Part II — Linear Analysis

Based on lectures by J. W. Luk
Notes taken by Dexter Chua

Michaelmas 2015

These notes are not endorsed by the lecturers, and I have modified them (often
significantly) after lectures. They are nowhere near accurate representations of what
was actually lectured, and in particular, all errors are almost surely mine.

Part IB Linear Algebra, Analysis II and Metric and Topological Spaces are essential

Normed and Banach spaces. Linear mappings, continuity, boundedness, and norms.
Finite-dimensional normed spaces. [4]

The Baire category theorem. The principle of uniform boundedness, the closed graph
theorem and the inversion theorem; other applications. (5]

The normality of compact Hausdorff spaces. Urysohn’s lemma and Tiezte’s exten-
sion theorem. Spaces of continuous functions. The Stone-Weierstrass theorem and
applications. Equicontinuity: the Ascoli-Arzela theorem. (5]

Inner product spaces and Hilbert spaces; examples and elementary properties. Or-
thonormal systems, and the orthogonalization process. Bessel’s inequality, the Parseval
equation, and the Riesz-Fischer theorem. Duality; the self duality of Hilbert space. [5]

Bounded linear operations, invariant subspaces, eigenvectors; the spectrum and resolvent
set. Compact operators on Hilbert space; discreteness of spectrum. Spectral theorem
for compact Hermitian operators. [5]
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0 Introduction

In IB Linear Algebra, we studied vector spaces in general. Most of the time, we
concentrated on finite-dimensional vector spaces, since these are easy to reason
about. For example, we know that every finite-dimensional vector space (by
definition) has a basis. Using the basis, we can represent vectors and linear maps
concretely as column vectors (in F™) and matrices.

However, in real life, often we have to work with infinite-dimensional vector
spaces instead. For example, we might want to consider the vector space of
all continuous (real) functions, or the vector space of infinite sequences. It is
difficult to analyse these spaces using the tools from IB Linear Algebra, since
many of those assume the vector space is finite-dimensional. Moreover, in these
cases, we often are not interested in the vector space structure itself. It’s just
that the objects we are interested in happen to have a vector space structure.
Instead, we want to look at notions like continuity and convergence. We want to
do analysis on vector spaces. These are not something the vector space structure
itself provides.

In this course, we are going to give our vector spaces some additional structure.
For the first half of the course, we will grant our vector space a norm. This
allows us to assign a “length” to each vector. With this, we can easily define
convergence and continuity. It turns out this allows us to understand a lot about,
say, function spaces and sequence spaces.

In the second half, we will grant a stronger notion, called the inner product.
Among many things, this allows us to define orthogonality of the elements of a
vector space, which is something we are familiar with from, say, IB Methods.

Most of the time, we will be focusing on infinite-dimensional vector spaces,
since finite-dimensional spaces are boring. In fact, we have a section dedicated
to proving that finite-dimensional vector spaces are boring. In particular, they
are all isomorphic to R™, and most of our theorems can be proved trivially for
finite-dimensional spaces using what we already know from IB Linear Algebra.
So we will not care much about them.
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1 Normed vector spaces

In IB Linear Algebra, we have studied vector spaces in quite a lot of detail.
However, just knowing something is a vector space usually isn’t too helpful.
Often, we would want the vector space to have some additional structure. The
first structure we will study is a norm.

Definition (Normed vector space). A normed vector space is a pair (V)] - ||),
where V' is a vector space over a field F and || - || is a function || - || : V — R,
known as the norm, satisfying

(i) ||v]| > 0 for all v € V, with equality iff v = 0.
(ii) [|Av]| = |Al||v]] for all X € F,v € V.
(i) [[v + wll < ]| + wl| for all v,w € V.
Intuitively, we think of ||v]| as the “length” or “magnitude” of the vector.

Example. Let V be a finite dimensional vector space, and {ey,--- ,e,} a basis.
Then, for any v = >_""_ v;e;, we can define a norm as
) y i=1 Y%

If we are given a norm of a vector space V', we immediately obtain two more
structures on V for free, namely a metric and a topology.

Recall from IB Metric and Topological Spaces that (V,d) is a metric space if
the metric d: V x V — R satisfies

(i) d(xz,xz) =0for all z € V.
(ii) d(z,y) =d(y,z) for all z,y € V.
(iii) d(z,y) < d(z,2) + d(z,y) for all z,y,z € V.

Also, a topological spaces is a set V' together with a topology (a collection of
open subsets) such that

(i) @ and V are open subsets.
(ii) The union of open subsets is open.
(iii) The finite intersection of open subsets is open.

As we have seen in IB Metric and Topological Spaces, a norm on a vector space
induces a metric by d(v,w) = ||[v — w||. This metric in terms defines a topology
on V where the open sets are given by “U C V is open iff for any « € U, there
exists some € > 0 such that B(z,e) ={y € V :d(z,y) <e} CU".

This induced topology is not just a random topology on the vector space.
They have the nice property that the vector space operators behave well under
this topology.

Proposition. Addition + : V xV — V' and scalar multiplication - : FxV — V
are continuous with respect to the topology induced by the norm (and the usual
product topology).
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Proof. Let U be open in V. We want to show that (+)71(U) is open. Let
(v1,v2) € (+)71(U), i.e. vi+va € U. Since vq+ vy € U, there exists € such that
B(vi+va,e) € U. By the triangle inequality, we know that B(v1, §)+B(va, 5) €
U. Hence we have (vi,vz) € B ((v1,v2),5) € (+)"H(U). So (+)"*(U) is open.

Scalar multiplication can be done in a very similar way. O

This motivates the following definition — we can do without the norm, and
just require a topology in which addition and scalar multiplication are continuous.

Definition (Topological vector space). A topological vector space (V,U) is
a vector space V together with a topology U such that addition and scalar
multiplication are continuous maps, and moreover singleton points {v} are
closed sets.

The requirement that points are closed is just a rather technical requirement
needed in certain proofs. We should, however, not pay too much attention to
this when trying to understand it intuitively.

A natural question to ask is: when is a topological vector space normable? i.e.
Given a topological vector space, can we find a norm that induces the topology?

To answer this question, we will first need a few definitions.

Definition (Absolute convexity). Let V' be a vector space. Then C C V is
absolutely convex (or balanced convex) if for any A, u € F such that || + |u] < 1,
we have A\C' + puC C C. In other words, if ¢1,co € C, we have Ac; 4+ ucy € C.

Proposition. If (V|| - ||) is a normed vector space, then B(t) = B(0,t) = {v :
|lv]] <t} is absolutely convex.

Proof. By triangle inequality. O

Definition (Bounded subset). Let V' be a topological vector space. Then B C V
is bounded if for every open neighbourhood U C V of 0, there is some s > 0 such
that B C tU for all £ > s.

At first sight, this might seem like a rather weird definition. Intuitively, this
just means that B is bounded if, whenever we take any open set U, by enlarging
it by a scalar multiple, we can make it fully contain B.

Example. B(t) in a normed vector space is bounded.

Proposition. A topological vector space (V,U) is normable if and only if there
exists an absolutely convex, bounded open neighbourhood of 0.

Proof. One direction is obvious — if V' is normable, then B(¢) is an absolutely
convex, bounded open neighbourhood of 0.

The other direction is not too difficult as well. We define the Minkowski
functional p:V — R by

po(v) =inf{t >0:v e tC},

where C' is our absolutely convex, bounded open neighbourhood.

Note that by definition, for any ¢ < uc(v), v € tC. On the other hand, by
absolute convexity, for any ¢ > pc(v), we have v € tC.

We now show that this is a norm on V:
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(i) If v=0, then v € 0C. So puc(0) = 0. On the other hand, suppose v # 0.
Since a singleton point is closed, U = V' \ {v} is an open neighbourhood of
0. Hence there is some ¢ such that C C tU. Alternatively, %C’ C U. Hence,
v & 1C. So pc(v) =1 >0. So pc(v) =0iff v=0.

(ii) We have
pe(Av) =1inf{t > 0: Av € tC} = Xinf{t > 0: v € tC} = Ao (v).
(iii) We want to show that
pe(v+w) < pe(v) + pe(w).
This is equivalent to showing that
inf{t >0:v+wetC}<inf{t >0:vetC}+inf{r>0:werC}

This is, in turn equivalent to proving that if v € tC' and w € rC, then
(v+w)e(t+r)C.

Let v/ = v/t,w' = w/r. Then we want to show that if v/ € C' and w’ € C,
then Hl_r) (tv/ + rw’) € C. This is exactly what is required by convexity.
So done. O

In fact, the condition of absolute convexity can be replaced “convex”, where
“convex” means for every ¢ € [0,1], tC' + (1 — t)C C C. This is since for every
convex bounded C, we can find always find a absolutely convex bounded C' C C,
which is something not hard to prove.

Among all normed spaces, some are particularly nice, known as Banach
spaces.

Definition (Banach spaces). A normed vector space is a Banach space if it is
complete as a metric space, i.e. every Cauchy sequence converges.

Example.

(i) A finite dimensional vector space (which is isomorphic to F” for some n)
is Banach.

(ii) Let X be a compact Hausdorff space. Then let
B(X)={f: X — R such that f is bounded}.

This is obviously a vector space, and we can define the norm be ||f| =
sup,cx f(x). It is easy to show that this is a norm. It is less trivial to
show that this is a Banach space.

Let {f.} C B(X) be a Cauchy sequence. Then for any z, {f,(z)} CR is
also Cauchy. So we can define f(z) = lim f,(x).
n—oo

To show that f, — f, let € > 0. By definition of f, being Cauchy,
there is some N such that for any n,m > N and any fixed =, we have
| fr(x) — fm(x)| < €. Take the limit as m — co. Then f,(x) — f(z). So
|fr(x) — f(x)| < e. Since this is true for all z, for any n > N, we must
have ||f, — fl| <e. So fr, — f.
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(iii)

Define X as before, and let
C(X)={f:X — R such that f is continuous}.

Since any continuous f is bounded, so C(X) C B(X). We define the norm
as before.

Since we know that C(X) C B(X), to show that C(X) is Banach, it suffices
to show that C(X) C B(X) is closed, i.e. if f,, — f, fn € C(X), then
f € C(X), i.e. the uniform limit of a continuous function is continuous.
Proof can be found in IB Analysis II.

For 1 < p < o0, define
ﬁp([O, 1]) = {f : [0,1] — R such that f is continuous}.

We define the norm || - ”L,, by

1 1/p
s, = ([ 157 as)

It is easy to show that ﬁp is indeed a vector space, and we now check that
this is a norm.

(a) Hf||Lp > 0 is obvious. Also, suppose that ||f||Lp = 0. Then we must
have f = 0. Otherwise, if f # 0, say f(x) = ¢ for some x. Then there
is some 0 such that for any y € (z — d,2 + ), we have ||f(y)| > 5.

Hence
s, = ([ v as) 2 (5] >0

() [IAf]| = |Al|lf]] is obvious

(¢) The triangle inequality is the exactly what the Minkowski inequality
says, which is in the example sheet.

It turns out that L, is not a Banach space. We can brute-force a hard
proof here, but we will later develop some tools that allow us to prove this
much more easily.

Hence, we define L,([0,1]) to be the completion of L,([0,1]). In IID
Probability and Measure, we will show that L,([0,1]) is in fact the space

Ly([0,1]) = {f :[0,1] — R such that /01 P d < oo} /~,

where the integral is the Lebesgue integral, and we are quotienting by the
relation f ~ g if f = g Lebesgue almost everywhere. You will understand
what these terms mean in the IID Probability and Measure course.

(v) ¢, spaces: for p € [1,00), define

6p(F) = {(3317372,"') LT E]F,Z|xi|p < oo},

i=1
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with the norm
) 1/17
[1xlle, = <Z xi”) :
i=1

It should be easy to check that this is a normed vector space. Moreover,
this is a Banach space. Proof is in example sheet.

(vi) £ space: we define

b = {(xl,x2,~-) cx; € Fosup |ag| < oo}
ieN
with norm
lIxlle., = sup |zil.
ieN

Again, this is a Banach space.

(vii) Let B = B(1) be the unit open ball in R™. Define C'(B) to be the set of
continuous functions f : B — R. Note that unlike in our previous example,
these functions need not be bounded. So our previous norm cannot be
applied. However, we can still define a topology as follows:

Let {K;}$2, be a sequence of compact subsets of B such that K; C K, 11
and ;o K; = B. We define the basis to include

{recw: sw i<}

zeK;

for each m,i =1,2,---, as well as the translations of these sets.

This weird basis is chosen such that f, — f in this topology iff f, — f
uniformly in every compact set. It can be showed that this is not normable.

1.1 Bounded linear maps

With vector spaces, we studied linear maps. These are maps that respect the
linear structure of a vector space. With normed vector spaces, the right kind of
maps to study is the bounded linear maps.

Definition (Bounded linear map). T : X — Y is a bounded linear map if there
is a constant C' > 0 such that [|Tx|y < C||x||x for all x € X. We write B(X,Y)
for the set of bounded linear maps from X to Y.

This is equivalent to saying T(Bx (1)) € By (C) for some C' > 0. This also
equivalent to saying that T'(B) is bounded for every bounded subset B of X.
Note that this final characterization is also valid when we just have a topological
vector space.

How does boundedness relate to the topological structure of the vector spaces?
It turns out that boundedness is the same as continuity, which is another reason
why we like bounded linear maps.

Proposition. Let X, Y be normed vector spaces, T : X — Y a linear map.
Then the following are equivalent:

(i) T is continuous.
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(ii) T is continuous at 0.
(iii) T is bounded.

Proof. (i) = (ii) is obvious.

(ii) = (iii): Consider By (1) CY, the unit open ball. Since T is continuous
at 0, T71(By (1)) C X is open. Hence there exists € > 0 such that Bx(g) C
T~Y(By(1)). So T(Bx(¢)) € By(1). So T(Bx(1)) C By (%). So T is bounded.

e
(iii) = (i): Let € > 0. Then | Tx; — Tx2|ly = ||[T(x1 —%x2)|ly < C||x1 —x2||x-
This is less than € if ||x; — x2|| < C~'e. So done. O

Using the obvious operations, B(X,Y) can be made a vector space. What
about a norm?

Definition (Norm on B(X,Y)). Let T : X — Y be a bounded linear map.
Define ||T|5(x,y) by
ITsxy) = sup | Tx]y.
llzll<1

Alternatively, this is the minimum C such that ||Tx|ly < C||x|x for all x.
In particular, we have

ITx[ly < [IT[lz0x,v)l1x[lx-

1.2 Dual spaces

We will frequently be interested in one particular case of B(X,Y).

Definition (Dual space). Let V be a normed vector space. The dual space is
V* = B(V,F).

We call the elements of V* functionals. The algebraic dual of V is
V' = L(V,F),

where we do not require boundedness.

One particularly nice property of the dual is that V* is always a Banach
space.

Proposition. Let V' be a normed vector space. Then V* is a Banach space.

Proof. Suppose {T;} € V* is a Cauchy sequence. We define T as follows: for
any v € V, {T;(v)} CF is Cauchy sequence. Since F is complete (it is either R
or C), we can define T: V — R by

T(v) = nhﬁngo T.(v).
Our objective is to show that T; — T'. The first step is to show that we indeed
have T' € V*, i.e. T' is a bounded map.
Let ||v|| < 1. Pick e = 1. Then there is some N such that for all i > N, we
have
T(v) = T(v)| < 1.
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Then we have

T(v)| < |T5(v) = T(v)| + |Ti(v)]
<14 Tillv-lvllv
<1+ |[|T5[v-
< 1+sup||T3]|v-

Vo*

Since T; is Cauchy, sup;, ||T;||v~ is bounded. Since this bound does not depend
on v (and N), we get that T is bounded.

Now we want to show that ||T; — T'||y~ — 0 as n — oo.

For arbitrary € > 0, there is some N such that for all ¢,j > N, we have

ITi = Tillv~ <e.
In particular, for any v such that ||v|| < 1, we have
Ti(v) = T(v)| <e.
Taking the limit as 7 — oo, we obtain
Ti(v) —T(v)| <e.

Since this is true for any v, we have

1T =T

v < e
foralli> N. SoT; —» T. O

Exercise: in general, for X,Y normed vector spaces, what condition on X
and Y guarantees that B(X,Y) is a Banach space?

1.3 Adjoint

The idea of the adjoint is given a T € B(X,Y), produce a “dual map”, or an
adjoint T* € B(Y*, X*).

There is really only one (non-trivial) natural way of doing this. First we can
think about what 7™ should do. It takes in something from Y* and produces
something in X™*. By the definition of the dual space, this is equivalent to taking
in a function g : Y — FF and returning a function 7%(g) : X — F.

To produce this T*(g), the only things we have on our hands to use are
T:X =Y and g:Y — F. Thus the only option we have is to define T*(g)
as the composition g o T, or T*(g)(x) = g(T(x)) (we also have a silly option of
producing the zero map regardless of input, but this is silly). Indeed, this is the
definition of the adjoint.

Definition (Adjoint). Let X,Y be normal vector spaces. Given T € B(X,Y),
we define the adjoint of T, denoted T*, as a map T* € B(Y™*, X*) given by

T*(g9)(x) = g(T'(x))
for x € X, y € Y*. Alternatively, we can write

T"(g)=goT.

10
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It is easy to show that our T is indeed linear. We now show it is bounded.
Proposition. 7" is bounded.

Proof. We want to show that ||T™||g(y+ x~) is finite. For simplicity of notation,
the supremum is assumed to be taken over non-zero elements of the space. We
have

* T g)llx=
T gy oy = sup LD
geve lglly+
T*
s sy 7@ Il
geY* xeX HgHY*

9(Tx)|

x||x
“ glly- 1Ty
p sup

gev-xex llglly-lIxlx

= sup sup
geY* xeX HgHY*

IN

1T 3x,v) Il x
xEX [1xlx

AN
w

= ITllsx.v)

So it is finite. O

1.4 The double dual
Definition (Double dual). Let V' be a normed vector space. Define V** = (V*)*.

We want to define a map ¢ : V — V**. Again, we can reason about what
we expect this function to do. It takes in a v € V| and produces a ¢(v) € V**.
Expanding the definition, this gives a ¢(v) : V* — F. Hence this ¢(v) takes in a
g € V*, and returns a ¢(v)(g) € F.

This is easy. Since g € V*, we know that g is a function g : V' — F. Given
this function g and a v € V, it is easy to produce a ¢(v)(g) € F. Just apply g
on v:

o(v)(g9) = g(v).

Proposition. Let ¢ : V — V** be defined by ¢(v)(g9) = g(v). Then ¢ is a
bounded linear map and ||¢||gv,v+) < 1

Proof. Again, we are taking supremum over non-zero elements. We have

(V)] v+
|¢llsv,v+) = sup [# -
vev ”VHV
o oup 8000
vev gev= [[vllvIlgllv-
— sup sup — I
vev gev+ [[Vllvlgllv-
<1 U

In fact, we will later show that ||¢||gv,v+) = 1.

11
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1.5 Isomorphism

So far, we have discussed a lot about bounded linear maps, which are “morphisms”

between normed vector spaces. It is thus natural to come up with the notion of
isomorphism.

Definition (Isomorphism). Let X, Y be normed vector spaces. ThenT : X — Y
is an isomorphism if it is a bounded linear map with a bounded linear inverse
(i.e. it is a homeomorphism).

We say X and Y are isomorphic if there is an isomorphism 7': X — Y.

We say that T': X — Y is an isometric isomorphism if 7" is an isomorphism
and | Tx|ly = ||x||x for all x € X.

X and Y are isometrically isomorphic if there is an isometric isomorphism
between them.

Example. Consider a finite-dimensional space F" with the standard basis
{e1, -+ ,ey}. For any v =) v;e;, the norm is defined by

vl = (3202) .

Then any g € V* is determined by g(e;) for i = 1,--- ,n. We want to show that
there are no restrictions on what g(e;) can be, i.e. whatever values I assign to
them, ¢g will still be bounded. We have

lglly- = sup 4
veV ”V”

2 villg(ei)l

<SUp R

vev (22 |vil?)1/?

< C'sup

vev (3 [uil?

for some C, where the second-to-last line is due to the Cauchy-Schwarz inequality.

The supremum is finite since F" is finite dimensional.

Since g is uniquely determined by a list of values (g(e1),g(e2), -, g(en)),
it has dimension n. Therefore, V* is isomorphic to F”. By the same lines of
argument, V** is isomorphic to F™.

In fact, we can show that ¢ : V. — V** by ¢(v)(g) = g(v) is an isometric
isomorphism (this is not true for general normed vector spaces. Just pick V to
be incomplete, then V and V** cannot be isomorphic since V** is complete).

Example. Consider ¢, for p € [1,00). What is £;7
Suppose ¢ is the conjugate exponent of p, i.e.
1 1
-4+ -=1
q P
(if p = 1, define ¢ = c0) It is easy to see that £, C £; by the following:
Suppose (z1,z2,-++) € £y, and (y1,Y2,---) € {. Define y(x) = Y o0) zy;.
We will show that y defined this way is a bounded linear map. Linearity is easy

12
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to see, and boundedness comes from the fact that

y(x ilYi [1%le, 1y lle
lylle; = sup lyCOll _ oy 2zt o oo Xl lylle, Iy, .
o xlle, k[l x|

le,

by the Holder’s inequality. So every (y;) € £, determines a bounded linear map.
In fact, we can show £}, is isomorphic to £,.

1.6 Finite-dimensional normed vector spaces

We are now going to look at a special case of normed vector spaces, where the
vector space is finite dimensional.

It turns out that finite-dimensional vector spaces are rather boring. In
particular, we have

(i) All norms are equivalent.

)
(ii) The closed unit ball is compact.
(iii) They are Banach spaces.
(iv) All linear maps whose domain is finite dimensional are bounded.
These are what we are going to show in this section.
First of all, we need to say what we mean when we say all norms are
“equivalent”

Definition (Equivalent norms). Let V' be a vector space, and || - ||1, || - ||2 be
norms on V. We say that these are equivalent if there exists a constant C' > 0
such that for any v € V| we have

CTHvll2 < vl < ClIv]l2.

It is an exercise to show that equivalent norms induce the same topology,
and hence agree on continuity and convergence. Also, equivalence of norms is an
equivalence relation (as the name suggests).

Now let V be an n-dimensional vector space with basis {e1,--- ,e,}. We

can define the £ norm by
n 1/17
o= (Lmr)

n
VvV = E V;€;.
i=1

Proposition. Let V' be an n-dimensional vector space. Then all norms on V
are equivalent to the norm || - ||¢n.

where

Corollary. All norms on a finite-dimensional vector space are equivalent.

13
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Proof. Let || - || be a norm on V.
Let v =(v1, - ,v,) =Y. v;e; € V. Then we have

vl = |3 vie:
n
<3 fuilled
i=1
n
< (sup e ) Y- o
¢ i=1

< Clvle,

where C' = sup ||e;|| < oo since we are taking a finite supremum.
For the other way round, let S; = {v € V : [|v|;» = 1}. We will show the
two following results:

@) Il - - (Su, 1l - [ley) — R is continuous.
(ii) S7 is a compact set.

We first see why this gives what we want. We know that for any continuous map
from a compact set to R, the image is bounded and the infimum is achieved. So
there is some v, € S; such that

Ivll = inf flvl-

Since v, # 0, there is some ¢’ such that ||v|| > ¢ for all v € S;.

Now take an arbitrary non-zero v € V', since W € 51, we know that
1

vl = v

>c'7

[[vle

which is to say that

n.
4

Since we have found ¢, ¢’ > 0 such that

¢Vl < VI < ellv

£
_ 1
now let C' = max {c, ?} > (0. Then
C7Hvllz < vl < Cllv]la-

So the norms are equivalent. Now we can start to prove (i) and (ii).
First, let v,w € V. We have

IVl = lIwll] < v = wil < Cllv = wlep-

Hence when v is close to w under 7, then ||v|| is close to |[w]|. So it is continuous.

To show (ii), it suffices to show that the unit ball B={v eV : v <1}
is compact, since Sp is a closed subset of B. We will do so by showing it is
sequentially compact.

14
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Let {v(®)}2  be a sequence in B. Write

vk = Z )\l(-k)ei.
i=1
Since v(¥) € B, we have

> PI<
i=1

Consider the sequence )\gk)7 which is a sequence in F.
We know that |/\§k)| < 1. So by Bolzano-Weierstrass, there is a convergent

subsequence A(lkj v,

Now look at )\;kh). Since this is bounded, there is a convergent subsequence

g2,

Iterate this for all n to obtain a sequence k;, such that )\Ek“) is convergent
for all i. So v(¥in) is a convergent subsequence. O

Proposition. Let V be a finite-dimensional normed vector space. Then the
closed unit ball B
B1)={veV:|v|| <1}

is compact.

Proof. This follows from the proof above. O

Proposition. Let V be a finite-dimensional normed vector space. Then V is a
Banach space.

Proof. Let {v;} € V be a Cauchy sequence. Since {v;} is Cauchy, it is bounded,
i.e. {v;} C B(R) for some R > 0. By above, B(R) is compact. So {v;} has a
convergent subsequence v;, — v. Since {v;} is Cauchy, we must have v, — v.
So v; converges. O

Proposition. Let V, W be normed vector spaces, V' be finite-dimensional. Also,
let T : V — W be a linear map. Then T is bounded.

Proof. Recall discussions last time about V* for finite-dimensional V. We will
do a similar proof.

Note that since V' is finite-dimensional, im T finite dimensional. So wlog W
is finite-dimensional. Since all norms are equivalent, it suffices to consider the
case where the vector spaces have ¢f and /" norm. This can be represented by
a matrix T;; such that

T(x1, - ,2n) = (ZTM%,'“ 7ZTmixi> .

We can bound this by

n

T (1, )| < Y0 [ Tiallas <m(sup|Ti| ) Y el < Clx
J
j=1i=1 b

i=1

n
14

for some C' > 0, since we are taking the supremum over a finite set. This implies
that | T'l|pep,epy < C. O

15
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There is another way to prove this statement.

Proof. (alternative) Let T': V' — W be a linear map. We define a norm on V'
by |[v|" = ||vllv + |ITv|lw. It is easy to show that this is a norm.

Since V is finite dimensional, all norms are equivalent. So there is a constant
C > 0 such that for all v, we have

IvI" < Clivilv.

In particular, we have
[Tv] < Cllvllv.

So done. 0

Among all these properties, compactness of B(1) characterizes finite dimen-
sionality.

Proposition. Let V' be a normed vector space. Suppose that the closed unit
ball B(1) is compact. Then V is finite dimensional.

Proof. Consider the following open cover of B(1):

Bmc |J B <y, ;)

yeB(1)
Since B(1) is compact, this has a finite subcover. So there is some y1,--- ,yn
such that )
_ " 1
B(l)C| |Blyi, = ).
(1) < g (y 2)

Now let Y = span{y1,- -+ ,yn}, which is a finite-dimensional subspace of V. We
want to show that in fact we have Y = V.
Clearly, by definition of Y, the unit ball

B(l)gYJrB(;),

i.e. for every v € B(1), there is some y € Y,w € B(3) such that v =y + w.
Multiplying everything by %, we get

(@)erea)

mngy+B<D.

Hence we also have

By induction, for every n, we have

mugy+3(;).

As a consequence, ~
B(1)CY.

16
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Since Y is finite-dimensional, we know that Y is complete. So Y is a closed
subspace of V. So Y =Y. So in fact
B(1) CY.

Since every element in V' can be rescaled to an element of B(1), we know that
V =Y. Hence V is finite dimensional. O

This concludes our discussion on finite-dimensional vector spaces. We’ll end
with an example that shows these are not true for infinite dimensional vector
spaces.

Example. Consider ¢1, and e; = (0,0,---,0,1,0,---), where e; is 1 on the ith
entry, 0 elsewhere.
Note that if 7 # 7, then
lei — el = 2.

Since e; € B(1), we see that B(1) cannot be covered by finitely many open balls

of radius %, since each open ball can contain at most one of {e;}.

1.7 Hahn-Banach Theorem

Let V be a real normed vector space. What can we say about V* = B(V,R)?
For instance, If V' is non-trivial, must V* be non-trivial?

The main goal of this section is to prove the Hahn-Banach theorem (surprise),
which allows us to produce a lot of elements in V*. Moreover, it doesn’t just tell
us that V* is non-empty (this is rather dull), but provides a tool to craft (or at
least prove existence of ) elements of V* that satisfy some property we want.

Proposition. Let V be a real normed vector space, and W C V has co-
dimension 1. Assume we have the following two items:

— p: V = R (not necessarily linear), which is positive homogeneous, i.e.
p(AV) = Ap(v)
for all v € V, A > 0, and subadditive, i.e.
p(vi+vz2) < p(v1) +p(va)

for all vi,vy € V. We can think of something like a norm, but more
general.

— f: W — R a linear map such that f(w) < p(w) for all w € W.

Then there exists an extension f : V' — R which is linear such that f lw = f and

f(v) <p(v) forall veV.

Why do we want this weird theorem? Our objective is to find something in
V*. This theorem tells us that to find a bounded linear map in V', we just need
something in W bounded by a norm-like object, and then we can extend it to V.

17
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Proof. Let vg € V' \ W. Since W has co-dimension 1, every element v € V' can
be written uniquely as v = w+avy, for some w € W, a € R. Therefore it suffices
to define f(vg) and then extend linearly to V.

The condition we want to meet is

f(w+avg) < p(w+ avy) (%)

for all w € W,a € R. If a = 0, then this is satisfied since f restricts to f on W.
If @ > 0 then (x) is equivalent to

f(w) +af(vo) < p(w + avo).
We can divide by a to obtain
f(a_lw) + f(vo) < pla™'w + vo).

We let w/ = a~'w. So we can write this as

f(vo) < p(w' +vo) — f(w'),

for all w' € W.
If @ < 0, then (x) is equivalent to

f(w) +af(vo) < p(w + avo).
We now divide by a and flip the sign of the equality. So we have
fla™'w) + f(vo) = —(—a™")p(w + avo).

In other words, we want

f(vo) = —p(—a™'w —wo) — f(a™'w).

We let w/ = —a~'w. Then we are left with

f(vo) = =p(w' — vo) + f(W').

for all w' € W. 3
Hence we are done if we can define a f(v() that satisfies these two conditions.
This is possible if and only if

—p(w1 —vo) + f(w1) < p(w2 +vo) — f(wa)

for all wi, ws. This holds since

f(wi) + f(wa) = f(w1 + w2)
< p(wi + ws)
= p(w1 — vo+ Wz + Vo)
< p(w1 —vo) + p(wa + Vo).
So the result follows. O

The goal is to “iterate” this to get a similar result without the co-dimension
1 assumption. While we can do this directly for finitely many times, this isn’t
helpful (since we already know a lot about finite dimensional normed spaces). To
perform an “infinite iteration”, we need the mysterious result known as Zorn’s
lemma.

18
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Digression on Zorn’s lemma

We first need a few definitions before we can come to Zorn’s lemma.

Definition (Partial order). A relation < on a set X is a partial order if it
satisfies

(i) z <z (reflexivity)
(ii) * <y and y < x implies z = y (antisymmetry)
(iii) # <y and y < z implies z < z (transitivity)

Definition (Total order). Let (S, <) be a partial order. T' C S is totally ordered
if for all z,y € T, either x < y or y < x, i.e. every two things are related.

Definition (Upper bound). Let (S, <) be a partial order. S’ C S subset. We
say b € S is an upper bound of this subset if z < b for all z € S’.

Definition (Maximal element). Let (S, <) be a partial order. Then m € S is a
mazximal element if x > m implies x = m.

The glorious Zorn’s lemma tells us that:

Lemma (Zorn’s lemma). Let (9, <) be a non-empty partially ordered set such
that every totally-ordered subset S’ has an upper bound in S. Then S has a
maximal element.

We will not give a proof of this lemma here, but can explain why it should
be true.

We start by picking one element zy in S. If it is maximal, then done.
Otherwise, there is some x1 > xg. If this is not maximal, then pick z5 > 1. We
do this to infinity “and beyond” — after picking infinitely many x;, if we have
not yet reached a maximal element, we take an upper bound of this set, and call
it x,,. If this is not maximal, we can continue picking a larger element.

We can do this forever, but if this process never stops, even after infinite
time, we would have picked out more elements than there are in .S, which is
clearly nonsense. Of course, this is hardly a formal proof. The proper proof can
be found in the IID Logic and Set Theory course.

Back to vector spaces

The Hahn—Banach theorem is just our previous proposition without the constraint
that W has co-dimension 1.

Theorem (Hahn-Banach theorem*). Let V be a real normed vector space, and
W C V a subspace. Assume we have the following two items:

— p:V — R (not necessarily linear), which is positive homogeneous and
subadditive;

— f: W — R a linear map such that f(w) < p(w) for all w € W.

Then there exists an extension f : V' — R which is linear such that f |lw = f and

f(v) <p(v) forall veV.
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Proof. Let S be the set of all pairs (V, f) such that
() WCVCV
(i) f:V — R is linear

(ii) flw = f

(iv) f(¥) <p(¥) forallv eV
_ We introduce a partial order < on S by (f/l,fl) < (f@,fz) if V; C Vi and
f2|‘*/1 = f1. It is easy to see that this is indeed a partial order.
~We now check that this satisfies the assumptions of Zorn’s lemma. Let
{(Vas fa) taca € S be a totally ordered set. Define (V, f) by

V= U Vo,  [(X) = fa(x) for x € V,.

acA

This is well-defined because {ﬁf/,fa)}a@q is totally ordered. So if x € Val

and x € V,,, wlog assume (Vu,, fo;) < (Vas, fas)- SO fa2|Va2 = fa,- So
fal(x):f@2(x)' o~ -~ .

It should be clear that (V, f) € S and (V, f) is indeed an upper bound of
{(Vir, fa) }aca. So the conditions of Zorn’s lemma are satisfied.

Hence by Zorn’s lemma, there is an maximal element (W, f) € S. Then by
definition, f is linear, restricts to f on W, and bounded by p. We now show
that W = V.

Suppose not. Then there is some vy € V '\ W. Define V = span{W, vy}.
Now W is a co-dimensional 1 subspace of V. By our previous result, we know

that there is some f:V — R linear such that f| = f and f(v) < p(v) for all
vev.

Hence we have ~(I/T/,f) e S but (W,f) < (V, f) This contradicts the
maximality of (W, f). O

There is a particularly important special case of this, which is also known as
Hahn-Banach theorem sometimes.

Corollary (Hahn-Banach theorem 2.0). Let W C V be real normed vector
spaces. Given f € W*, there exists a f € V* such that fly = f and || f|

1w

Proof. Use the Hahn-Banach theorem with p(x) = || f|lw+|x|lv for all x € V.
Positive homogeneity and subadditivity follow directly from the axioms of the
norm. Then by definition f(w) < p(w) for all w € W. So Hahn-Banach theorem
says that there is f : V — R linear such that f|W = f and f(v) < p(w) =
[ llw= vy

Now notice that

Ve =

F&) <M lwlvllv,  =Fv) = F(=v) < |l fllw-

implies that |f(v)| < || fllw~|v]y for all v € V.
On the other hand, we have (again taking supremum over non-zero v)

\4[\%

~ f A% J(w
I fllv+ = sup (V) > sup VWl _ I llw=-
vev ||V||V wew ”W”W
So indeed we have || f|lv+ = || f|lw- =
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We’ll have some quick corollaries of these theorems.

Proposition. Let V' be a real normed vector space. For every v € V' \ {0},
there is some fy, € V* such that fy(v) = ||v||y and || fy||v+ = 1.

Proof. Apply Hahn-Banach theorem (2.0) with W = span{v}, fi(v) = ||v]v.
O

Corollary. Let V be a real normed vector space. Then v = 0 if and only if
f(v)=0forall f eV~

Corollary. Let V be a non-trivial real normed vector space, v,w € V with
v # w. Then there is some f € V* such that f(v) # f(w).

Corollary. If V is a non-trivial real normed vector space, then V* is non-trivial.

We now want to restrict the discussion to double duals. We define ¢ : V —
V** as before by ¢(v)(f) = f(v) for veV, feV*

Proposition. The map ¢ : V — V** is an isometry, i.e. ||p(v)||v= = ||v]v.
Proof. We have previously shown that
ol Bv,veey < 1.
It thus suffices to show that the norm is greater than 1, or that
[e(V)[lves = [Ivllv-

We can assume v # 0, for which the inequality is trivial. We have

o)A o [6(v)(f)]

[¢(v)[|v+ = sup > =AM = lvllv,
reve 1 fllv- [ follv- Y
where fy is the function such that fy(v) = ||v||v,|fvl]lv- = 1 as we have
previously defined.
So done. O

In particular, ¢ is injective and one can view ¢ as an isometric embedding of
V into V**.

Definition (Reflexive). We say V is reflexive if ¢p(V) = V**.

Note that any reflexive space is Banach, since V**, being the dual of V*, is
reflexive.

You might have heard that for any infinite dimensional vector space V, the
dual of V is always strictly larger than V. This does not prevent an infinite
dimensional vector space from being reflexive. When we said the dual of V' is
always strictly larger than V', we are referring to the algebraic dual, i.e. the set of
all linear maps from V to F. In the definition of reflexive (and everywhere else
where we mention “dual” in this course), we mean the continuous dual, where
we look at the set of all bounded linear maps from V to F. It is indeed possible
for the continuous dual to be isomorphic to the original space, even in infinite
dimensional spaces, as we will see later.
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Example. Finite-dimensional normed vector spaces are reflexive. Also /P is
reflexive for p € (1, 00).

Recall that given T € B(V, W), we defined T* € B(W*,V*) by
" (f)(v) = f(Tv)

forveV, feW
We have previously shown that

1T lsow= v+ < I Tlsv,w)-
We will now show that in fact equality holds.

Proposition.
1T v v+ = IT5ev,w)-

Proof. We have already shown that
1Tl Bew=v=y < T |lBov,wy-

For the other inequality, first let € > 0. Since

Tv w
| T||s(v,wy = sup ITv]
vev HVHV

by definition, there is some v € V' such that |T'v|w > ||T|gwv,w)llVIv — e.
wlog, assume ||v|ly = 1. So

ITvliw = |1 Tlsv.w) — e

Therefore, we get that

V*

. 17(f)]
1T lsow=,ve) = Pt Ay
> T (frv) v
> T (frv) (V)]
= |frv(TV)]
= | Tv|[w
> T sev,wy — €,
where we used the fact that || frv|lw+ and ||v||y are both 1. Since ¢ is arbitrary,
we are done. O
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2 Baire category theorem

2.1 The Baire category theorem

When we first write the Baire category theorem down, it might seem a bit
pointless. However, it turns out to be a really useful result, and we will be able
to prove surprisingly many results from it.

In fact, the Baire category theorem itself does not involve normed vector
spaces. It works on any metric space. However, most of the applications we have
here are about normed vector spaces.

To specify the theorem, we will need some terminology.

Definition (Nowhere dense set). Let X be a topological space. A subset £ C X
is nowhere dense if E has empty interior.

Usually, we will pick F to be closed so that the definition just says that E
has an empty interior.

Definition (First/second category, meagre and residual). Let X be a topological
space. We say that Z C X is of first category or meagre if it is a countable union
of nowhere dense sets.

A subset is of second category or non-meagre if it is not of first category.

A subset is residual if X \ Z is meagre.

Theorem (Baire category theorem). Let X be a complete metric space. Then
X is of second category.

This, by definition, means that it is not a countable union of nowhere dense
sets. This is equivalent to saying that if we can write

where each C,, are closed, then C,, has a non-empty interior for some n.

Alternatively, we can say that if U, is a countable collection of open dense
sets, then (2, U, # 0 (for if U, is open dense, then X \ X, is closed with
empty interior).

Proof. We will prove that the intersection of a countable collection of open dense
sets is non-empty. Let U, be a countable collection of open dense set.

The key to proving this is completeness, since that is the only information
we have. The idea is to construct a sequence, show that it is Cauchy, and prove
that the limit is in the intersection.

Construct a sequence x, € X and &, > 0 as follows: let x1,&; be defined
such that B(z1,e1) C Uy. This exists U; is open and dense. By density, there is
some z1 € Uy, and €; exists by openness.

We define the z,, iteratively. Suppose we already have z,, and &,. Define
Zpt1,Ent1 such that B(zpi1,ent1) C B(Zn,en) N Upy1. Again, this is possible
because U,4+1 is open and dense. Moreover, we choose our €,41 such that
Ent1 < % so that €, — 0.

Since &, — 0, we know that z,, is a Cauchy sequence. By completeness of
X, we can find an x € X such that x,, — x. Since x is the limit of z,,, we know
that x € B(zy,¢e,) for all n. In particular, = € U,, for all n. So done. O
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2.2 Some applications
We are going to have a few applications of the Baire category theorem.
Proposition. R\ Q # 0, i.e. there is an irrational number.

Of course, we can also prove this directly by, say, showing that v/2 is irrational,
or that noting that R is uncountable, but Q is not. However, we can also use
the Baire category theorem.

Proof. Recall that we defined R to be the completion of Q. So we just have to
show that Q is not complete.

First, note that Q is countable. Also, for all ¢ € Q, {¢} is closed and has
empty interior. Hence

Q=J{g

q€Q

is the countable union of nowhere dense sets. So it is not complete by the Baire
category theorem. O

We will show that there are normed vector spaces which are not Banach
spaces.

Proposition. Let /1 be a normed vector space defined by the vector space
V ={(x1,22, -+) : &; € R,3I € N such that i > I = x;, = 0},

with componentwise addition and scalar multiplication. This is the space of all
sequences that are eventually zero.
We define the norm by

[

o0
L= Z ‘$Z|
i=1
Then #; is not a Banach space.

Note that él is not standard notation.

Proof. Let R
E,={z€l;:2;,=0,Vi>n}.

By definition,
b= En.
n=1

We now show that E,, is nowhere dense. We first show that E,, is closed. If
x; — x in {, with z; € E,, then since z; is 0 from the nth component onwards,
x is also 0 from the nth component onwards. So we must have x € F,,. So E,, is
closed.

We now show that FE, has empty interior. We need to show that for all
z € E, and & > 0, there is some y € ¢, such that ||y — z|| < ¢ but y & E,,. This
is also easy. Given x = (z1,- -+ ,2,-1,0,0,---), we consider

y= (.1?1,"' 7$n—17€/2a0705"')'

Then ||y — m||l;1 < € but y € E,. Hence by the Baire category theorem, /1 is not
complete. O
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Proposition. There exists an f € C([0,1]) which is nowhere differentiable.

Proof. (sketch) We want to show that the set of all continuous functions which
are differentiable at at least one point is contained in a meagre subset of C([0, 1]).
Then this set cannot be all of C([0,1]) since C([0, 1]) is complete.

Let E,, » be the set of all f € C([0,1]) such that

(E)(¥9) 0 < ly — 2] < — = |f(y) ~ ()] < nly — 2.

(where the quantifiers range over [0, 1]).
We now show that

{f € C([0,1]) : f is differentiable somewhere} C U Epn-

n,m=1
This is easy from definition. Suppose f is differentiable at xy. Then by definition,
L J) = (o)

gl
s Y — &g = ['(z0).
Let n € N be such that |f'(z)] < n. Then by definition of the limit, there

is some m such that whenever 0 < |y — z| < -, we have V-] - 5o

ly—zol
f € Emn.
Finally, we need to show that each E,, , is closed and has empty interior.
This is left as an exercise for the reader. O

Theorem (Banach-Steinhaus theorem/uniform boundedness principle). Let V'
be a Banach space and W be a normed vector space. Suppose T, is a collection
of bounded linear maps Ty, : V. — W such that for each fixed v € V,

sup || Ta (V) ||lw < 0.
Then
sup || T |l s(v,w) < oo

This says that if the set of linear maps is pointwise bounded, then they are
uniformly bounded.

Proof. Let
Eu={veVisu|Tu()lw <n}.
Then by our conditions,

V= E,.

(@

n=1

We can write each E,, as

B, ={{veV:|Tav)lw < n}.

Since T, is bounded and hence continuous, so {v € V : |[To(v)|lw < n} is
the continuous preimage of a closed set, and is hence closed. So E,,, being the
intersection of closed sets, is closed.
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By the Baire category theorem, there is some n such that F, has non-empty
interior. In particular, (3n)(Je > 0)(Ivo € V) such that for all v € B(vy,¢), we
have

sup || T (v)llw < n.
«

Now consider arbitrary ||[v/||yy < 1. Then

€
vo + §V, € B(vg,e¢).

/
T, <v0—|—6v>H <n.
2 w

2
sup [T/l < 2 (n+sup[Tuval )
a £ a

sup
«

Therefore

Note that the right hand side is independent of v'. So

sup sup [T’ < oo. o
([v[<1 «

Note that this result is not true for general functions. For example, consider
f:10,1] = R defined by

Then for all x € [0,1], we have
sup | fn ()] < oo,

but
supsup | f(z)] = oc.
n x
However, by a proof very similar to what we had above, we have

Theorem (Osgood). Let f,, : [0,1] — R be a sequence of continuous functions
such that for all z € [0, 1]

sup | fn(z)| < 00
n
Then there are some a,b with 0 < a < b < 1 such that

sup sup |fn(z)| < oco.
n  xcla,b]
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Proof. See example sheet. O

Theorem (Open mapping theorem). Let V' and W be Banach spaces and
T :V — W be a bounded surjective linear map. Then 7T is an open map, i.e.
T(U) is an open subset of W whenever U is an open subset of V.

Note that surjectivity is necessary. If q € T(V'), then we can scale q down
arbitrarily and still not be in the image of T. So T'(V') does not contain an open
neighbourhood of 0, and hence cannot be open.

Proof. We can break our proof into three parts:

(i)

(i)
(iii)

We first want an easy way to check if a map is an open map. We want
to show that T is open if and only if T'(By (1)) D Bw(¢) for some € > 0.
Note that one direction is easy — if T' is open, then by definition T'(By (1))
is open, and hence we can find the epsilon required. So we are going to
prove the other direction.

We show that T(By (1)) 2 Bw (e) for some & > 0

By rescaling the norm in W, we may wlog the ¢ obtained above is in fact
1. We then show that if T(By (1)) 2 Bw (1), then T(By (1)) 2 Bw(3)-

We now prove them one by one.

(i)

Suppose T (By (1)) 2 Bw(e) for some € > 0. Let U C V be an open set.
We want to show that T'(U) is open. So let p € U,q = T'p.

Since U is open, there is some § > 0 such that By (p,d) C U. We can also
write the ball as By (p,d) = p + By (4). Then we have

T(U) 2T(p+ Bv(9))
=Tp+T(Bv(9))
= Tp+ 6T(By (1))
Dq+0Bw(e)
=q-+ Bw(5€)
= Bw(q, d¢).

So done.

This is the step where we use the Baire category theorem.

Since T is surjective, we can write W as
W= JT(Bv(n) = J T0Bv(1) = | TnBv(1)).
n=1 n=1 n=1

We have written W as a countable union of closed sets. Since W is a
Banach space, by the Baire category theorem, there is some n > 1 such that
T(nBy (1)) has non-empty interior. But since T'(nBy (1)) = nT(By (1)),
and multiplication by n is a homeomorphism, it follows that T'(By (1)) has
non-empty interior. So there is some € > 0 and wy € W such that

T(Bv(l)) :_> Bw(Wo, 6).
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(iii)

We have now found an open ball in the neighbourhood, but we want a ball
centered at the origin. We will use linearity in two ways. Firstly, since if
v € By (1), then —v € By (1). By linearly of T, we know that

T(By (1)) D Bw(—wy,¢).

Then by linearity, intuitively, since the image contains the balls By (wy, €)
and Bw (—wo, €), it must contain everything in between. In particular, it
must contain By (e).

To prove this properly, we need some additional work. This is easy if we had
T(By (1)) 2 Bw(wo,¢) instead of the closure of it — for any w € By (g),
we let vi,vy € By (1) be such that T'(vi) = wo + w, T'(va) = —wg + w.
Then v = ¥1E¥2 gatisfies ||v]ly <1 and T(v) = w.

Since we now have the closure instead, we need to mess with sequences.
Since T'(By (1)) 2 £wo+Byw (), for any w € By (e), we can find sequences
(vi) and (u;) such that ||v;||v,|u|lv <1 for all i and T'(v;) — wo + w,
T(u;) = —wo + w.

Now by the triangle inequality, we get

v; +u;
— | <1,
2
and we also have
v; +u; wo +w —Wo + W
=w.
2 2 2

Sow € T(By(1)). So T(By (1)) 2 Bw(e).
Let w € By/(3). For any §, we know
T(Br(3)) 2 Bu (0).

Thus, picking § = %, we can find some v; € V such that

1
Vil <5, 1TV —wll < 5.

57

Suppose we have recursively found v,, such that
1

Vallv < v [T+ va) = Wl < oy

Then picking § = Qn%, we can find v, satsifying the properties listed
above. Then Y > | v, is Cauchy, hence convergent by completeness. Let
v be the limit. Then

(o)
Ivliv <D lvillv < 1.
i=1

Moreover, by continuity of 7', we know T'v = w. So we are done. O
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Note that in this proof, we required both V' and W to be Banach spaces.
However, we used the completeness in different ways. We used the completeness
of V to extract a limit, but we just used the completeness of W to say it is of
second category. In particular, it suffices to assume the image of T is of second
category, instead of assuming surjectivity. Hence if we know that T': V — W
is a bounded linear map such that V' is Banach and im T is of second category,
then T is open. As a consequence 7' has to be surjective (its image contains a
small open ball which we can scale up arbitrary).

We are now going to look at certain applications of the open mapping theorem

Theorem (Inverse mapping theorem). Let V,W be Banach spaces, and T :
V' — W be a bounded linear map which is both injective and surjective. Then
T~ exists and is a bounded linear map.

Proof. We know that 7! as a function of sets exists. It is also easy to show
that it is linear since T is linear. By the open mapping theorem, since T'(U) is
open for all U C V open. So (T~)~1(U) is open for all U C V. By definition,
T~ is continuous. Hence T~' is bounded since boundedness and continuity are
equivalent. O

Theorem (Closed graph theorem). Let V, W be Banach spaces, and T : V — W
a linear map. If the graph of T is closed, i.e.

NT) ={(v,T(v)):veV}CVxW

is a closed subset of the product space (using the norm |[(v,w)|vxw =
max{||v|v, [[w|lw}), then T is bounded.

What does this mean? Closedness of the graph means that if v,, — v in V'
and T(v,) — w, then w = T(v). What we want to show is continuity, which
is a stronger statement that if v,, — v, then T'(v,,) converges and converges to
T(v).

Proof. Consider ¢ : I'(T') — V defined by ¢(v,T(v)) = v. We want to apply
the inverse mapping theorem to this. To do so, we need to show a few things.
First we need to show that the spaces are Banach spaces. This is easy — I'(T')
is a Banach space since it is a closed subset of a complete space, and we are
already given that V is Banach.

Now we need to show surjectivity and injectivity. This is surjective since for
any v € V, we have ¢(v,T(v)) = v. It is also injective since the function T is
single-valued.

Finally, we want to show ¢ is bounded. This is since

[vllv <max{|[v], [T(v)[[} = [[(v, T(v))l[r(r)-

By the inverse mapping theorem, ¢! is bounded, i.e. there is some C' > 0 such
that
max{||v|lv, [|T(v)[[} < C[lv]lv

In particular, |T(v)|| < C||v]|y. So T is bounded. O
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Example. Consider the differentiation map
T:D(T) — C([0,1]),

where the domain D(T') is defined as the vector space C1([0, 1]), the vector space
of continuous functions f : [0,1] — R such that f is continuously differentiable.
We write it as D(T') since we want to use the norm || - [pr) = || - llc(o,1)), a8
opposed to the usual norm on C1([0, 1]).

First of all, T is unbounded. Consider the sequence of functions z™. Then
Ta™ =nz"" 1. So

ITx"|coay) = sup Ta" =n,
z€[0,1]
while
2"l o)) = 1.

So T' is unbounded.
However, the graph of T is closed. Suppose we have f, — f in the C([0,1])
norm, and f, — g, again in the C([0, 1]) norm. We want to show that ' = g.
We have

fu(t) = fn(0) + /0 £ (x) da.

Hence by uniform convergence of f/, — g and f,, — f, we have

So by the fundamental theorem of calculus, we know that f'(t) = g(t). So the
graph of T is closed.
Since we know that C([0, 1]) is complete, this shows that D(T') is not complete.

Example. We can also use the Baire category theorem to understand the
Fourier series. Let f : S' — R be continuous, i.e. f : [-m, 7] — R which is
continuous with periodic boundary condition f(—7) = f(7). We define the
Fourier coefficients f :Z — C by

us

flk) = = / e f(z) da.

2 J_,

We define the Fourier series by

Z ezsz(k)

k€EZ

In particular, we define the partial sums as

n

Su(f)(@) =Y ™ f(k).

k=—n

The question we want to ask is: does the Fourier series converge? We are not
even asking if it converges back to f. Just if it converges at all. More concretely,
we want to know if S, (f)(z) has a limit as n — oo for f continuous.
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Unfortunately, no. We can show that there exists a continuous function f
such that S, (f)(x) diverges. To show this, we can consider ¢, : C(S') — R
defined by ¢, (f) = Sn(f)(0). Assume that

S‘:Lp|¢n(f)|

is finite for all continuous f. By Banach-Steinhaus theorem, we have
sup ||on llB(c(s1),R) < 00,
n

On the other hand, we can show that

1" sin(n—I—l)a:
¢"(f)27r/7rf(x)sin§2 dz.

It thus suffices to find a sequence f,, such that || f,|c(s1) < 1 but

sin (n+ %) T

— dz| — oo,
Sln§

‘ " s

which is a contradiction. Details are left for the example sheet.

What'’s the role of the Banach-Steinhaus theorem here? If we wanted to prove
the result directly, then we need to find a single function f € C(S*) such that
én(f) is unbounded. However, now we just have to find a sequence f,, € C(S!)
such that ¢, (f,) — oo. This is much easier.

There is another thing we can ask. Note that if f is continuous, then
|f(k)] — 0 as k — +oo. In fact, this is even true if f € L*(S?), i.e. f is Lebesgue
integrable and i

/ |f(x)] dz < oco.
—T
A classical question is: do all sequences {a,} € C with |a,| — 0 as n — +oo
arise as the Fourier series of some f € L'? The answer is no. We let & be
the set of all such sequences. By the inverse mapping theorem, if the map
¢ : LY(S*) — ¢ is surjective, then the inverse is bounded. But this is not true,
since we can find a sequence f,, such that || f,| 11(s1) — oo but sup, lfe(0)] <1
for all £. Details are again left for the reader.
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3 The topology of C(K)

Before we start the chapter, it helps to understand the title. In particular, what
is C(K)? In the chapter, K will denote a compact Hausdorff topological space.
We will first define what it means for a space to be Hausdorff.

Definition (Hausdorff space). A topological space X is Hausdorff if for all
distinct p,q € X, there are Up,U; C X that are open subsets of X such that
pe Uy qeUyand U,NU,; = 0.

Example. Every metric space is Hausdorff.
What we want to look at here is compact Hausdorff spaces.
Example. [0,1] is a compact Hausdorff space.

Notation. C(K) is the set of continuous functions f : K — R with the norm
[ fllex) = sup [f(2)].
reK

There are three themes we will discuss

(i) There are many functions in C'(K). For example, we will show that given
a finite set of points {p;}7 ; C K and {y;}7; C R, there is some f € C(k)
such that f(p;) = y;. We will prove this later. Note that this is trivial for
C(]0,1]), since we can use piecewise linear functions. However, this is not
easy to prove if K is a general compact Hausdorff space. In fact, we can
prove a much stronger statement, known as the Tietze-Urysohn theorem.

(ii) Elements of C'(K) can be approximated by nice functions. This should be
thought of as a generalization of the Weierstrass approximation theorem,
which states that polynomials are dense in C([0, 1]), i.e. every continu-
ous function can be approximated uniformly to arbitrary accuracy by
polynomials.

(iii) Compact subsets of C(K). One question we would like to understand is
that given a sequence of functions {f;}22,; C C(K), when can we extract
a convergent subsequence?

3.1 Normality of compact Hausdorff spaces
At this point, it is helpful to introduce a new class of topological spaces.

Definition (Normal space). A topological space X is normal if for every disjoint
pair of closed subsets C7,Csy of X, there exists Uy, U; C X disjoint open such
that Cl Q Ul,CQ Q U2.

This is similar to being Hausdorff, except that instead of requiring the ability
to separate points, we want the ability to separate closed subsets.
In general, one makes the following definition:

Definition (7; space). A topological space X has the Ty property if for all
xz,y € X, where x # y, there exists U C X open such that x € U and y € U.
A topological space X has the Ty property if X is Hausdorff.
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A topological space X has the T3 property if for any z € X, C C X closed
with & C, then there are U,,Uc disjoint open such that z € U,,C C Uc.
These spaces are called reqular.

A topological space X has the T, property if X is normal.

Note here that T, and T together imply 75. It suffices to notice that Ty
implies that x is a closed set for all x — for all y, let U, be such that y € U,
and « ¢ Uy. Then we can write

X\ {z}=J Uy,

yF#w

which is open since it is a union of open sets.
More importantly, we have the following theorem:

Theorem. Let X be a Hausdorff space. If C1,Cy C X are compact disjoint
subsets, then there are some Uy, Us C X disjoint open such that C; C Uy, Cy, C
U,.

In particular, if X is a compact Hausdorff space, then X is normal (since
closed subsets of compact spaces are compact).

Proof. Since Cy and Cs are disjoint, by the Hausdorff property, for every p € C;
and q € Cs, there is some Uy, 4, V), o € X disjoint open with p € U, 4,q € V,, 4.

Now fix a p. Then quc2 Vp,q 2 C2 is an open cover. Since C3 is compact,
there is a finite subcover, say

n
Cy C U Vp.q: for some {q1,--- ,q,} C Ca.
i=1

Note that n and ¢; depends on which p we picked at the beginning.
Define

Up = ﬂ Upair Vo= U Voai-
i=1 i=1

Since these are finite intersections and unions, U, and V), are open. Also, U,
and V), are disjoint. We also know that Cy C V.

Now note that Upecl U, 2 C} is an open cover. By compactness of C, there
is a finite subcover, say

C, C U Uy, for some {p1,--- ,pm} C C1.
j=1

Now define . m
U=JUp, V=V
j=1 j=1
Then U and V are disjoint open with C7; C U, Co C V. So done. O

Why do we care about this? It turns out it is easier to discuss continuous
functions on normal spaces rather than Hausdorff spaces. Hence, if we are given
that a space is compact Hausdorff (e.g. [0,1]), then we know it is normal.
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3.2 Tietze-Urysohn extension theorem

The objective of this chapter is to show that if we have a continuous function
defined on a closed subset of a normal space, then we can extend this to the
whole of the space.

We start a special case of this theorem.

Lemma (Urysohn’s lemma). Let X be normal and Cy, C; be disjoint closed
subsets of X. Then there is a f € C(X) such that f|c, =0 and f|¢, =1, and
0< f(z) <1 for all X.

Before we prove this, let’s look at a “stupid” example. Let X = [—1,2]. This
is compact Hausdorff. We let Cy = [—1,0] and C; = [1,2]. To construct the
function f, we do the obvious thing:

N

-1 0 1

We can define this function f (in [0, 1]) by

a a
f(x) :inf{Q—n ca,mneN,0<a<2" < 27}
This is obviously a rather silly way to write our function out. However, this is

what we will end up doing in the proof below. So keep this in mind for now.

Proof. In this proof, all subsets labeled C' are closed, and all subsets labeled U
are open.

First note that normality is equivalent to the following: suppose C C U C X,
where U is open and C' is closed. Then there is some C closed, U open such that
ccuccCcu.

We start by defining U; = X \ Cy. Since Cy and Cy are disjoint, we know
that Cy C U;. By normality, there exists C’% and U 1 such that

CogU% QC% Cc U,.
Then we can find Ci’C%’Ui’U% such that
CoCULCC1CULCC1CUs CCs CUy.
4 4 2 2 4 4

Iterating this, we get that for all dyadic rationals ¢ = 5%, a,n € N,0 < a < 27",

there are some U, open, C, closed such that U, C C,, with C, C Uy if ¢ < ¢'.
We now define f by
f(x) = inf {q € (0, 1] dyadic rational : z € U, },
with the understanding that inf () = 1. We now check the properties desired.
— By definition, we have 0 < f(z) < 1.
— If x € Cp, then x € U, for all g. So f(x) =0.
— If x € C1, then x € U, for all ¢. So f(x) =1.
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— To show f is continuous, it suffices to check that {z : f(z) > «} and
{z : f(z) < a} are open for all & € R, as this shows that the pre-images of
all open intervals in R are open. We know that

f(z) < a & inf{q € (0,1) dyadic rational : € U} < «
< (J¢) g < aand x € U,

ST e UUq.

g<l«o

Hence we have

{z: f(z)<a}= U Uy.

g<«a

which is open, since each U, is open for all ¢. Similarly we know that

flz)>a<einf{g:zcU,} >«
S Fg>a)z g0,

sze X\,

q>a
Since this is a union of complement of closed sets, this is open. O

With this, we can already say that there are many continuous functions. We
can just pick some values on some Cy, C7, and then get a continuous function
out of it. However, we can make a stronger statement.

Theorem (Tietze-Urysohn extension theorem). Let X be a normal topological
space, and C' C X be a closed subset. Suppose f : C — R is a continuous
function. Then there exists an extension f : X — R which is continuous and

satisfies flc = f and || fllox) = [ fllow)-

This is in some sense similar to the Hahn-Banach theorem, which states that
we can extend linear maps to larger spaces.

Note that this implies the Urysohn’s lemma, since if Cy and C are closed,
then Cy U (1 is closed. However, we cannot be lazy and not prove Urysohn’s
lemma, because the proof of this theorem relies on the Urysohn’s lemma.

Proof. The idea is to repeatedly use Urysohn’s lemma to get better and better
approximations. We can assume wlog that 0 < f(z) < 1 for all z € C. Otherwise,
we just translate and rescale our function. Moreover, we can assume that the

sup f(z) = 1. It suffices to find f:X — R with f|c = fwith0< f(x) <1 for
zeC
allx € X.

We define the sequences of continuous functions f; : C' - R and g; : X - R
for i € N. We want to think of the sum Z?:o g; to be the approximations, and
fn+1 the error on C.

Let fo = f. This is the error we have when we approximate with the zero
function.

We first define go on a subset of X by

_Jo zefyt([o,1])
e ={3 e
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We can then extend this to the whole of X with 0 < go(z) < % for all z by
Urysohn’s lemma.

We define

J1=fo—golc-

By construction, we know that 0 < f; < % This is our first approximation.

Note that we have now lowered our maximum error from 1 to % We now repeat
this.

Given f; : C > Rwith 0 < f; < (%)l, we define g; by requiring

o

ze fit

i(z) = ’
T ser ()

Wl

and then extending to the whole of X with 0 < g; < % (%)Z and g; continuous.
Again, this exists by Urysohn’s lemma. We then define f;11 = f; — gilc-
We then have

gi=(fo— )+ (fi—f)++ (fa— far1) = f = fara-
=0

We also know that

9 +1
0< fiyn < (3> .

We conclude by letting
=g
i=0
This exists because we have the bounds

1/2\"
0< i<7 9 )

and hence > g; is Cauchy. So the limit exists and is continuous by the
completeness of C(X).
Now we check that

Zgi\c —f=—fnt+1.

=0
Since we know that || fn11||.(c) — 0. Therefore, we know that

> g =fle=1
1=0 C
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Finally, we check the bounds. We need to show that 0 < f (z) < 1. This is true
since g; > 0 for all 4, and also
9\ i
2) =1
(3)

So done. O

o0

ICEDWIOESS

=0

Wl

We can already show what was stated last time — if K is compact Hausdorff,
{p1, -+ ,pn} C K a finite set of points, and {y1, -+ ,yn} C R, then there exists
f + K — R continuous such that f(p;) = y;. This is since compact Hausdorff
spaces are normal, and singleton points are closed sets in Hausdorff spaces. In
fact, we can prove this directly with the Urysohn’s lemma, by, say, requesting
functions f; such that f;(p;) = v;, fi(p;) = 0 for i # j. Then we just sum all f;.

Note that normality is necessary for Urysohn’s lemma. Since Urysohn’s
lemma is a special case of the Tietze-Urysohn extension theorem, normality is
also necessary for the Tietze-Urysohn extension theorem. In fact, the lemma
is equivalent to normality. Let Cy, Cy be disjoint closed sets of X. If there is
some f : X — R such that f|¢, =0, f|c, =1, then Uy = f~! ((—o0,3)) and
Uy = =1 ((2,00)) are open disjoint sets such that Cy € Uy, Cy C Uy.

Closedness of Cy and C is also necessary in Urysohn’s lemma. For example,
we cannot extend f: [0, 1) U (3, 1] to [0,1] continuously, where f is defined as

f(:c):{o T <

1 z>

N|— D[~

3.3 Arzela-Ascoli theorem

Let K be compact Hausdorff, and {f,,}52 ; be a sequence of continuous functions
fn i K = R (or C). When does (f,) have a convergent subsequence in C'(K)?
In other words, when is there a subsequence which converges uniformly?

This will be answered by the Arzela-Ascoli theorem. Before we get to that,
we look at some examples.

Example. Let K = [0,1], and f,(x) = n. This does not have a convergent
subsequence in C(K) since it does not even have a subsequence that converges
pointwise. This is since f, is unbounded.

We see that unboundedness is one “enemy” that prevents us from having a
convergent subsequence.

Example. We again let K[0,1]), and let f be defined as follows:

Y
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We know that f,, does not have a convergent subsequence in C(K), since any
subsequence must converge pointwise to

f(:v){o v

bl
1 z=0
which is not continuous.

What is happening here? For every n, fixed x and every e, by continuity of
fn, there ie some 6 such that |z — y| < ¢ implies |f,,(x) — fn(y)| < e, but this
choice of § depends on n, and there is no universal choice that works for us. This
is another problem that leads to the lack of a limit.

The Arzela-Ascoli theorem tells us these are the only two “enemies” that
prevent us from extracting a convergent subsequence.

To state this theorem, we first need a definition.

Definition (Equicontinuous). Let K be a topological space, and F C C(K).
We say F'is equicontinuous at x € K if for every ¢, there is some U which is an
open neighbourhood of x such that

(VfeF)(vyeU) |f(y) — f(z)] <e.
We say F is equicontinuous if it is equicontinuous at x for all x € K.

Theorem (Arzela-Ascoli theorerr_l). Let K be a compact topological space. Then
F C C(K) is pre-compact, i.e. F is compact, if and only if F is bounded and
equicontinuous.

This indeed applies to the problem of extracting a uniformly convergent
subsequence, since C'(K) is a metric space, and compactness is equivalent to
sequential compactness. Indeed, let (f,) be a bounded and equicontinuous
sequence in C(K). Then F = {f, : n € N} C C(K) is bounded and equicon-
tinuous. So it is pre-compact, and hence (f,,), being a sequence in F, has a
convergent subsequence.

To prove this, it helps to introduce some more terminology and a few lemmas
first.

Definition (e-net). Let X be a metric space, and let E C X. For € > 0, we say
that N C X is an e-net for E if and only if | J . B(z,¢) 2 E.

Definition (Totally bounded subset). Let X be a metric space, and F C X.
We say that F is totally bounded for every e, there is a finite e-net N, for E.

An important result about totally bounded subsets is the following:

Proposition. Let X be a complete metric space. Then E C X is totally
bounded if and only if for every sequence {y;}32; C E, there is a subsequence
which is Cauchy.

By completeness, we can rewrite this as

Corollary. Let X be a complete metric space. Then ' C X is totally bounded
if and only if E is compact.

38



3 The topology of C(K) IT Linear Analysis

We’ll prove these later. For now, we assume this corollary and we will prove
Arzela-Ascoli theorem.

Theorem (Arzela-Ascoli theorerr_l). Let K be a compact topological space. Then
F C C(K) is pre-compact, i.e. F is compact, if and only if F is bounded and
equicontinuous.

Proof. By the previous corollary, it suffices to prove that F' is totally bounded if

and only if F' is bounded and equicontinuous. We first do the boring direction.
(=) Suppose F is totally bounded. First notice that F' is obviously bounded,

since F' can be written as the finite union of e-balls, which must be bounded.
Now we show F' is equicontinuous. Let € > 0. Since F' is totally bounded,

there exists a finite e-net for F, i.e. there is some {f1, -, fn} C F such that
for every f € F, there exists an i € {1,---,n} such that ||f — fillcx) <e.
Consider a point « € K. Since {f1,- -, fn} are continuous, for each i, there

exists a neighbourhood U; of  such that |f;(y) — fi(z)| < e for all y € U;.
Let
n
U=(\U.
i=1

Since this is a finite intersection, U is open. Then for any f € F', y € U, we can
find some 7 such that [|f — fillc(x) < e. So

[f(y) = F@) < 1f () = fim)l + [fily) = fi(@)| + | fi(z) = f(z)] < 3e.

So F' is equicontinuous at x. Since x was arbitrary, F is equicontinuous.

(<) Suppose F is bounded and equicontinuous. Let e > 0. By equicontinuity,
for every @ € K, there is some neighbourhood U, of x such that |f(y) — f(z)| < e
for all y € Uy, f € F. Obviously, we have

Uv.=xK

rzeK

By the compactness of K, there are some {z1,--- ,x,} such that
n
Uu.. 2K
i=1

Consider the restriction of functions in F' to these points. This can be viewed
as a bounded subset of {7, the n-dimensional normed vector space with the
supremum norm. Since this is finite-dimensional, boundedness implies total
boundedness (due to, say, the compactness of the closed unit ball). In other
words, there is a finite e-net {f1,---, fn} such that for every f € F, there is a
j€{1,---,m} such that

m?ﬂf(%’) — fi(@i)] <e.
Then for every f € F, pick an f; such that the above holds. Then

1f = fillew) = SI;P If(y) — fi(y)l
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Since {U,, } covers K, we can write this as

=max sup |f(y) — f;(y)l
i yeU.,,

<max sup (|f(y) = fl@a)| + [ f(@:) = fi(@a)l + 1 f5(2:) = £;(w)])

y€Us,

<edete=3e
So done. O
Now we return to prove the proposition we just used to prove Arzela-Ascoli.

Proposition. Let X be a (complete) metric space. Then E C X is totally
bounded if and only if for every sequence {y;}32; C E, there is a subsequence
which is Cauchy.

Proof. (=) Let E C X be totally bounded, {y;} € E. For every j € N, there
exists a finite %—net, call it N;.

Now since Nj is finite, there is some x; such that there are infinitely many
y;'s in B(xq,1). Pick the first y; in B(z1,1) and call it y;,.

Now there is some x5 € Ny such that there are infinitely many y;’s in
B(x1,1) N B(xa, ). Pick the one with smallest value of i > i1, and call this y;,.
Continue till infinity.

This procedure gives a sequence x; € N; and a subsequence {y;, }, and also

X 1
i=1 J

It is easy to see that {y;, } is Cauchy since if m > n, then d(y;,,,v;,) < 2.
(<) Suppose F is not totally bounded. So there is no finite e-net. Pick any
y1. Pick yo such that d(y1,y2) > . This exists because there is no finite e-net.
Now given yq,--- ,yn such that d(y;,y;) > ¢ forall 4,5 =1,--- ,n, i # j,
we pick yp41 such that d(yn41,y;) > € for all j =1,--- ,n. Again, this exists
because there is no finite e-net. Then clearly any subsequence of {y,} is not
Cauchy. O

Note that the first part is similar to the proof of Bolzano-Weierstrass in R™
by repeated bisection.

Recall that at the beginning of the chapter, we have seen that boundedness
and equicontinuity assumptions are necessary. The compactness of K is also
important. Let X = R, which is not compact, and let ¢ € Cg°, an infinitely
differentiable function with compact support, say, the bump function.

We now let f,,(z) = ¢(x — n), i.e. we shift our bump function to the right by
n units. This sequence is clearly bounded and equicontinuous, but this has no
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convergent subsequence — f,, converges pointwise to the zero function, but the
convergence is not uniform, and this is true for arbitrary subsequences as well.
We are going to look at some applications of the theorem:

Example. Let K C R be a compact space, {f,}°2; be a sequence of continu-
ously differentiable functions in C(K), such that

Slipsgp(\fn(w)l +|fn(@)]) < C

for some C. Then there is a convergent subsequence. We clearly have uniform
boundedness. To obtain equicontinuity, since the derivative is bounded, by the
mean value theorem, we have

e Gl

So
|fu(®) = fu(y)] < Clo —yl.

Consider the ordinary differential equation =’ = f(x) with the boundary
conditions z(0) = zg € R™. Recall from IB Analysis II that Picard-Lindel6f
theorem says that if f is a Lipschitz function, then there exists some £ > 0 such
that the ODE has a unique solution in (—¢,¢).

What if f is not Lipschitz? If so, we can get the following

Theorem (Peano*). Given f continuous, then there is some € > 0 such that
x' = f(x) with boundary condition x(0) = z¢ € R has a solution in (—¢,¢).

Note that uniqueness is false. For example, if 2’ = /|z|, (0) = 0, then
x(t) = 0 and z(t) = t? are both solutions.

Proof. (sketch) We approximate f by a sequence of continuously differentiable
functions f,, such that [|f — fullc(x) — O for some K C R. We use Picard-
Lindeldf to get a solution for all n. Then we use the ODE to get estimates for
the solution. Finally, we can use Arzela-Ascoli to extract a limit as n — co. We
can then show it is indeed a solution. O

3.4 Stone—Welerstrass theorem

Here we will prove the Stone—Weierstrass theorem, which is a generalization of
the classical Weierstrass approximation theorem.

Theorem (Weierstrass approximation theorem). The set of polynomials are
dense in C(][0,1]).

This tells us that C([0,1]) is not too “big” because it is has a dense subset
of “nice” functions.

We will try to generalize this for more general domains. Note that for this
section, real-valued and complex-valued continuous functions are somewhat
differentiable. So we will write these as Cr(K) and C¢(K).

To state this theorem, we need some definitions.
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Definition (Algebra). A vector space (V,+) is called an algebra if there is an
operation (called multiplication) - : V' — V such that (V,+, -) is a rng (i.e. ring
not necessarily with multiplicative identity). Also, A(v-w) = (Av)-w = v - (Aw)
forall A\ e F, v,w e V.

If V is in addition a normed vector space and

Iv-wllv <[viv - Iwlv

for all v,w € V', then we say V is a normed algebra.

If V' complete normed algebra, we say V is a Banach algebra.

If V is an algebra that is commutative as a rng, then we say V' is a commutative
algebra.

If V is an algebra with multiplicative identity, then V is a wunital algebra.

Example. C(K) is a commutative, unital, Banach algebra.

Example. Recall from the example sheets that if 77,75 : V — V, then

1Ty 0 Tallsv,vy < [IT1llBvov) I T2l B0v,v)-
So B(V,V) is a unital normed algebra.

We will need this language to generalize the Weierstrass approximation
theorem. The main problem in doing so is that we have to figure out what we
can generalize polynomials to. This is why we need these funny definitions.

Theorem (Stone-Weierstrass theorem). Let K be compact, and A C Cg(K)
be a subalgebra (i.e. it is a subset that is closed under the operations) with the
property that it separates points, i.e. for every z,y € K distinct, there exists
some f € A such that f(z) # f(y). Then either A = Cg(K) or there is some
xo € K such that

A={f € Crek): f(xo) =0}.

Note that it is not possible that A is always zero on 2 or more points, since
A separates points.

This indeed implies the Weierstrass approximation theorem, since polynomials
separates points (consider the polynomial x), and the polynomial 1 is never 0
for all x. In fact, this works also for polynomials on compact subsets of R™.

Note, however, that the second case of Stone-Weierstrass theorem can actually
happen. For example, consider K = [0,1] compact, and A be the algebra
generated by . Then A = {f € Cr(K) : f(0) = 0}.

We will prove this in using two lemmas:

Lemma. Let K compact, £L C Cr(K) be a subset which is closed under taking
maximum and minimum, i.e. if f,¢g € £, then max{f,g} € £ and min{f,g} € £
(with max{f, g} defined as max{f, g}(z) = max{f(x), g(x)}, and similarly for
minimum).

Given g € Cr(K), assume further that for any € > 0 and z,y € K, there
exists f, € L such that

|f$7u(l’)—g(l‘)| <g, |fa:7y<y)_g(y)| < €.

Then there exists some f € £ such that

1f = glleax) <e,
ie.ge L.
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This means that if we are allowed to take maximums and minimums, to be
able to approximate a function, we just need to be able to approximate it at any
two points.

The idea is to next show that if A is a subalgebra, then A is closed under
taking maximum and minimum. Then use the ability to separate points to find
fa,y, and prove that we can approximate arbitrary functions.

Proof. Let g € Cr(K) and € > 0 be given. So for every z,y € K, there is some
fry € L such that

|fw,y(w)_g(x)| <g, |fa:,y<y)_g(y)| < €.

Claim. For each x € K, there exists f, € £ such that |f,(z) — g(z)| < € and
fo(2) < g(z) +eforal z € K.

Since fy,y is continuous, there is some Uy, containing y open such that

[fen(2) —9(2)| <e

for all z € U, . Since

U Um,y 2 Ka

yeK

by compactness of K, there exists a some y1,- - ,y, such that

Y

We then let
f:v(z) = min{fw,m (Z)a o vfac,yn (Z)}

for every z € K. We then see that this works. Indeed, by assumption, f, € L.
If z € K is some arbitrary point, then z € U, ,, for some ¢. Then

oy (2) < g(2) +e

Hence, since f, is the minimum of all such f; ,,, for any z, we have

fa(2) < g(z) +e.
The property at x is also clear.

Claim. There exists f € £ such that |f(z) — g(z)| < e for all z € K.
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We are going to play the same game with this. By continuity of f,., there is
V.. containing x open such that

[fe(w) —g(w)] <e

for all w € V.. Since

UV 2Kk,
rzeK

by compactness of K, there is some {z1,- - ,z,;,} such that

-

V.

J

O K.
1

J

Define
f(Z) = Inax{f_m (Z)v tU 7f-”ﬂm (Z)}

Again, by assumption, f € £. Then we know that
f(z) > g(z) —e.

We still have our first bound

f(z) <g(2) +e.

Therefore we have
1f = gllcer) <e O

Lemma. Let A C Cgr(K) be a subalgebra that is a closed subset in the topology
of Cr(K). Then A is closed under taking maximum and minimum.

Proof. First note that

max{[(x), (@)} = 5(7(2) +9(x)) + 517(x) — g(a)],
min{f(2),9(2)} = (/@) + 9(x)) — 51(@) ~ o(a)].

Since A is an algebra, it suffices to show that f € A implies |f| € A for every f
such that || f||c.x) < 1.

The key observation is the following: consider the function h(z) = vz + £2.
Then h(z?) approximates |z|. This has the property that the Taylor expansion
of h(z) centered at z = % is uniformly convergent for € [0, 1]. Therefore there
exists a polynomial S(x) such that

|S(z) — Vo +e?| <e.

Now note that S(z) — S(0) is a polynomial with no constant term. Therefore,
since A is an algebra, if f € A, then S(f?) — S(0) € A by closure.
Now look at

1£1=(S(F2) = SO ewcy < M=V 12+ 2+ 1V f2 + 2= S(F2)| + 1S 0)]-
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We will make each individual term small. For the first term, note that

2

€
sup |z — Va2 +e?|l= sup ———— =¢
z€[0,1] zef0,1] |z + Va2 + €2

So the first term is at most €. The second term is also easy, since S is chosen
such that |S(z) — Vo + 2| < 1 for x € [0,1], and |f(z)?| < 1 for all = € [0,1].
So it is again bounded by e.

By the same formula, |S(0) — 0+ £2| < e. So |S(0)| < 2¢. So

£ = (S(£2) = S0)) | cw(rey < de.

Since € > 0 and A is closed in the topology of Cr(K), f € A and || f|c,(x) <1
implies that |f| € A. O

Note that if we have already proven the classical Weierstrass approximation
theorem, we can just use it to get a polynomial approximation for |f| directly.
We will now combine both lemmas and prove the Stone-Weierstrass theorem.

Theorem (Stone-Weierstrass theorem). Let K be compact, and A C Cr(K)
be a subalgebra (i.e. it is a subset that is closed under the operations) with the
property that it separates points, i.e. for every z,y € K distinct, there exists
some f € A such that f(z) # f(y). Then either A = Cr(K) or there is some
xg € K such that

A= {f S CR(K) : f(xo) = 0}.

Proof. Note that there are two possible outcomes. We will first look at the first
possibility.

Consider the case where for all z € K, there is some f € A such that f(x) # 0.
Let g € Cr(K) be given. By our previous lemmas, to approximate g in A, we
just need to show that we can approximate g at two points. So given any € > 0,

z,y € K, we want to find f;, € A such that

[foy(@) —g(x)| <&, |fen(y) —9(y)l <e (%)

For every =,y € K, x # y, we first show that there exists h,, € A such that
hzy(z) # 0, and hg 4 (x) # hey(y). This is easy to see. By our assumptions, we
can find the following functions:

(i) There exists h;lg), such that hg; =+ h;lz), (y)
(ii) There exists hﬁfg), such that hgfq)J () # 0.
(iii) There exists hg’; such that h;?’@), (y) #0.

Then it is an easy exercise to show that some linear combination of h&lg), and
h% and h§:°’§, works, say hg .

We will want to find our f,, that satisfies (x). But we will do better. We
will make it equal g on & and y. The idea is to take linear combinations of h; ,
and hi’y. Instead of doing the messy algebra to show that we can find a working
linear combination, just notice that (hy y (), hyy(y)) and (hy, ()2, hay(y)?)
are linearly independent vectors in R?. Therefore there exists o, 8 € R such that

(i y (1), he gy () + B(hay ()%, hay (1)?) = (9(2), 9(v))-
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So done.
In the other case, given A, suppose there is zy € K such that f(z) =0 for
all f € A. Consider the algebra

A=A+ ={f+A:feANER}

Since A separates points, and for any = € K, there is some f € A’ such that
f(z) #0 (e.g. f =1), by the previous part, we know that A" = Cgr(K).
Now note that

AC{feCr(K): f(xg) =0} = B.

So we suffices to show that we have equality, i.e. for any g € B and € > 0, there
is some f € A such that
If = 9llcax) <e

Since A’ = Cr(K), given such g and ¢, there is some f € A and \g € R such
that

lg — (f + AD)[lce(x) < e

But g(wo) = f(w0) = 0, which implies that |[A| < e. Therefore [|g — f|lcy(x) < 2¢.
So done. O

What happens for Cc(K)?

Example. Let K = B(0,1) C C, and let A be the set of polynomials on B(0, 1).
We will show that A # Cc(B(0,1)).

Consider f(z) = z. This is not in the closure of A, since this is not holomor-
phic, but the uniform limit of any sequence of holomorphic is holomorphic (by
Morera’s theorem, i.e. f is holomorphic iff fv f(2) dz = 0 for all closed piecewise
smooth curve ).

Hence we need an additional condition on this. It turns out that this rather
simple example is the only way in which things can break. We have the following:

Theorem (Complex version of Stone-Weierstrass theorem). Let K be compact
and A C C¢(K) be a subalgebra over C which separates points and is closed
under complex conjugation (i.e. if f € A, then f = A). Then either A = Cc(K)
or these is an xg such that A = {f € Cc(K) : f(xo) = 0}.

Proof. Tt suffices to show that either A D Cr(K) or there exists a point z
such that A D {f € Cr(K) : f(xo) = 0}, since we can always break a complex
function up into its real and imaginary parts.

Now consider
A':{M:fGA}U{H:fGA}.
2 21

Now note that by closure of A, we know that A’ is a subset of A and is
a subalgebra of Cgr(K) over R, which separates points. Hence by the real
version of Stone-Weierstrass, either A’ = Cgr(K) or there is some xq such that
A" ={f € Cr(K) : f(x0) = 0}. So done. O
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4 Hilbert spaces

4.1 Inner product spaces

We have just looked at continuous functions on some compact space K. Another
important space is the space of square-integrable functions. Consider the space

L*R) = {f : f is Lebesgue integrable : /|f\2 < oo} /~,

where f ~ g if f = g is Lebesgue almost everywhere.
One thing we like to think about is the Fourier series. Recall that for
f € C(SY), we have defined, for each k € Z,

flk) = = / e £ () da

o

and we have defined the partial sum

N

Sn(f)(x) = Y ™ f(k).

n=—N

We have previously seen that even if f is continuous, it is possible that the partial
sums Sy do not converge, even pointwise. However, we can ask for something
weaker:

Proposition. Let f € C(S!). Then

tim_ o [ 1)~ (@) do = 0.

N—oco 27 -

We will prove this later. However, the key points of the proof is the “orthog-
onality” of {e"*}. More precisely, we have

1 ™

o eMTeTIMT qg = 0 if m # n.
™

The introduction of Hilbert spaces is in particular a way to put this in a
general framework. We want to introduce an extra structure that gives rise to
“orthogonality”.

Definition (Inner product). Let V be a vector space over R or C. We say
p:V xV = Ror Cis an inner product on V it satisfies

(i) p(v,w) =p(w,v) for all v,w € V. (antisymmetry)
(ii) p(Av1 4+ Aave,u) = \p(vi, W) + Aep(va, w). (linearity in first argument)
(iii) p(v,v) >0 for all v € V and equality holds iff v =0.  (non-negativity)

)

We will often denote an inner product by p(v,w) = (v,w). We call (V,(-, -)
an inner product space.

Definition (Orthogonality). In an inner product space, v and w are orthogonal
if (v,w) =0.
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Orthogonality and the inner product is important when dealing with vector
spaces. For example, recall that when working with finite-dimensional spaces, we
had things like Hermitian matrices, orthogonal matrices and normal matrices. All
these are in some sense defined in terms of the inner product and orthogonality.
More fundamentally, when we have a finite-dimensional vector spaces, we often
write the vectors as a set of n coordinates. To define this coordinate system, we
start by picking n orthogonal vectors (which are in fact orthonormal), and then
the coordinates are just the projections onto these orthogonal vectors.

Hopefully, you are convinced that inner products are important. So let’s see
what we can get if we put in inner products to arbitrary vector spaces.

We will look at some easy properties of the inner product.

Proposition (Cauchy-Schwarz inequality). Let (V,{-, -)) be an inner product
space. Then for all v,w € V,

(v, w)] < V{v,v)(w, W),
with equality iff there is some A € R or C such that v = Aw or w = Av.

Proof. wlog, we can assume w # 0. Otherwise, this is trivial. Moreover, assume
(v,w) € R. Otherwise, we can just multiply w by some e**.
By non-negativity, we know that for all ¢, we have

0 < (v+itw,v+iw)
= (v, V) + 2t(v, W) + t*(w, w).
Therefore, the discriminant of this quadratic polynomial in ¢ is non-positive, i.e.
4((v,w))? — 4(v,v){w,w) <0,

from which the result follows.

Finally, note that if equality holds, then the discriminant is 0. So the
quadratic has exactly one root. So there exists ¢ such that v 4+ tw = 0, which of
course implies v = —tw. O

Proposition. Let (V, (-, -)) be an inner product space. Then
vl = v{v,v)
defines a norm.

Proof. The first two axioms of the norm are easy to check, since it follows directly
from definition of the inner product that ||v|| > 0 with equality iff v = 0, and
[Av]] = [A[]Iv].
The only non-trivial thing to check is the triangle inequality. We have
v +wl? = (v+wv+w)

= VI + [Iwll* + [{v, w)] + [(w, V)|

< VI + wl? + 2] vl w]

= (vl + lIwl)?

Hence we know that ||v + w| < ||v]| + ||w]. O
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This motivates the following definition:

Definition (Euclidean space). A normed vector space (V.|| - ||) is a Euclidean
space if there exists an inner product (-, -) such that

VIl = vV, v).
Proposition. Let (E, | - ||) be a Euclidean space. Then there is a unique inner
product (-, -} such that ||v] = /(v, V).

Proof. The real and complex cases are slightly different.
First suppose FE is a vector space over R, and suppose also that we have an
inner product (-, -) such that ||v|| = \/(v,Vv). Then

(v+w, v+ w) = [[v]?+2(v,w) +[lw]*.

So we get

(vow) = S (v +w|* = [Iv]]* = [w]*). (%)

5
In particular, the inner product is completely determined by the norm. So this
must be unique.

Now suppose E is a vector space over C. We have

(v W, v+ w) = V]2 + Wl + (v, w) + (w,v) 1)
(v—w,v—w)=[v]?+|w|* = (v,w) — (w,v) (2)
(v+iw,v+iw) = [v|? + [w]® —i(v,w) +i(w,v) (3)
(v —iw,v—iw) = [v|?+ [w]* +i(v,w) —i(w,V) (4)

Now consider (1) — (2) +4(3) —i(4). Then we obtain
v Wi v = wiP il i il w2 = afvow) ()
So again (v, w) is again determined by the norm. O

The identities (%) and (}) are sometimes known as the polarization identities.

Definition (Hilbert space). A Euclidean space (E, || - ||) is a Hilbert space if it
is complete.

We will prove certain properties of the inner product.

Proposition (Parallelogram law). Let (E, || - ||) be a Euclidean space. Then
for v,w € E, we have

v = wl* + [[v + wl|* = 2[]v* + 2[|w]]*.

This is called the parallelogram law because it says that for any parallelogram,
the sum of the square of the lengths of the diagonals is the sum of square of the
lengths of the two sides.

w

V+WwW
E

V—W
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Proof. This is just simple algebraic manipulation. We have

v = wl*+ v+ w|* =

(v—w,v—w)+{(v+w,v+w)
= (v,v) = {v,w) = (w,v) +(w, w)
+ (v, V) + (v, W) + (W, V) + (W, W)
=2(v,Vv) + 2(w,w). O
Proposition (Pythagoras theorem). Let (E, || - ||) be a Euclidean space, and

let v,w € E be orthogonal. Then
v+ wl? = [[v]* + [[w]?.
Proof.

||v+w||2 (v+w,v+w)
= (v,v) + (v,w) +(w,v) + (w,w)
={(v,v)+04+0+ (w,w)
= [IvII* + [wl]>. O

By induction, if v; € E for ¢ = 1,--- ,n such that (v;,v;) =0 for i # j, i.e.
they are mutually orthogonal, then

n 2 n
D_vill =2 vl
i=1 i=1

Proposition. Let (E,| - ||) be a Euclidean space. Then (-, -): E x E — C is
continuous.

Proof. Let (v,w) € Ex E, and (v,w) € E x E. We have

(v, w) = (v, W) = [[{v, W) — (v, W) + (v, W) — (v, W)]|
(v,w) = (v, W)[ + [[{v, W) = (v, W)

|

| )
(v, w = W)+ [[(v = v, w)|
|

Hence for v, w sufficiently closed to v, w, we can get ||(v, w) — (v, W)|| arbitrarily
small. So it is continuous. O

When we have an incomplete Euclidean space, we can of course take the
completion of it to form a complete extension of the original normed vector
space. However, it is not immediately obvious that the inner product can also
be extended to the completion to give a Hilbert space. The following proposition
tells us we can do so.

Proposition. Let (E, || - [|) denote a Euclidean space, and E its completion.
Then the inner product extends to an inner product on F, turning F into a
Hilbert space.

Proof. Recall we constructed the completion of a space as the equivalence classes
of Cauchy sequences (where two Cauchy sequences (x,,) and (2,) are equivalent
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if |z, —2!| — 0). Let (x,), (y») be two Cauchy sequences in E, and let &, € E
denote their equivalence classes. We define the inner product as

(%,3) = lm (x,y0). (+)

We want to show this is well-defined. Firstly, we need to make sure the limit
exists. We can show this by showing that this is a Cauchy sequence. We have

(Xns¥n) = (Xm, ¥n) + (Xms ¥n) — (Xims Ym) ||
(Xns ¥n) = (X, Yo | + [[(Xms Yn) — (X, ym) |
(Xns X, Yo ) | + (X, Y — Y |

Xn, = X[ [[ynll + %[ [yn — yall

[(Xns yn) = (X, Ym)|| =

IAINCIA

So (X, yn) is a Cauchy sequence since (x,) and (y,) are.

We also need to show that (x) does not depend on the representatives for X
and y. This is left as an exercise for the reader

We also need to show that (-, -)5 define the norm of || - ||z, which is yet
another exercise. O

Example. Consider the space
oo
by = {(Jcl,xz,'--) cx € (C,Z|xi|2 < oo}.
i=1

We already know that this is a complete Banach space. We can also define an
inner product on this space by

(a, b>g2 = Z ail;i.
i=1

We need to check that this actually converges. We prove this by showing absolute
convergence. For each n, we can use Cauchy-Schwarz to obtain

1 1
> labi| < <Z|a|2) (ZbF) < [lalle2 bl

i=1 i=1 =1

So it converges. Now notice that the ¢2 norm is indeed induced by this inner
product.

This is a significant example since we will later show that every separable (i.e.
has countable basis) infinite dimensional Hilbert space is isometric isomorphic
to £2.

Definition (Orthogonal space). Let FE be a Euclidean space and S C E an
arbitrary subset. Then the orthogonal space of S, denoted by S+ is given by

St={veE:Yywes (v,w) =0}

Proposition. Let E be a Euclidean space and S C E. Then St is a closed
subspace of E, and moreover

S+ = (span S)*.
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Proof. We first show it is a subspace. Let u,v € S+ and A\, u € C. We want to
show Au+ puv € S*. Let w € S. Then

(Au+pv, w) = Mu,w) + p(v, w) = 0.

To show it is closed, let u, € S+ be a sequence such that u, — u € E. Let
w € S. Then we know that
(up, w) = 0.

Hence, by the continuity of the inner product, we have

0= lim (u,,w) = (limu,,w) = (u,w).
n— oo

The remaining part is left as an exercise. O

Note that if V is a linear subspace, then VNV L = {0}, since any v € Vnvt
has to satisfy (v,v) =0. So V + V* is a direct sum.

Theorem. Let (E, || - ||) be a Euclidean space, and F' C E a complete subspace.
Then F® F+ =E.

Hence, by definition of the direct sum, for x € E, we can write x = x; + Xa,
where x; € F and xp € F. Moreover, x; is uniquely characterized by

X — = inf —x]||.
I = x| = nf |1y — x|

F

35'&4444,‘;4

Note that this is not necessarily true if F' is not complete.

Proof. We already know that F' @ F* is a direct sum. It thus suffices to show
that the sum is the whole of E.
Let y; € F' be a sequence with

Jim {ly; — x| = Inf ly — x| =d.

We want to show that y is a Cauchy sequence. Let € > 0 be given. Let np € N
such that for all i > ng, we have

ly: —x||? < d* +e.

We now use the parallelogram law for v = x —y;, w = x — y; with 4,j > ng.
Then the parallelogram law says:

IV +wl? + [lv = wll* = 2] v][* + 2] w|?,

or
ly; — vill® + 12x — yi — y;11> = 2lly: — x||* + 2[ly; — x||*.
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Hence we know that

2
Yi+Yi
s = %51 < 2y = xI? + 2y = xl? — 4 |x = Y F ¥

< 2(d? +¢) 4+ 2(d? + ¢) — 4d?
< 4e.

So y; is a Cauchy sequence. Since F' is complete, y; — y € F for some F.
Moreover, by continuity, of || - ||, we know that

d= lim [ly; — x| = [ly — ||
71— 00

Now let x; =y and x» = x —y. The only thing left over is to show x, € F*.
Suppose not. Then there is some y € I such that

<5’7X2> 7£ 0.

The idea is that we can perturbe y by a little bit to get a point even closer to x.
By multiplying y with a scalar, we can assume

<S’7X2> > 0.
Then for ¢ > 0, we have
Iy +ty) =x[* = (y +ty —x,y +1y —x)

= <y —X,y—X> + <t5’,y—X> + <y —X,tS’> +t2<}~7,}~7>
= d* = 2t(y,%a) + £*||3°.

Hence for sufficiently small ¢, the 2 term is negligible, and we can make this
less that d?. This is a contradiction since y +ty € F. O

As a corollary, we can define the projection map as follows:

Corollary. Let E be a Euclidean space and F' C F a complete subspace. Then
there exists a projection map P : E — E defined by P(x) = x;, where x; € F' is
as defined in the theorem above. Moreover, P satisfies the following properties:

(i) P(E)=F and P(F*) = {0}, and P? = P. In other words, F'* < ker P.
(i) (I =P)(E)=F+ (I-P)(F)={0}, I - P)*=(-P).

(iii) |P|lp(e,py < 1and |[I—P|pp,g) <1, with equality if and only if ' # {0}
and F+ # {0} respectively.

Here P projects our space to F, where I — P projects our space to F'*.

4.2 Riesz representation theorem

Our next theorem allows us to completely understand the duals of Hilbert spaces.
Consider the following map. Given a Hilbert space H and v € H, consider
¢y € H* defined by
Pv(W) = (W, V).
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Note that this construction requires the existence of a inner product.
Notice that this is indeed a bounded linear map, where boundedness comes
from the Cauchy-Schwarz inequality

[(w, V)| < |[vilallwlla.

Therefore, ¢ taking v +— ¢ is a map ¢ : H — H*.

Using this simple construction, we have managed to produce a lot of members
of the dual. Are there any more things in the dual? The answer is no, and this
is given by the Riesz representation theorem.

Proposition (Riesz representation theorem). Let H be a Hilbert space. Then
¢ : H— H* defined by v — (-,v) is an isometric anti-isomorphism, i.e. it is
isometric, bijective and

SV + pw) = Ap(V) + fip(v).
Proof. We first prove all the easy bits, namely everything but surjectivity.

— To show injectivity, if ¢y = ¢y, then (w,v) = (w,u) for all w by definition.
So (w,v—u) = 0 for all w. In particular, (v—w,v—w) =0. Sov—w = 0.

— To show that it is an anti-homomorphism, let v,w,y € H and A\, u € F.
Then

Orvuw(Y) = (7, AV + pw) = Xy, v) + ily, w) = Ado(y) + fidw(y)-
— To show it is isometric, let v,w € H and ||w| g = 1. Then

[ov(w)| = (W, V)| < [[wlalvlla = |v]#

Hence, for all v, ||¢v||g+ < ||v||g for all v € H. To show ||¢v || g+ is exactly
V| &, it suffices to note that

e (V)| = (v, v) = [V

So llévllas = IvIE/IIVIa = vl

Finally, we show surjectivity. Let £ € H*. If £ = 0, then £ = ¢g.

Otherwise, suppose ¢ # 0. The idea is that (ker £)* is one-dimensional, and
then the v we are looking for will be an element in this complement. So we
arbitrarily pick one, and then scale it appropriately.

We now write out the argument carefully. First, we note that since ¢ is
continuous, ker ¢ is closed, since it is the inverse image of the closed set {0}. So
ker ¢ is complete, and thus we have

H =keré @ (ker &)™ .

The next claim is that dim(ker £) = 1. This is an immediate consequence of the
first isomorphism theorem, whose proof is the usual one, but since we didn’t
prove that, we will run the argument manually.

We pick any two elements vi, vy € (ker£)*. Then we can always find some
A, not both zero such that

AE(v1) + p€(v2) = 0.
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So Avy + uvy € ker . But they are also in (ker £)* by linearity. Since ker ¢ and
(ker £)* have trivial intersection, we deduce that Av; + uvy = 0. Thus, any two
vectors in (ker £)* are dependent. Since ¢ # 0, we know that ker ¢ has dimension
1.

Now pick any v € (ker &) such that £(v) # 0. By scaling it appropriately,
we can obtain a v such that

§(v) = (v, v).

Finally, we show that £ = ¢,. To prove this, let w € H. We decompose w using
the previous theorem to get
W = aV + Wy

for some wq € ker & and a € F. Note that by definition of (ker &)+, we know
that (wo,v) = 0. Hence we know that
§(w) = &(av + wo) = {(av) = af(v)
= a(v,v) = (av,Vv) = (av + wq, V) = (W, V).
Since w was arbitrary, we are done. O

Using this proposition twice, we know that all Hilbert spaces are reflexive,
ie. H > H**.
We now return to the proof of the proposition we claimed at the beginning.

Proposition. For f € C(S!), defined, for each k € Z,

F) = o [ ) a

:% -

The partial sums are then defined as

N
Sn(f)(x)= > e f(k).
n=—N
Then we have . .
Jim 5 [ 1@ = (P ar =o.

Proof. Consider the following Hilbert space L?(S!) defined as the completion of
Cc(SY) under the inner product

1 T

:5 -

(f,9) f(x)g(x) dz,

Consider the closed subspace
Uy = span{e’™® : |n| < N}.
Then in fact Sy defined above by

N

Sn(f)e)= Y e f(k)

n=—N
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is the projection operator onto Upy. This is since we have the orthonormal
condition

A , 1 [~ . . 1 =
<e7,n:c’ efzmw> —_ / elnl?e*lm(l? dl, — n m
2m 0 n#*m

—T

Hence it is easy to check that if f € Uy, say f = Zngzv a,e™®, then Sy f = f
since

N N N
Sw(f) =D flkje™™ = 37 (e e = N7 ane = f
n——N ne—N et
using the orthogonality relation. But if f € U ﬁv then
1 " —inwf( dz =0
% . € :L') T =

for all [n| < N. So Snx(f) = 0. So this is indeed a projection map.
In particular, we will use the fact that projection maps have norms < 1.
Hence for any P(z), we have

2 | 18N - SvPIP dr < o [ 1f(e) - PP ao

Now consider the algebra A generated {e'"® : n € Z}. Notice that A separates
points and is closed under complex conjugation. Also, for every = € S!, there
exists f € A such that f(z) # 0 (using, say f(x) = e®). Hence, by Stone-
Weierstrass theorem, A = C¢(S'), i.e. for every f € Cc(S') and e > 0, there
exists a polynomial P of e’ and e~*® such that

1P —fll <e.

We are almost done. We now let N > deg P be a large number. Then in
particular, we have Sy(P) = P. Then

1

(s [y -rr dx>é < (5 [ 1svtn v ar)
i (217r /7; Sy (P) - PP dx>2
* (;T/_:|P—f|2 dm)é

<e+4+0+4¢
= 2e.

So done. O

4.3 Orthonormal systems and basis

Definition (Orthonormal system). Let E be a Euclidean space. A set of unit
vectors {eq }aca is called an orthonormal system if (e,,eg) =0 if o # S.
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We want to define a “basis” in an infinite dimensional vector space. The idea
is that these should be orthonormal systems “big enough” to span everything.
In finite-dimensions, this was easy, since there is the notion of dimension — if
we have n dimensions, then we just take an orthonormal system of n vectors,
and we are done.

If we have infinite dimensions, this is trickier. If we have many many
dimensions and vectors, we can keep adding things to our orthonormal system,
but we might never get to such a “basis”, if our “basis” has to be uncountable.
Hence we have the idea of “maximality”.

Definition (Maximal orthonormal system). Let E be a Euclidean space. An
orthonormal space is called mazimal if it cannot be extended to a strictly larger
orthonormal system.

By Zorn’s lemma, a maximal orthonormal system always exists. We will
later see that in certain nice cases, we can construct a maximal orthonormal
system directly, without appealing to Zorn’s lemma. The advantage of an explicit
construction is that we will understand our system much more.

One important thing we would like to do is given an orthonormal system,
decide whether it is maximal. In general, this is difficult, and Zorn’s lemma is
completely useless.

Now suppose we are nicer and have a Hilbert space. What we would like to
say is that if we have a maximal orthonormal system, then its span is the whole
space H. However, this doesn’t really work. The span of a set S only allows us
to take finite linear combinations, but by completeness of H, we want to have
the infinite sums, i.e. the limits as well. So what we really have is the following.

Proposition. Let H be a Hilbert space. Let S be a maximal orthonormal
system. Then span S = H.

While this might seem difficult to prove at first, it turns out the proof is
pretty short and simple.

Proof. Recall that S+ = (span S)*. Since H is a Hilbert space, we have

H = span S @ (span S)* = span S @ S+.
Since S is maximal, S+ = {0}. So done. O

How about the converse? It is also true. In fact, it is true even for Euclidean
spaces, and the proof is easy.

Proposition. Let F be Euclidean, and let S be an orthonormal system. If
span.S = E, then S is maximal.

Proof.
S+ = (span S)t = E+ = {0}. O

So in a Hilbert space, we have an if and only if condition — a system is
maximal if and only if the closure of the span is everything. In other words,
given any vector v € H, we can find a sequence v; in the span of the maximal
system that converges to v. This sequence is clearly not unique, since we can
just add a random term to the first item.
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However, we can do something better. Consider our space ¢, and the element
(1,1, 1 ..., There is a very natural way to write this as the limit of the sequence:

12040
(1 0,0 ) 1 L 0 1 0
b ) ) ) 72’ ) ) 72’ 17 ) )

What we are doing is that we are truncating the element at the nth component
for each n. Alternatively, the nth term is what we get when we project our v
onto the space spanned by the first n “basis” vectors. This is a nice and natural
way to produce the sequence.

Definition (Hilbert space basis). Let H be a Hilbert space. A maximal or-
thonormal system is called a Hilbert space basis.

Recall that at the beginning, we said we needed Zorn’s lemma to get an
orthonormal system. In many cases, we can find a basis without using Zorn’s
lemma. This relies on the Gram-Schmidt procedure.

Proposition. Let {x;}? ;, n € N be linearly independent. Then there exists
{€;}"; such that {e;}? ; is an orthonormal system and

span{xi, - ,x;} = spanfer, -+ ,e;}
for all j < n.
Proof. Define e; by
X1
e = —.
|1 |

Assume we have defined {e;}/_, orthonormal such that

span{xi,--- ,X;} = span{e,--- ,e;}.
Then by linear independence, we know that
Xji1 € span{xy,--- ,x;} = span{e,--- ,e;} = Fj.
We now define
Xj+1 = Xj41 — Pry(%54+1),
where Pp; is the projection onto F} given by
J

PFJ = Z(X7 ei>ei.

i=1
Since F} is a closed, finite subspace, we know that
Xj+1 — PFij+1 1 Fj.

Thus -

Xj+1
1%
is the right choice. We can also write this in full as

€jr1 =

Xj11 = 2 oi (Xse5)e
%41 — 2o_1(x;€5)e]]

So done. O

€j+1 =
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Note that projection into the first n basis is exactly what we did when we
wrote an element in ¢y as the limit of the sequence.

This is a helpful result, since it is a constructive way of producing orthonormal
systems. So if we are handed a set of vectors, we can just apply this result, plug
our vectors into this ugly formula, and get a result. Of course, we want to apply
this to infinite spaces.

Proposition. Let H be separable, i.e. there is an infinite set {y;};cn such that
span{y;} = H.
Then there exists a countable basis for span{y;}.

Proof. We find a subset {y;,} such that span{y;} = span{y,,} and {y;,} are
independent. This is easy to do since we can just throw away the useless
dependent stuff. At this point, we do Gram-Schmidt, and done. O

Example. Consider H = {5 and the sequence {e;};en be defined by
€, = <0707 70a1a07"')a

with the zero in the ¢th column.
Note that x L {e;};cn if and only if each component is zero, i.e. x = 0. So
{e;} is maximal, and hence a basis.

Example. Consider H = L?, the completion of C(S!) under the L? norm, i.e.

s

(f.9)= [ fgdu

—T

Trigonometric polynomials are dense in C'(S') with respect to the supremum
1
Var

in C(S'). Hence it is dense in C(S') under the L? norm since convergence
under the supremum norm implies convergence under L?. In particular, it is
dense in the L? space since L? is the completion of C'(S'). Moreover, this set is

norm due to Stone-Weierstrass. So in fact span eim} for n € N is dense

orthonormal in C(S') under the L? norm. So {\/%emx} is a basis for L2.

Note that in these two examples, we have exhibited two different ways of
constructing a basis. In the first case, we showed that it is maximal directly. In
the second case, we show that its span is a dense subset of the space. By our
proposition, these are equivalent and valid ways of proving that it is a basis.

4.4 The isomorphism with /5

We ended the previous section with two examples. Both of them are Hilbert
spaces, and both have countable basis. Is there any way we can identify the
both? This is a reasonable thing to ask. If we are given a Hilbert space H of
finite dimension dim H = n, then we know that H is indeed isomorphic to R™
(or C™) with the Euclidean norm. In some sense ¢5 is just an “infinite version”
of R™. So we might expect all other Hilbert spaces with countable dimension to
be isomorphic to #s.
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Recall that if we have a finite-dimensional Hilbert space H with dim H = n,

and an orthonormal basis {ej,- - ,e,}, then each x € H can be written as
n
X = Z(x,ei>ei,
i=1
and

n
I = I, )]
i=1

Thus H is isomorphic to ¢35, the space R™ with the Euclidean norm, via the map
X = (<X7 e1>7 Ty <X,en>)'

Can we push this to the infinite dimensional case? Yes. We will have to replace
our finite sum Y"1 ; with an infinite sum. Of course, with an infinite sum, we
need to make sure things converge. This is guaranteed by Bessel’s inequality.

Lemma (Bessel’s inequality). Let E be Euclidean and {e;}}¥., with N € NU{oo}

i=1
an orthonormal system. For any x € E, define x; = (x,e;). Then for any j < N,

we have ‘
J

Dzl < =l

i=1
Proof. Consider the case where j is finite first. Define
F; =span{ey,--- ,e;}.
This is a finite dimensional subspace of E. Hence an orthogonal projection P,
exists. Moreover, we have an explicit formula for this:

J
Pp, = Z(x,ei>ei.

i=1
Thus '
J
YL@l = 1Prxl® < x|
i=1
since we know that || Pr,|| < 1. Taking the limit as j — oo proves the case for
infinite j. O

The only thing we required in the proof is for the space to be Euclidean.
This is since we are talking about the sum

o0
D laif?,
i=1

and this is a sum of numbers. However, if we want to investigate the sum
oo
x =Y (x,ee;,

=1

then we’d better require the space to be Hilbert, so that the sum has something
to converge to.
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Proposition. Let H be a separable Hilbert space, with a countable basis
{e;}),, where N € NU {cc}. Let x,y € H and

T; = <X7 ei>7 Yi = <yaei>-
Then
N N
X = ineia y= Zyieia
i=1 i=1
and
N
<Xa Y> = Z TiYi-
i=1
Moreover, the sum converges absolutely.

Proof. We only need to consider the case N = oco. Otherwise, it is just finite-
dimensional linear algebra.

First, note that our expression is written as an infinite sum. So we need to
make sure it converges. We define the partial sums to be

n
Sp = E ZTi€;.
i=1

We want to show s,, — x. By Bessel’s inequality, we know that

oo

D lwil® < Ilx)%.

=1

In particular, the sum is bounded, and hence converges.
For any m < n, we have

n )
lsn =smll = D lzlP< Y |wf
i=m—+1 i=m-+1

As m — o0, the series must go to 0. Thus {s,} is Cauchy. Since H is Hilbert,

S,, converges, say
oo
Sy, —7 S = E ZT;€;.
i=1

Now we want to prove that this sum is indeed x itself. Note that so far in the
proof, we have not used the fact that {e;} is a basis. We just used the fact that
it is orthogonal. Hence we should use this now. We notice that
n
(s,e;) = lim (s,,€;) = nlLIr;Oij(ej,ei> = x;.

n— oo
j=1

Hence we know that
(x —s,e;) =0.

for all 4. So x — s is perpendicular to all e;. Since {e;} is a basis, we must have
x—s=0,1ie x=s.
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To show our formula for the inner product, we can compute

n n
<X7 Y> = nll*{rclo <Z X;€4, Z yJeJ>
i=1 =1

n

= lim E z;yi(e;, e;

Moo 1y]< (2 ]>
i,j=1

I
1M
&8
$\

Note that we know the limit exists, since the continuity of the inner product
ensures the first line is always valid.
Finally, to show absolute convergence, note that for all finite j, we have

J n n
S feagil < [ Sl | S wil2 < Il -
=1 =1 =1

Since this is a uniform bound for any j, the sum converges absolutely. O

Note that in the case of x =y, our formula for the inner product gives

N

x> = il

i=1

This is known as Parseval’s equality

What this proposition gives us is that given any separable Hilbert space,
we can find “coordinates” for it, and in terms of these coordinates, our inner
product and hence norm all act like £5. In particular, we have the map

x = {{x, e},

that takes H into /5. This is injective since by Parseval’s equality, if the image
of x is 0, then [|x]|> =30 =0. So x = 0.

This is good, but not good enough. We want the map to be an isomorphism.
Hence, we need to show it is surjective. In other words, every element in {5 is
obtained. This is a theorem by Riesz and Fisher, and is in fact easy to prove,
since there is an obvious candidate for the preimage of any {z; }ien.

Proposition. Let H be a separable Hilbert space with orthonormal basis
{€ei}ien. Let {a;}ien € ¢2(C). Then there exists an x € H with (x,e;) = a;.
Moreover, this x is exactly
o0
x = Z ;€.
i=1
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Proof. The only thing we need to show is that this sum converges. For any
n € N, define

n
S, = E a;e; € H.
=1

For m < n, we have
n

s — Sm”2 = Z |ai|2 —0
m—+1

as m — oo because {a;} € ¢?. Hence s, is Cauchy and as such converges to x.
Obviously, we have

n

<X, ei> = nli}ngoz aj<ej, ei> = a;.
j=1

So done. O

This means we have a isomorphism between ¢ and H. Moreover, this is
continuous and in fact isometric. So this is a very strong result. This says all
separable Hilbert spaces are {5.

4.5 Operators

We are going to look at operators on Hilbert spaces. For example, we would like
to see how differential operators behave on spaces of differentiable functions.

In this section, we will at least require the space to be Banach. So let X
be a Banach space over C. We will consider B(X) = B(X, X), the vector space
of bounded linear maps from X to itself. We have seen in the example sheets
that B(X) is a unital Banach algebra, i.e. it forms a complete algebra with
composition as multiplication. Our goal is to generalize some considerations in
finite dimensions such as eigenvectors and eigenvalues.

Definition (Spectrum and resolvent set). Let X be a Banach space and T' €
B(X), we define the spectrum of T, denoted by o(T) by

o(t) ={X € C: T — X is not invertible}.
The resolvent set, denoted by p(T), is
p(t) = C\o(T).

Note that if T — X is is bijective, then by the inverse mapping theorem, we
know it has a bounded inverse. So if A € o(T), then either T'— AI is not injective,
or it is not surjective. In other words, ker(T' — AI) # {0} or im(T — A\I) # X.
In finite dimensions, these are equivalent by, say, the rank-nullity theorem, but
in general, they are not.

Example. Consider the shift operator s : £, — ¢ defined by
(a1,a2,a3, ) = (0,a1,az2,--+).

Then this is injective but not surjective.
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Now if A € p(T), i.e. T — A is invertible, then (T — A )~! is automatically
bounded by the inverse mapping theorem. This is why we want to work with
Banach spaces.

Definition (Resolvent). Let X be a Banach space. The resolvent is the map
R: p(T) — B(X) given by
A= (T =A™

Definition (Eigenvalue). We say A is an eigenvalue of T if ker(T' — AI) # {0}.
Definition (Point spectrum). Let X be a Banach space. The point spectrum is
op(T) ={\ € C: \is an eigenvalue of T'}.

Obviously, 0,(T") C o(T), but they are in general not equal.

Definition (Approximate point spectrum). Let X be a Banach space. The
approzimate point spectrum is defined as

Oap(X)={AeC:3{x,} CX :|x,|lx =1and ||(T — A)x,||x — 0}.
Again, we have
0y(T) € 0y(T) € o (T).

The last inclusion follows from the fact that if an inverse exists, then the inverse
is bounded.
An important characterization of the spectrum is the following theorem:

Theorem. Let X be a Banach space, T' € B(X). Then o(T') is a non-empty,
closed subset of
A eC: A < ITlsx)}

In finite dimensions, this in particular implies the existence of eigenvalues,
since the spectrum is equal to the point spectrum. Notice this is only true for
vector spaces over C, as we know from linear algebra.

To prove this theorem, we will first prove two lemmas.

Lemma. Let X be a Banach space, T' € B(X) and ||T'||gx) <1. Then I =T
is invertible.

Proof. To prove it is invertible, we construct an explicit inverse. We want to
show

(I-T)"'= iT
=0

First, we check the right hand side is absolutely convergent. This is since

T lsx) < DT lsex) < ———— < o0
2 (0 ; B =1 T sx)

Since X is Banach, and hence B(X) is Banach, the limit is well-defined. Now it
is easy to check that

oo

I-T)Y T"=(I-T)I+T+T?+---)
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Similarly, we have
<ZT¢> (I-T)=1. O
i=1

Lemma. Let X be a Banach space, S; € B(X) be invertible. Then for all
Sy € B(X) such that

1S5 Hlsx) 151 — Sallsx) < 1,
Ss is invertible.

This is some sort of an “openness”’ statement for the invertible bounded
linear maps, since if Sy is invertible, then any “nearby” bounded linear map is
also invertible.

Proof. We can write

Sy = S1(I — S7H(S1 — S2)).

Since
157 (81 = S2)llsex) < 117 s [1S1 — S2llsx) < 1

by assumption, by the previous lemma, (I — S;*(S; — So))~! exists. Therefore
the inverse of S5 is

Syt =(I—S7(S1—Sy)) s O
We can now return to prove our original theorem.

Theorem. Let X be a Banach space, T' € B(X). Then o(T) is a non-empty,
closed subset of
AeCA < T}

Note that it is not hard to prove that it is closed and a subset of {\ € C :
Al < |IT||5(x)}- The hard part is to prove it is non-empty.

Proof. We first prove the closedness of the spectrum. It suffices to prove that
the resolvent set p(T') = C\ o(T') is open, by the definition of closedness.
Let A € p(T). By definition, S; =T — Al is invertible. Define S; =T — pul.
Then
151 = Sallpx) = (T = AL) = (T = pI)|[3(x) = A = pl-

Hence if |A — u| is sufficiently small, then T'— u1 is invertible by the above lemma.
Hence p € p(T). So p(T) is open.
To show o(T') € {A € C: |A] < ||T'[|g(x)} is equivalent to showing
{AeC: A > Tlsx)} € C\o(T) = p(T).
Suppose |A| > ||T||. Then I — A~1T is invertible since
I Ty = AT llsx) < 1.

Therefore, (I — A~!7T)~! exists, and hence

M -T)" =111 -T)!
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is well-defined. Therefore AI — T, and hence T' — AI is invertible. So A € p(T).

Finally, we need to show it is non-empty. How did we prove it in the case
of finite-dimensional vector spaces? In that case, it ultimately boiled down to
the fundamental theorem of algebra. And how did we prove the fundamental
theorem of algebra? We said that if p(z) is a polynomial with no roots, then
ﬁ is bounded and entire, hence constant.

We are going to do the same proof. We look at ﬁ as a function of A. If
o(T) = 0, then this is an everywhere well-defined function. We show that this is
entire and bounded, and hence by “Liouville’s theorem”, it must be constant,
which is impossible (in the finite-dimensional case, we would have inserted a det
there).

So suppose o(T) = (), and consider the function R : C — B(X), given by
R(\) = (T — X)L

We first show this is entire. This, by definition, means R is given by a power
series near any point A\g € C. Fix such a point. Then as before, we can expand

T — M = (T — M\oI) [I — (T = XoI)7! ((T —Xol) — (T — AI))}
= (T — M) [I (A= A)(T — AOI)*} .

Then for (A — X\g) small, we have

o0

(T - X))t = ( (A=) (T — )\OI)‘i> (T — XoI)™*

=0

(A= X0)Y(T — XoI) "1,

i

Il
<

K3

So this is indeed given by an absolutely convergent power series near \g.
Next, we show R is bounded, i.e.

sup [[R(A) [ 5(x) < oo
areC
It suffices to prove this for A large. Note that we have

(T =AD" =2 AT T =) = ATy AT
=0

Hence we get

(oo}

T = T) sy < I AT s ex
1=0
<Y (NIl cx0)!
1=0
1

S ST
A= 1IT15x)

which tends to 0 as |A| — co. So it is bounded.

By “Liouville’s theorem”, R(A) is constant, which is clearly a contradiction
since R(\) # R(u) for X # p. O
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Of course, to do this properly, we need a version of Liouville’s theorem for
Banach-space valued functions as opposed to complex-valued functions. So let’s
prove this.

Proposition (Liouville’s theorem for Banach space-valued analytic function).
Let X be a Banach space, and F': C — X be entire (in the sense that F is given
by an absolutely convergent power series in some neighbourhood of any point)
and norm bounded, i.e.

sup || F(2)||x < oo.

zeC

Then F' is constant.

This is a generalization of Liouville’s theorem to the case where the target
of the map is a Banach space. To prove this, we reduce this to the case of
complex-valued functions. To do so, we compose this F’ with a map X — C.

Proof. Let f € X*. Then we show fo F :C — C is bounded and entire. To see
it is bounded, just note that f is a bounded linear map. So

sup | f o F'(2) < sup [ flx~[[F(2)]lx < oo.
zeC zeC

Analyticity can be shown in a similar fashion, exploiting the fact that f* is
linear.

Hence Liouville’s theorem implies fo F' is constant, i.e. (foF')(z) = (foF)(0).
In particular, this implies f(F(z) — F(0)) = 0. Moreover, this is true for all
f € X*. Hence by (corollary of ) Hahn-Banach theorem, we know F'(z)—F(0) = 0
for all z € C. Therefore F' is constant. O

We have thus completed our proof that o(T") is non-empty, closed and a
subset of {A € C: |A| < ||IT'||g(x)}-

However, we want to know more. Apart from the spectrum itself, we also
had the point spectrum o,(T) and the approximate point spectrum o,,(T), and
we had the inclusions

05(T) € 04y (T) C (D).

We know that the largest set o(T) is non-empty, but we want the smaller ones
to be non-empty as well. We have the following theorem:

Theorem. We have
Oap(T) 2 00(T),

where 0o (T) is the boundary of ¢(7T") in the topology of C. In particular,
oap(T) # 0.

On the other hand, it is possible for o,(T") to be empty (in infinite dimensional
cases).

Proof. Let A € 0o(T). Pick sequence {A\,}52; C p(T) = C\ o(T) such that
An — A. We claim that R(\,) = (T — A\, I)~! satisfies

| R(An)llB(x) — 00
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If this were the case, then we can pick y, € X such that |y,|| — 0 and
HR(AH)(yn)H = 1. Setting x,, = R()‘n)(yn)y we have
(T = ADxpl| < (T = AnD)xnllx 4 [[(A = An)xnllx
= (T = X D)(T = M) " Hyallx + 1= An)xall
= [lyallx + A = Asl
— 0.
So A € 0qp(T).
Thus, it remains to prove that ||R(\,)|sx) — oo. Recall from last time if
S1 is invertible, and
157 lsx) 151 = S2llsx) < 1, (*)
then Sy is invertible. Thus, for any p € o(T'), we have

IRAn)llBx) 1= Anl = IR 8) (T = And) = (T' = pl) | (x) = 1.

Thus, it follows that

1
R(\, > - .
e T (TR W EFTEr() B

So we are done. O

Having proven so many theorems, we now look at an specific example.

Example. Consider the shift operator S : o, — o defined by
(U/I)G/Q)a?)) o ) = (070'170'27 e )

Then S is a bounded linear operator with norm ||S||g.) = 1. The theorem
then tells o(S) is a non-empty closed subset of {\ € C: ||A|| < 1}.

First, we want to understand what the point spectrum is. In fact, it is empty.
To show this, suppose

S(a17a27a37"') :)‘(alaa2aa3a"')
for some A € C. In other words,
(Oaalaa/2a"') :)\(0/170/270/3,"').

First consider the possibility that A = 0. This would imply that the left is zero.
So a; = 0 for all 7.

If A #£ 0, then for the first coordinate to match, we must have a; = 0. Then
for the second coordinate to match, we also need a2 = 0. By induction, we need
all a; = 0. So ker(S — AI) = {0} for all A € C.

To find the spectrum, we will in fact show that

o(S)=D={NeC:|N<1}.

To prove this, we need to show that for any A € D, S — Al is not surjective.
The A = 0 case is obvious. For the other cases, we first have a look at what the
image of S — AI looks like. We take

(b17b27b37"') S Eoo
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Suppose for some A € D, there exists (a1, as, - ) such that we have
(S —A)(ay,a9,-+) = (by,ba, )
In other words, we have
(0,a1,az2,--+) — (Aa1, Aag, Aag, - -+ ) = (b1, b2, b3, - ).
So —Aa; = by. Hence we have
a; = —A"1by.

The next line then gives
a; — )\CLQ = bg.

Hence
a9 = 7/\71(62 - al) = 7)\71(172 + )\7161).

Inductively, we can show that
Ap = Ail(bn + Ailbn—l + )\72bn—2 +-+ >\7n+1b1)-

Now if [A| < 1, we pick b,, such that |b,| = 1 and A=%b,,_; = || 7. Then we must
have |a,| — oo. Such a sequence (a,,) & loo. So (by) & im(S — AI). Therefore
for |A\| <1, S — Al is not surjective.

Hence we have o(S) 2 D. By the theorem, we also know ¢(S) C D. So in
fact o(S) = D.

Finally, we show that

Gap(S) = 0D = {A €T |\ =1}

Our theorem tells us that 9D C 0,,(S) C D. To show that indeed 0D = 04,(5),
note that if |A| < 1, then for all x € {.

105 = ADxleee = [[Sxlleco = IMIx%[lewe = 1l = IAIIX[lec = (1 = MIx]le -

So if |A] < 1, then there exists no sequence x,, with ||x,|l¢., = 1 and ||(S —
ADXy|le., — 0. So A is not in the approximate point spectrum.

We see that these results are rather unpleasant and the spectrum behaves
rather unlike the finite dimensional cases. We saw last time that the spectrum
o(T) can in general be complicated. In fact, any non-empty compact subset of
C can be realized as the spectrum of some operator T' on some Hilbert space H.
This is an exercise on the Example sheet.

We are now going to introduce a class of “nice” operators whose spectrum
behaves in a way more similar to the finite-dimensional case. In particular, most
of o(T) consists of 0,(T") and is discrete. This includes, at least, all finite rank
operators (i.e. operators T such that dim(im 7)) < oco) and their limits.

Definition (Compact operator). Let X,Y be Banach spaces. We say T €
L(X,Y) is compact if for every bounded subset E of X, T'(E) is totally bounded.
We write By(X) for the set of all compact operators T' € B(X).
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Note that in the definition of T, we only required 7" to be a linear map, not
a bounded linear map. However, boundedness comes from the definition for free
because a totally bounded set is bounded.

There is a nice alternative characterization of compact operators:

Proposition. Let X,Y be Banach spaces. Then T € L(X,Y) is compact if and

only if T(B(1)) is totally bounded if and only if T(B(1)) is compact.

The first equivalence is obvious, since B(1) is a bounded set, and given any
bounded set E, we can rescale it to be contained in B(1). The second equivalence
comes from the fact that a space is compact if and only if it is totally bounded
and complete.

The last characterization is what we will use most of the time, and this is
where the name “compact operator” came from.

Proposition. Let X be a Banach space. Then By(X) is a closed subspace of
B(X). Moreover, if T € By(X) and S € B(X), then T'S, ST € By(X).

In a more algebraic language, this means By(X) is a closed ideal of the
algebra B(X).

Proof. There are three things to prove. First, it is obvious that By(X) is a
subspace. To check it is closed, suppose {7}, }72; € Bo(X) and ||T;,—T||3(x) — 0.
We need to show T € By(X), i.e. T(B(1)) is totally bounded.

Let € > 0. Then there exists N such that

|T —Thllax)y <e

whenever n > N. Take such an n. Then T,,(B(1)) is totally bounded. So there
exists x1, -+ , X € B(1) such that {T,,x;}%_, is an e-net for T;,(B(1)). We now
claim that {Tx;}¥_, is an 3e-net for T(B(1)).

This is easy to show. Let x € X be such that ||x|| < 1. Then by the triangle
inequality,

ITx = Txillx < ITx = Tox| + [ Tax — Tuxall + | Toox — Tl
<e+ ||Tnx —Thxi|lx +¢
=2+ ||Tnx — Tnxi||x

Now since {T,,x;} is an e-net for T, (B(1)), there is some 4 such that ||T,,x —
T,x;|| < e. So this gives
ITx — Tx;||x < 3e.

Finally, let T' € By(X) and S € B(X). Let {x,} C X such that ||x,[x < 1. Since
T is compact, i.e. T(B(1)) is compact, there exists a convergence subsequence
of {TX,'}.

Since S is bounded, it maps a convergent sequence to a convergent sequence.
So {STx,} also has a convergent subsequence. So ST(B(1)) is compact. So ST
is compact.

We also have to show that T'S(B(1)) is totally bounded. Since S is bounded,
S(B(1)) is bounded. Since T sends a bounded set to a totally bounded set, it
follows that T'S(B(1)) is totally bounded. So T'S is compact. O

At this point, it helps to look at some examples at actual compact operators.
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Example.

(i) Let X,Y by Banach spaces. Then any finite rank operator in B(X,Y) is
compact. This is since T(B(1)) is a bounded subset of a finite-dimensional
space (since 7' is bounded), and any bounded subset of a finite-dimensional
space is totally bounded.

In particular, any f € X™* is compact. Moreover, by the previous propo-
sition, limits of finite-rank operators are also compact (since By(X) is
closed).

(ii) Let X be a Banach space. Then I : X — X is compact if and only if X is
finite dimensional. This is since B(1) is compact if and only if the space is
finite-dimensional.

(iii) Let K : R — R be a smooth function. Define T': C([0,1]) — C([0,1]) by
the convolution

1
TN = [ K- 51 dy
0
We first show 7' is bounded. This is since

sup [Tf(z)] < sup K (z)sup|f(y)]-
T z€[—1,1] Y

Since K is smooth, it is bounded on [—1,1]. So T'f is bounded. In fact, T'

is compact. To see this, notice

|25

Therefore if we have a sequence {f,} € C([0,1]) with || fnllc(o,1)) < 1,
then {T'f,}22, is uniformly bounded with uniformly bounded derivative,
and hence equicontinuous. By Arzela-Ascoli theorem, {Tf,}52, has a
convergent subsequence. Therefore T'(B(1)) is compact.

< sup |K'(z)|sup|f(y)]-
z€[—1,1] Y

There is much more we can say about the last example. For example, requiring
K to be smooth is clearly overkill. Requiring, say, differentiable with bounded
derivative is already sufficient. Alternatively, we can ask what we can get if we
work on, say, L? instead of C([0,1]).

However, we don’t have enough time for that, and instead we should return
to developing some general theory. An important result is the following theorem,
characterizing the point spectrum and spectrum of a compact operator.

Theorem. Let X be an infinite-dimensional Banach space, and T € B(X) be a
compact operator. Then o,(T) = {\;} is at most countable. If o, (T') is infinite,
then \; — 0.

The spectrum is given by o(T") = 0,(T") U {0}. Moreover, for every non-zero
Ai € 0p(T'), the eigenspace has finite dimensions.

Note that it is still possible for a compact operator to have empty point
spectrum. In that case, the spectrum is just {0}. An example of this is found
on the example sheet.

We will only prove this in the case where X = H is a Hilbert space. In a
lot of the proofs, we will have a closed subspace V' < X, and we often want to
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pick an element in X \ V that is “far away” from V in some sense. If we have a
Hilbert space, then we can pick this element to be an element in the complement
of V. If we are not in a Hilbert space, then we need to invoke Riesz’s lemma,
which we shall not go into.

We will break the full proof of the theory into many pieces.

Proposition. Let H be a Hilbert space, and T € By(H) a compact operator.
Let a > 0. Then there are only finitely many linearly independent eigenvectors
whose eigenvalue have magnitude > a.

This already gives most of the theorem, since this mandates o, (T") is at most
countable, and if 0, (7") is infinite, we must have A\; — 0. Since there are only
finitely many linearly independent eigenvectors, the eigenspaces are also finite.

Proof. Suppose not. There there are infinitely many independent x1, X2, X3, - - -
such that TXZ‘ = )\ixi with |)\Z| > a.

Define X,, = span{xy,- - ,X,}. Since the x;’s are linearly independent, there
exists y, € X,, N X, ; with [|y,.]|z = 1.
Now let
z, = 2"
n )\n M
Note that .
2ol < —.
a

Since X,, is spanned by the eigenvectors, we know that T maps X,, into itself.
So we have
Tz, € X,.

Moreover, we claim that Tz, —y, € X,,_1. We can check this directly. Let

n

Yn = Z CpXf-

k=1

Then we have

Tz, —y, = )\LT (Z ckxk> — chxk

Il
()=
o
ES
7N
>/‘>/
3 |=
|
—
~~_
»
>

. A
= Ck <)\k — 1) Xp € Xp_q.

We next claim that ||Tz,, — Tz,||g > 1 whenever n > m. If this holds, then T

is not compact, since Tz, does not have a convergent subsequence.
To show this, wlog, assume n > m. We have

|1 T2n — Tzmlli = (T2 —yu) — (T2m — yo)lli
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Note that Tz, —y, € X,—1, and since m < n, we also have Tz,, € X,,_1. By
construction, y, 1L X,,_1. So by Pythagorean theorem, we have

=Tzn —yn — TZmH%{ + HynH%{

> [lyal?
=1

So done. O

To prove the previous theorem, the only remaining thing to prove is that
o(T) = 0,(T)U{0}. In order to prove this, we need a lemma, which might seem
a bit unmotivated at first, but will soon prove itself useful.

Lemma. Let H be a Hilbert space, and T' € B(H) compact. Then im(] — T) is
closed.

Proof. We let S be the orthogonal complement of ker(I — T'), which is a closed
subspace, hence a Hilbert space. We shall consider the restriction (I —T)|s,
which has the same image as I — T

To show that im(I —T') is closed, it suffices to show that (I —T')|s is bounded
below, i.e. there is some C > 0 such that

x|l < CI(I = T)x||u
for all x € S. If this were the case, then if (I — T)x, — y in H, then
%0 = xm|| < Ol = T)(xn = xm)|| =0,

and so {xy,} is a Cauchy sequence. Write x,, — x. Then by continuity, (/—T)x =
y,and soy € im(J —T).

Thus, suppose (I — T) is not bounded below. Pick x,, such that ||x,| g =1,
but (I — T)x, — 0. Since T is compact, we know Tx, has a convergent
subsequence. We may wlog Tx,, — y. Then since ||Tx,, — X, ||z — 0, it follows
that we also have x,, — y. In particular, ||y|| =1#0,and y € S.

But x,, — y also implies T'x,, — Ty. So this means we must have Ty =y.
But this is a contradiction, since y does not lie in ker(I — 7). O

Proposition. Let H be a Hilbert space, T € B(H) compact. If A # 0 and
A€ o(T), then A € o,(T).

Proof. We will prove if A # 0 and A € 0,(T'), then A € o(T'). In other words,
let A # 0 and ker(T — M) = {0}. We will show that T'— Al is surjective, i.e.
im(T — \I) = H.

Suppose this is not the case. Denote Hy = H and H; = im(T — AI). We
know that H; is closed and is hence a Hilbert space. Moreover, H; C Hy by
assumption.

We now define the sequence {H,} recursively by

H, = (T — \X[)Hp_1.

We claim that H,, C H,_;. This must be the case, because the map (T'— AI)" :
Hy — H,, is an isomorphism (it is injective and surjective). So the inclusion
H, C H,_; is isomorphic to the inclusion H; C Hj, which is strict.
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Thus we have a strictly decreasing sequence
Ho2 Hy 2 Hy 2 ---

Let y, be such that y, € H,, yn L Hp41 and ||y,|lg = 1. We now claim
ITyn — Tyml > |A| if n # m. This then contradicts the compactness of T'. To
show this, again wlog we can assume that n > m. Then we have

ITyn = Tymlir = (Tyn — Ayn) = (TYm — A¥m) — Aym + Ayal?
= H(T - )‘I)Yn - (T - )‘I)Ym —A¥m + )\YnH%{
Now note that (T'— Al)y, € Hyy1 € Hpyyy1, while (T'— Al)y,, and Ay, are both

in Hyt1. So Ay, is perpendicular to all of them, and Pythagorean theorem
tells

= |)\|2HY77L||2 + ||(T - /\I)ym - (T - /\I)Ym - )\YmHz
> APllyml?
— 2.

This contradicts the compactness of T'. Therefore im(T — \I) = H. O
Finally, we can prove the initial theorem.

Theorem. Let H be an infinite-dimensional Hilbert space, and T € B(H) be a
compact operator. Then o,(T) = {A;} is at most countable. If o, (7T') is infinite,
then \; — 0.

The spectrum is given by ¢(T") = 0,(T") U0. Moreover, for every non-zero
Ai € 0p(T'), the eigenspace has finite dimensions.

Proof. As mentioned, it remains to show that o(T") = 0,(T") U{0}. The previous
proposition tells us o(7)\ {0} C 0,(T). So it only remains to show that 0 € o(T).
There are two possible cases. The first is if {\;} is infinite. We have already
shown that A; — 0. So 0 € o(T') by the closedness of the spectrum.
Otherwise, if {\;} is finite, let Ey,,--- , Ey, be the eigenspaces. Define

H' =span{Ey,,---, Ey, }*.

This is non-empty, since each E}, is finite-dimensional, but H is infinite dimen-
sional. Then T restricts to T'|g- : H — H'.

Now T'|p has no non-zero eigenvalues. By the previous discussion, we know
o(T|g/) C {0}. By non-emptiness of o(T'|g), we know 0 € o(T'|g/) C o(T).

So done. O

4.6 Self-adjoint operators

We have just looked at compact operators. This time, we are going to add a
condition of self-adjointness.

Definition (Self-adjoint operator). Let H be a Hilbert space, T' € B(H). Then
T is self-adjoint or Hermitian if for all x,y € H, we have

(Tx,y) = (x,Ty).
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It is important to note that we defined the term for bounded linear operators
T. If we have unbounded operators instead, Hermitian means something different
from self-adjoint, and we have to be careful.

Recall that we defined the adjoint of a linear map to be a map of the dual
spaces. However, we will often abuse notation and call T* : H — H the adjoint,
which is the (unique) operator such that for all x,y € H,

<TX’ Y> = <X’ T*y>'

It is an exercise to show that this is well-defined.
How is this related to the usual adjoint? Let T* : H* — H* be the usual
adjoint. Then we have
T*=¢ L oT* o,

where ¢ : H — H* is defined by
P(v)(w) = (w,v)

as in the Reisz representation theorem.
The main result regarding self-adjoint operators is the spectral theorem:

Theorem (Spectral theorem). Let H be an infinite dimensional Hilbert space
and T : H — H a compact self-adjoint operator.

(i
(ii

)
)
(iii) o(T) = {0} Uo,(T).
)
)

o,(T) = {\:}Y, is at most countable.
op(T) CR.

(iv) If E), are the eigenspaces, then dim E}, is finite if A; # 0.
(v
(vi) If {\;} is infinite, then A; — 0.

Ex, LBy, if Ay # A;.

(vii
N
T = Z \iPg, .
=1

We have already shown (i), (iii), (iv) and (vi). The parts (ii) and (v) we
already did in TA Vectors and Matrices, but for completeness, we will do the
proof again. They do not require compactness. The only non-trivial bit left is
the last part (vii).

We first do the two easy bits.

Proposition. Let H be a Hilbert space and T € B(H) self-adjoint. Then
op(T) CR.

Proof. Let A € 0,(T) and v € ker(T — AI) \ {0}. Then by definition of v, we

have
5= (Tv,2v> _ <V,T2V> _s
V% V%

So A eR. O

75



4 Hilbert spaces IT Linear Analysis

Proposition. Let H be a Hilbert space and T' € B(H) self-adjoint. If A\, €
op(T) and A # p, then E\ L E,,.

Proof. Let v € ker(T — AI) \ {0} and w € ker(T — pI) \ {0}. Then
v, w) = (Tv, w) = (v, Tw) = fi(v,w) = (v, w),
using the fact that eigenvalues are real. Since \ # p by assumption, we must
have (v, w) = 0. O
To prove the final part, we need the following proposition:

Proposition. Let H be a Hilbert space and T € B(H) a compact self-adjoint
operator. If T' # 0, then T" has a non-zero eigenvalue.

This is consistent with our spectral theorem, since if T is non-zero, then
something in the sum )\iPEAi has to be non-zero. It turns out this is most of
the work we need.

However, to prove this, we need the following lemma:

Lemma. Let H be a Hilbert space, and T € B(H) a compact self-adjoint
operator. Then
IT|sy = sup [(x,Tx)]

x|l =1

Proof. Write
A= sup |(x,Tx)|.

lIll =1

Note that one direction is easy, since for all x, Cauchy-Schwarz gives
(%, Tx)| < | Txl x|z = 1Tl %] F-
So it suffices to show the inequality in the other direction. We now claim that

1T 5¢rr) = sup (Tx,y)].
Ixllz=Lllyllz=1

To show this, recall that ¢ : H — H* defined by v — (-, v) is an isometry. By
definition, we have

1Ty = sup [[Tx|g = sup [|¢(Tx)||a- = sup sup |y, Tx)|.

lIx|l =1 [x[lm=1 Ixllz=1llylla=1
Hence, it suffices to show that

sup (Tx,y)| <A
lIxlla=1llylla=1

Take x,y € H such that ||x||g = ||y||g = 1. We first perform a trick similar to
the polarization identity. First, by multiplying y by an appropriate scalar, we
can wlog assume (T'x,y) is real. Then we have

(T(x+y),x+y) —(T(x-y),x—y)|=2(T'xy) + (Ty,x)|
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Hence we have
1
[{Tx,y)| = (T +y),x+y) —(T(x~y),x )|

1
< O+ w1+ Mx - yI%)

A
= X2l + 2lyl)
where we used the parallelogram law. So we have || Tz < M. O

Finally, we can prove our proposition.

Proposition. Let H be a Hilbert space and T € B(H) a compact self-adjoint
operator. If T' # 0, then T" has a non-zero eigenvalue.

Proof. Since T # 0, then ||T||z(my # 0. Let ||T'||gzy = A. We now claim that
either A or —\ is an eigenvalue of 7.

By the previous lemma, there exists a sequence {x,}52; C H such that
|xnllz =1 and (x,,Tx,) — £A.

We consider the two cases separately. Suppose (x,,7%,) — A. Consider
Tx, — AX,. Since T' is compact, there exists a subsequence such that Tx,, —y
for some y € H. For simplicity of notation, we assume Tx,, — y itself. We have

0 < || Txn — A% ||%
= [ Txallf — 2MT x5, %5) + 2|0
S A2 —207 4 A2
=0
as n — oo. Note that we implicitly used the fact that (Tx,,X,) = (Xpn, TXp)
since (T'X,,,X,) is real. So we must have

ITx, — )\X,LH%{ — 0.

In other words,
Finally, we show y is an eigenvector. This is easy, since

Ty = lim T(\x,) = Ay.

n— oo

The case where x,, — —\ is entirely analogous. In this case, —\ is an eigenvalue.
The proof is exactly the same, apart form some switching of signs. O

Finally, we can prove the last part of the spectral theorem.

Proposition. Let H be an infinite dimensional Hilbert space and T : H — H
a compact self-adjoint operator. Then

N
T = Z \iPg, .
=1
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Proof. Let
U =span{E),, Ex,, - }.

Firstly, we clearly have
N
Tly =Y AiPg, .
i=1

This is since for any x € U can be written as

n
X = E Pg, x.
i=1

Less trivially, this is also true for U, i.e.

N
T‘U = Z)‘iPExia

i=1

but this is also clear from definition once we stare at it hard enough.
We also know that -
H=UsU"

It thus suffices to show that
T|yr =0.

But since T'|y1 has no non-zero eigenvalues, this follows from our previous
proposition. So done. O
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