segment.

Proof. (1): It is clear that P(X,x) is a proper initial segment. If Y # X is an
initial segment, let
z:=min(X \Y).
If y < x, then y € Y by the definition of x, so that P(X,z) C Y. If y € Y, then
2 <y cannot hold by assumption, so that > y. Hence Y C P(X, z).
(2): Y = {J;c; Yi is a union of initial segments, y € Y, z € X, x < y, pick
1€l withyeY;. ThenzeY;, CY. O
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The proof of Zorn’s Lemma is by contradiction, and it is structured into two
lemmas.

Lemma A.8. Assume that X # 0 is a partially ordered set such that each of its
chains has a upper bound, but X has no mazimal element. Let €H(X) be the set of
all chains in X. Then there is a map g : €H(X) — X, such that g(C) is a strict
upper bound for C, for each C € €H(X).

Proof. Let Upp(C) C X be the set of all strict upper bounds for the chain C. The
hypothesis implies that

Upp(C) # 0
for each chain C: if y is an upper bound for C, there is x € X with y < x since X

has no maximal element, and « € Upp(C). Now let ch be a choice function for X,
using the axiom of choice. We define

g:€H(X) = X; g(C) := ch(Upp(C)).
By construction, g(C) is a strict upper bound for each C. ([l

Assumption A.9. For the rest of the proof, let X be a partially ordered set in
which each chain has an upper bound, but which has no mazimal element, and let
g:€H(X) = X be a map as constructed in Lemma[A.§

Definition A.10. A subset A C X is distinguished, if
(1) A is well-ordered,
(2) for allxz € A, we have z = g(P(A,x)).
Lemma A.11. Let X, g be as in[A.9

(1) If A,B C X are distinguished, either A is an initial segment of B or B is
an initial segment of A.

(2) A union of distinguished subsets is distinguished.

(3) If A is distinguished, then A= AU {g(A)} is distinguished.

Proof. (1): Let C be the union of all common initial segments of A and B, which
is a common initial segment of A and B, by Lemma[A.7] (2). We have to show that
C = A or C = B. For the sake of contradiction, assume that C' is proper in both,
A and B. Then there are a € A and b € B such that

C = P(A,a) = P(B,b).
Since A and B are distinguished, we have
a=g(P(A,a)) =g(P(B,b)) =b
and put
C:=CuU{a} CANB.
Let
ceC,zcAandz <c.

Then z € C: ifc=a, x € P(A,a) = C C C, and if ¢ € O, then < ¢ < a implies
x € P(A,a) as well. Therefore, C is an initial segment of A. For symmetry reasons,
C is an initial segment of B. This is a contradiction as C' is a proper subset of C
and C' contains all common initial segments.
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(2): Let A; C X, i € I be distinguished subsets and let

U .= U A; C X.
iel
We claim that U is distinguished.

Firstly, we show that U is totally ordered. Let z,y € U, x € A;, y € A;. By (1),
A; is an initial segment of A; or vice versa; without loss of generality A; C A;, and
x,y € A;. Since A; is totally ordered, x <y or y < x.

To prove that U is well-ordered, let Z C U be nonempty. There is ¢ € I such
that Z N A; # 0, and we put

y:=min(Z N A;).

Claim: y is a least element of Z. To verify this, let z € Z and choose j € I with
z€A;. If Aj C A;, then z € ZN A; and hence z > y. If A; ¢ A;, A, is an initial
segment of A; by (1). If z € A;, we have z > y by definition. If z ¢ A;, we have
x < z whenever x € A;, in particular y < z. Therefore y is a least element of Z,
and hence U is well-ordered.

For the last property of a distinguished set, we first show that when A; C U and
x € A, then

(A.12) P(A;,z) = P(U,x).

Assume that this is proven. Then for x € U, pick i € I with x € A; and conclude
z = g(P(Ai,x)) = g(P(U,x)).

To prove (A.12), observe that P(A;,xz) C P(U,z) holds trivially. If y € P(U, z),

pick jeIwithye A;. f A; C A, yec A;jandy<z,soye P(A;,z). If A; ¢ A;,

A; C Aj is an initial segment. If y € A;, then again y € P(A4;,z). If y &€ A;, we

must have y > z for all z € A;, in particular y > z, which is absurd. This finishes
the proof of (A.12)) and hence of part (2) of the lemma.

(3): it is clear that A is well-ordered, and it is also clear that P(A,z) = P(A,z)
for all x € A, so that

g(P(A,z)) ==
when z € A. We have arranged things so that P(4, g(A)) = A and so

9(4,g(A)) = g(A)

as well. O

Proof of Zorn’s lemma. We argue by contradiction, and let X and g be as in
Let U C X be the union of all distinguished subsets of X, which is distinguished by
Lemma (2), and let U = U U {g(U)}, which is also distinguished by Lemma
A.11| (3). Since g(U) ¢ U, U is a proper subset of U, which is a contradiction. O

A.4. Application I: Bases in vector spaces. We give now three typical appli-
cations of Zorn’s lemma.

Theorem A.13 (Bases in vector spaces). Let k be a field and let V' be a k-vector
space, Z C 'Y C V be two subsets such that Z is linearly independent and Y
generates V. Then there is a basis X with LC X CY.
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Proof. Let X be the set of all linearly independent subsets L with Z C L C Y. We
order X by inclusion. Since Z € X, X # . Let € be a chain in X. Then B := {J, ¢
contains Z and is contained in Y, and it is linearly independent: if by,...,b, € B,
ai,...,a, € K are such that

Z aibi = O7

i=1

pick Ly,...,L, € € with b; € L;. Since € is a chain, we can assume that L; C
... C Ly. So by,...,b, € L, and since L, is linearly independent, it follows that
a1 = ... = a, = 0. Therefore B is linearly independent. Hence the hypotheses of
Zorn’s lemma hold, and there is a maximal element C' € X. If C would not generate
V, we find v € Y \ span(C), and C' U {v} is linearly independent, contradicting the
maximality of C.

Hence C'is a linearly independent generating set, in other words a basis of V.. [

A.5. Application II: The ultrafilter lemma. Ultrafilters are a crucial tool for
the proof of Tychonov’s Theorem. Let us begin with some definitions.

Definition A.14. Let X be a set. A filter on X is a nonempty subset F C P(X)
such that

(1) 0grF,
(2) Fl,...,Fntﬁﬂ?leiG-F;
(B8) FeF,FCGCcX=GeF.

The second property is also called finite intersection property: a subset A C
P(X) has the finite intersection property if Fi,..., F, € A, then (_, F; # 0.

Example A.15. If x € X, then
Fp={SCXlzeS}
is a filter.
Example A.16. If X is infinite, then
F:={S C X||5° < oo}
s a filter.
Example A.17. If A C P(X) has the finite intersection property, then
(Ay:={Sc X|3F,....,F, € A: ﬁﬂ cS

i=1
s a filter, the filter generated by A.

Example A.18. If X is a topological space and x € X a point, the set U(x) of all
neighborhoods of x is a filter, the neighborhood filter of x.

Lemma A.19. For a filter F on X, the following conditions are equivalent:
(1) F is a mazimal filter, i.e. if G is a filter with F C G, then G = F.
(2) If SC X, then S € F or S¢ € F.
(3) If S C X is a subset such that SNF # 0 for all F € F, then S € F.

Definition A.20. An ultrafilter on X is a filter that satisfies the conditions of
Lemma[A 19
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Proof of Lemma[A.19 1 = 3: The hypothesis says that F U {S} has the finite
intersection property. Then (FU{S}) is a filter which contains F. So by maximality
of F,
(FU{Sh=F=SerF.
3 = 2: One of the sets FU{S} and FU{S} have the finite intersection property.
If not, there are
P, .. F,,Gy,....,Gp € F
such that
SNFN..NE,=0
and
SNGIN...NGy, =0.
It follows that
Fin...nF,NnGiN...0nGp =0,
violating the filter axioms.
If 7 U {S} has the finite intersection property, then S € F, and if F U {S¢} has
the finite intersection property, then S¢ € F.
2 = 1: Let G be a filter with F C G and S € G. It cannot be that S°¢ € F, since
S¢NS =0. Hence S € F, so F =G and F is maximal. O

Lemma A.21 (Ultrafilter-Lemma). Let A C P(X) have the finite intersection
property. Then there is an ultrafilter F containing A.

Proof. Let F C P(P(X)) be the set of all filters F on X which contain A. We order
F by inclusion. We use Zorn’s Lemma to show that F contains a maximal element.
Since (A) € F, F # (). Let G be a chain in F. Then

H=J9
geG
is a filter, as one easily checks. For example, if Fy,...,F, € H, thereareGy,...,G, €
G with F; € G;. Since G is a chain, we can assume that G, C ... C G, so that
F; € Gy. It follows that ﬂ?:l F;€G CH.
Therefore, the chain G has an upper bound. Zorn’s Lemma guarantees the
existence of a maximal element F € F, which is our desired ultrafilter. [l

A.6. Application ITII: Maximal ideals in algebras.

Definition A.22. Letk be a field. A k-algebra is a k-vector space A, together with
a bilinear map
AxA— A, (a,b) — ab,
such that
(ab)c = a(be)
for all a,b,c € A. An ideal in A is a linear subspace I C A such that ax,za € I
holds for alla € A, x € I.

We say that A is commutative if ab = ba holds for all a,b € A, and unital if
there is 1 € A, 1 # 0, such that al = la = a for all a € A.

Theorem A.23 (Existence of maximal ideals). Let A be a commutative unital k-
algebra and let I C A be a proper ideal, that is [ # A. Then there exists a maximal
ideal J with I C J C A, that is, J is an ideal, J # A, and for every other ideal
JCKCA, we have K =J or K = A.
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Proof. Let X be the set of all proper ideals J with I C J, and order X by inclusion.
This satisfies the hypotheses of Zorn’s lemma, as one verifies easily. Take a maximal
element J of X. (]
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APPENDIX B. GENERAL TOPOLOGY
B.1. The definition.

Notation B.1. For a set X, we denote by P(X) its power set, i.e. the set of all
subsets of X.

Definition B.2. Let X be set. A topology on X is a subset T C P(X), such that
1) 0,XeT,
(2) whenever Uy € T, i€, then,c, Ui €T,
(3) whenever Uy, ..., U, €T, then (;_,U; € T.
A topological space is a pair (X, T), consisting of a set X and a topology T on X.
The elements of T are called open subsets of X.

Usually, we denote a topological space (X, 7T) just by the symbol X.

Definition B.3. Let X be a topological space. A subset A C X is closed if the
complement A° = X \ A is open.

We note:
(1) @ and X are closed,
(2) whenever A;, i € I are closed subsets, then (,.; U; is closed,
(3) whenever Ay,..., A, are closed, then [ J!_; A; is closed.

Definition B.4. Let X be a topological space and let x € X. A subset N C X is a
neighborhood of =, if v € N and if there is an open subset U such that x € U C N.
By U(x), we denote the set of all neighborhoods of x.

We observe:

Lemma B.5. A subset V C X is open if and only if V is a neighborhood of each
of its points. O

Definition B.6. Let X be a topological space and, Z C X be a subset and let
reX.

(1) We say that x is an interior point of Z if Z € U(z), and we denote by Z°
the set of all interior points of Z.

(2) We say that z is a limit point of Z if UNZ # O for each U € U(x), and we
denote by Z the set of all limit points of Z, which is also called the closure

of Zin X.
It is clear that
Z°cZcCZ.
The difference is denoted
07 =7\ Z°

and its points are called boundary points of Z.

Lemma B.7. (1) Z° is open and it is the largest open subset of Z.
2) Z° = (Z°)°,

) 75 = (2°),

) Z is closed, and it is the smallest closed set containing Z.

) Z is open iff Z = Z°.

) Z is closed iff Z = Z.
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Proof. (1) For x € Z°, there is an open U with x € U C Z. If y € U, then Z is
a neighborhood of y, so y € Z°. This shows that Z° is a neighborhood of x, and
therefore Z° is open. If U C Z is open and y € U, Z is a neighborhood of y and so
y € Y°, so that altogether U C Z°.

(2): xz € Zis equivalent to the existence of a neighborhood U of z with UNZ = (),
i.e. U C Z¢ and this is equivalent to z € (Z)°.

(3) follows from (2) by taking complements:

7 = (79 2 ((2))°)° = (2°)

(4): follows from (1) and (2) by taking complements. (5) and (6) are also easy
consequences. U

Definition B.8. Let X and Y be topological spaces andx € X. A map f: X —-Y
is continuous at x if for each neighborhood U of f(z), the preimage f~1(U) is a
neighborhood of x. f is continuous if it is continuous at each z € X.

Lemma B.9. f: X — Y is continuous if and only if f~1(U) C X is open for each
open U C Y.

Proof. Let f be continuous, U C Y open and z € f~1(U). Then U is a neighbor-
hood of f(z), hence by continuity f~(U) is a neighborhood of x, and since this
holds for all x € f~Y(U), f~1(U) is open. Vice versa, assume that preimages of
open subsets are open and let © € X. Let V be a neighborhood of f(x) and pick
an open ¥ € U C V. Then z € f~}(U) is open and so f~1(V) is a neighborhood of
T. O

Lemma B.10. The composition f o g of two continuous maps is continuous. [

Definition B.11. A homeomorphism f : X — Y between topological spaces is a
bijective continuous map such that the inverse map is continuous as well.

Lemma B.12. Let X andY be topological spaces. A map f: X — Y is continuous
if and only if for each Z C X, we have

1(Z)c f(Z).
Proof. Let f: X — Y be continuous and let Z C X. To check that f
we have to check that for each y € Z and each neighborhood U C Y of f
UNf(Z)#0. But f~1(U) is a neighborhood of y, and therefore f~!(
so that there is 2 € f~1(U) N Z. It follows that

f(z) eUn f(2),
and in particular U N f(Z) is not empty.
For the reverse implication, assume that f is not continuous at € X and pick
a neighborhood U C Y of f(x) such that f~!(U) is not a neighborhood of z. It
follows that z € f=1(U)¢ = f~1(U¢), and that
f@) € f(f71U)) C f(f7H(U*)) C U*

But that means that U is not a neighborhood of f(z), a contradiction. O

) C f(2),

), we have

YNZ #£ 0,

SEN

Definition B.13. Let X be a topological space and let A C X be a subset. The
subspace topology on A is defined as follows. A subset U C A is open if and only
if it is of the form U N A with U C X open.
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Definition B.14. An injective continuous map f : X — Y is called an embed-
ding or a homeomorphism onto its image if the map f : X — f(X) C Y is a
homeomorphism, where f(X) carries the subspace topology.

B.2. Metric spaces.
Definition B.15. Let X be a set. A pseudometric d on X is a map
d: X xX —[0,00)
such that
d(z,z) =0,

d(z,y) = d(y,z)
(symmetry) and
d(z,y) < d(z,z) + d(z,y)

(triangle inequality) hold for all x,y,z € X. A pseudometric space (X, d) is a pair,
consisting of a set X and a pseudometric d on X.
A pseudometric d is a metric if in addition

dz,y) =0=x=y.
A metric space is a pair (X,d), consisting of a set X and a metric on X.

On the field K = R or C, a metric is given by the absolute value

d(x,y) := |z —yl.

More generally, if V' is a K-vector space and ||-|| a seminorm, then
(v, w) = [lv — w]|
is a pseudometric, which is a metric if and only if ||| is a norm.

We are usually interested in metric spaces, but occasionally it is handy to have
the more general definition at hand. For a pseudometric space (X,d), x € X and
r > 0, we denote by

B, (z) :={y € Xl|d(z,y) <r}
the open ball of radius r around x, and by

Br(z) == {y € X|d(z,y) <r}
the closed ball of radius r around x.

Definition B.16. Let (X, d) be a pseudometric space and let U C X. We say that
U is open if for each x € U, there is r > 0 such that B,.(x) C U. The collection of
all open subsets of X is a topology, the metric topology induced by d.

Definition B.17. A topological space X is metrizable if there is a metric d on X
which induces the given topology on X.

It is easily verified that this is indeed a topology. Let us list some easy properties
of the metric topology.

Lemma B.18. Let X be a pseudometric space, x € X and r > 0. Then B,(x) is
open and B, (x) is closed.
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Proof. Let y € B,(x). Let 6 > 0 be such that é + d(x,y) < r. The triangle
inequality shows that Bs(y) C B, (x), in other words, that B,.(x) is open. Similarly,
if y € B,(x)¢, then d(x,y) > 7, and there is € > 0 such that r + ¢ < d(z,y). The
triangle inequality proves that B.(y)N B,.(z) = (), so that B,.(z)¢ is a neighborhood
of each of its points, therefore open. ([

Warning;: it is not always true that B,.(x) is the closure of B,.(x).

Definition B.19. A topological space X is called Hausdorff space or Ts-space if
for z,y € X with © # y, there are neighborhoods U € U(z) and V € U(y) with
unv =40.

A metric space is Hausdorff: if 2 # y, then Biy, () and By, ,)(y) are
disjoint open neighborhoods of x and .

For metric spaces, one can express all topological concepts using convergent
sequences.

Definition B.20. A sequence N — X, n — =z, in a topological space converges
to x € X, in symbol lim,_, o x,, = , if for each neighborhood U € U(x), there is
ng € N such that x,, € U for all n > ng.

In a metric space, this can be expressed more conveniently: lim, .. x, = x if
and only if for each € > 0, there is ng € N such that d(x,x,) < € for all n > nyg.

Lemma B.21. Let X be a metric space and Z C X.

(1) A point x € X lies in Z if and only if there is a sequence x, € Z with
T = lim,, z,,.

(2) The set Z C X is closed if and only if for each sequence x, € Z which
converges to x € X, we have x € Z.

Proof. 1: if x € Z, then Bi(z) N Z # (), and we can therefore find points x,, €
Bi(xz)NZ. The sequence x,, nconverges to x. Vice versa, if z,, € Z and lim,, o 2, =
x,"then for each neighborhood U of x, we have x,, € U for sufficiently large n, in
particular U N Z # ().

2: Assume that Z is closed, z,, € Z and lim, 2, = z € X. Then by part (1),
x € Z = Z. Vice versa, assume that limits of sequences in Z lie in Z and let = € Z.
Then by (1), there is a sequence x,, € Z which converges to x, proving that x € Z,

soZ=1/Z. O

Theorem B.22. Let X and Y be metric spaces and let f: X — Y be a map. The
following are equivalent:

(1) f is continuous.

(2) Foreachx € X and each ¢ > 0, there is § > 0 so that f(Bs(z)) C Be(f(2)).

(3) f is sequentially continuous. In other words, if x,, is a convergent sequence
in X, then f(lim, x,) = lim, f(x,).

Proof. 1 = 2: B.(f(z)) is open, and since f is continuous, f~1(B.(f(z))) is open.
Therefore, there is § > 0 with Bs(z) C f~'(Bc(f(x))), which means f(Bs(z)) C
Be(f(x)).

2 = 3: is straightforward.

3 = 1: we use Lemma [B:12] Let Z C X; we have to prove that

f(2) c f(2).
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For z € Z, pick a sequence z,, € Z with lim, z,, = . Then f(x) = lim,, f(z,),

hence f(z) € f(2). O

Definition B.23. A metric space X is complete if each Cauchy sequence in X
converges. More precisely: if (x,,) is a Cauchy sequence in X (that is, for each
e > 0, there is ng such that for all m,n > ng, we have d(x,, ) < €), then there
exists x € X with x = lim,, x,,.

It is of course known that R, C are complete.

B.3. Bases and subbases of a topology.

Definition B.24 (Neighborhood basis). Let X be a topological space and x € X.
A neighborhood basis of x is a set U of neighborhoods of x such that for each
neighborhood U € U(x), there is V e U with V C U.

Definition B.25 (Basis and subbasis). Let (X, T) be a topological space. A basis
for the topology of X is a subset B C T such that each element U of T can be
written as the union of elements of B.

A subbasis for T is a subset A C T containing X such that the set

{0 Cc X|3AUy,..., U, € A:0=U1N...NU,}
s a basis for T .
Definition B.26. A subset Z C X of a topological space is called dense if Z = X.

Definition B.27 (Countability axioms). Let X be a topological space.

(1) X is first countable if each x € X has a countable neighborhood basis.
(2) X is second countable if the topology of X has a countable basis.
(3) X is separable if X has a countable dense subset.

Examples B.28. (1) A metric space X is first countable: the set {B%(x)|n €
N} is a neighborhood basis for x.

(2) A second countable space is first countable: if B is a countable basis, then
{U € Blz € U} is a neighborhood basis for x.

(3) A second countable space is separable: let B be a countable basis. Without
loss of generality, each U € B is nonempty. Pick xy € U, for each U € B.
Then the set {zy|U € B} C X is dense.

(4) A separable metric space X is second countable: assume that Z = {z,|n €
N} € X is a countable dense subset. We claim that U := {B 1 (zn)|m,n €
N} is a basis for the topology of X. It suffices to show that if U C X is
open and x € U, then there are m,n with x € B% (zn)-

There is m such that B2 (x) C U, and there isn such that d(z, z) < 5.
Thena:EB%(zn) cU.
(5) R™ is separable: Q* C R™ is dense.

B.4. The topology generated by a set of subsets.

Definition B.29. Let X be a set and let Ty, T1 be two topologies on X. We say
that T1 is coarser than 7y - or that Ty is finer than 71 if T1 C Ty, or equivalently,
ifid : (X, To) — (X, T1) is continuous.
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On each set X, there is a coarsest topology, which consists only of the two sets ()
and X. This is the trivial topology. The finest topology on X is the discrete topology
which consists of all subsets of X. These two topologies are rather uninteresting.

More interesting is the coarsest topology which contains a certain supply of subsets
of X.

Lemma B.30. Let X be a set and let A C P(X).

(1) There is a uniquely determined coarsest topology T with A C T.
(2) T consists of X, and all sets U with the following property: for each x € U,
there are Uy, ..., U, € A such that

ze(\U; CU.
Jj=1
(3) Let Z be a topological space and let f : Z — X be a map. Then f : Z —
(X, T) is continuous if and only if f~Y(U) C Z is open for each U € A.
(4) A is a subbasis for T if Jyc U =X.
(5) A is a basis for T if Jyea U = X and if for U,V € A, and eachx € UNV,
there is W € Awithx e W CcUNV.
Proof. 1: Let T be the set of all topologies on X (this is a subset of P(P(X))). If
Ti, i € I, are topologies on X, then so is the intersection

()7 c P(X).

icl

T = ﬂ S.

SeT,ACS

We must define

This is the desired topology.

2: let S be the set of all sets U with the stated property, together with X. It is
easy to check that S is a topology and that A C §. Therefore T C S. On the other
hand, if U is a topology containing A and U € S, then it follows from Lemma
that U € U. Therefore S C U, which in particular implies S C T.

3: since A C T, any continuous map f : Z — (X, T) has the property that
f~Y(U) C Z is open whenever U € A. On the other hand, if f~!(U) is open
for each U € A, then f~Y(U1N...NU,) = f~YU)N...N f~1(U,) is open when
Uy,...,U, € A. Any set in T can be written as the union of such finite intersections,
and so its preimage is open in Z, so f is continuous.

4,5: This is straightforward from the definition of a (sub)basis and the explicit
description of T given in (2). O

B.5. The induced topology and products.

Definition B.31. Let X be a set, let Y;, i € I, be topological spaces and let
F={fi: X = Yi|i € I} be a family of maps. The topology on X induced by F
is the coarsest topology on X which contains all the sets fj_l(Vj), where V; C Y is
open (see Lemma[B.30)).

Using Lemma we see that U C X is open in the topology induced by F if
and only if for each x € U, there is a finite subset J C I and open V; C Y, j € J,
such that

e ()£ (V)cU.

jeJ
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Lemma B.32. The induced topology has the following properties.

(1) The maps f; : X —='Y; are continuous.

(2) The induced topology is the coarsest topology with this property.

(3) If Z is a further topological space and g : Z — X is a map, then g is
continuous if and only if f; o g is continuous for each i € I.

Proof. 1: By the concrete description of the induced topology, it is clear that all
maps f; are continuous.

3: By Lemma m g is continuous if and only if g=*(f;"*(V)) is open for each
i € I and each open subset V C Y;. Since g7 '(f; (V) = (fi o g)~*(V), this
condition is equivalent to the continuity of f; o g.

2: denote the induced topology by 7, and let S be another topology on X so
that each f; : (X;8) — Y; is continuous. By (3), the map id : (X,S) — (X, T) is
continuous, but that means that 7 is coarser than S. d

The most interesting special case of this construction is the product topology.
Let Xy, i € I, be topological spaces. We denote by p; : [[,c; Xi — X; be the
projection map from the cartesian product. We can view [[;.; X; as the set of all
families (x;);e; with z; € X, and the projection map is given by p;((z;)icr) := ;.

Definition B.33. The product topology on [[,.; X; is the topology induced by the
family {p; : [I;c; Xi = X;} of all projection maps.

One can easily prove that in the case of a finite product X; x ... x X,,, the
product topology has a basis which consists of all the sets Uy x ... x U,, with
U; C X; open. The general case is a little less intuitive: a basis is given by all the
sets of the form pi_ll(Ui )N... ﬂpi_nl(Ui ).

B.6. The product topology for metric spaces.
Lemma B.34. Let (X,dx) and (Y,dy) be metric spaces. Then the metric
dxxy (20, y0), (x1,91)) := max{dx (w0, 1), dy (Yo, 1)}
induces the product topology on X x Y.
This is an exercise. More interesting is the case of countable products.

Proposition B.35. Let (X,,,d,)nen be metric spaces. On the product [ X,

the formula

dl‘[((xn)nv (Yn)n) ==

n=1

defines a metric, and dyy induces the product topology.

i dn(xnayn)
27 1+ dp (T, Yn)

Proof. The only property of a metric which is nontrivial is the triangle inequality.
To prove this, let 0 < a, b, ¢ be real numbers with a < b+ ¢. Then

a b c
B.36 < + .
( ) 1+a - 1+b 1+4c
This is because f(t) := %th is increasing, so that 1§, < 1f’£ic, and the easily
verified inequality 1_?_;?_ - < %b + - The inequality (B.36) immediately implies

the triangle inequality for dj.
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The projection map
D - (H X, dpq) = Xom
n=1

is continuous (since the function f is continuous at 0). Therefore, by Lemma
the identity

(IT Xudrp) = (I %, T)

is continuous, where 7 denotes the product topology. Hence the topology induced
by dpq is finer than the product topology. We also need to show that it is coarser
than the product topology, in other words: each subset which is open in the metric
topology is open in the product topology. If we can show that each ball B,.((z,)n)
contains a neighborhood of (z,), in the product topology, we are done with that.

Choose ng with ZZO:%H % < 5. Then there are d1,...,0,, > 0, so that
Bs,(x1) X ... x Bs, (¥ny) X [[ Xn € Br((zn)n)-
n=nop+1
This proves all claims. ([

B.7. Net convergence. Lemma [B2T] and Theorem [B:22] show that the topology
of metric spaces is adequately reflected by convergence of sequences, which is very
convenient for all purposes of analysis. In general topological spaces, this does not
need to hold, and a more general notion of convergence is necessary. There are two
such concepts: nets and filters. We develop the language of nets; for convergence
of filters, we refer to the literature.

Definition B.37. A directed set is a set I, together with a binary relation < on I
such that

(1) v <a,

(2 z2<y,y<z=zx<z

(3) for all x,y € I, there is z € I such that x < z and y < z.
A net in a set X consists of a directed set I, together with a map N : [ — X.

If N: 1 — X is anet and Z C X, we say that N is eventually in Z if there is

i € I such that N(j) € Z for all j > i. We say that N is frequently in Z if for
each i € I, there is j > i with N(j) € Z.

Definition B.38. Let X be a topological space and let N : I — X be a net. We
say that N converges to x € X, in symbols lim; N (i) = x if for each neighborhood
U of x, N is eventually in U.

Remark B.39. If X is Hausdorff, then a net N : I — X has at most one limit.

Examples B.40. (1) N with the usual order relation is a directed set. A net
N :N = X converges to x if and only if lim, . N(n) = x.

(2) The set of neighborhoods U(x) of x € X is a directed set with the relation
U<V:sV cCU. Picking a point zy € U for each U € U(x) gives a net
N:U(z) = X, NU) := zy, and this net converges to x.

(3) The Riemann integral can be formulated using nets: the set Z of all par-
titions of the interval [a,b] (that is, just finite subsets of (a,b)) is a di-
rected set, with the relation Zog < Z1 < Zy C Zy. For a bounded function
f:]a,b] = R, we define the upper sum U(f, Z) and the lower sum L(f, Z).
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Then No,N1 : Z — R, No(Z) = L(Z, f) and N1(Z) = U(T, f) are two
nets, and f is Riemann integrable if and only if both nets converge to the
same limit.

Lemma[B:2T] has the following generalization in terms of nets, valid for any space.

Lemma B.41. Let Z C X be a subset of a topological space and x € X. Then
x € Z if and only if there is a net N : I — Z C X with lim; N = x.

Proof. U N : I — Z C X is a net with = lim; N (), then each neighborhood U of
x contains some N (i), and therefore U N Z # (), so that z € Z.
On the other hand, if z € Z, then each neighborhood U € U(z) contains a point
zy € UN Z. We define a marﬂ
N:Ux)—= Z, U zy.

On U(z), we introduce the relation U <V := V C U, so that N is a net. Clearly
limy zy = x. O

Theorem B.42. A map f: X — Y of topological spaces is continuous if and only
if for each net N : I — X which converges to some v € X, the net foN : I - Y
converges to f(x).

Proof. Let f: X — Y be continuous and let N : I — X be a net with limit x. Let
U C Y be a neighborhood of f(z). Then f~1(U) is a neighborhood of z, and so N
is eventually in f~1(U). But this means that f o N is eventually in U, and hence
lim; f(N(2)) = f(x) = f(lim; N(@)). o

Vice versa, let Z C X be a subset. We have to prove that f(Z) C f(Z), by
Lemma For x € Z, pick a net N : [ — Z with lim; N (i) = =, using Lemma
[B41] It follows that

f) = Fim N (i) = lim f(N(i)) € F(2),
using Lemma [B.41] again. O
There is a notion of a subnet of a net, whose precise formulation is quite abstract.

Definition B.43. Let I,J be directed sets and let p : I — J be a map. We say
that ¢ s cofinal if for all j € J, there is ig € I, such that for all ¢ > iy, we have
p(i) > j.

A subnet of a net N — X is the compostion N o ¢ : J — X with a cofinal map
p:J =1

B.8. Compactness.

Definition B.44. An open cover of (X, T) is a subsetU C T such that |Jy, o, U =
X. A subcover of U is a subset V C U which is also a cover.
A topological space X is compact if each open cover of X has a finite subcover.

There is a dual formulation of the definition using closed subsets.

Definition B.45. A subset A C P(X) has the finite intersection property if the
intersection Ay N ... N A, of finitely many elements of A is nonempty.

Theorem B.46. Let X be a topological space. The following are equivalent:

6The way we wrote this requires the axiom of choice, but that can be circumvented.
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(1) X is compact,
(2) Let A C P(X) be a family of closed subsets with the finite intersection
property. Then

(1A#0

AcA
Proof. For a family A C P(X) of closed subsets, we let
Af = {A°|A € A}
which is a family of open subsets. For a family O of open subsets, we let
O’ .= {U°|U € 0},

a family of closed subsets.

1 = 2: Let X be compact and let A be a family of closed subsets with the finite
intersection property. Then no finite subset of A*f covers X. As X is compact, and
all elements of A" are open, this implies that A* is not a cover of X. In other words

02 (| a9 = (a9 = A
AcA AcA AcA
2 = 1: Let O be an open cover of X. Then

(U =0,

Ueo

hence ©” does not have the finite intersection property. By the hypothesis on X,
there are Uy, ..., U, € O with (;_, U = 0. Then (U;)"_, is a finite subcover of
0. |

Proposition B.47. Let X be compact and let f : X — R be continuous. Then f
attains maximum and minimum.

Among the many useful properties of compact spaces, we single out one, which
is very often used.

Proof. For r < R := sup,cx f(z), the set A, := {z|f(z) > r} is closed, and
nonempty. The system

A={A,|r < R}
of closed subsets has the finite intersection property. Therefore, there is = €
N,<rAr, and f attains its maximum at 2. Similarly, one proves the existence
of a minimum. ([l

One of the most important theorems about compactness is Tychonov’s Theorem
which asserts that the product [[,.; X; of compact spaces is compact. We prove
this later on; the case of finite products is easier. We start with a helpful remark.

Remark B.48. Let X be a topological space and let B be a basis for the topology.
Then X is compact if and only if each open cover U C B has a finite subcover. In
other words, it is enough to prove that covers by sets of a basis have finite subcovers.
This is because A ={V € B|3U e U : V C U} is an open cover, and if A has a
finite subcover, then so does U.

Theorem B.49 (Baby Tychonov). Let X and Y be compact. Then X XY is
compact.
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Proof. Let U be an open cover of X x Y. Since the sets of the form U x V|,
U C X,V CY open, form a basis of the topology of X x Y, we can assume that
U ={U; x Vili € I}, by Remark

For each 2 € X, the sets (U; x V;) N{z} x Y form a cover of the compact space
{#}xY 2V, and so there is a finite subset [, C I such that {z} xY C [, UixV;.
The set W, := ﬂieh U; C X is an open neighborhood of z, and as X is compact,
we find 2q,...,2, € X with W, U...UW,,_ = X. Then

{UixVijiel,,U...Ul, }CcU
is a finite subcover of U. O

B.9. Compactness and Hausdorff property. Spaces which are both compact
and Hausdorff are extremely well-behaved.

Lemma B.50. Let f: X — Y be a map of topological spaces.

(1) If f is injective and Y is Hausdorff, then X is Hausdorff.
(2) If f is surjective and X is compact, then'Y is compact.

Proof. (1): Let xg # x1 € X. Then f(xo) # f(z1), and there are open disjoint
neighborhoods Uy of 2y and U; of x;. Then f—1(U;) is an open neighborhood of
2 and £~ (U) 1 f1(U) = 0.

(2): Let U be an open cover of Y. Then f~YU) = {f~(U)|U € U} is an
open cover of X, which has a finite subcover {f~1(U3),..., f~1(U,)}. Since f is
surjective, we have U; = f(f~1(U;)) and

Y =f(X)=f(fTHO))U...f(fT1(Un)) = U1 U...UUn,

so that U has a finite subcover. O

Lemma B.51. Let X be a topological space and Z C X a subspace.

(1) If X is compact and Z is closed, then Z is compact.
(2) If X is Hausdorff and Z is compact, then Z is closed.

Proof. (1): Let U be an open cover of Z. For each U € U, there is an open Viy C X
with Viy N Z = U. Then

V= {W|U el U{X\ 2}

is an open cover which has a finite subcover {Vy,, ..., Vy
is a finite subcover of U.

(2): Let x € Z°¢ be a point. For each y € Z, there are open neighborhoods
y € Uy, x € V,, which are disjoint. Since Z is compact, there are y1,...,y, € Z
such that

X\Z}. Then {Uy,...,U,}

n?

ZcU,U...ul,, =U.

Thenz €V, N...NV,, =V, Visopenand VNU = (. It follows that V C Z¢,
and since x was arbitrary, that Z¢ is open, hence Z is closed. O

Theorem B.52. Let f: X — Y be bijective, X compact and Y Hausdorff. Then
f is a homeomorphism.

Proof. By Lemma X is Hausdorff and Y is compact. Let g : Y — X be the
inverse map to f. In order to prove that g is continuous, it suffices to show that
f(A) C Y is closed for each closed A C X.

By Lemma A is compact, hence by Lemma f(A) is compact, hence
f(A) C Y is closed by Lemma[B.51] O
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B.10. Compactness and sequential compactness.

Definition B.53. A space X is sequentially compact if each sequence in X has a
convergent subsequence.

Theorem B.54. (1) Let X be first countable and compact. Then X is sequen-
tially compact.
(2) Let X be second countable and sequentially compact. Then X is compact.

We will soon prove that for metric spaces, compactness and sequential compact-
ness are equivalent.

Proof. (1): Let (z,,) be a sequence in X and let
A= oS ml € X,
Then A,, # 0 is closed, and we have
A1 DAy D ...

Since X is compact, A := () ~_; A, # 0, and we pick z € A. Let (V,), be a
neighborhood basis of . The sets U, := V3, N...NV, form a neighborhood basis
of x with the extra property that U; D Uy D .... Then U, N A,, # 0 for all m and
n, and so there is kK > m with

xr € U,.

We can inductively pick a sequence x,, with z,, € Uy, and since (U,), is a
neighborhood basis, limy_ o0 T, = .
(2): Let B be a countable basis for the topology of X and let i be an open cover
of X. The set
B:={0eBl3UeU:0cU}cCB

is an countable open cover of X, and it is enough to cover X by finitely elements
from B’. This argument shows that it is enough to show that each countable open
cover of X has a finite subcover.

So let U = {Up|n € N} be an open cover of X. Assume that U/ has no finite
subcover. This means that V,, := UZ:l Ur # X. Hence there is a sequence x,, € X,

such that z, € V,,. There is a subsequence z,,,, with lim,, z,,, = 2 € X. Then
x € Uy for some N, and so z,, € Uy for m > mg. This is a contradiction when
Ny > N. O

Corollary B.55 (Heine-Borel Theorem). A subset X C R™ is compact if and only
if it is closed and bounded (here the topology on R™ is the product topology, which
is the same as the one induced by the norm ||z||ge := max{|z1],...,|Tn|}.

Proof. If X C R™ is compact, it must be closed because R" is Hausdorff, by Lemma
The function f = ||_|[¢= : R — R is continuous, and by Proposition f
attains its maximum on X and is in particular bounded.

If X € R” is bounded and closed, it is a closed subset of [—R, R|™ for some
R > 0. Using Lemma it suffices to prove that [—R, R]™ is compact, and
by Theorem it suffices to do so in the case n = 1. The interval [—R, R] is
sequentially compact by the Bolzano-Weierstrass Theorem, and therefore compact
by Theorem [B:54] because R is second countable because it is a separable metric
space. [
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B.11. Tychonov’s Theorem.
Theorem B.56 (Tychonov). Let X;, i € I, be compact. Then the product

x=][x

icl
is compact.

Proof. We denote the projections by p; : X — X;. Let A C P(X) be a family of
closed subsets with the finite intersection property. By the Ultrafilter Lemma[A 2]
there is an ultrafilter F on X which contains A. For each i € I, we let

Gi :={p(9)|S € F C P(Xy).
This is a family of closed subsets of X;, and it has the finite intersection property,
because

pi(S1) N ... Npi(Sn) Dpi(S1)N...Npi(Sp) Dpi(S1N...NSy,) # 0.

Since X; is compact, the set

Zi == () pi(S)

SeF
is not empty. Using the Axiom of Choice, the product
Z=]]%cx
iel

is not empty, and we pick an element
T = (2;)ic1 €Z
(note that x; € Z;). We claim that
resS
for each S € F. From this, it will follow that
ze (1Sc (V4= A4
SeF AcA AcA

and in particular that the intersection of A is not empty, which shows that X is
compact.

Let U C X be a neighborhood of z. By the definition of the product topology,
there is a finite subset J C I and open neighborhoods U; of z;, j € J, such that

x € ﬂ p;l(Uj) cU.
jeJ

Since z; € p;(S), it follows that U; Np;(S) # 0 for each S € F, and this implies
p;l(Uj) ns 7é (Z)
for all S € F. Since F is an ultrafilter, it follows Lemma [A-T9] that
p; '(Uj) e F
and hence that
UeF,

so that
UNnS#0
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for each S € F. As U was an arbitrary neighborhood of x, we conclude that
res
for each S € F, as claimed. O

Corollary B.57. Let X,,, n € N, be compact metric spaces. Then Hf;l X, is
sequentially compact.

Proof. By Tychonov’s theorem, [])7, X,, is compact. Proposition shows that
[1,2, X, is a metric space, hence first countable, and hence sequentially compact

by Theorem O

B.12. Metric spaces: completeness and compactness.

Definition B.58. A metric space X is totally bounded if for each € > 0, there
are finitely many points x1,...,x, € X such that U§:1 B (z;) = X.

Theorem B.59. Let X be a metric space. The following are equivalent:
(1) X is compact.
(2) X is sequentially compact.
(3) X is complete and totally bounded.

Proof. 1 = 2: since metric spaces are first countable, this follows from Theorem
1B5.54]

2 = 3: Let (z), be a Cauchy sequence in X and let (z,, )m be a convergent
sequence with limy, o0 @, = 2. The sequence d(z,, T, ) in R converges to 0,
and so

lim (d(z,zm) < d(x,2n,,) + d(@n,,, Tm)) = 0.

m—0o0
Hence X is complete. If X is not totally bounded, there is 6 > 0, so that for
arbitrarily chosen z1,...,x, € X, we have

n
X\ | Bilay) # 0.
j=1
Hence there is a sequence x,, with d(x,,x,,) > 6 whenever m # n. Each subse-
quence has the same property and hence cannot converge, so that X is not sequen-
tially compact.

3 = 2: let (z,)n be a sequence in X. We claim that there is a Cauchy sequence
(Ym)m in X and infinite subsets N D J; D Jo D ..., such that d(z,,ym) < %
whenever m € J,,.

Since X is totally bounded, we can cover X by finitely many balls of radius %
One of those balls, say B 1 (y1) contains infinitely many terms of (x,,),, and we let
J1 be the set of those indices. The ball B% (y1) is totally bounded. We can repeat
the argument and find y, € B (y1), such that B 1 (y2) contains infinitely many of
the x,,’s with m € J;, and we let J, C J; be the set of those indices. We pick a
subsequence z,,, with n,, € Jp,.

The sequence (y,,) is Cauchy and hence has a limit y := lim,, y,,. Since
d(Ym, Tp,,) < 75, we conclude that lim,, z,,,, = y. Therefore (z,) has a convergent
subsequence.

3 = 1: For each n, cover X by finitely many balls B 1 (zn,1), ..., B (Tn,r,)-
Then the set {z, jln € N,1 < j <r,} C X is dense. Therefore X is separable,
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and hence second countable. We have already established that X is sequentially
compact, and Theorem finishes the proof. O

In the proof of the implication 3 = 1, we have seen:
Corollary B.60. A compact metric space is second countable.
Another important property of compact metric spaces is the

Lemma B.61 (Lebesgue-Lemma). Let X be a sequentially compact metric space
and let U be an open cover of X. Then there is § > 0 such that for each z € X,
there is U € U with Bs(x) C U. Such a ¢ is called a Lebesgue number of U.

Proof. Suppose that the Lemma fails for some sequentially compact metric space
and some open cover U of X. Then for each § > 0, there is y5 € X such that Bs(ys)
is not contained in any of the open sets U € U.

Some subsequence (z,,), of the sequence n — y1 converges to some z € X.
Hence there is a sequence a,, of positive numbers with an, — 0, a sequence z,, — z,
so that no B, (x,,) is contained in one of the elements of &. But there is Uy € U and
e > 0, so that B.(x) C Uy. For sufficiently large n, we have B, (x,) C Bc(z) C Up.
This is a contradiction. O

Now we turn to the Arzela-Ascoli theorem, which is often used.
For two topological spaces X and Y, we denote by C(X,Y’) the set of all con-
tinuous maps X — Y.

Definition B.62. Let X be a topological space and let Y be a metric space. A
subset F C C(X,Y) is equicontinuous, if for each € > 0 und each x € X, there is
an open neighborhood U C X of x, so that for all f € F and 2’ € U, we have

d(f(x), f(2')) < e

If F = {f} is a single map, the condition of equicontinuity amounts to the
continuity of f.

Theorem B.63 (Arzela -Ascoli). Let X be a separable topological space and let Y
be a complete metric space. Let F C C(X,Y) be equicontinuous, and assume that
for each x € X, the set

Ze ={f()lf e F}CY
is compact. Then

(1) every sequence f, € F has a subsequence which converges pointwise.
(2) every sequence f, € F which converges pointwise converges uniformly on
each compact subset of X, and the limit function is continuous.

Proof. (1) Let {x,,|m € N} C X be dense. The metric space Z := [[~_, Z,, is
sequentially compact, by Corollary Let g, € Z be the element (f,(zm))m.
Since Z is sequentially compact, a subsequence gy, of g, is convergent in Z. But
that means nothing else than that lim,, f,, (z,,) € Y exists for each m. For z € X,
pick an open neighborhood U, C X as in the definition of equicontinuity and pick

Ty € Up. Then for each y € U, we have

(B.64)

d(frr (Y)s fr(¥)) < d(fn (), frr (Tm)) + d(fry (Tm), fry (Tm)) + d( o, (Tm), fr, (y)) <
< e+ d(for(Tm), fr, (Tm)) + €
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As limy, fp, (zmm) € Y exists, this shows that f,, (y) is a Cauchy sequence in Y and
hence converges.

(2) the estimate proves more: if f,(x) converges for all z, then each
x € X has a neighborhood U, over which the convergence is uniform. This proves
the continuity of the limit. Now let K C X be compact. We have to prove that
fnlx converges uniformly. So let € > 0, and for each x € K, choose a neighborhood
U, C X of X over which the convergence is uniform. There are finitely many
Z1,...,%, € K sothat K CU = U,, U...UU,,, and the sequence is uniformly
convergent on the union U. (]

B.13. Urysohn’s Lemma.

Theorem B.65 (Urysohn’s Lemma). Let X be a topological space. The following
conditions on X are equivalent.
(1) If A,B C X are disjoint closed sets, there are disjoint open sets U,V with
AcCcUand BCV.
(2) f ACW C X, A closed, W open, there is an open subset U with A C
UcUcCWw.
(3) If A, B are disjoint closed sets, there is a continuous function f: X — [0, 1]
with fla =0 and f|p =1.
Proof. 3= 1: put U := f~1([0, 1)) and V := f~((3,1]).

1= 2:let B:=W¢and pick ACU,BCV,UNV =0,U,V open. As V is
open, we even have U NV = (), which implies U C W.

2 = 3: this is the interesting direction. We first claim that there are open subsets
Uay a € QN [0,1], with A C Uy, Uy = B¢, and

U, CU,
whenever s < r. To this end, choose an enumeration ¢o = 1,q1 = 0,92,¢s,... of
QnN10,1]. Put Uy = B¢, and choose Uy so that A C Uy C Uy C Uy.

Suppose the sets Uy, Uy,Uy,,...,Uq, _, have already been constructed. There
are 4, j < k with ¢; < gx < ¢;, and none of the numbers ¢, with ! < k lies in (g¢;, ¢;).
Now construct U, so that

U, C U, C U, CU,.

Now we define f : X — [0,1] by

inf{rlr e U,} ze€U
flay = MU €O .
1 z € UT.

It is clear that f|p =1 and f|4 = 0, and that 0 < f < 1. It remains to prove that
f is continuous. It suffices to check that for each a € R, the sets f~!(—o0,a) and

~!(a,00) are open. The following cases are easy:

(1) Ifa > 1, then f~!(—o00,a) = X and f~'(a,oc0) = () are open.
(2) Ifa<0 then f=1(— oo,a):[Z)and f~1(a,0) = X are open.
(3) f~Y(~00,0)=0= f~1(1,00) is open.

For r € QN [0, 1], we have

f(z) <r =z €U, (clear),

x € U = f(x) > r (negation of (1)),
x €U, = f(z) <r (clearr),

f(z) >r =z € U (negation of (3)).
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For 0 < a < 1, we therefore have
f Y (=o0,a) C U vuc U (o0 ) =f(~00,0a).
r<a,reQN|0,1] r<a,r€QN[0,1]

Both inclusions must be equalities of sets. Hence f~1((—o0,a)) is open.
For 0 < a < 1, we have

a0y | UL
s>a,s€QN[0,1]

If a < r < s, then U, C Uy or Us C ﬁc, and hence

ey | e U vic U o) =r"(a00)

r>a,reQN[0,1] r>a,r€QN[0,1] r>a,reQN[0,1]
Again, both inclusions are equalities, and this shows
— =—C
face)= | T
r>a,r€QN[0,1]
and the latter set is open. O

Definition B.66. A space X that satisfies the conditions of Theorem[B.63| is called
normal. A normal Hausdorff space is a Ty-space.

Lemma B.67. Metric spaces are normal (and Ty).
Proof. For a subset A C X, we define d4 : X — R by

d = inf d .

a(z) := inf d(z,y)

One verifies that
[da(z) — daly)] < d(z,y),
so that d4 is continuous. If A is closed, then d;'(0) = A.
If A, B are disjoint, then put

dA(:E)
T)i=———
f(@) dA(.T)-i-dB(l')
If A and B are closed, then da + dg > 0, so that the quotient is defined and
continuous. We have clearly 0 < f <1, fla =0 and f|p = 1. O

Lemma B.68. Compact Hausdorff spaces are normal and hence Ty.

Proof. Let X be compact Hausdorff. We first prove that when A C X is closed
and y € X \ A, there are disjoint open sets U,V with AC U and y € V.

Reason: for each x € A, there are disjoint neighborhoods x € U, and y € V.
Because A is compact, we find x1,...,2, € Awith A CU :=U,, U...UU,,. Then
V:=V,, N...NV, is an open neighborhood of y, and U NV = {.

Now let A, B be disjoint closed subsets of X. For each y € B, there are disjoint
open sets Uy, V,, with A C U, and x € V,,. Since B is compact, we find y1,...,ys €
BwithBCcV:=V,uU...uV,,. Then A Cc U, Nn...Uy,, = U, U is open, and
unv =0. O

The first part of the proof of Lemma [B.6§| proves a more general statement:

Lemma B.69. Let X be a Hausdorff space, A C X compact, x € X \ A. Then
there are disjoint open sets U,V with x € V and A C U. O
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B.14. Consequences of Urysohn’s Lemma: Tietze extension and a metriza-
tion theorem.

Theorem B.70 (Tietze extension theorem). Let X be a normal space, let Y C X
be a closed subspace and let f :' Y — R be a continuous function. Then there is a
continuous function g : X — R with gly = f.

Proof. We give the proof only in the case where f is bounded; the general case can
be reduced to this case. We formulate the result in functional-analytic language:
we have to prove that the map

T: Cy(X5R) — Co(Y5R); T(g) = g5

which restricts a bounded continuous function to Y, is surjective. Clearly, Cy,(X)
and Cy(Y") are Banach spaces (when equipped with the supremum norm) and T is
a bounded operator of norm at most 1 (equal to 1 unless Y = {)).

Let f € Co(Y), R:=||f]|. Put A:={y € Y|f(y) > %} and B:={y eY|f(y) <
—%}. These are disjoint subsets of Y and closed in the subspace topology. Since
Y is closed in X, A and B are also closed in X.

By Ursohn’s lemma, there is a continuous function h : X — [f%, %], hla = %

and h|p = —%. Then

1
hll < =
IRl < 3IIfH
and

2
ITh = flI < 3I£Il-

A Lemma which appears in the proof of the open mapping theorerrﬂ proves from
this that for each f € Cy(Y;R), there is g € Cp(X;R) with Tg = f and

L =11,

2
-3

loll < 3
=3
which is what we wanted to prove. O

Theorem B.71 (Special case of Urysohn’s metrization theorem). Let X be a com-
pact Hausdorff space. Then the following are equivalent:

(1) X is second countable.
(2) There are countably many continuous functions fr, : X — [0,1], k € N
which separate the points of X, in other word for x # y € X, there is k

with fi(z) # fr(y).
(3) X is metrizable.

Proof. 2 = 1: this is the content of Corollary

1 = 2: Let B = {U,|n € N} be a basis for the topology of X. Let I :=
{(m,n) € N x N|U,, C U,,}, which is a countable set. For (m,n) € I, pick a
function fin : X — [0, 1] with f|z— =1 and f[ye = 0, which exists by Urysohn’s
lemma and Lemma|[B:68] If z # y € X, there is m € N with z € U,,, y € U,,. Since
{x} is closed as X is Hausdorff, there is an open V with z € V C V C U,,, and so
there is n € N with z € U,, C V. Then (m,n) € I and fi, n(x) =1, fmn(y) =0.

"This Lemma will be included in the lecture notes.
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2 = 3: Let (fx)x be a family of functions as in (2). Consider the function

oo

f:X = Z:=[]00,1] f@):= (ful@).

k=1

This is continuous and injective since (f) separates the points of X. As Z is
Hausdorff, so is the image f(X) C Z. By Theorem f: X - f(X)isa
homeomorphism. But Z is metrizable by |B.35] and hence so is f(X) = X. O

B.15. The Stone—Weierstrass Theorem.

Theorem B.72 (Stone-Weierstrass Theorem). Let X be a compact Hausdorff
space. Let A C C(X;K) be a subalgebra with the following properties:

(1) 1€ A,

(2) A separates the points of X (i.e. for x # y € X, there is f € A with

f(z) # f(y), B
(3) if f € A, then the complex conjugate f € A.

Then A is dense.

Corollary B.73. For each continuous function f : [a,b] — K, there is a sequence
Pr of polynomials which converges uniformly on [a,b] to f.

Proof. Let A C C([a,b]; K) be the subalgebra of polynomials. This satisfies the
hypotheses of Theorem [B.72] so it lies dense in C([a, b]; K), as claimed. O

Corollary B.74. For each continuous function f : S* — C, there is a sequence p,
of trigonometric polynomials, in other words, functions of the form ZZ: anz™,
an € C, which converges uniformly to f.

—n

Proof. Apply Theorem m to the algebra 7 C C(S*; C) of all trigonometric poly-
nomials. ]

For the proof of Theorem|[B.72] we first have to verify one special case of Corollary
B.73

Lemma B.75. (1) There is a sequence of polynomials g, which converges uni-
formly on each compact subinterval of (0,2) to the function /.
(2) There is a sequence of polynomials f,, which converges uniformly on [0, 1]

to \/x.

(3) For each S > 0, there is a sequence of polynomials p, which converges
uniformly on [0, S] to \/z.

(4) For each R > 0, there is a sequence of polynomials q, which converges
uniformly on [—R, R] to |z|.

Proof. 1: it is known from calculus that the function /1 + z can be expanded into

the power series
o ,1
2 ).,k
z,
> (7)

k=0
where the binomial coefficients for s € R are defined as

<Z) _ 5(571)..];57%1); @ -
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The power series has radius of convergence 1, and so the sequence of partial sums

n o1
@) =Y (z)xk
k=0
converges uniformly on each compact subinterval of (—1,1).

1 = 2: The sequence |/ -- + x converges uniformly on [0, 00) to /z, and by (1),
each ,/% + x, m > 2, can be approximated uniformly by polynomials on [0, 1].

2 = 3: put p,(z) == \/gfn(%)
3 = 4: put g, () := p,(2?), for suitable S. O

Proof of Theorem[B.73 First, we reduce to the case K = R. Suppose that A C
C(X;C) is a subalgebra which satisfies the hypotheses of the Theorem, and that
the theorem is proven for K = R. Put B := ANC(X;R). Then B is a subalgebra,
1 € B, and B separates points. To see the latter claim, let f € A with f(x) # f(y).

Then either (f(x)) # S(f(y)) or R(f(x)) # R(f(y)), but I(f) = 5:(f — ) €
ANC(X;R) and R(f) = 1(f+f) € ANC(X;R). By the real version of the theorem,
B C C(X;R) isdense. If f € C(X;C), pick g,h € B with ||g—R(f)|, [|h—S()| <
€. Then g+ih € B and || f — (g +ih)|| < 2e.
~ Hence it is enough to prove the real case. We shall prove that the closure
A C C(X;R) is dense. By Lemma [B.75] we see that

feA=|fleA
(since ¢, (f) € A converges uniformly to |f|). Because

max(f,6) = 3(g+ f + 19— 1)

and 1
we get .
f,9 € A= max(f,g), min(f, g) € A.
The properties of A that have been used in the proof also hold for A, and therefore
we conclude
(B.76) f,g9 € A= max(f,g),min(f,g) € A.

Now consider h € C(X;R) and let € > 0 be arbitrary. First fix € X. For
y € X, there is a function h,, € A with hy, = f(z) and h, (y) = f(y) (this
follows since 1 € A and since A separates the points of X). The set
Uy :={z€ X|hyy(z) < f(2) +€
is an open neighborhood of y. Since X is compact, we find finitely many points
Y1, -, Yr, such that Uy, U...UU,, = X. The function
hy :==min(hy 4, ..., Rey,)

is an element of A by (B.76).
Let z € X be arbitrary, say z € Uy,. Then

ha(2) < ha:7yj (2) < f(2) +¢

and moreover
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Let

Ve :i={z € X[f(2) — € < ha(2)},
which is an open neighborhood of x. Using the compactness of X again, we find
Z1y-..,2s € X with X =V, U...UV,,. Now put

h:=max(h.,,...,h.,).
By (B.76), h € A. Because h., < f + ¢, we have h < f + €. Moreover, for z € V.,
h(z) > h.;(2) > f(z) — e

Therefore h > f — ¢, and altogether ||f — h|| < e. Therefore A € C(X;R) and a
fortiori A is dense. O

B.16. Locally compact spaces.

Definition B.77. A space X is locally compact if each point x € X of X has a
compact neighborhood.

For example R™ and each open or closed subset of R™ is locally compact. Each
compact space is locally compact, for trivial reasons. Without a Hausdorff hypoth-
esis, locally compact spaces can be equite pathological (for example, open subsets
of locally compact spaces do not need to be locally compact).

Lemma B.78. Let X be a locally compact Hausdorff space and let x € U C X be
an open neighborhood of x. Then there is an open set O with x € O C O C U and
O compact.

Hence open or closed subspaces of locally compact Hausdorff spaces are locally
compact.

Proof. Let C be a compact neighborhood of . By Lemma C C X is closed.
Hence CNU*° C X is closed, and as a subset of the compact set C' compact, again
by Lemma

Since ¢ CNU¢, Lemma [B.69| shows that there are disjoint open sets V, W with
reWand CNUCV.

Using Lemma again, we see that W N C is a compact neighborhood of z.
But

WnC)NnU =Wn({CnU)=0

and therefore WNC C U. So we have found a compact neighborhood D of 2 which
is contained in U. By definition of the term “neighborhood”‘, D contains an open
neighborhood = € O of . Since D is closed (again Lemma , OcD=DCcC
U. O

A locally compact Hausdorff space is not necessarily normal, but a weaker version
of Urysohn’s Lemma is true for locally compact spaces.

Proposition B.79. Let X be locally compact, A C X compact, B C X closed,
ANB = (. Then there is a continuous function f : X — [0,1] with fla =1 and
flB =0, and the support supp(f) := {x € X|f(z) # 0} is compact.

Proof. Put U := A¢ so that B C U. For x € B, there is an open set V, with
zeV,CcV,cU,by Lemma Since B is compact, we can cover B by finitely
many such sets Vg, ,..., Vy . The closure K of the openset V =V, U... UV, is
compact, being a union of finitely many compact sets. The closed subsets OV and
A are disjoint subsets of K.
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The space K is compact Hausdorff and hence normal. Using Urysohn’s Lemma,
there is g : K — [0, 1] with g|4a = 1 and g|sy = 0.
Note that K¢ = V°. Define f : X — [0,1] by

fla) = {g(x) reK

0 xeVe,
which is continuous. O

Definition B.80. A locally compact space X is o-compact if there are compact
subspaces K,, C X, n € N with K1 C K§ C Ko C K§ C K3 C ... and Uflo:lKn =
X. Such a sequence of compact subsets is called a compact exhaustion of X.

Lemma B.81. A second countable locally compact Hausdorff space is o-compact.

Proof. Let B be a countable basis for the topology of X, and let B’ C B be the
subset of those U with compact closure. Using Lemma B ={U,...,}isa
basis for the topology.

Now put K; := U;. There is ny with Ky C |2, Uy, and put K» := Ziﬁl Ug.
There is ng with Ky C UZil Ui and put K3 := 23:41_1 Uy.. Continue in this fashion.
O

Theorem B.82 (Partitions of unity). Let X be a o-compact locally compact Haus-
dorff space and let U be an open cover of X. Then there exists a partition of
unity subordinate to the cover U, that is, a family (f;)jes of continuous functions
fj + X —[0,1], such that
(1) The family f; is locally finite, which means that each x € X has a neigh-
borhood which intersects only finitely many of the supports supp(f;) =
{y € X|f;(y) # 0}
(2) For each j € J, there is U € U with supp(f;) C U.
(3) Xojes filx) =1 for all x € X (this is a finite sum).

Proof. The set L,, := K, \ K2_; is compact. For each z € L, pick a set U, € U,

a compact neighhorhood C,, of x and an open set V, with C,, C V,, C U, N (K41 \
°_,) (hence V, is compact), and a function h, : X — [0, 1] with supp(h,) C Va,

hz|lc, = 1, according to Proposition m Finitely many of such C, cover L,,.

Hence we have found a finite set I,,, and for each i € I, a function h; : X — [0,1]
such that the support of h; is contained in one of the sets of U, and in the set
Kpi1\ Ko, and the sum » ;. ; h; > 0 is positive everywhere on Ly,.

Putting all those finite sets I,,, n € N and these functions together, we found a
countable set I, and functions h; : X — [0,1] each of which has support in one of
the sets of U. Moreover, only finitely many of the supports of h; intersect K,, and
the (finite) sum ), ; hi(x) > 0 for all . Finally, we put

R 1C))
fi®) =Ry

(]

B.17. The 1-point compactification.

Definition B.83. Let X be a topological space. We define X := X U{oco}, where
oo is an element not contained in X, with the following topology. A set U C XV is
open if either
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(1) UcX C Xt and U C X is open (type 1) or
(2) co€e U, and Xt \U C X is a closed compact set (type 2).

Lemma B.84. The collection of open sets in X described above is a topology,
and X is compact.

Proof. In order to prove the first claim, we need to verify:
(1) X* and @ are open (clear).
(2) Arbitrary unions and finite intersections of type 1 open sets are type 1 open
sets (clear).
(3) Finite intersections of two type 2 open sets are type 1 open sets (this is be-
cause finite unions of compact closed subsets of X are closed and compact).
(4) Arbitrary unions of type 2 open sets are type 2 open sets. This is because
an intersection of arbitrarily many closed compact sets is closed (clear) and
compact (by Lemma [B.51)).
(5) Let Uy be open of type 1 and Uy open of type 2. Then U; N Us is open of
type 1 (clear).
(6) Let Uy be open of type 1 and U open of type 2. Then U; U U, is open of
type 2, because X\ (U1 UU2) = (XT\Up)N(XT\Us) is the intersection of
a closed compact set with a closed set and hence also compact by Lemma
B.51l
Let U be an open cover of X . The point co is contained in one of the sets of U,
say x € U. Then X+ \ U is compact, and ¢ \ {U} is an open cover of X\ U,
hence has a finite subcover. (I

We denote by ¢ : X — X the inclusion map. It is continuous, and its image is
open and dense.

Proposition B.85. (1) ¢ is a homeomorphism.
(2) X is Hausdorff if and only if X is locally compact and Hausdorff.
(3) Xt is Hausdorff and second countable if and only if X is second countable
locally compact and Hausdorff.

Proof. 1: it is clear that ¢ is continuous and ¢ : X — «(X) is bijective. If U C X
is open, then +(U) C X is a (type 1) open subset, and hence also open in the
subspace topology of ¢(X).

2: if XT is Hausdorff, then X 2 ((X) is clearly Hausdorff, and locally compact
by Lemma If X is Hausdorff, then any two points z,y € * C X+ can be
separated by disjoint open sets of type 1. If X is also locally compact and x € X,
we can find ¢ € U C K, where U is open and K compact (and hence closed).
Then X\ K is a type 2 open set which contains oo, but is disjoint from the open
neighborhood U of z.

3: Subspaces of second countable spaces are always second countable. This
proves “only if”. For the other implication, note that a neighborhood basis of X,
together with the sets of the form X+ \ K, for a compact exhaustion of X, makes
up a basis for the topology of X . O

Corollary B.86. A second countable locally compact Hausdorff space is metrizable.
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APPENDIX C. MEASURE AND INTEGRATION
C.1. o-algebras and measurable spaces.

Notation C.1. If X is a set, we denote by P(X) the power set of X, i.e. the
set of all subsets of X. Furthermore, for a subset S € P(X), we denote by S¢ the
complement of S, S¢:= X\ S.

Definition C.2. Let X be a set. A o-algebra on X is a subset B C P(X), such
that the following hold:

(1) p e B,
(2) B is closed under forming complements, i.e. S € B = S¢ € B,
(3) B is closed under forming countable unions, i.e. S, € B, n € N, then

U,—, S, € B.
A measurable space is a pair (X, B), consisting of a set X together with a o-algebra
B on X. We call the elements of B the measurable subsets of X.

Lemma C.3. Let B be a o-algebra, and S,T € B, S, € B, n € N. Then SNT, S —
TeB, N, S, €B.

n=1
Proof. Use
(()Sa) = s
and
S—-T=5nNnT°.
O

Lemma C.4. Let A C P(X) be a collection of subsets of a set X. Then there is a
unique smallest o-algebra (A) which contains A.

Proof. Let S be the set of all g-algebras on X which contain A. The set S is
nonempty, since P(X) is an element of S. Then put

(A) == ﬂ B.
Bes
O

Definition C.5. Let X be a topological space, with topology T C P(X). The
o-algebra (T) on X is called the Borel-o-algebra, and its elements are the Borel
sets.

If X is second-countable and U a countable basis for its topology, then (7)) = (U).

The Dynkin lemma.

Definition C.6. Let X be a set. A w-system on X is a subset F C P(X), such
that

SSTe F=SNT¢eF.
A Dynkin system on X is a subset D C P(X) such that
(1) X eD,
(2) ABeED,ACB=B\AcD,
(3) Ap,eD, Ay CcAC...=> U, A, €D.
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For each subset A C P(X), there is a unique smallest Dynkin system A(A) which
contains A. The proof of its existence is as the proof of Lemma

Lemma C.7. A subset B C P(X) which is both, a w-system and a Dynkin system,
is a o-algebra.

Proof. If S € B, then §° = X — S € B, by the first two axioms of a Dynkin system.
Now let S,,, n € N, be an arbitrary countable collection of elements of 5. We have
to show that |J.2, S, € B. It is, by the third axiom of a Dynkin system, enough
to prove that |J]_, S,, € B, for each m. This is shown by induction on m, and the
inductive step amounts to proving that ST € B = SUT € B. But S¢,T°¢ € B,
and because B is a m-system, we have

(SuT)*=858°NT° e B,
which implies SUT € B. O

Lemma C.8 (Dynkin lemma). Let A be a w-system on X and let D be a Dynkin
system which contains A. Then the o-algebra B(A) generated by A is contained in
D.

Proof. Tt is enough to consider the case where D = A\(A) is the smallest Dynkin
system containing A. Let

D ={TCX|TNSeDVS e A}.

As A is a m-system, we have A C D;, and we claim that D; is a Dynkin system.
As A C D, it follows that X € D;. If AC B and A, B € D; and S € A, then

(B-A)NS=BNS—AnS.

As ANS and BN S are in D and as D is a Dynkin system, we get (B—A)NS € D
and hence B— A € D,. If A C Ay C ... is an increasing sequence of elements of
D1, and S € A, then

(D A,)NS = GAHHS.
n=1 n=1

Since A,,NS € D and since D is a Dynkin system, it follows that (|~ 4,)NS € D
and hence |J;~, A, € Dy. This finishes the proof that D; is a Dynkin system
containing A. As D = A(A), this implies D C D;. In particular:

(C.9) TeD,SeA=TnNnSeD.
Now put
Dy :={T Cc X|TNSeDVYSeD}.

By , we find that A C Dy. We claim that D5 is a Dynkin system. It is clear
that X € D5, and the other two axioms are verified by the same argument as above,
replacing the statement 7S € A” by 7S € D”. As D5 is a Dynkin system which
contains A, it again follows that D C Dy. This means that

SSTeD=SNTeD,

or in other words that D is a m-system. It follows that D is a o-algebra, by Lemma
Since A C D, the o-algebra o(A) must be contained in D. O
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C.2. Measurable maps.

Definition C.10. Let (X, B) and (Y,C) be measurable spaces. A map f: X =Y
is measurable if f~1(S) € B for each S € C.

If C is the o-algebra generated by A C P(X), it is enough to prove that f~1(S) €
B for each S € A. It is clear that compositions of measurable maps are measurable.

When f: X — Y is a continuous map between topological spaces and Cx, Cy are
the respective Borel-o-algebras, then f: (X,Cx) — (Y,Cy) is clearly measurable.

Lemma C.11. Let (X,B) be a measurable space, let Y be a topological space and
let fr,: X =Y be a sequence of measurable maps. Suppose that f(z) = lim, f,(z)
exists for all v € X. Then the limit map f is measurable.

Proof. If U C Y is open, then z € f~Y(U) if and only if € f,%(U) for all
sufficiently large n. Therefore

o= N &

and since each f, is measurable, it follows that f~1(U) € B. O

Lemma C.12. Let X be a measurable space and let f, : X — [—00,00] be mea-
surable. Then sup,, fn, inf, f,, liminf, f, and limsup,, f, are measurable.

Proof. Since max : R™ — R is continuous, the functions g, := max(fi,..., f,) are
measurable, and sup,, f,, = lim,, g,, and so sup,, f,, is measurable. Similarly, inf,, f,
is measurable. Furthermore

liminf f,, = sup inf fx
n n k>n
and
limsup f,, = inf sup fx
n n k>n
are measurable. O
C.3. Measures.

Definition C.13. Let X be a set and let B be a o-algebra on X. A measure on B
is a function p : B — [0, 00] such that

(1) @) =0,

(2) if S, € B, n €N, are pairwise disjoint, then p({Jy—; Sn) = > peq #(Sn)-
A measure space is a tuple (X,B,u), consisting of a set X, a o-algebra and a
measure p on B. The elements of B are called the measurable subsets of X.

Example C.14. Let X be any set. The counting measure on X is p: P(X) —
[0,00], u(S) := |S|. Slightly more generally, for a function a : X — [0,00], the
weighted counting measure pi(S) := ) g a(s) is a measure.

The construction of other measures is a nontrivial task. In the next subsection,
we learn the key device for the construction of measures.

Lemma C.15. (1) If SC T, then u(S) < w(T).
(2) If S; € Sy C ... is an ascending sequence of elements of B and S :=
U2, Sn, then p(S) = limy, u(Sy).

n=1

(3) For an arbitrary countable collection S,, € B, we have p(lJ,—,) < > 001 u(Sn)-

n=1
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(4) If S1 D Sy D ... is a descending sequence of elements of B, and pu(S1) < oo,
then

(o)
([ Sn) = lim ().
n=1
Proof. (1): Since T'= SU(T — S), we have u(T) = u(S) + u(T — S).
(2): by (1), we have u(S1) < u(S2) < ... < u(S), so that lim, u(S,) < p
The reverse inequality is nontrivial only if lim,, u(S,) < co. Write T;, := S, — S,
Ty = Si, so that S is the disjoint union |J,-, T}, and

= Ty

All the sets T}, have finite measure, and p(7},) = pu(Sy)—p(Sn—1), so that >0 u(T,,) =
1(Sm) (telescope sum).

(3): Let Ty = 0 and T}, := {J,,,_, Sm; which is an ascending sequence with union
U2, Sn. It follows from (2) that
Ul Sa) = lisn, w(T)

and therefore, it is enough to prove that w(7,) < 3" _| 4(Sm). But Tpy, — Th1 C
S, and so

w(Ty) = Z (T = Trn1) < Z 14(Sm)-
(4): Since
Sl = Ej (51 - Sn)U ﬁ Sna

it follows from (2) that

p(S1) = lim u(S1 — S) + (] S)

or that (here we are using that p(S7) < 00)

p([) Sn) = p(S1) - lim p(S1 — Sp) = lim p(S1) — p(S1 — ) = lim p(Sy,).

n=1

O

Definition C.16. Let (X, B, 1) be a measure space. A null set is a set S C X such
that there is T € B with u(S) =0 and S CT. We say that (X, B, u) is complete if
every null set is an element of B.

Lemma C.17. Let (X,B,u) be a measure space. Let C C P(X) be the set of
all subsets T', such that there is S € B, so that the symmetric difference SAT =
(S—=T)U(T —1S) is a null set. Then C is a o-algebra, p admits a unique extension
to a measure ' on C and (X,C,u') is complete.
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Proof. The symmetric difference is TAS = (T'N.S¢) U (T°NS) and so
T¢AS® =TAS.

Hence the complement of a set in C also belongs to C. Assume that S,, € C, T,, € B
with S,,AT,, a null set. Then

(G Tn)A(G S,) C G T, AS,,
n=1 n=1 n=1

and the union of countable many null sets is a null set.
Let ¢/ be a measure on C extending u, S € C, and T € B with SAT a null set,
we must have
1 (SAT) =0,

and because

SNTHYulS-T)=S9

(SNT)U(T-8) =T,
we must have p/(S) = p(T). This proves uniqueness of u’. To prove existence,
first observe that if T, 77 € B are two sets such that T;AS is a null set, it follows
that ToAT; is a null set, hence u(T) = p(To). Hence defining p/(S) := p(T) is
unambiguous, and the o-additivity is left as an exercise. ([l

Definition C.18. Let (X, B, u) be a measure space. We say:
(1) p s finite if p(X) < oo,
(2) p is locally finite if each measurable subset S C X with u(S) > 0 contains
a measurable subset T C S with 0 < pu(T) < oo,
(3) w is o-finite if there is a decomposition X = J,;—, X, of X into countably
many disjoint measurable subsets such that u(X,) < oo for all n.

Remark C.19. A o-finite measure is locally finite: if S C X has positive measure
and X = Uff:l X, is a decomposition of X into disjoint subsets of finite mea-
sure, then p(S) = Y00, u(SNX,). At least one of u(X,, N S) is positive, and is
necessarily finite.

C.4. The Caratheodory extension theorem.
Definition C.20. A (concrete) Boolean algebra on a set X is a subset A C P(X),
so that

(1) De A,

(2) S TeA=58°€c A, SUT € A.

It follows that X = (¢ € A and with S,T € A that

(1) SNT = (S°UTe) e A,

(2) S\T:=5nT°ec A,

(3) the symmetric difference SAT := (SUT)\(SNT) € A.

Calculations with these set operations are most easily performed when one identi-
fies P(X) with the set F2* of all functions X — Fy (identify S with the characteristic
function xg). Then

X0 = 0,XsnT = XsXT, XSAT = Xs + X1, Xsur = XsXT + Xs + X7

Definition C.21. Let A be a Boolean algebra on X. A premeasure on A is a
function p: A — [0, 00] such that
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(1) u(@) =0,

(2) w(SUT) = u(S)+ u(T) for all S,T € A, that is, u is finitely additive,

(3) If S1,89,... are countably many elements of A, so that their union S =
US4 Sy, also lies in A, then p(US21S,) < > 07, p(Sh).

(4) A premeasure is finite if u(X) < oo, and it is o-finite if X can be written
as the union of countably many elements X1, Xo, ... € A with u(X,) < oo

for all n.

The axioms imply that
u(S) < p(T)
whenever S C T'. It also follows from the axioms that if Sq,Ss,... € A are pairwise
disjoint subsets whose union lies in A, then

/J(U;z.ozlsn) = Z M(Sn)

To see this, we only have to verify that Y0~ | u(S,) < p(US2,S,), but this is true
since for each m

Z p(Sn) = p(Up1Sn) < p(UpZySn)
n=1
by finite additivity.

Theorem C.22 (Caratheodory extension theorem). Let po : A — [0,00] be a o-
finite premeasure defined on a Boolean algebra on a set X. Then there is a unique
measure i on the o-algebra (A) generated by A such that p|a = po-

The standard proof of this result is notorious for being completely unintuitive.
We present an alternative proof that we learnt from [I0, §2.1].

Outline of the proof in the case u(X) < co. We define the outer measure p* : P(X) —
[0, 00) by

WS = HI}E“AHEA;NO(ATL)'

n=1

Furthermore, we define B C P(X) as the set of all S € P(X) such that for each
€ > 0, there is T' € A with

p*(SAT) <e,
and for S € B, we define

u(S) = p* ().
We have to prove that B is a o-algebra which contains 4, that p is a measure and
that p|4 = po, and that p is uniquely determined by po. [

The details of the proof are given in a sequence of lemmas.

Lemma C.23. If (X, A) and pgo are as in the theorem, and po(X) < oo, and if
W, p' are two extensions of o to a measure on (A, then pu = p'.

Proof. Let D C (A) be the set of all S such that u(S) = p/(S). Then A C D. It is
easily verified that D is a Dynkin system, and that A is a m-system. Hence by the
Dynkin lemma [C.8] D = (A), as claimed. O

Lemma C.24 (Properties of the outer measure). We have
(1) p*(A) = puo(A) for all A€ A,
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(2) p(5) <p(T) f ST,
(3) p*(Upz1Sn) < Zn=1 P (Sn)-

Proof. (1): Since A C AUDUDPU..., it is clear that pu*(A4) < ,uo(A). For the
reverse inequality, assume A C US2 1A Define By := ANA; and B, (AﬂAn)\

UrZ{(ANAy) C A,. Then B, € .A and A is the disjoint union U ; B,,. It follows
that
o0 (o)
= mo(Ba) <D po(A
n=1 n=1

and passage to the infimum proves the claim.

(2) is clear.

(3): Let e > 0andlet S, C UX_ 1Ay m, Anm € A with > | po(Apm) <
w*(Sn) + 5. Then Uj2 S, C U Ap,m and hence

m,n=1
* o - — * € — *
P (UnZySn) < Z to(An,m) < ZN (Sn) + on = (ZN (Sn)) +e€
n,m=1 n=1 n=1
O

Lemma C.25. For R,S,T C X, we have

(1) p*(RAT) < p*(RAS) 4+ u*(SAT).

(2) [p*(8) = p*(T)] < p* (SAT).
Proof. (1): Since RAT = (RAS)A(SAT) C (RAS)U (SAT), we have

P (RAT) < u*((RAS)U (SAT)) < (RAS) + pw*(SAT).
(2): We have obviously S = (SNT)U (S\T) C (SNT)U (SAT) and hence
1 (S) < W (S NT) + p* (SAT) < 1 (T) + p (SAT)
and by symmetry also
pr(T) < p*(S) + p* (SAT),

and the claim follows. |

Lemma C.26. (1) AcCB,
(2) S € B, then S¢ € B,
(3) S, T €C, then SUT € B,
(4) If 51,527 L€ B, then U;’f’zlsn € B.
In short, B is a o-algebra which contains A and hence (A).

Proof. (1): follows from the fact that u*(A) = puo(A) when A € A. (2): is clear be-
cause S°AA° = SAA. (3): let e > 0 and pick A, B € Awith p*(SAA), p*(TAB) <
€. It is easily seen that
(SNT)A(ANB) C (SAA)U(TAB).

Therefore

pw((SNT)AANB)) < p*(SAA) + u*(TAB) < 2e.
(4) we first prove that A, € A implies U2 ; A,, € B. To that end, we can assume
without loss of generality that the sets A are disjoint. Because

Do H(An) = p (Ui An) < pt(Un2 An) < (X)) < oo,

n=1
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the series

oo

> (A

n=1

is (absolutely) convergent. For € > 0, choose m so that

Z p(An) <€
n=m-+1
Then U™, A, € A, and
1 ((UnZ14n) A(UnyAn)) = p (Ul An) < Z p(An) <e.
n=m-+1

Therefore, U2 ; A,, € B. Now let Sy, S9,... € B. To show that U2 ,.5,, € B, we can
assume that all the sets .S, are dlSJOlnt and pick A, € A with p(4,AS,) <
Because (U321 A,)A (U2, S,) C U2 (A4,AS,), we obtain

271, .

(U1 An) A (U1 50)) Z (AnAS,) <,

which as US2, A,, € B proves U225, € B. O
Lemma C.27. p* : B — [0,00) is a measure.

Proof. We first prove finite additivity and assume that S,T € B are disjoint. We
already know that u(SUT) < p*(S) + p*(T). For the reverse inequality, pick
A,B € A with p*(SAA), p*(TAB) < e. Then

W (S) + 1 (T) < 1 (A) + " (SAA) + i (B) + p* (TAB) < p*(A) + u* (B) + 2.
Note that
p(A) +p*(B) = (A\ B) + p* (AN B) + p*(B) = p* (AU B) + pn* (AN B).
Because SNT = (), we have
ANB C (AAS)U(BAT)
and so p*(AN B) < 2¢, and therefore
u*(A) + " (B) < 4 (AU B) + 2.
On the other hand
p(AUB)A(SUT)) < u*(AAS) + p* (BAT) < 2¢
and therefore
pw(AUB) < p*(SUT) + 2e.
Putting everything together yields
1 (S) + 1 (T) < 1 (A) + " (B) + 2 < " (AU B) + 4 < p*(SUT) + e,

At this point, we have verified that u* : B — [0,00) is finitely additive. For the
o-additivity, let S, Se,... € B be disjoint. For each m, we have

Z# Une1Sn) < pf(UnlySn)

n=1
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and passage m — 0o proves

Z,U n <,LL ( 1STL)

n=1

The reverse inequality is already proven. [
At this point, the proof in the case ug < 0o is complete.

Proof in the o-finite case. Choose subsets X7 C Xy C ... C X with po(X,) < o
and Uy, X,, = X. For each n, let

An i A= [0,00), A\ (A) := po(AN X,,).

Then A, is a finite premeasure, and there are unique measures g, : (A4) — [0, 00)
extending A,. For S € B, we have 11,,(S) < pin+1(S) and so can define

p(S) = lim_ i (S) € [0,00].

From the monotone convergence theorem for the counting measurd’ we see
that u is a measure, and one checks that p|4 = uo.

By construction, it is clear that u,(S) = p(S N X,,) (since the right hand side
defines a measure on (A) which extends \,), and so we must have defined u(S) as
above. This shows uniqueness. (I

C.5. The construction of the Lebesgue measure. As a simple example for
how the Caratheodory extension theorem works, let us present the construction of
the Lebesgue measure, firstly on [0, 1]. Let A C P([0, 1]) be the set of all sets which
can be written as the finite union of (open, half-open, or closed) intervals. We note
that each element of A can be written as the finite union of disjoint intervals, and
that A is a Boolean algebra on R. Let a < b € R and let I be one of the sets
[a, b], (a,b), (a,b],[a,b). Then one easily checks that

lim f|Iﬂ Z\—b—a

n—o00 N

Now if A € A, we define the elementary volume by
1 1

po(A) := lim —|AN=7Z|.
n—oo N n

Since each A € A is a finite disjoint union of intervals, the limit exists and is equal
to the sum of the lengths of the individual intervals. It is clear that pg is finitely
additive. Now let Ay, Ao, ... are countably many elements of .A so that their union
A = U A, also lies in A. We have to prove that pu(Us2,A,) < > 00 u(Ay,).
We can assume without of generality that A is an interval, and that each A,, is an
interval. Let € > 0. There is a compact interval B C A with po(A) < po(B) + €,
and there are open intervals A,, C O, with 1o(Oy) < pio(An) + 57

The sets O, n € N, form an open cover of B, and by compactness B C U;_,0,,.
It follows that

po(A) < po(B +6<Z/~L0 +€<€+ZMO Zzi €+ZM0(An)
n=1 n=1 n=1

Hence the Caratheodory extension theorem yields a Borel measure p on [0, 1] which
extends po. This p is the Lebesgue measure. The Lebesgue measure on R can be

8Check for yourself that this forward reference does not produce a circular argument!
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obtained by either taking the limit of the restrictions to [—n,n], or by a slight
modification of the above construction.

C.6. The integral of nonnegative functions. For the construction of the in-
tegral, we first study the integration of functions X — [0, 00] with respect to a
measure p on X. For the rest of this section, we fix a measure space (X, B, u).

Definition C.28. A nonnegative step function on X is a measurable function
f: X — [0,00) which only assumes finitely many values. We denote by St4(X)
the set of all nonnegative step functions on X.

Alternatively, we can write f = Z?Zl anXs, as a finite linear combination of
characteristic functions, but this representation is not unique.

Definition C.29. Let f be a nonnegative step function and let 0 < a1 < ... <
a, < 00 be the finitely many values it takes. We define

| f@iuta Z%u F~M(a,)) € [0.00].

Lemma C.30. Let f,g € St(X)

( ) ifa>0, then [ afdu=a [y fdpu.
(2) [x(f+9)dn= [ fdu+ [y gdp.
(3) If f < g, then [y fdu < [y gdp.
(4) If f € St (X), the functionv : B — [0,00], v(S) := [ xsfdu is a measure.

(1) and (2) of the Lemma imply that

/ D ajxs,dp =" a;u(S;)
X j=1 j=1

It seems easier to define the integral by that formula, but this leaves the issue of
showing that the result does not depend on the way in which f is written as a linear
combination of characteristic functions.

Proof. The first claim is trivial. For the second one, note that we can write
fadp= > au(f'(a))

(this is a finite sum of course). Furthermore,
(F+9 0= U r@ngtc-a)
a€0,c]
and this is a finite disjoint union. It follows that

/X(f+g)du= Soenl(F+9) )= D D enlf Ha)ng He—a) =

c€[0,00) c€[0,00) a€[0,c]

Y (a+bulfHa)ng b)) =

a€[0,00) be[0,00)

o> an(fTHang e+ Y Y bu(f N a)ngTHb) =

a€[0,00) bE[0,00) a€[0,00) bE[0,00)
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Soap( | @ngtop+ > o Y ot b)) =

a€[0,00) be[0,00) be[0,00) a€[0,00)
S an( )+ Y bl ) = [ paut / gdn.
a€l0,00) be[0,00) X Y

(3): the difference g — f is an element of Sty (X). (4): Since a finite linear
combination of measures with nonnegative coefficients is a measure, it is enough to
consider the case f = xr, T' € B. It is straightforward to prove that v is a measure
in that case. d

Definition C.31. Let f: X — [0, 00| be measurable. We define

/ f@)dp(z) = sup / o(@)dp(z).
X g9€8t4(X),9<f /X

Two of the properties proved in Lemma carry over to the integral of non-
negative functions without any difficulty. These are

(1) if a >0, then [y afdy=a [y fdu.
(2) If f < g, then [y fdu < [ gdu.
The other properties also hold, but this requires more work.

Theorem C.32 (Monotone convergence theorem). Let f1 < fo < ... be an in-
creasing sequence of nonnegative measurable functions on X. Then

i [ fu@)dnte) = [l @)dn(o)

n—oo

This is the key step for the development of the theory. Up to that point, we have
not used the g-additivity of p, and it is being used in the proof of the monotone
convergence theorem exactly once. The reader should look out to identify the step
where it is used.

Proof. Put f(z) := lim,_,o fn(z), which is measurable. Since [y fn(z)du(z) <
Jx f(x)dp(z), we obtain

lim fn / f(z)du(x
n—o0
For the reverse inequality, let g € Sty (X) with ¢ < f and let € > 0. Put

Sn = A{z € X[fn(z) = (1 - e)g(z)} C X.
The set S,, is measurable, we have S; C Sy C ..., and Uzozl Sp = X (for the

latter, note that g=1(0) C Sy and if g(z) > 0, then we have f,(z) > (1 —€)g(x) for
sufficiently large n). Since S — [4(1 — €)g(z)du(z) is a measure, we know that

(1-0) [ s@in(o) = [ (1= O(@)dn(e) = lim [ (1= g(a)du(o).

n—oo S,
n

Because [ (1 —e)g(x)dp(@) < [ fa(@) < [x fa(z)dp(z), we obtain

lim [ (1 —€)g(z)du(x) < lim i fn()dp(z).

n— oo S
n

Altogether
(1-9) [ g@ydn(e) < tim_ [ f(e)duta).
X X
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This estimate holds for all ¢ > 0, and so
[ st < tim [ fu@dno)
X n—roo X
This is true for all step functions g < f, and so

/ f@)dp(z) < tim [ fo(@)dp(),
X

n— oo X

as desired. O

Lemma C.33. Let f : X — [0,00] be measurable. Then there is a sequence
f1 < fa < fs... of nonnegative step functions which converges pointwise to f.

Proof. For a > 0, let A, := {z € X|f(x) > a}, which is measurable. The functions
an
In= Z 27XA2L"
k=1
do the job. O

Lemma C.34. Let f,g: X — [0,00] be measurable.
(1) ifa >0, then [y afdp=a [y fdu.
(2) Jx f+gdu= [y fdu+ [y gdp.
(3) If f < g, then [y fdu < [y gdp.
(4) The function v : B — [0,00], v(S) := [y xsfdp is a measure.

Proof. Properties (1) and (3) have been used in the proof of the monotone conver-
gence theorem and follow easily from the definitions. Properties (2) and (4) follow
from Lemma Lemma and the monotone convergence theorem. O

Theorem C.35 (Fatou’s Lemma). For sequences of measurable nonnegative func-
tions, we have

/ 1imninf fo(x)du(z) < lirr%inf/ frn(x)du(x).
X X

Proof. Put
gn(z) = Jnf fu(@).
This function is measurable, and ¢g; < g» < ..., and lim, g, = liminf, f,. By the

monotone convergence theorem, we see that
/ 1irglinf fu(x)du(z) = liTIln/ gn(z)dp(z).
For each k > n, we h;(ve Jn < fr, and therefore :
[ @) < jut [ f@)iuto)

which implies

liTILn/Xgn(x)dp(x) < li%inf/)( fu(x)dp(z).

The following simple facts are sometimes useful.

Lemma C.36. Let X be a measure space and f: X — [0, 00].
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(1) If [y fdp < o0, a >0 and Ay == {z € X|f(z) > a}, then u(A,) < cc.
(2) If [y fdpu =0, then f(x) =0 for almost all x.

Proof. (1) this is simply the estimate

OSau(Aa)=/ aXAaduS/ fdu.
X X

(2) The above inequality proves that p(A,) = 0 for all @ > 0, and hence that

{a|f(z) #0} = |J Az

has measure zero. O

C.7. The Holder and Minkowski inequality. So far, we only have the notion
of the integral of a nonnegative measurable function X — [0,00]. Of course, we
want to integrate real-valued, or complex-valued functions. The functions we will
be able to integrate are the functions in L' (X, 11). There are other spaces LP(X, )
for each p € [1,00], which are also important. As many arguments are parallel in
the case p =1 and p > 1, we start immediately with the case of an arbitrary p.

We consider a measure space (X, p). For a measurable function f : X — [0, o0]
and p € [1,00), we define

1Flle o= ( / FPdp) /7 € [0, 0],
X
Furthermore, we put

~:= inf su z) € |0, 00].
£~ = int | sup_f(a) € 0.

Theorem C.37 (Holder inequality). Let f,g : X — [0,00] be measurable and let
p,q € [1,00] satisfy % + % =1 (with the convention that é =0). Then

gl < [ fllzellgllze-

Proof. In the following cases, the inequality is trivial: p = 1, ¢ = 1, || f||zr = o0,
Iflle =0, ||g]lLe = oo and ||g||r« = 0. Hence we may assume p,q € (1,00), and

0 < ||fllzes lgllze < oo.
For x,y > 0, the Young inequality

1 1
zy < —aP 4+ —y?
p q

holds. It is trivial if + = 0 or y = 0. For z,y > 0, we use convexity of the
exponential function

eraTab < le“ + 1eb
q
and insert a = plog(x), b = qlog(y) to obtain
zy = eo8@)loe() — gyploa(@)+galoaly) < lep log(x) leq log(y) — lxp + }yq'
p q p

Integrating gives

1 1 1 1
1 fgllr = / fgdp < f/ fPdp+ */ gldp =~ flI% + =llglLe-
X D Jx q9Jx p q
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For t > 0 arbitrary, we obtain

g 1 11

(C.38) I fgller = 1N < =PI fll + =gl T = F(2),
t D qt4

and therefore

C.39 1 < inf  F(t).

(C.39) Ifgllz < e (t)

Since lim;_,¢ F(t) = lim;—, o F'(t) = 400, the infimum of F is attained at a ¢y with
F'(tg) = 0. But F'(tp) = 0 holds if and only if

loll 3
1Az

by an easy computation. Hence, inserting this value of ¢y into (C.38)) yields

to = (

1 lglZe 2 1 lgllia | =2
19l < =( )7 [ fllLe + = ( )7 llgllz. =
pIIfIZs I b

pq

1, ee @2 g —d
= Ellgllié" I Ize ™ + =Nl " A

ptg _ 1 1 _ _ p° _ p’+pa—p® _ pg _ _ 4@
Fut o f.q—i—-pfl,p rd = pia fm_qflandq p+qf1,andsothe
ast expression is

1 1
= ;HgHLquHLv + 5H9||Le||f||m = [I£llzellglla-
]

Theorem C.40 (Minkowski inequality). If p € [1,00] and f,g : X — [0,00] are
measurable, we have

ILf+gllze < flle + llgllze-

Proof. The cases p = 1,00 are trivial, so we assume p € (1,00). Furthermore, the
cases where ||f + gllLr = 0, ||f|lzr = oo and ||g||L» = oo are trivial, and we can
exclude them. The crude estimate

If + gllZ, = /X i+ glPdp <2 /X max(|[7, lg7)dy <

<2 [ 151+ 1o =211 + lglo»)

shows that || f||ze, lgllL» < oo implies ||f + g||L» < co. Compute

If+9l7. = /X(f+9)p71fdﬂ+/x(f+g)pflgdu = [1(F+9)P o+ (f+9)P gl e
Let ¢ = (1 — %)’1. The Holder inequality implies

1f+9l70 < N+ Hlzall Flle+1(F+9)PHlzallglle = [(f+g)P " Hpa (1 fll o +lgllze)-
But g =p(l-— %) =p—1and (p—1)g = p, so that

ya
q

1 + 9P e = ( /X (f +9)P D)% = (( /X (F+ o) h)E = If + gl

Now divide by | f + g|[%," € (0,00). O
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C.8. LP-spaces.

Definition C.41. Letp € [1,00]. We define £P(X,K) as the space of all functions
[+ X — K such that

(1) f is measurable,

2) 1A llze =l llze < oo

It follows from Theorem that ZP(X,K) is a vector space and ||_||z» is a
seminorm. The space A (X,K) := {f € ZP(X,K)|||f|lzr = 0} is exactly the
subspace of all null functions, i.e. of all functions which vanish almost everywhere.

Theorem C.42. Let f,, € ZP(X,K) be an LP-Cauchy sequence. Then

(1) There is a subsequence which converges pointwise almost everywhere to a
function f: X — K.

(2) The limit function belongs to £?(X,K).

(3) Ly, || fulle = [Ifllzes I1f = falle = 0.

Proof. We give the detailed proof in the case p < oo. The case p = oo is easier.
(1) After passage to a subsequence, we can assume that
1

||fn+1 - anLP < 47

for all n. Let
1
Xn = A2 € X[|fars(z) = ful2)l 2 57} € X,

which is a measurable subset. We estimate

1 1
(0 2 et = Sl = [ 1w @) = fulo)Pdi(o) = (X))
and therefore, we get
1
w(Xn) < (5
Let
Y= Xm
m>n
and
oo
Y = ﬂ Y,
n=1
(note that Y1 D Y2 D ...). Then
1
p(Yn) < (53)" ;
=y
and hence
u(Y) = 0.
Ifz €Y thenz € Y,¢ = -_ X¢ for some n, and so for m > n, we have

st (2) — fl@)] < QLm

Since K is complete, this implies that f,,(x) converges. Hence f,,
convergent.

ye is pointwise
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(2): Being the pointwise limit of measurable functions, f is measurable. By
Fatou’s lemma

/ |f(2)|Pdu(x) < liminf/ |fn(x)|Pdp(x) = liminf || f, ||}, < oo.
X n X n

(3): Again by Fatou’s lemma

1 fn = fIl7s =/ Hm | fp(2) = fo(2)Pdp(z) < liminf || f(2) = fm ()7, <€
X m m
for sufficiently large n. On the other hand
[fallze < [fo = Flle + 1flle

and therefore

limsup || fnllze < ||flze,
n

while

Ifllze < Wf = Fallze + |2l

and so
Ifllzr < limninf lf = fulloe + limninf | fnll = limninf Il fnll-

O

Theorem C.43 (Dominated convergence theorem). Let p € [1,00). Let f, €
ZLP(X,V) be a sequence which converges pointwise almost everywhere to a function
f X — K. Assume that there is a measurable function g : X — [0,00] with
Jx 9(x)Pdp < 0o, and assume that | f,(x)| < g(x) for all n and almost all x. Then
fe2?(X,K) and || fn — fllz»r — 0.

Proof. Without loss of generality, we can assume that | f,,(z)| < g(z) and lim,, | f,, (x)—
f(z)] =0 for all z. We have 0 < |f,(z) — fi(z)] < 2¢(z) and

limlimsup | fn(z) — fm(z)| = 0.

Therefore, by a repeated application of Fatou’s lemma,

/ 2Pg(x)Pdu = / 2Pg(x)P — liern limsup | f(x) — fm(2)|Pdu =
X X

m

_ /X la (2% (o) — T sup £ (2) — i) ")t <

n

< lim 1nf/ 2Pg(z)P — lim sup | fr(2) = fin(2)|P)dp =

= liminf/ lminf(2Pg(x)? — |frn(x) — f(2)|P)dp <
X m

n

< liminf lin}ninf/X(Zpg(x)p — | fu(z) = fr(2)|P)dp =

n

— [ 2gapdn = timsuptinsup [ 7o) = flo) P
X n n X
We conclude that
lim sup lim sup/ | fr(x) — fm(2)|Pdp = 0.
n n X

Therefore f,, is an LP-Cauchy sequence, which implies all claims by Theorem [C.42]
(]
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Lemma C.44. Let A4 (X,K) be the space of null functions X — K, i.e. functions
which are nonzero only on a set of measure 0. Let p € [1,00). Then

{f € 27X, K)[Ifl[zr = 0} = A (X, K).
Definition C.45. We let LP(X,K) := ZP(X,K)/ A4 (X,K) with the induced quo-

tient norm.

The space LP (X, K) is a normed space, since we divided out all elements of norm
0. Moreover

Proposition C.46. The normed space LP(X,K) is complete.

Proof. For sake of notational clarity, we denote by the letters f,, and f measurable
functions in .£?(X), and by [v,],[v] € LP(X) their equivalence classes. Typical
elements of LP(X) will be denoted vy, v.

Let now v,, be a Cauchy sequence in LP(X). We have to prove that v,, converges,
and for that, it is enough to prove that some subsequence is convergent. Pick
representatives f, € ZP(X), i.e. [fn] = vn. Then f, € £P(X) is an LP-Cauchy
sequence, and by Theorem we can assume that f, converges in the LP-norm
to some f € ZP(X). Then v, converges in LP(X) to v := [f] € LP(X). O

Definition C.47. Let St(X,K) be the set of all step functions X — K, i.e. all
measurable functions which can be written in the form f = 22:1 a;jxs,;, where
S; C X is a measurable subset and a; € K. We denote by Sty(X,K) C St(X,K)
the subset of all step functions f with u({z|f(z) # 0}) < 0.

Proposition C.48. If p € [1,00), then St¢(X) C ZP(X) is a dense subspace. If
p =00, then St(X) C £°°(X) is dense.

Proof. Let us first assume that u(X) < oco. Let f € ZP(X) and € > 0. Put
6= W Let Z C K be a countable dense subset. Pick z; € Z, ¢ € N, such

that f(X) C U;2, Bs(zi). We can write X as a disjoint union of measurable sets
X, so that |f(x) — z;] < d for € X;. The measurable function

9= Z ZiXX;
i=1
satisfies |g(z) — f(x)| < § for all z, and hence
lg = flIZe < 6u(X)'7 = .
Furthermore

n
gn = Z ZiXX;
=1

is a step function, and |g,| — |g| monotonously increasing. Hence the monotone
convergence theorem implies that
lim [lg = gn||z» = 0.
Putting everything together, we find a step function h := g, such that
|h = fllLr <e.
This finishes the proof when u(X) < co.
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In the general case, we consider for m € N the set S,,, := {z||f(x)|? > L}. Then

1
(Sm) & < / \FPdp,
m X

and so Sy, has finite measure. Since lim,, [y [f[Pdu = [ [f[Pdy, there is m so

that
[asranz [ iranz [ 1spdu-e
X Sim X
It follows that there is T' C X of finite measure such that

1f = xofllis < €/3.

It suffices to approximate xrf by elements of St;(X) with arbitrary precision, and
this has been done in the first step of the proof. ([l

C.9. Construction of the integral. After the work from the previous section,
we are ready to define the integral of a function f € £ (X, K).

Definition C.49. Let f € St;(X,K). We define
/ fap=%" vu(f 7 0) € K

UEV]K

(which is a finite sum).

Lemma C.50. The map Sty(X,K) — K given by f — [, fdu is linear, and

|/dem <1 flles.

Proof. Tt is clear that [y afdu =a [y fdu when f € St;(X,K) and a € K. For the
additivity, we note that

(f+9) )= ' wng(v-u)

u€kK
(finite disjoint union) and compute

| Gradn= Y o+ 0) = X 3wt o)l @™ o) =

veK veKuekK
=3 D (utw)p(f () Ny (w) =
weK uekK
=3 > up(f M) ng T W) + Y D> wu(f T (w)ng T (w) =
weK uek weEK uev
= 3 )+ X g™ () = /X i+ /X .

From the linearity, we conclude

T T
/ > vixs,du =Y v;n(S))
X j=1 j=1
and this easily implies the estimate. O

It follows that [ _du extends to a linear map 2! (X, K) — K and descends to
a linear map L'(X,K) — K. We need to perform a last consistency check:
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Lemma C.51. Assume that f : X — [0,00) belongs to £*(X,R). Then the
integral of f as a nonnegative function and as an element of £*(X,R) agree.

Proof. For the purpose of this proof, let [ )/( fdu be the integral of f as a nonnegative

function. It is clear that
!
/ gdp = / gdp
b'e X

when g € St (X) N Sty(X,R). By Lemma we find a sequence f,, of non-
negative step functions which converges monotonously to f. By the monotone
convergence theorem, we have

!/ /
/ fdp = 1im/ fndp = 1im/ fndp.
X nJX " JX

It follows that f, is an L'-Cauchy sequence, and therefore lim,, [  fadp = J  fdp.
O

Proposition C.52. Let X be o-finite. Let f € LY(X,u,K) and let K C K be a
closed convex subset. The following are equivalent:

(1) For each measurable S with 0 < u(S) < oo, we have

9/,
— [ fduek.
n(S) Js
(2) For almost allz € X, f(z) € K.

Proof. 2 = 1: We first consider the case of a step function f. We write

n
f=> ajxm,
j=1

with disjoint sets T; such that U 1T; = X and p(T;) > 0 (we possibly have to

include f~1(0), which might have mﬁmte measure). Then aq,...,a, € K, and
“u(Sn T
— | fdu= p(SNT,
5 0= sy 2y e =
shows that the left hand side is a convex combination of the points aq,...,a, and

hence belongs to K. The case of a general f is done by picking a sequence f,, — f
of step functions which converge in L'-norm to f.

1 = 2: The complement K\ K can then be written as a countable union of closed
convex sets. If f(z) € K does not hold for almost all z, we find a closed convex set
L C K with LN K = @ such that S := f~!(L) has positive finite measure. Then
by the already proven implication, we get

m/sfduEL

and hence not in K. O
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C.10. Product measures and the Fubini theorem. Let (X, A, u) and (Y, B,v)
be two complete measure spaces. A set of the form SxT, S € Aand T € B, is called
a measurable bor. We define A ® B as the o-algebra generated by all measurable
boxes. Note that

(SxT)N(S'xT)=(SNS")yx (T'NT"),
so that the measurable boxes form a m-system. For a subset S C X xY, x € X
and y € Y, we define
Sy ={yeYl|(z,y) €S} CY
and
SY:={zr € X|(z,y) € S} C X.

Lemma C.53. Assume that X andY are both o-finite. Then for each S € AR B,
the following statements hold:
(1) For almost all x € X, the set Sy belongs to B.
(2) For almost all'Y €y, the set SY belongs to A.
(3) The (almost everywhere defined) function fs: X — [0,00], fs(x) := v(S,)
s measurable.
(4) The (almost everywhere defined) function gs : Y — [0,00], gs(y) := p(SY)
is measurable.
(5) We have [y gs(y)dv(y) = [y fs(z)dp(z).
(6) The formula (p @ v)(S) := [y fs(x)du(x) is a measure on the o-algebra
A® B.

Proof. Let X1 C Xo C ...X and Y7 C Y5 C ...Y be exhaustions of X and Y
by subsets of finite measure. We let C C P(X x Y) be the set of all S C X x Y
such that S and all the sets S N (X, x Y,,) satisfy the statements (1)—(5). Clearly,
C contains the set M of all measurable boxes. We will prove that C is a Dynkin
system. As M is a m-system, the Dynkin lemma will then imply that A® B C C,
and this finishes the proof of the claims (1)—(5). It is clear that X xY € C. Assume
that S, € C, n € N. Then S = J;—, S, € C: claims (1) and (2) follows from the
fact that A and B are o-algebras, claims (3) and (4) from the fact that pointwise
limits of measurable functions are measurable, and claim (5) from the monotone
convergence theorem.

Now let S, T € C and S C T. The task is to prove that T'— S € C. Let
Sp = SN (X, xY,) and define T;, analogously. It is clear that (T'— S), =T, — S,
and (T'— S)Y =TY — SY are measurable for almost all = or y, so that the functions
fr—s and gr_g are almost everywhere defined.

Since fs, + fr,-s, = fr, and gs, + g97,,—s, = g7, and as fs, and gg, are
finite, it follows that fr, s, and gr,_s, are measurable. The same is then true for
gr—s = lim, g1, —s, and fr_g. Furthermore, the computation

/Y gs,. (y)dv(y) + /Y 91, -5, (y)dv(y) = / g, (y)dv(y) =

Y

- / fr. (W) dpa(y) = / f. (W)duy) + / f1,—s, (4)duly)
X X X

finishes the verification that T'— S € C. This also finishes the proof that all sets in
A ® B satisfy (1)—(5).

It is an easy application of the monotone convergence theorem that p ® v is a
measure. [
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For a function f: X x Y — K, we denote by f, : Y — K the function f,(y) :=
f(z,y), and similarly f¥(x) := f(x,y).

Theorem C.54 (Tonelli and Fubini theorem). Let (X, u) and (Y,v) be o-finite
measure spaces.

(1) If f : X xY — [0,00] is measurable, then

| sawer= [ (| rwwae = [ ([ roaa)aw.

(2) Assume that f € LY (X x Y). Then for almost all x € X, the function
fo Y =K, fo(y) = f(z,y), belongs to .Zl(Y K) the (almost everywhere
defined) function g : X — K, g(x fY fa(y)dv(y) is in L1 (X,K), and

/ f(@,y)dp ® v(z,y) = / o(x)du(x).
XxY X

(3) If f : X xY — K is measurable and [, ([, |f(z,y)|dv(y))du(z) < co, then
feLH X xY).

Proof. (1) By Lemma there is an increasing sequence of step functions which
converge pointwise to f. For a step function, statement (1) is an easy consequence of
Lemma[C.53] and the general case follows from the monotone convergence theorem.

(2) Let F C £ (X xY) be the subspace of function which satisfy the conclusion
of the theorem. It is clear that F is a linear subspace.

Each characteristic function f = xs with p ® v(S) < oo belongs to F. This
follows immediately from Lemma Therefore by linearity Sty(X xY) C F.

Therefore, it remains to be proven that L!-limits of functions in F belong to
F, so let f, be an L'-Cauchy sequence of step functions which converges almost
everywhere to f. Then for almost all z, (f,). converges almost everywhere to f,.
By part (1)

1o — fllos = / 1o — full s du(a).

and so the functions h, X —> [0,00], hon(x) :=||(fn)z — [zl converge to 0 in the
L'-norm. By Theorem it follows that ||(fn)z — fzllzr — 0 for almost all x
(after passing to a subsequence, of course). It follows that f, € Z1(Y) for almost
all z. It also follows that g,(x) — g(x) for almost all z. Moreover
lgn — gmllLrx) = | fu = fmllLrcx vy,
and so g, is an L'-Cauchy sequence. Therefore g € .Z*(X). Finally
[ s@inte) =tim [ gu@du(o) =tim [ fuwpdusrien) = [ fagdusvia)
X noJX " JXXY X XY
(3) follows from (1), (2). O

Lemma C.55. Let (X, u) be o-finite and let f : X — [0,00] be measurable. For
€>0, let

Se == {z € X|f(x) > €}.

[ sin=[ " (8. de.

Then
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Proof. Let
Y ={(z,t) e X xRI0<t < f(z)} C X xR.

This is measurable. Let A be the Lebesgue measure on R. By Fubini, we have

m®»aw=/xawwuriéﬂ@ww»

X
as well as

e = [Turiane = [ usiao.

C.11. Borel measures.

Definition C.56. Let X be a topological space. The Borel-o-algebra is the smallest
o-algebra which contains all open subsets of X. A Borel measure on X is a measure
which is defined on the Borel o-algebra.

Definition C.57. Let X be a locally compact Hausdorff space. A Borel measure p
on X is a Radon measure if

(1) w(K) < oo for all compact K C X (“u is locally finite”),

(2) for each Borel set S C X, we have

p(S)=  sup  p(K)
KCS compact

(“u is inner regular”) and
(3) for each Borel set S C X, we have

M(S) - SCIIJngpenM(U).

(“u is outer regular”).

Proposition C.58. Let X be a locally compact Hausdorff space and let pu be a
Radon measure on X. Then C.(X) C LP(X, u) for each p, and if p < oo, then this
is a dense linear subspace.

Proof. Let B be the Borel-o-algebra and let 7 be the topology on X. Since 7 C B,
each continuous function X — K is measurable. If f € C.(X), then p(supp(f)) <
oo, and it follows that |f] < ||f|lcop(supp(f)) < oo, so that f € LP(X, p).

For the density, it suffices to prove that for each measurable subset S C X with
1(S) < oo and for each € > 0, there is f € C.(X) with ||f — xs|lr < e

Since p is regular, there is a compact K C S and an open S C U with u(U—K) <
€. A consequence of Urysohn’s Lemma (Proposition yields a continuous
function f: X — [0,1] with xx < f < py. Then

If = xsllee < If = xxllze + Ixs — xkllLr-
But 0 < f—xx <xu—xxk,and 0 < xs — xx < xu — Xk and so
If = xsllze < 2lxv = Xxllr = 2(u(U \ K))MP < 267,
O

Proposition C.59. Let X be a second countable locally compact space and let p
be a locally finite Borel measure. Then u is a Radon measure.

Proof. Let us first assume that X is compact. Then p is finite. Let D C B be the
set of all S such that p(S) = supgcg compact #(K) = infscr open (V).
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(1) Each open U C X belongs to D. Outer regularity is not an issue. By
Corollary X is metrizable. Let K, = {z € Ul|disty<(z) < 1}.
Then K, is compact, K,, C K3, C K41 C ... and |, K, = U. Let
fo + X — [0,1] be continuous with f,|x, = 1 supp(fn) C Kp41. Then
fn — xu pointwise almost everywhere, and the dominated convergence
theorem implies

p(U) = lim / fndp.
n—oo X

But [y fudp < p(Kyq1), whence limy, o0 p(Kpi1) = p(U).

(2) Intersections of elements of D are in D. To see this, note that S € D if
and only if there are compact K, and open U, with K,, ¢ § C U,, so
that xx, and xy, converge almost everywhere to xg. If T is another set in
D, consider L,, C T' C V,, and observe that xx,nr, = Xk, XL, converges
almost everywhere to xsnr, and so does xv, nv, -

(3) Complements of elements in D are in D. This is clear, and uses that we
assumed X to be compact.

(4) Ascending unions of elements in D are in D. Let S; C S... be a sequence
in D with S = {J,, S. Pick K,, C S, C U, with (U, \ K,) < £. Then
K, C S, and u(S\ K,) becomes arbitrarily small, and S C |J,, Un. Then

p(J U\ U So) < iU\ En) < (S \ Ky <.

(2), (3) and (4) prove that D is a Dynkin system and a m-system, hence a o-algebra
by Lemma [C.7] and since D contains all open sets, D = B. This finishes the proof
in the compact case.

In the general case, pick an exhaustion X; C X7 C X5 C ... X of X by compact
sets. The measure p induces a measure u, on X, by p,(S) := u(S). The measure
ln is inner and outer regular by the first part of the proof.

For a measurable S, let S,, := SN X,,. By the regularity of p,4+1, there is a
closed and hence compact K,, C S, and a subset V,, C X, 11 which is open in the
subspace topology, such that ji,41(V, \ K,) < 7. The set U, := V,, N X7, is
open in X, K,, C S, C Uy, and pu(U, \ Ky) < 557.

For inner regularity, there are two cases to distinguish: if p(S) < oo, then
1(S) = limy, 00 (4(Sn), and p(Ky,) — p(S). If u(S) = oo, then u(S,) and hence
u(K,) becomes arbitrarily large.

Outer regularity is only an issue if u(S) < oo. But we have S C J,, Uy, and
the latter is open, and the same argument as in the proof of item (4) above proves
that. (]
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APPENDIX D. HOLOMORPHIC FUNCTIONS

We develop the basic theory of holomorphic functions on open subsets of the
complex plane. We present the absolute minimum which is necessary for the de-
velopment of spectral theory. As our exposition is geared towards the applications
in functional analysis, we consider holomorphic functions with values in complex
Banach spaces throughout (in the usual treatments of the theory, only functions
with values in C are studied). This does not make any of the proofs much harder.

D.1. Remarks about differential calculus. We begin by recalling the definition
of differentiability in several variables. We start with functions from (open subsets
of) Banach spaces to Banach spaces. We consider real Banach spaces V, W whose
norms we denote by the symbol |v|, to avoid heavy notation. On the vector space
L(V; W) of continuous linear maps, we consider the operator norm which we denote
as usual by ||F||. We also agree that we write Fv for the value of F' € L(V,W) at
veV.

Definition D.1. Let V,W be Banach spaces, let U C V be open and let f : U — W
be a function. For x € U, we let

—z+U={-z+ylyeU}={heV]z+heU}
and note that 0 € —xz + U. We say that f is differentiable at x € U if there is a
function
—x+U— L(V; W), h— F(x,h),
which is continuous at x and such that
fx+h) = f(z)+ F(z,h)h

forallhe —x+U.
The differential of f at x is the linear map

Df(x) := F(z,0) € L(V;W).

For example, linear maps are differentiable, and DF(xz) = F. Linear combina-
tions of differentiable maps are differentiable, and the formulas

D(f +g)(x) = Df(x) + Dg(x), D(af)(z) = aDf(x)
hold.

Example D.2. Let U C R be open. A function f : U — V is differentiable at
x € U if and only if the limit

1
M) o— Tipn = _
Fa) = lim L(f(z 4 h) ~ f(@) € V
exists, and we have
J'(#) = Df()1 € V.

Reason: if the limit f'(x) exists, we define F(x,h) € L(IR; V)XV by

pom = [HUE = @) nr0

’ f(x) h=0.

Then F(x,h) is continuous at h =0, and f(x + h) = f(x) + F(x, h)h. Vice versa,
if f is differentiable, then

F(F )~ £()) = D)L = 2 (Fla, h)h) ~ F(a, 001 = (Fla, h) ~ F(z,0)1 = 0,
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so that the limit f'(x) exists and is equal to D f(x)1.

Example D.3. If A is a real (or complex) unital Banach algebra and A* C A is
its (open) set of invertible elements, the function

1A = A () =27t
is differentiable. To see this, write
(x+h) =2zt =—(x+h)that.
We define F(x,h) € L(A, A) by
F(z,h)v:= —(x+h)  ha™t.

The function h — F(x,h) is continuous. We conclude that v is differentiable and

Di(z)v = —z toz™ L.

Important is the chain rule.

Theorem D.4. Let Vy, Vi, Vo be Banach spaces, U; C V; be open and let f: Uy —
Uy C Vi be differentiable at x € Uy, and g : Uy — Va be differentiable at f(x). Then
go f is differentiable at x, and

D(go f)(x) = Dg(f(x))Df(x).

Proof. Let F(z,_) and G(f(x),_) be functions certifying the differentiability of f
and g at = and f(z). Then

g(f(z +h)) = g(f(x) + F(z,h)h) = g(f(z)) + G(f (), F(x, h)h) F (2, h)h.
Define H(x, h) € L(Vy; V1) by
H(z,h)v:=G(f(x), F(x,h)h)F(x,h)v.

This is continuous at h = 0 since G and F' are continuous. Therefore g o f is
differentiable at z, and

D(ge f)(z) = H(z,0) = G(f(x),0)F(z,0) = Dg(f(z))Df(x).
O

Let U C V be open and let f : U — W be differentiable at z. Let v € V.
The curve ¢ : R — V, ¢(t) = z + tv is differentiable. By the chain rule, f o c is
differentiable at 0, and

D(f 2 ¢)(0) = Df(z)De(0).

But Dc(0)1 = v, and D(f o ¢)(0)1 = limp—0 3 (f(z + hv) — f(x)). Therefore, we
see that

Df () = Jim (7 + hv) ~ (x).

h—0



FUNCTIONAL ANALYSIS 185

D.2. Holomorphy.

Definition D.5. Let U C C be an open subset, let V be a complex Banach space,
and let f:U — V be a function. We say that f is complex differentiable at z € U
if the limat
f(2) = lim ~(f(z+ h) — f(2)) €V
h—0 h
exists. We say that f is holomorphic if f is complex differentiable at each point
z € U, and if the function U =V, z— f'(2) is continuouzﬂ

To relate this notion to the notion of differentiablity from we do some linear
algebra first.

Definition D.6. Let V,W be two complex Banach spaces. We let Lo(V; W) be
the space of bounded C-linear maps V. — W, with the usual operator norm. This is
a (real) subspace of the real Banach space Lr(V,W) of all R-linear bounded linear
maps. Moreover, let L (V;W)subsetLr(V; W) be the space of all C-antilinear
maps F : V. — W, which are the bounded R-linear maps such that F(zv) = ZF(v),
forallze C andv eV.

Lemma D.7.
Lr(V;W) = Le(ViW) @ L (VW)

Proof. We have Lc(V;W)NL: (V; W) = 0, because a linear map F which is both,
C-linear and C-antilinear satisfies

iF(v) = F(iv) = —iF (v)
for all v € V and hence F = 0.
If F:V — W is R-linear, then
1
F(v) := Z(ZF(’U) + F(iv))
is C-linear because

Fi(iv) — iFy(v) = Zii(z'F(iv) + F(—v) — i2F(v) — iF(iv)) = 0

and
F,(v) := F(v) — F(v) = %(ZF(’U) — F(iv))

is C-antilinear. O

Proposition D.8. Let W be a complex Banach space, z € U C C open and
f:U—= W. The following are equivalent:

(1) f is complex differentiable at z.

(2) f is differentiable at z when viewed as a map between real Banach space,
and the differential Df(z) € Lx(V;W) is C-linear, i.e. an element of
Lc(ViW) C Le(V;W).

In that case, we have
Df(z)v=f'(z)veW.
for allv € C.
90ne can drop the hypothesis that f’ is continuous, it follows from the existence of f’(z) for

ech z. However, the stronger hypothesis simplifies the proofs in my opinion, and usually it does
not take much work to verify this assumptions in practice.
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Proof. 1 = 2. We define, for h € —z + U, an element A(h) € W by

Ay o [RUGEHR =) hA0
T ) h=0.

Then A: —z 4+ U — W is continuous function, and
fz4+h) = f(z)+ A(h)h

for h # 0 and by continuity also if h = 0. The map C — W, v — A(h)v is complex
linear. It follows that f is differentiable at z, D f(z) is the C-linear map v — f’(2)v.

2=1:let A: =2+ U — Lr(C; W) be a map certifying that f is differentiable
at z. In other words,

f(z4+h) = f(z)+ A(h)h

and A is continuous at 0. The hypothesis says that A(0) = Df(z) is C-linear. We
can write A(h) = B(h) + C(h), where B(h) is C-linear and C(h) is C-antilinear,
using Lemma Both, B and C' are continuous at 0, and C(0) = 0. Therefore

F(G B = £(2)) = (B + O,

Since B(h) is C-linear, we have

1
=B(h)h = B(h)1

and .
|7 C(h] < IC(R)].
Altogether,
1
lim T((=+h) ~ f(2)) ~ B(h)L =0
as C(0) = 0. It follows that f’(z) exists and is equal to B(0)1 = A(0)1 = Df(2)1.

(]

Le us give some typical examples.

Example D.9. A rational functions f(z) = 552, where p,q € C[z] are two poly-

nomials, is a holomorphic function U — C, where U = {z € C|q(z) # 0}.
The functions f(z) =%, f(z) = |z|> are not holomorphic.

Example D.10. Let A be a unital complex Banach algebra. Then the function

LAY 5 A a—at
whose real differentiability was shown in[D.3, is in fact holomorphic.

D.3. Power series. Let a; € V and consider the series
(D.11) Z apz".
k=0

Lemma D.12. (1) If lagr®| < C for all k, and |z| < r, the series is
absolutely convergent.

(2) There is a unique R € [0,00], such that converges absolutely for all

|z| < R and diverges for all |z| > R. R is called the radius of convergence.
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(3) R is given by the formula
1

D.13 =
( ) lim sup,, |a,|*/™

Proof. 1 follows from the estimate |aj2*| < C’(%)’€
2: We let

R := sup{r > 0|3CVk : |apr*| < C} € [0, c0].

If |2| > R, then |a2*| is unbounded and hence (D.11]) diverges. If |z| < R, there
is [z] <r < R and C such that |ayr*| < C for all k. Then Y -, axz" is absolutely

convergent.
3: If
2] > 1 L inf
zl > ———— =limin ,
lim sup,, |a,|'/™ no |ag |/
there are infinitely many n such that
1
2| = | |1/7
and hence
lan 2™ > 1.
Therefore (D.11)) diverges for such z.
If
1

|Z| < hmnlnf W’

pick s > |z| such that

i inf
S <hrrh1n rnll/na

which means that
1

|1/n

s <
lan

for almost all n, and hence
s"an| <1
for almost all n. Therefore
anz"] = 8" lau|(5)"
s
for almost all n, and (D.11)) converges for such z. d

The formula (D.13) for the radius is often not very convenient, and can sometimes
be replaced by a simpler formula.

Lemma D.14. Let (a,), be a sequence in C, such that a,, # 0 for all n. Assume
that

tim 1241 ¢ [0, o)
nan|

exists. Then

li |an+1|

1/n.
n an|

= lim sup |ay,|
n
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Proof. Write b, := |ay|,

P := limsup|a,|*/™,
n

and

Q :=lim Ln“‘

nag

Let € > 0. Let m such that |bzﬂ — Q| < e for all n > m. For such n, we have

b1 bn,
b, = by b; v
and hence
(bn)l/n < (bm)l/n(Q +€) =
as well as

n—m

(ba) /" = (b)) ™(Q =€)
For ¢ > 0 and C > 0, we have

L

limCY"g™ =" = limCl/"q(qm)% =q.

Therefore, if @ = 0, we have

lim sup b}/ "<e
for each € > 0 and hence P = 0. For Q > 0, we get that
Q-e<P<Q+e
for all € > 0 and hence P = @ as well. O

Now let Y~ ° j anz" have have convergence radius R > 0 and consider the func-

tion
oo
f(z)= Z anz"
n=0

from Bgr(0) C Cto V. Our goal is to prove that f is holomorphic, and the derivative
is the limit of the formally differentiated series

(D.15) Z anpnz"
n=1

Lemma D.16. The series (D.15|) has the same radius of convergence as the original
series (D.11). The function

f(z) = Z anz"
n=0

18 holomorphic in the open disc of convergence, and the formula
o0
f'(z)= Zannz"*1
n=1

holds.
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Proof. 1: if (D.15)) converges for z # 0 and n > 1, then

|anz"] < |2|lnanz""",

S0 t is also convergent for z. Vice versa, let R be the radius of convergence
for (D.11)) and |z| < R. Pick ¢ € (0,1) such that |z| < gR < R. Thereis ¢ < s <1
and C such that
lans"R™| < C
for all n. Then
[(n+ Dans1g"R"| < (n+1)(5)"C =0

is in particular bounded, so that (D.15)) converges for z.
2: We compute

n—2 n—2
1 n n n—173 _ 1 n kin—k __ n kin—k—2 __
E((z—&-h) —2")—nz h—hZ(k)zh —hz<k>zh =

k=0 k=0
n—2 n
_ n=2\ g nok-2 (3)
hZ( L )z h =
k=0 k
But ( )
5 nlkl(n — k — 2)! n(n—1) < 1
= = -_— —_ 1
(") Hn-kin-2! (n-k)m-k—1) =1
if 0 < k < n. Therefore
1 n n LN n— n(n—1 n—
T (zhy =2y nzn ] < M) |h|Z ( B L
Let
= Zannzn_l
n=1
Then
1 = z4+h)" — 2" .
|E<f<z+h>—f<z>>—g<z>|=|Zan<%—nz <
n=1

< [h] Z |an\ |Z| +[h)"”
If || < Rand |h| < 3(R—|z|), we have |z|+|h| < 2(R+|z]), andso Yo7, |an| 2 (|24
|h|)"=2 < oco. Tt follows that

.1
lim (7 (=4 ) — (2)) — g(z) = 0 0

The most prominent example of a holomorphic function defined by a power series
is the exponential function

1
e = exp(z) := Z Ez” eC

n=0

which converges absolutely for each z € C.

D.4. The local Cauchy theorem.
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D.5. Curve integrals. The fundamental theorem of calculus implies that each
continuous function f : I — R defined on an interval in R has a primitive function
F, ie. a differentiable function with F/ = f. For continuous functions on open
subsets of C, this is not true, and the failure is quite interesting. We will from
now on only consider holomorphic functions with values in C, but the extension to
Banach space valued functions is not very difficult.

As a first motivating step, let U C C be open and let f: U — C be continuous.
Suppose that f has a primitive function F' : U — C, which by definition means a
holomorphic function F with F/ = f. Let v : [0,1] — U be a smooth map. The
function [0,1] — C, ¢t — F(y(t)) is differentiable, and by the fundamental theorem
of calculus, we get

O FOW) - FaO) = [ GRaOM = [ o)y

In the second equality, we used the chain rule: if f is just differentiable, we have
for v € C that

D(F ov)(t)v = DF(y(t)) D~(t)v,

but Dy(t)v = 4(t)v and DF (y(t))Dy(t)v = F'(v(t))5(t)v. We take equation (D.17)
as motivation for the following definition.

Definition D.18. Let U C C be open, let f: U — C be a continuous function and
let v:[0,1] = U be a smooth path. We define

1
[ 1= [ sawn
¥ 0
It follows that for a holomorphic function f and any path « : [0, 1] — U, we have
fo) - f600) = [ r@a
¥

Theorem D.19. Let U C C be open, f: U — C holomorphic, and let T : (—¢,€) x
[0,1] = U be a smooth map. Define smooth curves

vs(t) :=T(s,1).
Then the function F : (—¢,€) — C defined by

F(s):= | f(2)dz

Vs
is differentiable and satisfies

F(5) = (1) o

F(s) = /

This is differentiable by the theorem on differentation under the integral sign, and
the derivative is

10(1) = F((0) 2 (0).

Proof. Compute

f(z)dzz/o f(r(s,t))%r(s,t)dt.

s

F'(s) = /O1 %(f(l“(s,t))%l“(s,t))dt -
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(D.20) —/ (gsf(l“(s t)))gtl“(&t)dt—k/o f(F(s,t))(%%F(&t))dt.

The first integral is equal to

/ ' (T(s,t)) (s t)(;?tl"(&t)dt =
9 - .
f (I'(s, )))as (s,t)dt = ( partial integration)

0
/f ) oy Do, e+ [F(D(5,6) 2 s, D]

By Schwarz’ theorem on the symmetry of higher partial derivatives, the first sum-
mand cancels against the second summand in (D.20)), and the theorem is proven. [

To make use out of this computation, we introduce a couple of notions.
Definition D.21. Let U C C be open. Let 9,71 : [0,1] = U be smooth.
(1) A smooth homotopy I': 9 ~> 1 s a smooth map
r:[0,1]x[0,1] —-U

such that T'(i,t) = ~v;(¢t) for all t and i =0,1.
(2) If v%(0) = v1(0), v0(1) = 71 (1), a homotopy T' will be relative endpoints,
provided that
(s, ) = 70(4)
fori=0,1 and all s.

(3) Ifvo and vy are closed curves, i.e. v;(0) = ~;(1), T is a homotopy of closed
curves, provided that

I'(s,0) =T(s,1)
for all s.

It is easy to prove that these various notions of homotopy are equivalence rela-
tions on the sets of curves.

D.6. The main theorem of the local theory.

Definition D.22. A subset U C C is star-shaped with respect to zg € U if for
each z € U and each t € [0,1], zo +t(z — 20) € U.

For example C, as well as balls B,.(z) are star-shaped.

Corollary D.23 (Cauchy integral theorem). Let U C C be open and star-shaped
with respect to zg and let f : U — C be holomorphic. Then for each closed curve ~y

in U, we have
[ 1tz =
¥

Proof. Let ' : [0,1] x [0,1] — U, I'(s,t) := 2o + s(y(t) — 20). Then ~;(t) :=I'(s, )
is a smooth closed curve for each s. By Theorem the function

G:[0,1] = C, G(s):= | f(2)dz

Vs
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is constant, but G(1) = fv f(2)dz and

Gy = [ f(z)dz= /0 F(z0)7, (B)dt = 0.

Yo

For w € C and r > 0, we let C,.(w) be the curve

t s w4 re? .

1 1 A !
/ dz = / TQm’rez’”tdt = 2mi / 1dt = 2mi.
Cr(w) 2 — W o resTt 0

Theorem D.24 (Cauchy integral formula). Let U C C be open and let f : U — C
be holomorphic, z € U and B,(z9) C U. Then for all z € B,(29), we have

_ 1 f(w)

Proof. The function g(w) := L) 5 holomorphic on U \ z, and the closed curves

Cy(z0) and Cs(z) are homotopig through closed curves in U \ z, for small enough
d > 0. From Theorem we see that

1
RRY R (VRN (P
270 J o, (z) W — 2 2 Jog(zy W — 2

i 1 f(z+5e27rit)

Then

= —Lomide’ ™ dt =
2mi Jo Je2mit moe
1 .
= [ f(z+de*)at.
0
But
1
lim / f(z+6e* MY dt = f(2). O
=0 Jo

Now assume that B,.(z9) C U. Then whenever z € B,(z), we have by Theorem
1D.24]

1 fw) | 1 f(w)

z) = — W= — dw =
1(z) 27 J e, () W — 2 270 J ¢, (20) (w—29) — (2 — 20)
1 1
I B S
271 Cr(z0) W— 20 1-— —w_z(:)

1 >~ (2 — z)"
R O
27 J o, (z0) W — 20 L5, (w — zp)™

&1 )
_nz:%(?m Lr(zo) (w—zo)n+1d ) o)™

The exchange of integration and summation is justified because the geometric series
converges uniformly on im(C,(z9)). We arrive at the following fundamental result.
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Theorem D.25. Let U C C be open, 29 € U and B,(z0) C U. Let f:U — C be
holomorphic. Define

1 f(w)
Qp 1= 271 Jo, o (0 = 2g)" 1 dw € C.

Then

(1) The power series

oo
Z an(z — 20)"
n=0

converges absolutely and locally uniformly on B,.(z) to f.
(2) f is smooth, and all derivatives of f are holomorphic.
(3) The estimate

21
lan] < [1flo5, (o) | =
holds.

Proof. We have shown (1). Part (2) follows, because sums of power series are
holomorphic in the interior of the disc of convergence. The estimate follows from

1 7]“(10) dw = 27i /1 7]”(20 + Te%it)dt
0

n = % On(o) (w _ Z(])"+1 rne2mint
and the standard estimate for integrals over compact intervals. O

Corollary D.26 (Liouville’s Theorem). A bounded holomorphic function f : C —
C is constant.

Proof. If | f(2)| < C for all z € C, we have

la,| <

,rTL

for all » > 0, and hence a,, = 0 whenever n > 0. It follows that f is constant. [
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