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The notes presented here were written for the Graduate Level Course 'Func-
tional Analysis’ given in the academic year of 23/24, and cover the first part of it,
given during the Michaelmas Term.
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Introduction - What is Functional Analysis?

Simply put, functional analysis is the study of infinite dimensional vector

spaces.
Many times in mathematics, we are looking for structures and/or symmetries
that will help us approach and understand a certain given problem. This is ex-
tremely prevalent when considering problems that have connection to physics,
biology, chemistry, optimisation and many other topics. One extremely useful
such structure is a linear structure, i.e. the structure of vector spaces and linear
transformation, which you were introduced to in Linear Algebra I. Here are but
a few examples where you have seen this structure:

» Solving a (finite) system of linear equations.

» Solving a (finite) system of linear ODEs. The set of all solutions to ODEs

of the form

YD) + a1 ()Y V@) . pr (0 y(x) =0

forms a vector space. Moreover, one can show that itis an n—dimensional
vector space - implying that one can find »n functions, y; (x),..., yn(x)
such that any solution to the above ODE will be of the form

yx)=a1y1(x)+--+apyn(x)

for some scalars ay,...,a;,.

o Function optimisation. As you have seen in Calculus I, classification of
extreme points rely heavily on our understanding of the Hessian ma-
trix.

There is one common thread in all the above examples, however, and that is
that the linear structure you've seen so far is finite dimensional. This is rarely the
case when considering a complicated (and not approximated) real life problem.
Let us consider an example:

Example. Let 2[x] be the set of all real polynomials. As you've seen in Linear
Algebra I, &[x] is a vector space. It is, however, not finite dimensional. Indeed,
if it were finite dimensional we would have been able to find some n € N and n
polynomials, p;(x),..., pn(x) such that any polynomial in &[x] could have been
written as
px)=a1p1(x)+---+appnlx)

for some scalars a;,...,a,. This, however, implies that the degree of all poly-
nomials can’t be more than max;-,, ,deg (p,-) which is a contradiction. Thus,
P[x] can’t be a finite dimensional vector space.

3
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While &[x] is not finite dimensional, it doesn’t seem so far fetched for us to
conjecture that it is “infinite dimensional”. After all, the set of polynomials

2 n
Lx,x%...,x",...

is linearly independent and every polynomial in &[x] can be written as a finite
linear combination of these polynomials.
We do need to be a bit careful. What does it mean for a set of infinitely many vec-
tors to be independent? What does it mean to span the vector space in that case?
Do we always mean that we can only use finitely many of our “basis vector”? If
{e1,e2,...,en,...} spans the vector space V can we write
X = Z ane,?

neN
In what sense is the above sum defined?.
It is exactly here where we need to bring notions from Analysis into the mix as the
above infinite sum can be thought of as the limit of the partial sums sequence,
Sy = Z],Y:l anen.

Combining the linear structure of a vector space with a notion of limits and
closeness is where the study of infinite dimensional spaces, the study of Func-
tional Analysis, begins.



List of Notations

In our notes we shall use the following notations:
R - The field of real numbers.
R - The set of non-negative real numbers, R, = {x e R|x=0}.
C - The field of complex numbers.
@Q - The set of rational numbers.
Z - The set of integers.
N - The set of natural numbers (i.e. positive integers).
N* - The set of natural numbers and {0}, N* = N U {0}.
R™ - The set of n—tuples, where n € Nis given, (x1,..., x,) with {x;};=; _, cR.
C" - The set of n—tuples, where n € Nis given, (z1,...,z,) with {z;};-; _, <C.
d(x,y) - The value of the metric d on x and y.
x|l - The norm of the x.
|z| - The absolute value of the (real or complex) number z.
z - The complex conjugate of the number z.
(x, y> - The inner product (real or complex) of x and y.
On occasion we will call a function T between two sets a map, or an operator
(the latter are mostly used in the context of normed and inner product spaces,

while the former is used more frequently in the context of metric and general
topological spaces).
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2 (T) - The domain of the function/map/operator T. i.e. the set on which T
is defined.

A (T) - The range (sometimes known as image) of the
function/map/operator T, i.e. the set of possible values of T

R (T)={y| T(x) =y for some x € (1)}

We will use the notation U c X to indicate that U is a subset (that may equal to)
of X.



CHAPTER 1

Banach and Hilbert Spaces

In this chapter we will define the basic structures of Functional Analysis,
Banach and Hilbert spaces, and explore their properties.

1.1. Basic notions of distances
We start by reminding ourselves three notions of distances

Definition 1.1.1. Let X be a non-empty set. A function d : X x X — R, is called a
metric if it satisfies the following conditions:

m1 d(x,y) =0if and only if x = y (Positivity).

m?2 d(x,y)=d(y,x) forall x, y € X (Symmetry).

m3 d(x,y)<d(x,z)+d(z,y) forall x, y, z€ X (Triangle inequality).
The couple (X, d) is called a metric space.

In certain cases, the metric, i.e. the distance, is induced from a length - a
norm.

Definition 1.1.2. Let 2" be a vector space over [, be it R or C. A function ||-|| :  —
R, is called a norm if it satisfies the following conditions:

nl ||x||=0forall xe 2 and ||x|| = 0 if and only if x = 0 (Positivity).
n?2 |laxl =lallx| forall « € F and all x € & (Homogeneouity).
n3 |x+y| < lxl+]y| foralx,ye2 (Triangle inequality).

The couple (X, ||-]l) is called a normed space.

As expected, a norm induces a metric:

Theorem 1.1.3. Let (2, ||-I) be a normed space. Define the functiond : L x X —
R+ by

dtxy) = |x-y].
Then d is a metric on X . We call it the metric induced by the norm |-|.
Unless stated otherwise, the metric structure in a normed space will always be the
one induced from the norm.

An immediate question we might ask ourselves is: When is a given metric
induced by a norm? The answer to this question is provided in the following
theorem:

Theorem 1.1.4. Let (2, d) be a metric space where X is a vector space over R or C.
Then the metric d is induced by a norm if and only if

7
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(@) dx,y)=d(x+z,y+2z) foranyx,y,z€ X .
(i) d(ax,ay) =lald(x,y) forany x,y € X and scalar a.

In that case the norm which induces the metric is given by
lxl = d(x,0).

Thinking of R” as a canonical example to many of the notions that pertain
to distances, we recall that the length of a vector (its norm) is defined by using
the geometric notion of the dot product. This could also be generalised:

Definition 1.1.5. Let 2 be a vector space over R or C. A function (:,-) : ' x X —
R or C (respectively) is called an inner product if it satisfies the following condi-
tions:

pl (x,x)=0forall xe X and (x, x) = 0 if and only if x = 0 (Positivity).

p2 (x+yz)=(x,2)+(y,z) forany x, y,z € Z (Addition of the first compo-
nent).

p3 {ax,y)=a(x,y) for any x,y € 2 and any scalar a (Scalar multiplica-
tion of the first component).

p4 (x,¥)=(y x) (Symmetry/Hermitian property).

The couple (X, (-, -)) is called an inner product space and sometimes a pre-Hilbert
space.

Again, as expected, we find that an inner product induces a norm:

Theorem 1.1.6. Let (', (,+)) be an inner product space. Define the function ||| :

(%‘_’IR_'_ by
lxll = v{x,x).

Then |-l is a norm on X'. We call it the norm induced by the inner product (-, -).

Similarly to before, we can ask ourselves the following: When is a given norm
induced by an inner product? The answer to this question is provided in the
following theorem:

Theorem 1.1.7. Let (', |I-]l) be a normed space over R or C. Then the norm ||-|| is
induced by an inner product if and only if

(1.1) o+ y )2+ | x=y|* =21x1% +2]y|*.

In that case the inner product which induces the norm is given by

(1.2)

2 2

x+yl|"-|x-y
(5y)= 122 4|| ||
when X is a vector field over R and

O Ll e Y NS e Bl

(1.3) 1 2

when & is a vector field over C. Equation (1.1) is known as the parallelogram
identity while equations (1.2) and (1.3) are known as the polarisation identities.
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There will be many cases in our modules that we would like to look at a sub-
set/subspace of a certain space of linear space. In that, unless stated otherwise,
we will always considered the induced metric/norm/inner product obtained by re-
striction the metric/norm/inner product of the entire space to the subset/subspace.

1.2. Metric spaces prerequisites

In this short section we remind ourselves a few important notions and the-
orems from the theory of metric spaces.

Definition 1.2.1. Let (X, d) be a metric space and let {x,},,cn be a given sequence
in X. We say that {x,},cn is a Cauchy sequence (or Cauchy in short) if for every
€ > 0 there exists ng € N such that for any n, m = ny we have that

d(xn,xm) <E.

Being a Cauchy sequence means that the elements of the entire sequence
are as close as we want to each other, aslong as we let the index be large enough.
This is reminiscent of the notion of a convergence of a sequence, just without
knowing what the limit is. It won’t surprise us to find out that:

Lemmal.2.2. Let (X, d) be a metric space. Then any converging sequence is Cauchy.

The converse, however, depends on the metric space we're dealing with and
motivates the following definition:

Definition 1.2.3. We say that a metric space (X, d) is complete if every Cauchy
sequence in X converges (to an element of X).

REMARK 1.2.4 (The importance of completeness and the Cauchy criteria).
Completeness and Cauchy sequences are not arbitrary concepts but quite a prac-
tical one. A prime example to their use, which we will be able to generalise in a
sense, is the study of series.

We remind ourselves that we say that }_, a5, converges (i.e. makes sense) if the
partial sum sequence, {Sy}yen, defined by

N
n=1

converges. A common problem when studying partial sums is that more often
than not we can’t compute them explicitly. Take, for example, the series }_;cn #
Since R and C are complete, however, we don’t need to find a limit to show that
the partial sum sequence converges - we only need to show that it is Cauchy to
conclude that it must convergence. This indeed holds for our example as we can

show that ]
SN—-Syls ——
ISn = Suml min (M)

which is less than ¢ as long as N, M > 1.

Example 1.2.5 (Completeness of Euclidean spaces). The inner product spaces R”
and C", are complete with respect to the standard distance (induced by the dot
product).
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Example 1.2.6 (Q is not complete). The set Q with the induced metric from R is
not a complete space.

In general, when trying to show that a given metric space is complete we
have three hurdles to overcome:
* We need to find/guess the limit, x, for an arbitrary Cauchy sequence,
{Xn}nen-
» We need to show that x € X.
¢ We need to show that d (x,,, x) el 0.

It is important to note that while Cauchy sequences don’t necessarily con-
verge, they do share some properties with converging sequences. In particular
we have that

Theorem 1.2.7. Let (X, d) be a metric space and let {x},en < X be Cauchy. Then
{Xn}nen 08 boundecﬂ

The proof of this theorem is almost identical to the proof of the same result
for converging sequences.

REMARK 1.2.8. In our module we will almost exclusively consider sequences
in a normed space (2, [|-). In that cases, boundedness is equivalent to having
some M > 0 such that

sup [l x,ll < M.
neN

In many cases in our module we would consider subsets and subspaces of
a given metric/normed/inner product spaces. The question of whether these
subsets/subspaces are complete is answered by the following theorem:

Theorem 1.2.9. Let (X, d) be a complete metric space and let M be a subset of X.
Then (M, d) is complete if and only if M is closed.

To prove the above we will rely on the following known theorem:

Theorem 1.2.10. Let (X, d) be a metric space and let U c X be a given set. Then

(i) x € U if and only if there exists a sequence of points {X,}p,en © U that con-
verges to X.

(ii) U is closed if and only if every converging sequence of points from U con-
verges to a pointin U.

PROOF OF THEOREM[L.2.9l We start by assuming that M is closed and con-
sider a Cauchy sequence {x,},en in M. Since M c X and the metric on M and X
are identical we find that {x,},cn is Cauchy in X. Using the fact that X is com-
plete we conclude that {x,},cn converges to an element in X which we will de-
note by x. According to Theorem[1.2.10| M contains all of the limits of sequences
of elements from M since M is closed. Thus, x € M and (since, again, the met-
rics on X and M are identical) {x,},cn converges to x € M. This shows that M is

lpoundedness in a metric space means that for some xp € X we have that sup,,cn d (xp, Xp) <
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complete.

Conversely, assume that M is complete. We will use Theorem(1.2.10[to show that
M is closed by showing that every converging sequence of elements from M has
its limit in M. Indeed, if {x;},en © M converges (in X) to an element x, then
according to Lemma [1.2.2] we know that it is Cauchy. Since M is complete and
{xn}nen € M we find that it must converge to an element y € M. This implies
that that {x,},cn converges to y in X and due to the uniqueness of the limit in
metric spaces we have that x = y. Thus x € M which shows the desired result.
The proofis now complete. ([l

We end this section by reminding ourselves the notions of density and sepa-
rability. These notions were introduced in Analysis I1I for normed spaces, which
is how we will use them in our module, but they can easily be defined on metric
spaces.

Definition 1.2.11. A set A in a metric space (X, d) is called denseif A= X.

Definition 1.2.12. A metric space (X, d) is called separable if there exists a dense
countable set in X.

How do we check if a set is dense or that a metric space is separable? We
have the next lemmas to help us

Lemma1.2.13. Let (X, d) be a metric space and let A be a setin X. Then A is dense
if and only if for every x € X there exists a sequence of elements from A, {Xn} nen,
that converges to x.

The proof of the above follows from the sequential criteria for the closedness
of sets in metric spaces, Theorem|1.2.10| We leave the proof as an exercise.
Similarly we have that

Lemma 1.2.14. Let (X, d) be a metric space. Then X is separable if and only if
there exists a sequence {x,} ,en Such that every x € X is a limit of a subsequence of
{Xn}nen that converges to x.

1.3. Banach and Hilbert spaces

We start our study of Banach and Hilbert spaces by recalling the basic defi-
nitions and properties of Banach and Hilbert spaces. Many concepts and results
are defined and hold equivalently for the field R or C. In these cases we will use
the letter [ to express either fields.

Definition 1.3.1. Let (', |I-]|) be anormed space. We say that 2 is a Banach space
if it is complete under the metric induced by |-|.

Definition 1.3.2. Let (#,¢:,-)) be an inner product space. We say that # is a
Hilbert spaceif it is complete under the metric induced by ¢, -).

Throughout this module we will usually (but not always) use & to denote a
Banach space and # to denote a Hilbert space.
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REMARK 1.3.3. Any Hilbert space is also a Banach space when one considers
the norm induced by the given inner product (-,-). The converse isn’t always
true, and Theorem gives us a necessary and sufficient condition for it to be
true.

Example 1.3.4 (Euclidean spaces with p—th norm). Let 1 < p < oo be given and
define a function |-, : F" — R, by

1
n r
lall, = la;|P
P =1
1=

when 1 < p < oo, and

lalo= max |a;l
i=1,..,n

when p = oo, where a = (ay, ..., a,). Then -l p is a norm on F" forany 1< p <oo.
Moreover, (F", ||| ;) is a Banach space.
When p =2 the norm is induced by the (standard) inner product

n —
(a,b) =) ab;.
i=1

REMARK 1.3.5. To show that |- I is indeed a norm one uses the finite Hélder
inequality

1

n n p(n %
Zldibili(ZMilp) (Z|bi|q) :
i=1 ' i=1

i=1

where p and g are Holder conjugate to prove the finite Minkoski’s inequality

n 5 (n 5[ n v
(Z|ai+bi|p) S(Zlﬂilp) +(Z|bi|p)
i=1 i=1 i=1

for 1 < p < co. This shows the triangle inequality. The case p = oo is immediate.

Example 1.3.6 (L spaces). For any Lebesgue measurable set E and any p € [1,00]
the space L” (E) is a Banach space with respect to the norm

171, = ([ 1o ax)’

when 1 < p <ooand
|7l = esssup | £ (x)]
x€E

when p = oco. When p =2 the norm is induced by the inner product

(f8),= fE f(x)gxdx,

making L2 (E) into a Hilbert space.
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Example 1.3.7 (Continuous functions on a bounded Interval). Consider the set
C(la,b),F) ={f :[a, bl —F | f is continuos on [a, b] },

where —oo < a < b < co. Then C([a, b],F) is a vector space over [ with respect
to pointwise addition and scalar multiplication, where the additive zero is the
functions f = 0 and the additive inverse of f € C([a, b],F) is given by — f. More-
over, the function ||| : C([a, b],F) — R, given by

[£lleo= sup [£60]= max |/l

is a norm on C([a, b],F). Moreover, it can be shown that the normed space
(C(la, b],F), |I-lloo) is a Banach space.

For the sake of brevity we will drop the underlying field F from this point on-
wards and write C[a, b]. The underlying field, be it R or C, will be clear from
context.

An important example which we will see frequently in our module is the ¢,
spaces, an infinite dimensional generalisation of ([F”, -1l p) from Example

Example 1.3.8 (¢}, spaces). For a given p € [1,00] we consider the set

> Ianl’”<oo}

neN

Zp (N,F) = {{an}nel\l ck
when 1 < p < oo and

loo(NF) = {{an}nel\l ck

suplay| <oo}
neN

when p = co. From this point onwards we will drop the underlying field F and
write £, (N). It will be assumed to be known by context.

We can define a linear structure on £, (N) by defining addition and scalar multi-
plication in the following way:

» Foragiven a, b€ ¢}, (N) we define a + b as the sequence
(a+b),=a,+b,.
» Foragiven a € ¢, (N) and a scalar a we define aa as the sequence
(@a), = aap,

These operators are well defined and it is straight forward to show that the ele-
ment 0 defined by

0,=0
belongs to £, (N) for any p € [1,00] and is the additive zero of the addition oper-
ation, and that for any a € £, (N) the element —a € £, (N) is its additive inverse.
Thus, £, (N) is in fact a vector space for any p € [1,00].
We can go one step further and define the function |-||,: £, (N) — R, by

1

P
lal, =Y laal”
neN
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when 1 < p < oo, and

lalloo = sup|ayl
neN

when p = oo. Itis possible to show that this function is indeed a norm which, just
like in Example relies on special and very useful inequalities: the discrete
Hélder inequality

Y lanbyl < (Z |an|’”); (Z Ibnl");.

neN neN neN

where p and g are Holder conjugates and the discrete Minkoski’s inequality

1 1 1

p P P
Z |an+bn|p) = (Z |an|p) +(Z |bn|p) .
neN neN neN

when 1 < p <oo.
The space (¢, (N), |-l ;) is more than a normed space. Itis in fact a Banach space
and when p = 2 its norm is induced by the inner product

<a! b>2 = Z anb_n~
neN
making ¢, (N) into a Hilbert space.
REMARK 1.3.9. The underlying set of indexes we have used to define ¢, (N)

was the natural numbers N. There is nothing, however, to stop us from defining
the space ¢, on a general index set ¢ in a similar way. For instance

Z |an|p <00
nez

0,(2) = {{an}nez cF

when 1 < p <ocoand

& (2= {{an}neN cF

suplay| < oo }
nez

when p = co.

When { is uncountable the sum }_;cq |a;|P is well defined as a supremum of all
possible countable sub-sums of the expression, as you've seen in Analysis III. In
fact, one can show that if }";c¢|a;|? is finite then a; = 0 for all but countable
many i€ .

Itis customary to indicate the index of the space by writing ¢, (9).

We have seen many examples of Banach and Hilbert spaces. The next exam-
ple will give us a non-trivial normed space which is not a Banach space.

Example 1.3.10 (The space of polynomial is not a Banach space). Consider the
linear space of polynomials with coefficients in the field F and which are defined
over the bounded closed interval [a, b] for some —co < a < b < co. Asitis a
subspace of C[a, b] we know that (P[x], |-lls) is @ normed space over [F. It is,
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however, not a Banach space as the uniform limit of polynomials is not always a
polynomial. Indeed, the seqeunce of polynomials

n xj
pn(x)=) —
j=o0 J-

converges uniformly on any bounded interval to e*, which doesn't belong to
Px].

Exercise 1.3.11. Consider the vector space C [0, 1] over R and define the function
[-I1:CIl0,1] — R+ by

1
7= [ Lreolds.
Show that (C[0,1], -ll;) is a normed space but not a Banach space.

We conclude this section with an immediate consequence of the complete-
ness theorem for metric spaces, Theorem|1.2.9

Theorem 1.3.12. Let # be a subspace of a Banach space & or a Hilbert space 7 .
Then 4 is a Banach space or a Hilbert space respectively if and only if # is closed.

1.4. Basic properties of Banach and Hilbert spaces

We continue our study by exploring a few basic properties of normed and
inner product spaces, and reminding ourselves important notions in the theory
of Hilbert spaces (which were shown in Analysis III).

Theorem 1.4.1. Let (', |I-1) be a normed space. Then
(i) foranyx,ye X

|||x|| - ||yH| < ||x - y|| (Reverse triangle inequality).

(ii) The normisa continuous function from X toR... In other words, ifx;, — x
n—0o0
then

lxnll — llxIl.
n—oo

(iii) If {xp}nen © X and {yn},cny © X converge to x € X and y € X respectively,
and if {ay} nen and {Bn} nen @re sequences of scalars that converge to a« and
B respectively then

AnXn+ Pn¥n el ax+py.

In particular, the addition and scalar multiplication operations are contin-
uous.

(iv) If there is an inner product, :,-), that induces the norm || (i.e. X isin
fact an inner product space) then the inner product is a continuous function
from X x X to its underlying field. In other words if x, X and yy, =

then
(Xn, ¥n) o (x,y).
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PROOF OF THEOREM[L. 4.1l Using the standard triangle inequality we find
thatforany x,ye &

lxll = lx=y+y| < [x=y[]+]v]

and equivalently (since || z|| = [|-z])

Iyl = e =yl + il
As such
[l = | ]| = max{ixl = |y [, [ ] - i} =[x -y
showing (i).
Using the reverse triangle inequality we have that
0= llxpll = lxlll =< llxp — xI,
which according to the pinching lemma implies that

lxnll — lixll
n—oo

showing (ii).
Moving to (iil), we notice that

lanxn+ Bnyn— (ax+By)|| = || (@nxn — @nx) + (@nx — ax) + (Buyn— Bny) + (Bny — BY)|

<lanlllxn—xll +lan—allxl+|Ba||yn—y| + 62— B| | ¥]-
If {an}nen and {Bn} Len Converge to a and f respectively then these sequences

must be bounded, i.e. there exists A, B > 0 such that sup,,cnl@n| = Aand sup,,cp |,6n| <
B. In this case we have that

anxn+ Bnyn—(ax+By)| < Allxn— xll+lan— al x| +B ||y, — y|+|6- - B| | ¥|-

— 0 —0

n—oo n—oo

If, in addition, {x,},cn and { yn} nen Converge to x and y respectively then
follows immediately from the above.

Lastly, was shown in Analysis III and relies on Cauchy-Schwartz inequality
and the fact that converging sequences must be bounded. ]

We end this short section with the definition of orthogonality and a few re-
lated concepts and theorems.

Definition 1.4.2. Let (%, (:,-)) be an inner product space.
(i) We say that x is orthogonal to y, and write x L y if

(x,y)=0.

(ii) We say that a set M is orthogonal if every two elements of it are orthogonal.

(iii) We say that two sets, A and B, are orthogonal if for any x € Aand y € B we
have that x L y.

(iv) Given a subset M of # we define the orthogonal complement of M, M Lto
be the set

Mt ={xe¥ |xLly VyeM}
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Theorem 1.4.3 (Pythagoras’ theorem). Let (#,<:,-)) be an inner product space. If

{x1,...,xp} <& and x; L xj fori # j then

2 n
=Y lxll?.

i=1

1=

(1.4)

n
> x)
i=1

Lemma 1.4.4. Let 7 be an inner product space and let M be a subset of 7 . Then
(i) M* is a subspace of ¥ .
(i) Mt isa (ilosed set.
(iii) M+ =M.
(iv) Mt = (spanM)™.
() M- =spand .
(i) Let M+ be defined as (Mi)l. Then, if / is a subspace of Z we have that
M=

Theorem 1.4.5. Let 7 be a Hilbert space and let 4 be a closed subspace of 7 .
Then:

(i) Forany x € Z there exists a unique vector x| in 4 such that
||x—x|| H = inf |x—v|=min|x-v].
vell vedl

We denote this vector by P 4 (x) and call it the orthogonal projection of x on
M.
(ii) For any x € Z we have that x — Py (x) € At
(iii) = M & M*.

The above theorem has been shown in Analysis III.

REMARK 1.4.6. In some cases we'll encounter, the subspace we’ll consider,
A, will not necessarily be closed. Property of the previous theorem can be
modified to read as

(1.5) H =M oM.

This proof is a simple application of ({ii) from Lemmal|l from Theorem
(1.4.5), and the fact that if ./ is a subspace then so is ./ .

1.5. Bases in functional analysis

In this section we will investigate what it means to be a basis for infinite
dimensional normed spaces. We start by recalling the definition of linear com-
binations, dependence and independence.

Definition 1.5.1. Given a vector space & over a field F and vectors x,...,x, € X
a linear combination of xy, ..., Xp is a vector of the form

a1X1+...ApXy,
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where a,...,a, € F. Given a set # < 2 (finite or infinite) we define the span of
M, span, as the set of all (finite) linear combinations of vectors form .Z, i.e.

n
span./ = {x: Z a;x; | forsome neN and some a;,...,a, €F, x1,..., X, € /%}
i=1
It is important to note that linear combinations always include only finitely

many vectors.

Definition 1.5.2. Given a vector space 2 over a field F and vectors x3,...,x, € X
we say that xy,...,x, are linearly independent, or in short independent, if the
equality

a1 x1+...ax, =0
implies that a; = --- = a,, = 0. Otherwise we say that the vectors are linearly de-
pendent, or dependent in short.
We say that a given set # < 2 (finite or infinite) is linearly independent, or inde-
pendent in short, if every finite set of vectors from .# are linearly independent.
Otherwise we say that .Z is linearly dependent, or dependent in short.

In our module we will consider three possible type of bases in an infinite
dimensional normed space:

 Algebraic bases (Hamel basis) - a purely algebraic construction that
doesn’t require a norm. These bases always exist but are not extremely
useful in the context of Functional Analysis.

e Schauder bases - an independent sequence of vectors, {e;},en, Such
that every element in our space, x, can be written uniquely as an in-
finite “linear combination” of these vectors, i.e.

xX= Z anen.

neN
Such bases don’t always exist, but are fundamental when they do.

» Orthonormal bases - special bases in Hilbert spaces that rely on the
notion of orthogonality. Such bases always exist, and when they are
countable they are automatically Schauder bases (though never Hamel
bases when the dimension is not finite). You have encountered these
bases in Analysis III.

1.5.1. Hamel bases. We start with the algebraic bases of vector spaces - the
so-called Hamel basis.

Definition 1.5.3. Let 2" be a vector space over . We say that a set 93 is a Hamel
basis for £ if A is independent and

span% = .

If the set & is finite then we say that 2" is finite dimensional and we denote its
dimension as dimZ = #9. Otherwise, we say that & is infinite dimensional
and write dimZ = oco. The trivial space (which has no basis) is said to be of
dimension zero.
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REMARK 1.5.4. One can show that the notion of dimension is well defined
by proving that if 9, and %, are Hamel bases for & then they have the same
cardinality.

Example 1.5.5 (Hamel basis for Euclidean spaces). The set of vectors
e;=(1,0,...,0,0)

e>=(0,1,...,0,0)

e, =(0,0,...,0,1)
is a Hamel basis for R” over R and C" over C.
Example 1.5.6 (Polynomials of degree less or equal to n). Denoting by &, [x] the

set of all polynomials of degree less or equal to n over F (to be understood from
the context of the settings) we have that

B ={1,x,...,x"}
is a Hamel basis for &, [x].

Example 1.5.7 (Polynomials of any degree). Similarly to the above example, if we
denote by &[x] the set of all polynomials over F then

B={1,x,...,x",...}

is a Hamel basis for 2[x]. Since & is not finite, [x] is an infinite dimensional
vector space.

Example 1.5.8 (A Hamel basis for €, ?). As we saw, £, (N) seems like a natural
“extension” of (F", ||-|l,). As these spaces have a relatively straight forward Hamel
basis, we can try to “extend” it to this infinite dimensional space. Consider the
set (of sequences) % = {ex}en < € (N)

(1.6) emp={" K=
' "ETV0, k#£n,

or more explicitly:

n—th poistion
While quite natural, & is not a Hamel basis for £, (N). Indeed, the element
1 1

a=\1,—-,.
2

..,F,...

which is £, (N) for any p € [1,00] can’t be written as a linear combination of ele-
ments in %.
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The above example illustrates some of the failings of the Hamel basis. intu-
itively speaking, {e;},cn does seem like a “basis” for £, (N) as we can write, ar
least formally,

a=(a1,az,...,an,...) = a1€1+ Grer+ -+ anep+-+-= Y_ ane,.
neN

Can we make sense of this?

Lemma 1.5.9. Let a = {an} pen € € (N) for some 1 < p <oco. Then the partial sum
sequence {Sy (a)} nen defined by

N
Sn(a) = Z aneén
n=1

is also in €, (N) and converges to a in norm as N goes to infinity.

PROOF. The fact that Sy (a) € £, (N) for all N € N is immediate from the fact
that £, (N) is a vector space and that for any N € N, Sy (a) is a (finite) linear
combination of elements form £, (N).

To conclude the convergence we notice that as

SN(a) = (al)az’-“’aN’OrO)'-‘)
we have that

o0
la—Sy@ly= Y la,’ — 0
N+1 N—oo

since the series Y ,,en |@n|” converges. This concludes the proof. ([

Lemma will give us the means to consider, and consequently define, a
notion of a basis that bypasses the finiteness required by Hamel bases.

REMARK 1.5.10. It is worth to note that while writing @ = }_,,cn aney, holds
formally for all @ € ¢, (N) with p € [1,00], Lemrnaholds only when p < co.
Indeed, consider the element a € ¢, (N) given by

a=(1,1,...,1,...).

We have that
Sy@=111,..., 1 ,0,0,...
n—th poistion
and
a-Sy(a)=10,0,..., 0 1,1,
n—th poistion
Consequently,

la-Sn(@l=1,

which doesn't go to zero.
This is a good indication that we need to be careful with formal writing and our
intuition when infinite dimension in involved.
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While slightly problematic, Hamel basis have the advantage of always exist-
ing. This is expressed in the following theorem:

Theorem 1.5.11. Every non-zero vector space X has a Hamel basis.

Intuitively speaking we would like to “build up” our Hamel basis by creating
increasing sets of independent vectors where each set includes one additional
vector which is independent of the span of the previous set. This process, how-
ever, is inductive and would imply that our “final” set must be our initial set plus
countably many vectors (in most cases our initial set will just be one vector). Not
only is it problematic in the sense that we don’'t know the cardinality of our orig-
inal space apriori, but we might also reach a situation like that of the standard
basis in ¢, (N), or of {1,x,x%,...} in C[a,b] - our suspected Hamel basis can’t
span everything. This is not a coincidence and we will see (much) later that:

Theorem 1.5.12. Every Hamel basis of a Banach space is uncountable.

To prove Theorem|[I.5.11]we need to rely on an argument that is not induc-
tive. In most cases where this happen we end up using Zorn’s lemma. We leave
this as a (difficult) exercise.

In our next subsection we will consider a notion of basis that is motivated
from the intuition that led us to Lemmal[l.5.9]- Schauder basis.

1.5.2. Schauder bases.

Definition 1.5.13. Let 2 be a Banach space. A set & is called a Schauder basis
for & if % is a countable set of independent vectors, i.e. B = {e;},eny € L Where
{en}en are independent, and for every x € & there exists a unique sequence of
scalars, {a,(x)},,en such that the partial sum sequence

N
Sn(x) =) ap(x)e,
n=1

converges to x as N goes to infinity, i.e.

N
ap(xX)e,—x
n=1

N—oo

REMARK. The fact that the partial sum series, {Sy(x)}yen cOnverges to x
gives meaning to the notation

X = Z an(x)ey.

neN
From this point onwards, when we write x = Y,y @€, we will mean that the

partial sum sequence Sy = eryzl ane, converges (in norm) to x as N goes to
infinity.

Example 1.5.14 (Schauder basis for £, with 1 < p < o). The set B = {e;} en,
where e;, were defined in is a Shauder basis for £, (N) forany 1 < p <oco. &
is called the standard basis for € .
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Example 1.5.15 (Schauder basis for ¢« ?). From Remark([1.5.10jwe have the inkling
that the standard basis & defined above is not a Schauder basis for £, (N). In
fact, /o (N), can’t have a Schauder basis, as we will see later.

Example 1.5.16 (Schauder basis for C[0,1]). The space C[0,1] has a Schauder
basis. One choice for such a basis is the Faber-Schauder basis given by

fox) =1,

i) =x,
and for 2871 < n < 2K with k = 1 we define
2k (x-(27%*@2n-2)-1)) xe[27k@n-2)-1,27F2n-1)-1]
@ =31-2Fx-(27%2n-1-1)) xe[27*@n-1-1,27%1n-1]
0 otherwise

If we draw these functions for n = 2 we will get tents of height 1 which “sweep”
across the interval [0, 1].

The “natural” candidate % = {1, x, x?,...} is not a Scahuder basis for C [a, b] but
it can shown that span%, which is the space of polynomials of any order &[x],
is dense in Ca, b]. This is known as Weierstrass’ Approximation Theorem.

The above exercises show that it is not immediate that Schauder bases exist,
even in “simple” cases. While such bases follow our intuition more than the
Hamel bases, there are two properties that they demand:

 a countable set of vectors whose linear combination can approximate
any vector in the space.

* a unique representation of the aforementioned linear combination - a
power series like expansion where the coefficients of the partial sums
do not change as we refine our approximation. This is, in many cases,
a delicate point.

The first property of Schauder basis reminds us of the notions of density and
separability. Indeed, if 9% = {e;},,cn is @ Schauder basis then, since {Sy (X)} yen
converges to x for any x € 2" and since Sy (x) € span% for any N € N we can
conclude that

span% =4

which means that if 2" has a Schauder basis we can always find a dense subspace
of it that is spanned by a countable set. Separability, however, is not as imme-
diate as span3 is not countable (it contains a “copy” of the underlying field F
which is always uncountable). But, as F” is separable for any n € f\ﬂ, and as any
element in & can be approximated by an element in span%, which is a finite
linear combination of elements from 98,we are not too surprised to find out the
following:

2The countable sets
Q"={(q1,-,qn) |q1,--.,an € Q}
Q+iQ)" = {(Pl +iqy,...,pn+ iLIn) | P1,491,--Pnrqn € @}
are dense in R" and C" respectively
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Lemma 1.5.17. Let & be a normed space over F. If M is a countable set and
spanM is dense in & then & is separable. Consequently, if ' has a Schauder
basis then it is separable.

PrROOF. We will outline the proof, but leave the details as an exercise.
Step 1: Since M is countable we can find a sequence {e;},,cn such that M =
{en}nen- Define the countable set

Mo = {XiL gieilqicQ}, F=R,
"R qiei 1 i€ Q+iQ), F=C,

and the set A = UpenMy. My is countable for any n € N and consequently 4
is also countable.

Step 2: We can show that . is dense in spanM.

Step 3: We can conclude that .# = spanM = 2 which shows the separability of
. O

We can sum up our recent observations in the next corollary:

Corollary 1.5.18. Let & be an infinite dimensional Banach space. If 2" has a
Schauder basis, & = {e;} ,en, then spand is dense in 2'. Moreover, X is separa-
ble.

A very natural question at this point is: Does every separable Banach space
have a Shcauder basis? One could imagine that we can construct a basis induc-
tively, due to the separability, but surprisingly, the answer to this question is No.
This was shown by Per Enflo in 1973, where they have constructed a separable
Banach space that had no Schauder basis. The issue one encounters when try-
ing to use an inductive argument is not in finding a countable set of independent
vectors whose closure of a span is the entire space - it is in the uniqueness of the
representation.

Corollary[1.5.18| does gives us a simple criterion to identify when a Banach
space doesn’t have a Schauder basis:

Corollary 1.5.19. Any non-separable Banach space can’'t have a Schauder basis.

In order to be able to utilise the above corollary we present the following
criterion for lack of separability:

Theorem 1.5.20. Let X be a metric and assume that there exists n > 0 and an
uncountable set {xy}qecg such that foranya # fe d

d (xq,xp) > 1.
Then X is not separable.

The main idea of the proofis the following: Since the elements {x,},cg are at
least n—far apart, balls with radii g around these elements are mutually disjoint
and must include distinct elements from any given dense set. Thus, no dense
set can be countable
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Theorem|1.5.20|can be used to show that ¢, can’'t have a Schauder basis.

1.5.3. Orthonormal bases. The last type of bases we'll consider are bases
that are unique to the setting of inner product spaces - orthonormal bases.

Definition 1.5.21. Let 7 be an inner product space. We say that a set M is or-
thonormal if it is orthogonal and every element in M has length 1, i.e. for any

X,y € M we have that
0, x#y,
1, x=y.

(x,y) ={

Orthonormal sets have a few nice properties, expressed in the following lemma:
Lemma 1.5.22. Let # be an inner product space and let M be an orthonormal
set. Then

(i) M is independent.
i) If
n
X = Z a;e;
i=1
forsomeley,...,en} € M and x € Z then a; = (x, e;). Moreover if

x=) anen,
neN
for a sequence of elements {e,} ,eny € M then the same formula for a; holds.
In this case we call the coefficients
(1.8) @p =X, en)

the Fourier coefficients of x with respect to the orthonormal sequence{e,} ,en-
(iii) Foranyxe€ Z and{ey,...,en}c M

2
n
2 2
= Xl = Y 1Kx, e 2.

i=1

(1.9)

n
x—) (x,ep)e
i=1

Consequently, if {e,} nen 1S a sequence of elements in M then
(1.10) > K, en)? < llxl%.

neN
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This inequality is knows as Bessel's inequality.

PROOF. We start by showing (ii).
Assume that

n
X = Z a;e;.
i=1

Then, due to the linearity of the inner product and the orthonormality of {ey, ..., e;},
we have that forany je{1,...,n}

n n n
(xej)= <Z “iei'ef> =) aifeiej)=) aidij=a,
i=1 i=1 i=1

where 6;, j is the Kronecker delta. Thus, the first half of the claim is shown. To
prove the second half we notice that by the definition of the infinite sum and the
continuity of the inner product we have that

N N
<x' ej> = <1\1]i_rgor;1anen»ej> = ]\l]i_l};o<,;1“nen’ef>

N .
. . ai j=N
= lim a,{e, ei)= lim ] =q;
N—»oo,;l nlene;) N—»oo{O >N

for any j € N. We conclude that (ii) indeed holds.
Next we turn our attention to (i). Assume that {e, ..., e;} € M and that there exist
scalars ay,...,a, such that

O=aje; +---+apey,.
According to (ii) we have that for any i € {1,...,n}
a; =40,e;) =0,

and as such {ey, ..., e;} are independent. Since the choice of {ey, ..., e;} was arbi-
trary M must also be independent.
Lastly, we turn our attention to (iii). We have that

= || x? —2Re(<x, Y (xe) ei>) +
i=1

Using the conjugate linearity in the second component of the inner product we
find that

2 2

x- ) (xee

i=1

(1.11)

n
Y (x,eive
i=1

i=1 i=1 i=1

<x, Y <x, ei>ei> =Y (e (x e =Y [xe)l,

and utilising to Pythagoras’ theorem and the fact that if e; L e; then ae; L fe;
for any scalars a and 3, we find that

2

n n n
=Y IKxenel® =Y Kx,edl*leill* =) [Kx, el

i=1 i=1 i=1

n
Y (xe)e

i=1
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Combining these two observations with (I.11) shows that

< ’ 2 L 2 < 2
x—) (xenei|| =lxI”—2Re| Y Kx,e)l* [+ 1(x,e)l
i=1 i=1 i=1
[ —
real number
2 & 2
=lxl1* = ) Kx, e,

i=1
which is exactly (1.9).
To conclude the second half of the claim, and the proof of the theorem, we notice
that due to (1.9) we have that for any sequence of elements in M, {e;} ,en,
2
< llxII%,

Y 1(x, e l* = llxll* -

i=1

b

n
(x,ei)e;

i=1

for any n € N. As such, according to Weierstrass’ M—test, we conclude that
Y2, {x, e;)|* < co and that

Y Kx e < lxl®.

neN

The proof is now complete ([l

These nice additional properties make orthonormal sets quite appealing to
be considered as basis of some form. Looking back at the definition of Schauder
bases we see that if % = {e;;} ,en is @ countable orthonormal set then

 According to (i) & is independent.

¢ According to if Sy(x) = eryzl an(x)e, converges to x then a,(x)
must be the Fourier coefficients (I.8), i.e. the uniqueness of the co-
efficients in the expansion is established.

e According to we have that any x € #

2

N
x=) (xenen
n=1

N
2 2
=[lxlI* = ) Kx, e,
n=1

which implies that

N
. 2 2
x=) (x.ep)e, < lim [x— ) (x,ex)en| =0 < Y Kx, el =lxlI°.
neN N—oo n=1 neN

We conclude the following theorem

Theorem 1.5.23. Let # be a Hilbert space and let 9 = {e},,en be countable or-
thonormal set. Then 9 is a Schauder basis for Z if and only if
(1.12) x=) (xepen
neN
forany x € #, or equivalently if
(1.13) Y Kx,endl? = llx?

neN
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forany x e # . Equality (1.13) is known as Parseval’s identity.

REMARK 1.5.24. While we considered the situation where x = Y ,,en (X, .€1) €p,
in the above, it is important to note that If 7 is a Hilbert space and 9% = {e;;} ,en
is an orthonormal set, then for any x € 7 the vector

X= Z (x,.en) e,
neN
is well defined 7. Let us prove this claim: Consider the following partial sums
in Z and R respectively,

N n
SN =Y (xenden,  sn=Y Kx el
n=1 n=1

Since % is an orthonormal set we can use Pythagoras’ theorem to conclude that
2

) max{N,M}
ISn (%) = Sp(X)1” = Y. (xenen
min{N,M}+1
max{N, M} )
= ) Kxenl"=lsn—sml.
min{N,M}+1

Due to Bessel’s inequality we know that {sy} yen converges and as such is Cauchy.
The above identity implies that {Sy(x)} yen is also Cauchy and since # is com-
plete it converges to an element in #. This is the element which we denote by
X.

Example 1.5.25. the space ¢, (N), which we have shown to be a Hilbert space,
has an orthonormal Schauder basis given by the standard basis {e},}.

REMARK 1.5.26. Itis quite straight forward to see that not all Schauder basis
in a Hilbert space are orthonormal. However, as we’ll see soon, using the Gram-
Schmidt procedure we will be able to transform such a basis to an orthonormal
one. Here we really use the countability of the basis, as otherwise we wouldn't
be able to use the inductive Gram-Schmidt procedure.

So far we have only considered the case where our orthonormal set, 9, is
countable d la Schauder, yet the power of the notion of orthonormality is in the
fact that we can extend our setting to the uncountable case as well. To do so we
start by noticing the following:

Lemma 1.5.27. Let 7 be an inner product space and let % = {ey} 4cg be orthonor-
mal. If9 is uncountable, then for any x € Z we have that (x,ey) # 0 for at most a
countable subset of B, {eq, } ,,cn,-

This was mentioned in Analysis III.
An immediate corollary of the above is the following theorem:

Theorem 1.5.28. Let # be a Hilbert space and let 5 = {ey} 4cg be an orthonormal
set. Then for any x € I the vector

f: Z (x; ea> e(lv

acd
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is well defined, where the above sum is to be understood as the standard infinite
sum over the a—s such that {(x, eq) # 0 when Y is uncountable. Moreover,

(1.14) I1%1% =Y Kx, eqdl* < l1xI1?

acd

with the same convention on the summation. This inequality is known as (the
generalised) Bessel inequality.
Lastly, we have that x = _,cg (X, eq) €q if and only if

(1.15) lxl1 =Y 1¢x, eq)l*.

acd

This identity is known as (the generalised) Parseval’s identity
Atlong last we are able to define the notion of an orthonormal basis:

Definition 1.5.29. Let # be a Hilbert space. We say that a set B = {es}4cg is an
orthonormal basis for 7 if % is orthonormal and every x € # satisfies

x=) (X,eq)eq.

acd

Example 1.5.30. For any set J, countable or uncountable, the Hilbert space ¢5 (4)
has an orthonormal basis &% = {e,}, where

1, =a,

This is, in a sense, the prototype of all Hilbert spaces.
Theorem 1.5.31. Let # be a Hilbert space and let 5 = {ey} 4cg be an orthonormal
setin # . Then the following are equivalent:

(i) A is an orthonormal basis, i.e. for any x € Z we have that

x=) (x,eq) eq.
aed
(ii) Parseval’s identity is satisfied for every x € 7, i.e.

x> =Y 1(x, eq)l*.

acd

(iii) B+ =1{0}.
(iv) span&B =7 .

REMARK 1.5.32. We say that a set M in a Banach space X is fotal if spanM =
Z, i.e. if spanM is dense in 2. Condition of the above theorem states that
B ={eq}qeg is an orthonormal basis for #Z if and only if it is a total orthonormal
set.

Parts of Theorem [1.5.31| were proved in Analysis III but we’ll include the
proof here for completion.
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PROOF OF THEOREM[L.5.31] and are equivalent according to Theo-
rem(1.5.28} and and (iv) are equivalent due to the fact that

H =spanB & (span%’)l =span% & B+

according to Lemma|l.4.4/and Remark|[I.4.6|
This implies that by showing that (i) implies and that (i) implies (@) we will
conclude the proof.

= ({i): Let x € B*. Using Parseval’s identity we find that

Ixl? =Y Kx,ead* =) 0=0.

aed aed
Thus %+ = {0}.
= (i): Let x € # and define
X=) (xeq) eq.
aed

By the continuity of the inner product we have that for any g €
(x—X,ep)=(xep)— < Y (x,eq)eq, 9,6>
acd

(x,ep)= D (x,ea)(ea,ep) =(x,e5)—(x,ep) =0
acd 7—’
ap

which shows that x — X € B+. As &+ = {0} we conclude that
x::f: Z <xyea’>elly
aed

which shows (i). The proof is now complete. O
An immediate corollary of the theorem is the following:

Corollary 1.5.33. Let 7 be an infinite dimensional Hilbert space. The following
are equivalent:

(i) & isseparable.
(ii) # has a Schauder basis.
(iii) # has a countable orthonormal basis % = {e;} ,,en-

PROOF. Recalling Corollary[1.5.18} Theorem[1.5.23|and the definition of an
orthonormal basis we conclude that (i) implies (i) and that implies (i) re-
spectively. We will conclude the proof of the theorem when we’ll show that
implies ().

Let M = {x,},en be a dense set in #'. Using Gram-Schmidt procedure, which
is allowed due to the countability of M, we find a countable orthonormal set
B = {en} hen such that

spanM = span%.
Since M is dense and M < spanM we conclude that spanM is dense and conse-
quently

span% =spanM = # .
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This shows, according to theorem(1.5.31} that & is an orthonormal basis for 7,
completing the proof. U

REMARK 1.5.34. A careful look at the proof of Corollary gives us a
method to find the orthonormal basis for 7 in many cases.
If #Z = spanM where M = {x,},¢\ is a countable set then by performing the
Gram-Schmidt procedure on {x,},cn we'll find that

# =spanM = span{xj, Xa,...,} =span%

i.e. we can find an orthonormal basis for # in this case by performing Gram-
Schmidt on the countable generator of a dense subspace of 7 .

There are many other examples that illustrate this process. These examples
include the Legendre polynomials in I?[-1,1], Hermite functions in L? (—oo,00),
and Laguerre functions in 1210,00).

Example 1.5.35 (Fourier series in L? [-m,7]). Consider the space L? [, 7] with
the inner product

1 (" _
<f’g>L2[—7t,n] = g[_ﬂf(x)g(x)dx,

and consider the following orthonormal sets

PBr = {1, \/Esin(x), \/Ecos(x), e \/Esin(nx), \/Ecos(nx), .. }

%C — { ei nx}
nez
where 3By is considered when our space is over R and B¢ is considered when
our space is over C.
One can show that the span of By and % are dense in L[?[-m, 7] over R and C
respectively, and as such they are orthonormal basis for the appropriate Hilbert
space. The L?—series associated to these bases

f= % + Y apcos(nx)+ by sin(nx)

neN

where

1 (7 117

a,=— f(x)cos(nx)dx, b, =— fx)sin(nx)dx,

b/ —7T T =TT

and .
f — Z Cnelnx
nezZ
where .
Cn f(x)e " dx,

27w J_n
are known as the Fourier Series and Complex Fourier Series of a function f €
L2 [—7, 7). These series are so important that we have named the general coeffi-
cients in the expansion of a vector x € 7 with respect to an orthonormal basis
B ={eq}qeg after them.

These series have also been extensively explored (pointwise convergence, uni-
form convergence, the convergence of the derivatives), and you have seen some
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results about them in Analysis III. You can find more information about them,
and the so-called Fourier Transform, in the mathematical field known as Har-
monic Analysis.

It is worth to mention that Fourier series and Parseval’s identity give us a power-
ful tool to compute many series, such as Y ,,en #

We conclude this section with the following important theorem, that em-
phasise further the strength of having an inner product on a linear space:

Theorem 1.5.36. Every non-trivial Hilbert space has an orthonormal basis.

The proof is quite similar to the proof that every linear space has a Hamel
basis, and you have seen it in Analysis III.

1.6. Topological difference between finite and infinite dimensional normed
spaces

The notion of a topology. When we have studied metric spaces we have
seen how important the notion of open sets is and how we can use it to define
and test notions of convergence and compactness, amongst other things. This
led people to consider a notion of open sets on sets that do not have a metric
setting. A family of sets on a certain set X, usually denoted by 7, which satisfy
the fundamental properties (which we see in open sets in metric spaces)

e AnyunionofsetsinrisasetinT,
« Finite intersection of sets in T isa setin 7,
¢ X and the empty set & are in 7,

is known as a topology of X. Sets in T are called open sets and the couple (X, 1)
is known as a topological space. With a topology (i.e. the family of open sets) in
hand we can go forward and define/explore notions of convergence, accumula-
tion, continuity, and compactness.

In this last section of our chapter we will consider some of the topologi-
cal differences , i.e. differences that pertain to convergence, notions of open-
ness and closedness, and compactness, between finite and infinite dimensional
normed vector spaces.

We will restrict our topological consideration in this chapter to normed spaces.

Equivalent topologies in normed spaces.

Definition 1.6.1. Let X be a set and let 7; and 7, be two topologies on X. We say
that 7, is equivalent to 7, if 7; = 72. In other words, the topologies are equivalent
if any open set in one topology is an open set in the other.

Given two norms on a linear space, ||-|l; and |||, what does it mean that the
topologies generated by ||-||; and |-]l; are equivalent?

Definition 1.6.2. Let 2" be a vector space and let ||-||; and |||, be two norms on
Z. We say that ||-||; and ||, are equivalent if there exist ¢, c; > 0 such that for
alxe X

1
(1.16) - Ixli<lxllz<cilxly.
2
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Theorem 1.6.3. Let 2 be a vector space and let |-, and ||-|l, be two normson X .
The topologies generated by |-|1 and |-ll, on & are equivalent, i.e. a set is open
with respect to the metric induced by |||, if and only if it is open with respect to
the metric induced by |-1», if and only if |-l and |-\, are equivalent.

The proof of the above relies on the following important observation:

Lemma 1.6.4. Let X be a vector space and let ||-||, and |-|l» be two norms on & .
Then, there exists ¢ > 0 such that forall xe &

(1.17) lxllz < cllxly

if and only if one (and as such all) of the following equivalent conditions holds:

(i) Foranyx € X with || x|, <1 we have that | x|l < c.
(ii) Forany x € X with || x|, <1 we have that | x|l < c.
(iii) For any x € X with |lx|; =1 we have that | x|, < c.

PROOE The fact that || x|l, < c|lx|l; implies @i)-(i) is immediate. We shall
show the converse by showing that

@ = @ = @ = C.17)
Assume that (i) holds and let x € 2 be such that ||x|l; < 1. For any € > 0 define
Xe = 797+ We have that || x|, = % < 1. Consequently,
lxll2
—==lxeloa<c
T+e lx1l2

or equivalently

Ixll,<1+e)ec.
As € is arbitrary we see that by taking ¢ to zero we find that || x|, < ¢, which is ().
Next, we notice that if | x|l; = 1 then [ x]l; < 1 which shows that (i) implies (ii).
Lastly, we show that implies (I.I7). We start by noticing that if x = 0 then
(I.17) is satisfied automatically. Thus, we can assume that x # 0.

For a given x # 0 we define y = 1=I-. We have that | y||, = 1 and consequently

X
[ ||2 _ ” ”2 <
llx1l1
or equivalently
lxll2 = clixlly .

The proofis thus complete. ]
REMARK 1.6.5. A similar proof to the above shows that the condition
lxll2 < cllixlh

for some ¢ > 0 and all x € & is equivalent to any (and all) of the following:
(i) For any x € & with || x|, > 1 we have that || x|l; > %
(ii) Forany x € & with || x|l; = 1 we have that || x|l; = %

(iii) For any x € X with || x|l, = 1 we have that | x|; = %
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REMARK 1.6.6. The proof of Lemmall.6.4] relies heavily on the scaling prop-
erty of the norm. This observation is extremely important and will be used again
in the next section.

We would also like to note that one can rephrase conditions (i)- (i) in more ge-
ometrically. Defining

Bﬂ'll (x0)={xeX | lx—xpll <1},

B, o) = B (x0) = (xe | Ix—x0ll <71,

and
S (xo) = 0B} (xg) = (x e X' | llx=x0ll =1}
we have that
® < BBl 0,

- E!'\h 0) CEE'HZ 0)
and _
o sl B 0.

Using the linear structure of the space, we can take the above geometric in-
terpretation one step further:

Lemma 1.6.7. Let & be a vector space and let ||-|l, and |-|l» be two norms on & .
Then, there exists ¢ > 0 such that forall xe &

lxll2 = clixlly
if and only if for any xo € & and any € > 0 we have that
(1.18) B (x0) < B! (xy).
PROOF. We start by reminding ourselves that Lemmal|1.6.4|implies that the

condition ||x||» < ¢| x|l for all x € 2 is equivalent to

Ixlli <1 = xl2<c VxeZ.
Given an € > 0, we clearly see that the above is equivalent to

lxlli <e = xlla <ce VxeXZ,

due to the scaling of the norm. By replacing x with x — xo for any given xo € &
we see that the above is equivalent tof|

lx—x0ll1 <€ = llx—xll2 < ce VxeXZ.
Much like in Remark|1.6.6, we now conclude that
Ixlz<clixly, Yxe X < B (x0) e BY2 (xg) Vxoe X, Ve>o.
Replacing € with £ yields the desired result. (|

REMARK 1.6.8. Note that choosing € = ¢ and xy = 0 gets us back to Lemma
and Remark The linear structure of the space and the adherence of
the norms to it allowed us to push this condition much more.

3choosing xp = 0 gives us back the original inequality.
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We are now ready to consider the proof of Theorem

SKETCH OF THE PROOF OF THEOREM[L.6.31 We give a sketch of the proof and
leave some details to the reader.
Step 1: According to Lemma|[1.6.7 we have that [|-||; and [-||» are equivalent if
and only if there exists ¢, ¢, > 0 such that for any € > 0 and any xp € &

B (x) B () and  BY" (xp) < B (xg).
‘1 2
Step 2: The topologies of the normed spaces (2, ||-l;) and (X, ||-Il2) are equiv-
alent if and only if for any xp € & and any r > 0 there exists r (x9) > 0 and
2 (x0) > 0 such that

11 (X0) 12(Xo

When the space involved in normed, one can show that r; (xg) and r» (xg) can be
chosen independently of xp.
Step 3: Combining Steps 1 and 2 gives us the desired result. O

REMARK 1.6.9. Looking at the definition of equivalence of norms, given by
condition (I1.16), we notice that by defining ¢ = max{c;, c;} we find that for any
xeX

1
(1.19) E||x||15||x||250||x||1-

Alternatively, if the above holds then ||-[l; and |-, are equivalent with ¢; = ¢, =
c. Sometimes condition (1.19) is used instead of (1.16) as it is more symmetric
(though yields less optimal constants).

The reason why we are quite keen on the notion of equivalence of topolo-
gies/norms is expressed in the following theorem

Theorem 1.6.10. Let X be a vector space and let ||-||, and ||-||, be two norms on X .
Then if the topologies of the normed spaces (I, |-I11) and (I, |-|2) are equivalent
we have that:

(i) The sequence {x,},en < X converges to x € X in (U, |I-1l1) if and only if it
converges to x in (I, ||-1l2).
(ii) The sequence {xu},en © X is Cauchy in (X, |I-1l1) if and only if it Cauchy in
(& 0-112).
(iii) (X, |:ll1) is a Banach space if and only if (T, |I|2) is.
(iv) Given an additional normed space % we have that f : Y — (X, |I:ll1) is con-
tinuous ifandonly if f : % — (L, |-ll2) is.

Equivalence of norms in finite dimensional spaces. One fundamental dif-
ference between being a finite dimensional space and an infinite dimensional
space is expressed in the following theorem:

Theorem 1.6.11. Let X be a finite dimensional vector space. Then any two norms
onZ, |-, and|-ll,, are equivalent.
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PROOE. We begin by noticing that the notion of equivalence of norms is
transitive, i.e. if ||-||; is equivalent to ||-||, and || ||, is equivalent to |-||3 then ||| is
equivalent to ||-]l3. Thus, in order to prove that all norms are equivalent on finite
dimensional spaces it is enough to find a norm on 2 to which all other norms
are equivalent to. The norm we will choose will be motivated by the standard
Euclidean norm on R” and C".

Since X is finite dimensional we can find a finite set of vectors {ey,..., e,} that
form a basis for it. Every x € 2 can be uniquely written as

X = Z a;(x)e;

i=1
for some scalars a;(x),...,a,(x). We define

n
Il Euctia = 1 / Y lai(x0))?
i=1

and claim that it is a norm on &'. Indeed, for all x € 2 we have that || x||gyclig = 0
and

Ixlgucia =0 & a1 =--=apx)=0 &  x=0,
where we have used the fact that the set {ey,..., e,} is independent. This shows
property n 1 of the norm.
To show n 2 we use the uniqueness of the expansion coefficients, {@;(x)};=1, »
to conclude that for any scalar § we have that if x=}"" | a;(x)e; then a; (Bx) =
Ba;(x) and as such

18 guctia = 1/ 2 1@ (Bx)[* =1/ 3 |B* 10 012 = | B| 1€ uctia -
i=1 i=1

Similarly, since a;(x + y) = a;(x) + a;(y) the triangle inequality in the Euclidean
space shows that

n n n
|+ Yl puetia = 1/ 2 | + @] < | 1@ P+ [ Y a0 = Ixllpactia* | ¥ puetia
i=1 i=1 i=1

for any x, y € 2, which is property n 3. We have thus shown that |||l gyciq is in-
deed anormon .
Next, we will now show that if ||-|| is a norm on &, then |-|| is equivalent to

Il Euclid-
For any x € & we have that

Il =

n n n n
Y oaie;|| < Y lai) el </ X lail*y] X leill,
i=1 i=1 i=1 i=1

where we have used the triangle inequality of |-|| and the Cauchy-Schwartz in-

equality on R". Thus, defining c; = /X7, lle; 2, we see that
(1.20) Il < 1 1xllguctid»

which shows one half of the required equivalence. To show the other inequality
we recall that according to Remark it is enough to show that there exists
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¢2 > 0 such that if | xl|guciia = 1 then || x[| = ..
Defining the function f: (2, |- |lguciid) — R by f(x) = || x|l we find that due to the
reverse triangle inequality and (1.20)

[f@ =] =1l =yl = |x=yl = e[ x = ¥l puciar

which tell us that f is a Lipschitz function, and in particular is continuous with
respect to ||-||,. We notice that what we want to prove is equivalent to saying that

1 . T
fW=lxlz—, if xe sl 0) = (x € | 1%l guctia = 1}
2
Since f is continuous and f(x) =0 ifand onlyif x=0¢ §¥'”E“°“d (0), we conclude
that if we’ll show that 89' lEuctia (0) is compact then the extreme value theorem will
assure us that f has a non-zero minimum on SQ'”E“M (0). This minimum will be
our desired Clz, and the proof will be completed. We turn our attention to proving

the compactness of §Q'”E”°“d (0).
Defining the bijection

n
I (F% 04ll2) = (25 -l Euctid) » I(ay,...,an) =) aie
i=1

we see that by the definition of the norms on F” and &

||I(a1)---;an)_I(ﬁly---)ﬁn)”Euclid: ||(a17---ran)_(ﬁlv---)ﬁn)uz

and as such the function I (and its inverse) is continuous. Since the unit sphere
in F" is compact and the image of compact sets under continuous functions is

compact we conclude the desired compactness of SQ'HE“C““ (0). O
An immediate consequence of this theorem is the following.

Theorem 1.6.12. Any finite dimensional normed space (', |I-|) is complete. Con-
sequently, any finite dimensional subspace M of a Banach space X is closed.

The connection between compactness and the dimension. One of the most
fundamental (and useful) concept in metric spaces (and the general topic of
topology) is that of compactness. A simple criterion for compactness in F" is
given by the Heine-Borel theorem

Theorem 1.6.13 (Heine-Borel). A set K inF" is compact (with respect to the stan-
dard norm) if and only if it is closed and bounded.

Will the same hold in a general Banach space? The answer to this question
is provided in the following theorem:
Theorem 1.6.14. Let (X, |I-]l) be a Banach space. Then the following

(i) AsetK is compactin (I, |-I).
(ii) K is a bounded and closed setin (I, ||-]).

are equivalent if and only if £ is finite dimensional.

The proof of the theorem, which we will not pursue, relies on two ingredi-
ents:
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e The Heine-Borel theorem. "
e The fact that in an infinite dimensional vector space B; (0) has a se-
quence that has no converging subsequence.

The latter point relies on the following theorem:

Theorem 1.6.15 (FE Riesz's Lemma). Let & be a normed space and let 4 be a
closed subspace of X' . If M # X then for any € € (0,1) there exists x € X of norm 1
such that

inf |[x—y||l=1-¢.

jnf |x-y|=1-e

If M is finite dimensional the above can be improved to

jnf Jlx-y]=1.



CHAPTER 2

Linear Operators and Functionals

As we've seen in Linear Algebra I, the notion of Linear Operators, which was
equivalent to matrices in the finite dimensional case, is an extremely important
one. This remains the same in the infinite dimensional case and such maps play
a pivotal role in subjects such as Quantum Mechanics and PDEs. In this chapter
we will define and explore these maps, which we will call operators from this
point onwards.

2.1. Basic properties of linear operators

We begin with the definition of what it means to be a linear operator.

Definition 2.1.1. Let 2 and % be two vector spaces. Alinear operator T: 2 (T)
X — ¥ isamap defined on a subspace of &', 2 (T), such that for any x, y € 2 (T)
and any scalar a

2.1) T(x+y)=Tx)+Ty), T(ax)=aT (x).

When speaking about linear operators it is sometimes customary to write Tx
instead of T'(x). We shall adapt this convention in many, though not all, cases.

Example 2.1.2 (The identity operator). For any vector space 2, the function I :
I — & defined by Ig x = x is a linear operator.

Example 2.1.3 (The zero operator). For any two vector spaces, 2 and %, the map
0:Z — % defined by 0x = 0g/, where 0y is the additive zero in %, is a linear
operator.

Example 2.1.4 (Differentiation of polynomials). Consider the space of polyno-
mials over F, &[x]. The operator D : *[x] — 9[x] defined by

Dp=p,
is a linear operator.
Example 2.1.5 (Integration of continuous functions). Consider the space C|a, b]

and define an operator T : C[a, b] — C|a, b] by
X
Tf(x) :f f(odt.
a

Then T is alinear operator. Note that the fact that T f isindeed continuous when
f is continuous follows from the fundamental theorem of calculus (in fact, T f
is differentiable on (a, b)).

38
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Example 2.1.6 (Multiplication by continuous functions). Consider again the space
Cla, b] and let m be a given function in Cla, b]. The operator M : C[a, b] —
Cla, b] defined by

Mf(x)=m(x)f(x)

is a linear operator.

Example 2.1.7 (Matrices). Consider the space F" and let A be an m x n matrix.
The operator Ty : F* — R defined by

TAx = Ax

isalinear operator. As you've seen in Linear Algebra I, this is in fact how all linear
maps “look like” in finite dimension.

Definition 2.1.8. Let 2 and % be two vector spaces andlet T: 2 (1) c X — ¥
be alinear operator. The range (or image) of T, X (T), is defined as

R(T)={ye¥ |T(x)=y, forsome x€ D (T)}.
The null space (or kernel) of T, #/ (T), is defined as
N (T)={xeD(T)|Tx=0}.

The following lemma is proven in exactly the same way as in Linear Algebra
I:

Lemma 2.1.9. Let & and % be two vector spaces and let T : D(T)c X — Y bea
linear operator. Then

(i) TO=0.
(ii) R (T) is a subspace of ¥ .
(iii) N (T) is a subspace of D (T).
(iv) T is injective (or one to one) if and only if /' (T) = {0}.

We'll end this section with an easy criterion for the existence of an inverse
to linear operators that are defined in finite dimensional spaces, and another
property of inverses

Theorem 2.1.10. Let & and % be two vectors spaces and let T : D (T) c XL — Y
be a linear operator. Then

(i) IfdimP (T) < oo thendim % (T) <dim D (T) < oco.
(ii) Ifdim 9 (T) < oo then the following are equivalent:
o T isinvertible.
o dimP(T) =dim&A (T).
In particular, ifdim 2 (T) = dim¥Y then R (T) =Y and T is invertible ifand
onlyif /' (T) = {0}.
(iii) If T is invertible and S : R (T) — Z, where & is another vector space, is an
invertible linear operator, then So T : 2 (T) — R (S) is an invertible operator
and

SoT) '=T"1os™ L,
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We won't prove any of the above statements as they have been shown in Lin-
ear Algebra I. We will just say that part (i) and ({i) are immediate consequences
(and in a sense are a part of the proof) of the Rank-Nullity Theorem.

2.2. Continuity of linear operators and the notion of boundedness

Aswe've seen in our previous chapter, Functional Analysis mixes linear struc-
tures with analytic concepts. Linear operators are not exempt from this treat-
ment. It won't strike us as a surprise, then, that the first thing we'd like to explore
with regards to these operators is the question of their continuity.

The linear structure of the space and the adherence of linear operators to it
results in the following:

Theorem 2.2.1. Let & and ¥ be two normed spaces and let T : D (T)c X — Y
be a linear operator. Then the following are equivalent:

(i) T is continuousat0e D (T).
(ii) T is continuous at some xy € D (T).
(iii) T is continuous.

PROOF. As implies (i), it would be sufficient for us to show that (i) <
and (i) = to conclude the proof.
We start by assuming that (i) holds. Let xy € 2 (T) be arbitrary and let {x,},en <
2 (T) be a sequence that converges to xy. Then {x;, — xo},en IS @ sequence in
2 (T) (which is a subspace) that converges to 0. As T is continuous at 0 we have
that

Tx,—Txog=T(x,— Xp) —_ T0=0

or equivalently

Tx, — Txp.
n—oo

Note that as xo € & (T) was arbitrary, we have proved that (i) implies which
implies (ii).

Assume now that (ii) holds and let {x,},,en ©€ D (T) be a sequence that converges
to 0. Then, following the same ideas as above, the sequence {x, + xo} € 2 (T)
converges to xo and due to the continuity of T at xy we have that

Txp+Txo=T (x,,+x9) — Txp.
n—oo

Consequently
Tx, — 0=T0,
n—oo
which shows (i). The proof is now complete. O

Looking at the proof above we notice that we have only used two properties
of the linearity of the operator:

o The fact that & (T) is a subspace.
« The fact that for any x, y € & (T) we have that T (x+ y) = Tx+ Ty.
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The last property of linear operators, the adherence to scaling, would give
us another, extremely useful, property. The next theorem is motivated from our
discussion about equivalence of norms, in particular Lemma(1.6.4} and the fact
that for any linear operator T, the function x — || Tx| satisfies the scaling prop-
erty of a norm.

Theorem 2.2.2. Let & and ¥ be two normed spacesand letT : D (T)c X — ¥ be
a linear operator. Then T is continuous at 0 if and only if there exists C > 0 such
that for all x € 2 (T) we have that

ITxll = Cllxll.
PRrOOF. Ifsuch a C exists, then whenever x € & (T) and || x|| < § we have that
ITx—TO|=|Tx|l<Clx| <C8.

Thus, for a given € > 0 we have that for 6 = %, ITx|| < e whenever x € 9 (T) and
x|l < &, which shows the desired continuity at 0.
To show the converse, we notice that since

IT (ax)ll =llaTxll =|alITx|

for any x € I (T) and a scalar a, it is enough to show that there exist § > 0 and
€ > 0 such that | Tx| < € when || x|| = 6. Indeed, if that is the case then for any
0#£xeD (1)

(%)
T|— | <e.
x|l
Since
(w5
T|—|| = .
Il x| x|l
the above implies that
||Tx||s§||x||,

which also clearly holds when x = 0, giving us the desired inequality for T with

C = §. Since T0 = 0 finding such § > 0 and ¢ > 0 follows immediately from

continuity at 0 (in fact for any € > 0 we can find an appropriate 6 > 0), and we
conclude the proof of our claim. ([

Theorem motivates the next definition:

Definition 2.2.3. Let 2 and % be two normed spacesandlet T:2(T)c X - %
be a linear operator. We say that T is a bounded operator if there exists C > 0
such that for any x € & (T) we have that

(2.2) ITxll<Clixll.

Our study of the continuity of linear operators in normed spaces culminates
in the next theorem:

Theorem 2.2.4. Let & and ¥ be two normed spaces and let T : D (T)c X — Y
be a linear operator. Then the following are equivalent:

(i) T is continuous at xy € D (T).
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(ii) T is continuous at0€ 2 (T).
(iii) T is continuous.
(iv) T is bounded.
(V) SUPyeg(1), x0 % < oo.
(vi) T isa Lipschitz on D (T), i.e. there exists K > 0 such that
|7x-Ty|| < K[lx-y|

forallx,y e D(T).
It is conventional to refer to a linear operator that satisfies one, and as such all, of
the above criteria as a bounded (linear) operator.

PROOF. Parts () to (iv) are equivalent due to theorems[2.2.1]and[2.2.2] The
equivalence of (v) and (vi) to (iv) is immediate by the definition of the bounded-
ness of T and its linearity. Indeed, if (iv) holds then there exists C > 0 such that
for any x € & (T) we have that || Tx|| < C| x||. As such

I Txll
xea(T), x20 11Xl
Moreover, for any x, y € 2 (T) we have that x — y € 2 (T) and

|Tx =Tyl = |T(x-y)| = Clx-y]
which shows that (v) and (vi) hold.

<C<oo.

Conversely, if Coo = SUP e (1), x#0 % < oo we find, by definition, that for any
x#0in 2 (1)
I Tx]|
= (o9}
llxll

which implies that || Tx|| < Cx [l x|l for any 0 # x € & (T). As this inequality is
trivial when x = 0 we see that (v) implies (iv). Lastly, if (vi)holds then by choosing
¥ =0 we see that

ITxll=IITx-TOll < Kllx-0ll=Kl|xI,
which shows the validity of (iv). The proof is now complete. ([
Let us consider a few examples.
Example 2.2.5 (The identity operator is bounded). For any x € 2" we have that
1o xll = llxll
and as such I¢ is bounded.
Example 2.2.6 (The zero operator is bounded). For any x € &’ we have that
l0x] = [|0g/|| =0 < lxl
and as such the zero operator is bounded.

Example 2.2.7 (Differentiation of polynomials is not bounded). Consider the de-
rivative operator D : (P[x], |- lloo) — (C[0,1], lI:loo). For every n € N we have that

D(x") = nx™ 1,
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Since [|x"[loo = | x|, = 1 for any n € N we see that

IDp|., 1Dl B
sup =sup =) =supn = oo.
pePLx], p£0 ||I9||oo nen [|x" ”oo neN

We conclude, then, that D is not a bounded operator.

Example 2.2.8 (Matrices). The matrix induced operator T, : (R", ||-[) — (R™, ﬂ),
defined by
Tax=Ax

where A is an m x n matrix, is a bounded operator.

The fact that the linear operator T, iis bounded is not too shocking. This
will always happen when we have a linear operator whose domain is finite di-
mensional:

Theorem 2.2.9. Let & and ¥ be two normed spaces and let T : D (T)c X — Y
be a linear operator. If dim 9 (T) < oo then T is bounded.

An additional useful property of bounded operators is the following:

Theorem 2.2.10. Let & and ¥ be two normed spaces and let T : D (T)c X — Y
be a bounded linear operator. If 2 (T) is closed then / (T) is a closed subspace of
D(T).

PROOF. From Lemma we known that .,/ (T) is a subspace of 9 (T). To
show that it is closed we notice that if {x,},en © A (T) converges to a point x
then since 9 (T) is closed we have that x € 2 (T) and since T is continuous

0=Tx, — Tx.
n—oo

Thus Tx =0, or equivalently x € # (T). (]

REMARK 2.2.11. While the null space of a bounded operator is always closed
when its domain is, the topological properties of its range are less certain.
Example for an operator with closed range: Since any finite dimension vector
space is complete, and as such closed according to Theorem([I.6.12} we conclude
that any bounded linear operator with finite dimensional range has a closed
range. For example: Let #Z be an inner product space and let {ey,...,e,} be an
orthonormal set in 7. The operator T : #Z — # defined by Tx =3}" | (x,e;) e;
is linear and its range is

R (T)=spanies,..., e} =spanfey,..., e,}.

Example for an operator whose range is not closed: Consider the space ¢, (N) with
its standard norm and the operator T: ¢; (N) — ¢; (N) given by

a a
Ta:(al,—z,...,—",...).
2 n
We have that

ITal, =)

neN

an
2)< Y Janl=lalh,

neN
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which both shows that T is well defined and that it is bounded (its linearity is
also straight forward to show, but we won't do it here). Denoting by

(1 L ! 0,0 ) b (l ! ! 0,0 )
ap = y ey T HUh Uy )y = y ey T oSN Uy )y
" 2 n " 4 n?

1 1 1 1 1 1
a=|1,—,...,—,——,... |, b=|1,—-,....—,——,... |,
2 n' n+l 4 n?’ (n+1)2

we notice that {a,} e, {Pn}nen and b are all in £ (N) but a ¢ £, (N). Moreover

T (ay) = by, n:;o b,

which shows that b € &% (T). b, however, can't be in & (T). Indeed had there
been x € /1 (N) such that Tx = b then we must have had that x—r:‘ = by, for all
n € N, which would have meant that x = a ¢ 1 (N). Thus, % (T) is not closed.

We conclude this section with an important theorem about the ability to
extend bounded operators from & (T) to its closure (where we can always apply

Theorem|2.2.10):

Theorem 2.2.12. Let & and % be two normed spaces and let T : 2 (T)c X — Y
be a bounded linear operator. If % is a Banach space, then T can be uniquely
extended to D (T), i.e. there exists a unique linear bounded operator T : @ (T) c
X — Y such that Tlg ) = T. Moreover

| Tx| I TxIl
(2.3) sup ——= su .
500 15l xea(m), <20 1%

PrOOFE. We will sketch the proof here and leave some details to the reader.
Step 1: For any x € 9 (T)\ @ (T) we find a sequence {x,},,eny € D (T) that con-
verges to x. Since

1Txp = Txmll <Cllxp— Xmll

for some C > 0, we see that {T'x,,} ¢y is @ Cauchy sequence in % . As % is com-

plete there exists y € % such that Tx,, . It can be shown that y is indepen-
—00

dent of the choice of sequence {x,},cn € D (T) that converged to x and as such

we can define

Ty Tx, xeD(T),
B limy—.co Txn, x€D(M\ND(T), {xXn}peny € D (T) converges to x.

Step 2: We show that T is linear.

Step 3: Identity (2.3), which follows from the fact that a supermum over a set
equals the supremum over its closure, holds and Theorem[2.2.4|imply the bound-
edness of T.

Step 4: The uniqueness of the extension follows from the fact that it is continu-
ous on P (T) and equals to T on & (7). O
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2.3. The space of bounded linear operators B (2, %)

The linear properties of linear operators and the linear structure on which
they are defined allows us to define a linear structure on the set of linear opera-
tors:

Definition 2.3.1. Let 2 and % be two vector spaces over the same field. We
denote by L(Z, %) the set of all linear operators from 2 into % and define two
operationin L(2,%):

The operator additions of two elements T,S € L (.El’ , ?), denoted by T + S, is the
operator T+ S: 2 — ¥ defined by

(T+S)x=Tx+ Sx.

The scalar multiplication of an operator T € L(2',% ) by a scalar «, denoted by
aT,is the operator aT : & — % defined by

(alNx=a-Tx.
The following has been shown in Linear Algebra I:

Theorem 2.3.2. Let 2 and ¥ be two vector spaces over a fieldF. Then L(2, %) isa
vector space with the operator addition and scalar multiplication of an operator.
The additive zero is the zero operator and the additive inverse of a linear operator
TeL(Z,%) is the operator—T = (-1)- T.

L(Z,%) is not the space we are truly interested in as it doesn’t necessarily
adhere to the topology of our normed spaces. We are, however, interested in its
following subset:

Definition 2.3.3. Let 2" and % be two normed spaces over the same field. We
denote by B(Z,%) the set of all bounded linear operators from Z into %. In
particular, the domain of any operator in B(2,%) is 2.

REMARK 2.3.4. It is important to mention that not only are unbounded op-
erators extremely interesting in their own right, but they appear in many of the
applications of Functional Analysis. A lot of their study, however, is influenced
by the study of bounded operators (which also provide some interesting contrast
at many point) so our efforts in studying such operators will be far from wasted.

As B(Z,¥) is a subset of L(2',%) it is automatically imbued with opera-
tions of addition and scalar multiplication. The natural question about B(Z,%)’s
linear structure is answered in the next theorem.

Theorem 2.3.5. Let & and % be two normed spaces over the same field. Then
B(Z,%) is a vector space under the addition of operators and scalar multiplica-
tion of an operator operations.

PROOE. As B(Z,¥) is subset of a vector space, it is enough for us to check
that

e B(Z,%)isnot empty.
e B(Z,%) is closed under addition.
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» B(Z,¥) is closed under scalar multiplication.

As the zero operator is a bounded operator we conclude that B(2,%) is never
empty. Next we'll consider the closure under addition and scalar multiplication.
Let T,Sbe in B(Z',%). Then there exist C;, C; > 0 such that

ITxll < Cyllxll, [Sxll = Ca llxIl-
Using the triangle inequality, we find that
(T +8)xll=1Tx+Sxll < I Txll+ISxll = (Cy + C) I xII,

which shows that T + S is also a bounded operator, i.e. T+ S€ B(Z,%).
Moreover, if a is a scalar and T € B(2', %) then

laDxll=lla-Txl=lallTxll < (alC)lIxI,

where C > 0 is a constant such that ||Tx|| = Clx| for all x € &, showing that
aTeB(X,%).

We conclude that as B (Sl” , ?) is closed under addition and scalar multiplication,
and contains the zero vector, it must be a subspace. ([

B(Z,%) is more than a mere subspace - it is in fact a normed space.
Theorem 2.3.6. The function ||| : B(Z, %) — R, defined by
ITI=inf{C>0||Tx|<Clx| VxeZ'}

is a normon B (2, ¥ ). Moreover,

I Txl
(2.4) IT| =sup = sup [ Tx|.
x20 lxll jxp=1
Identity (2.4) lies in the heart of the proof of the above theorem, and is im-
portant in its own right. We will start by proving a generalisation of it which
holds even if the domain of our operator is not the entire space.

Lemma 2.3.7. Let £ and ¥ be two normed spaces over the same field, and let
T:2(T)cX — Y% be abounded operator. Then

I T x|
(2.5) ITI= sup = sup |[Txll
xea(T), x20 Xl xez(1) Ixl=1
where
2.6) ||T||:inf{C>o(||Tx||sc||x|| ‘v’xe@(T)}.

PROOF. We have seen in the proof of Theorem[2.2.4]that if T is bounded then
sup I Txll
xe2(T), x#0 Xl
meaning the middle term in is well defined and finite. Moreover

I T x| I Tx||
2.7 sup I Tx| = sup < su
xeD(T), Ixl=1 xea(1), Ixi=1 Xl xez(m), xz0 Il

<= C<oo,
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Additionally, since for any x # 0

1T 1 X
=|— Tx|=|T| =
Il x| Il x| x|l
—~
unit norm
we find that for any x # 0
I Tl
< sup ITx|,
Ixll xez(n), 1xI=1

and taking supremum on the above we conclude that

I Txll
sup < sup I Txll
xe2(),x#0 1%l xea(n), 1x1=1
Combining (2.7) and (2.8) gives us

I Txll
sup = sup  [ITx|.
€2, x20 1XIl xem(1),1x1=1

(2.8)

Thus, to conclude our proof, we are only left with showing that
I Tx]

xe2 (1), x20 Il

1Tl =

As we’'ve mentioned above, if C > 0 satisfies || Tx|| < C| x| for any x € & (T) then
I Tx|l
<

xe(T), x#0 Xl

i

and by taking infimum over such C—s we find that

I Txll
<ITl.

xe2(T), xz0 Il
Conversely, by definition, for any x € & (T) that is not the zero vector we have

that
ITx|l T x|l
ITxll = ——-llxll = sup lxll,
(B xe2(T), x#0 |I1XIl
and consequently if SUpP,eg (1), x0 % >0 then
Tx
I Tx] e{C>0|ITxI=Clxll VxeX'}
xea (1), x20 [1XIl
which implies that

I Txll
ITI< sup ——,
xez(1), x20 Xl

IZxl _ ¢, then for any x € @ (T) such that

Il

If, on the other hand, sup,cg 1), x20
x # 0 we have that

1T x|
0<|Tx| < sup x|l =0,
xea(T), x#0 Xl
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i.e. Tx=0. As T0 =0 we conclude that Tx = 0 for any x € & (T), or that T is the
zero operator. Thus, for any € > 0 we find that

0=|Txll=elxl, VxeD(T).

This means that
ce{C>0|IITxll=Clxll VxeZ}

for any € > 0 which implies, that
0<|Tl=inf{C>0||Tx||=Clx| VxeZ}=0.
Thus, again,
ITx|
ITI= sup ——,
xe(T), x#0 Xl
and the proofis complete. ([

PROOF OF THEOREM[2.3.6l We have shown the validity of (2.4) in Lemma
2.3.7|and as such we're only left to show that ||-|| is indeed a norm.
By its definition, || T|| = 0 for any T € B(Z,%). We have seen in the proof of

Lemmal2.3.7that if
I Tx|l
Tl =sup =0
x#0 l1xll

then T is the zero operator. Thus property n 1 is shown.
Next we consider the scaling property n 2: Using again we see that for any
scalar a

la- Tx| lal | Tx|l
laT| =sup ——— = ——— =|alsu
xz0 llxll xz0  lxl x#0 llxll
Lastly, we will show that the triangle inequality, property n 3, holds - again with
the help of 2:4). Forany T, S € B (%', %) we have that for any x # 0
IT+S)xll _ 1Tx+Sxll _ 1Txl+1ISxll _ 7| N Il Sxl

llxll lxll Il el Il

I Txll
=lallT].

I Tx| ISxl|
< sup +sup =ITI+SI.

x#0 Xl xz0 11Xl

Taking supremum on the left hand side of the above yields

I(T+S)xl|
IT+S|l =sup—————=<|TI+ISI,
x#£0 llxll
which concludes the proof. U

REMARK 2.3.8. It is also worth to mention the following consequences of
Lemmal2.3.71and Theorem 2.3.6t

.« 1Tl = inf{c >0 | ITxll<Clix| VxeP (T)} - min{c >0 | ITxl <Cllxll YxeD (T)}.
Note that to move from the infimum to the minimum we need to in-
clude the case C = 0 which corresponds to T = 0.

e Forany x € & (T) we have that || Tx|l < | T|l || x|l

o If|ITx||=Clx| forall xe 2 (T) then |T| < C.
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» For any xp € 2 (T) such that xy # 0 we have that | T|| = llIITx)(:[I)IH . Alterna-

tively, for any xp € & (T) such that || x|l = 1 we have that | T|| = | T xpll.

Besides being useful in showing that | T'|| is indeed a norm, identities and
are a powerful computational tool that allows us to actually compute || T'|.
It will be the main (if not sole) tool we will use in this part of the module to do so.
Indeed, from the above observation we note that to compute || 7| it is enough to
find C > 0 such that

ITxl=Clixll, Vxe2(T)

and
ITxoll =C, forsome xg€ < (T) such that | x| = 1.

The second condition can be replaced by finding a sequence {x;},eny € D (T)
such that ||x,|| =1 forall ne Nand lim,,— | Tx,| = C.

We finish this remark by mentioning that we've seen that any bounded linear
operator T can be extended from its domain & (T) to its closure. This extension,
T, satisfied

[ Tx| I Tx|
sup ——= su —_—
x€D(T), x£0 [l x| X€D(T), x#0 x|l
which implies that the the extension has the same norm as the original operator,
ie. that |T| =ITI.
Let us consider a few examples:

Example 2.3.9 (Norm of the identity operator). The identity operator satisfies
Il =1.
Example 2.3.10 (Norm of the zero operator). The zero operator satisfies
ol = 0.

Example 2.3.11 (Norm of integration operator). The integration operator T': (C[a, b], [Il0) —
(Cla,bl, |llo) defined by

X
Tf(x)zf f(adt.

satisfies
ITI=b-a.

Since B (2, %) has been shown to be a normed space, the next natural ques-
tion in the setting on Functional Analysis is: Is the space a Banach space? This is
answered in the following theorem:

Theorem 2.3.12. Let & and % be a normed spaces over the same field. If ¥ is a
Banach space then B (2, %) is a Banach space under the operator norm.

PROOE. Theorems and show that B(Z',%) is a normed space with
the operator norm. We are only left to show that the space is complete. Assume
that {T,},en € B(2, %) is Cauchy. Since for any x € 2 we have that

ITnx =T Xll = 1(Tn = Trn) Xl < 1 Ty = T [l 1 x|
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we conclude that { T, x},,en is Cauchy for any x € 2. Indeed, foragiven 0 # x € &
and £ > 0 we can find ny(x) € N such that for any n, m = ny(x)
€
” Tn - Tm” = —.
llxl
Consequently, for any n, m = ny(x)

1Thx—Tmxl =Ty — Tl llxll <e.

When x = 0 we have that 7,0 = 0 and as such not only Cauchy - but in fact con-
verges to 0.

Since {Ty x},,en € % is Cauchy for any x and since % is complete, {1, x},,eny must
converge for any x € & to some element y, € %. We can therefore define a new
map T: 2 — ¥ by

Tx= lim T,x,
n—oo

which we will now show is a linear bounded operator.
Given x1,x, € & we have that due to the linearity of every element of the se-
quence {Ty} pen

T (x1+x2) = r}glolo Ty (x1+x2) = r}i_{{.lo(Tnxl + Ty x2)

= lim Tyx;+ lim Typxo = Tx; + Txo.
n—oo n—oo
Similarly, for any x € 2" and a scalar «
T(ax)=lim T,(ax)=lim aT,x=a lim T,x=aTx,
n—oo n—oo n—oo
which shows the desired linearity of T.
To show the boundedness of T we will use the fact that every Cauchy sequence
in a metric space is bounded and as such

sup | T, ll = M < co.

neN

Consequently, for any x € &

ITxll = lim || T x|l = iminf|| T x|l < iminf (| T, |l [1x1)
n—oo n—oo n—oo

= (timinf | 7, 161 < M1,
n—oo

which, according to the definition, shows that T is bounded.

To conclude the proof, we only need to show that the sequence {T}},en CON-
verges to T in the operator norm. Since {T},},¢n is Cauchy we can find ng € N for
any € > 0 such that | T, — Tyl < g whenever n, m = ny. As such, for any x € &
and any n = ng

. .. €
|7 = Tl = lim || Ty = Typxll < (liminf | T, = Tyl 161 < - lx].
m—oo m—oo 2
Consequently, by definition, for any n = ng
£
IT-Tul < P <§,

which shows the desired convergence. The proof is now complete. O
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REMARK 2.3.13. A key ingredient of the above proof is the fact that {T,},en
was Cauchy in the operator norm, i.e. uniformly with respect to x. We have
strongly used the fact that

I Thx— T xll < I Ty — Tl Il
———
small independently of x
in order to show that {T},},cn converges to T in the operator norm. Had we only
known that for every x € & {Tj,x},,c converges to Tx (pointwise convergence)
we wouldn’t have been able to conclude that {T,} ,en converges to T in the opera-

tor norm. Indeed, consider the case where our space is a Hilbert space, #’, with
a countable orthonormal basis % = {e;},en. We define Ty, : # — Z by

n
Thx= Z (x,e;)e;.
i=1

T, is clearly linear for any n € N and according to Pythagoras theorem and Par-
seval’s identity we have that

n
ITuxl® =Y 1(x, e > < Y [Kx, e l* =[x

i=1 ieN
which shows that {T,,} € B(#, ).
Since % is an orthonormal basis we have that for any x € &

n
Tpx=) (x,e))e; — ) (x,e;)e;=x.
i=1 o0 jeN

We claim, however, that {T},},cn doesn’t converge to Ig, the identity operator,
in norm. The main problem is that the convergence above is not uniform in x.
Indeed, noticing that /' T, = {ey, ..., e}t we see that

1Ty = Igell = sup [ Tpx—xll = | Tpen+1 —ensrll = leprall =1
Ixl=1

which shows that no convergence is possible.

Before continuing, it is worth to mention that much like linear operators in
finite dimensions, one can compose bounded operators from 2" to % with ones
from % to Z. This is expressed in the next theorem:

Theorem 2.3.14. Let &, % and Z be normed spaces and let T € B(2,¥%) and
SeB(¥,Z). ThenSoT e B(X,Z) and

(2.9) ISeo Tl =ISIITI.
Consequently forany T € B(Z', ) the operator

T"=ToTo---0oT

[ ——

n times

is well defined, belongs to B (2, ), and satisfies
[ =iy,
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The last question we ask ourselves, before concluding this section, is whether
or not a basis for B(Z, %) exists when ones for 2 and % do. This question is
motivated by the following finite dimensional theorem:

Theorem 2.3.15. Let & and ¥ be two vector spaces and let T : &' — % be a linear
operator. If Bq = {ey,...,en} is a basis for X then T is uniquely determined by
the set {Tei};—, . If, in addition, By = {uy,..., Um} is a basis for Y then the
operators T;j : X — ¥ defined as the linear extension of

T(i,j)ek — uj) k = l:)
0, k#i,

form a basis to B(X,%).

The most natural extension to a finite dimensional basis will be a Shcauder
basis. If 2 is a Banach space with Schauder basis, % = {e;;},en, the first state-
ment of the above theorem remains valid when T € B (Sl” , ?) Indeed, due the
continuity of T and the unique expansion

X = Z an(x)e,
neN
we find that
N N
Tx= T(Alliir;oglan(ﬂen) = AEgOT(nZIan(x)en)
(2.10)

N
= lim Z an(x)Te, = Z ay(x)Te,,
N—oo ;5 neN

where the existence of the limit limpy_. er\[ﬂ a,(x)Te, is assured from the con-
vergence of nyzl an(x)ey, to x and the continuity of T.
A basis connection, however, is not possible in the general case, even when ¥ is

extremely simple. We will see this shortly.

2.4. Linear functional and the Dual space

One extremely important type of bounded linear operators is bounded lin-
ear functionals, i.e. linear operators from our space to its underlying field. The
Banach space associated to these operators, known as the dual space, is inti-
mately connected to the space on which these operators are defined.

Definition 2.4.1. Let 2 be a vector space over a field F. A linear functional is a
linear operator f: 2 (f) € 2 — F. When the 2 is also normed we say that a
functional f is bounded if there exists C > 0 such that for all x € & (f)

|F(0] = Clixll.
In that case we define the (operator) norm of f as
|7l =inf{C >0 ||f] < Clxl ¥xeD(f)}.

The space B(Z,F), which is a Banach space according to Theorem [2.3.12} is
known as the dual space of & and is denoted by 2.
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Note that for functionals we tend to write f(x) and not fx to avoid confu-
sion.

REMARK 2.4.2. According to theorem we have that

(x)
||f|| =supu = sup |f(x)|.
x20 Xl yxi=1

REMARK 2.4.3. One can also define the algebraic dual of a vector space X',
2, as the space L(Z,F). While there is no difference between this space and
X * when X is finite dimensional, 2 * g 2 in general.

Example 2.4.4 (Inner product is a bounded linear functional). Let # be an inner
product space over a field F and let y € 7. The function f), : # — [ defined by

H0=(xy)
is a bounded linear functional. In fact, as you saw in Analysis III (and we will

mention it again shortly) any bounded linear functional on a Hilbert space is of
this form.

Example 2.4.5 (The “delta” functional). Consider the Banach space (C[a, b], ||l o)-
For any xo € [a, b] the functional 6, : C[a, b] — F defined by

Ox,(f) = f(x0).
is a bounded linear functional. 6y, is known as the delta functional at xo. It
appears in other contexts as well.

Example 2.4.6 (The definite integral). Consider the Banach space (Cla, b], || lloo)
over R. The functional I : C[a, b] — R defined by

b
I(f)=f fdx.

is a bounded linear funcitonal.

A question one might ask at this point is: Why do we call £* the dual space?
The answer to that question lies in the next theorem, which is an immediate
consequence of Theorem|2.3.15

Theorem 2.4.7. Let X be a vector space over a fieldF and let f : & — [F be a linear
functional. If By = {ey,...,en} is a basis for X then f is uniquely determined by

n
v (Z aiei) =aj,
i=1
form abasisto X *.
REMARK 2.4.8. The duality we refer to in the name “dual space” is the fact

that the basis {ey, ..., e,} is mirrored in &* by the basis {fV,..., f}. A simple
way to think about {f, ..., f®} is to notice that

1 (es)=61;
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where §; ; is the Kronecker delta, and as such the connection between {ey, ..., e,}
and {f,..., f"} is similar to an orthonormality condition.
Moreover, the linear operator @ : & — 2 * defined as

n n .
D (Z aiei) = Z Ofl'f(l)
i=1 i=1

is an injective linear operator between two vector spaces of the same dimension
- and as such is a bijection.

Can we extend the above to infinite dimensional spaces that have a Schauder
basis? Are we able to build a dual basis?

A partial positive result to our question is given in the following theorem,
whose proof relies heavily on one of the fundamental theorems of Functional
Analysis which we will discuss in the next chapter:

Theorem 2.4.9. Let X be a Banach space with Schauder basis B = {eu} ,en. Then
there exists a unique sequence {f"™} _ < 2* such that f™ (e;) =6,,j.

The problem is, however, that the above sequence {f (")}neN is not always a
Schauder basis for 2. In fact, there are cases where 2" has a Shchauder basis
while 2" is not separable, and as such can have no Schauder basis. We will see
an example shortly.

While the notion of 2 * seems complicated, there are some simple and pro-
totypical cases where we are able to find 2 explicitly. We start with the “sim-
plest” case of Hilbert spaces - i.e. we start with Riesz’s representation theorem.

Theorem 2.4.10 (Riesz’s representation theorem for Hilbert spaces). Let # be a
Hilbert space and let f € Z*. Then there exists a unique y € Z’ such that

(2.11) fx)=f,(x)=(xy).
Moreover, | f[ = | fy[| = ¥]-

This has been shown in Analysis III.

REMARK 2.4.11. Riesz’s representation theorem is sometimes written as #* =
Z which is to be understood as the identification of elements of # as the “gen-
erators” of #*.

Looking at the above one may wonder if the “equality” #* = # is more than
just notational writing. Are # and #* indeed “equal” in some sense, in which
case we would conclude that #* is in fact Hilbert space and not only a Banach
space? The short answer for this question is Almost?. A more detailed answer is
given in the next theorem.

Theorem 2.4.12. Let % be a Hilbert space. Define the map .5 : % — % * by
Jy=1f

where the functional f, was defined in 2.11). Then . is a conjugate linear bijec-
tion between Z’ and ™, i.e. .J is a bijection such that for any y,,y, € # and a
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scalar a we have that
I (n+y)=In+Iy,  I(ay)=asy.
Moreover

1715 = 17115
Consequently, we can define an inner product on & * which induces the norm on
the space by

(2.12) (fr8)={T I &)y
making Z* into a Hilbert space.

REMARK 2.4.13. Two normed spaces, (', |I-ll") and (%, |I-lly), are called iso-
metric if there exists a linear bijection between them T : & — % such that

I Txlly = lxll g

for any x € 2. In that case (2, |-l¢) and (%, |-ll/) are topologically isometric
- meaning that all topological properties such as convergence, completeness,
separability and etc. are exactly the same. T is known as an isometry. One can
also extend the above to inner product spaces.

The above theorem tells us that 7 and #* are not isometric, but are “conjugate
isometric”. That is still enough to get all the analytic and geometric structure to
be (almost) identical.

It is worth to mention that Riesz’ representation theorem and the above
observation motivate another frequently used notation in Functional Analysis.
Given x € 2 and f € £ we denote by ( f, x) the expression f(x). We, however,
will not use this notation in our part of the module.

We continue with two more examples for explicit dual spaces.

Theorem 2.4.14 (Riesz representation theorem for L”). Let E c R" be a measur-
able set and let p € [1,00) be given. For any bounded linear functional 3 : LP (E) —
C there exists g € L9 (E), where q is the Holder conjugate of p, such that

3(f) ZfEf(x)mdx.

Moreover, 1131 = || g|| 1oz -

The proof of this theorem was shown in Analysis III for » = 1 and remains
the same for n > 1. Much like in the Hilbert case, it is common to express the
above by writing

LP(B)" = LY(E)
for p € [1,00). While we won’t consider the proof here, we'd like to add that it is
fairly straight forward to show that L™ (E)* # LY (E).

We will conclude this section with the investigation of the dual spaces of the

¢, (N) spaces.
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Theorem 2.4.15. Let 1 < p < oo be given, and let 1 < q < oo be its Holder conju-
gate. For any b € ¢ ;(N) we have that

fo@=Y anb,

neN

is an element of ¢, (N)* that satisfies || fp| < |bll ;. Moreover, for any f € ¢, (N)*
with p # oo there exists a unique b € £ ; (N) such that f = fp. In that case we also
find that

(2.13) [£1= 17l = 1514

Much like with Lebesgue spaces, Theorem [2.4.15]is usually expressed by the
(slightly misleading) notation

C,(N* =0, (N).
PROOF. We start by noticing that the discrete Holder inequality
Y lanllbal < llal, bl
neN

shows that fj is a well defined map from ¢, (N) to [, and gives us the estimate

(2.14) I 7]l = 1B,

once we have show that fj islinear. The linearity of fj, is straight forward to show
due to the absolute convergence of all involved sum. Indeed, forany a,c € £, (N)
we have that

fo@+e)=Y (@n+c)by=Y anby+ Y. cnby=fp(@+ fi(c).

neN neN neN
Similarly, for any a € £, (N) and a scalar a we have that
fol@aa)=Y (@ap)bp=a . anb,=afy(a).
neN neN

We thus turn our attention to the second part of the statement.
Let f be a functional in £), (N)* for some 1 < p < co. Due to the continuity of f
and the fact that & = {e;},,cn defined by

@) 1, k=n,
e =
k7o, k#n,
is a Schauder basis for £, (N) with the expansion
a=) apep where a=(a;,a,...),
neN

we find that forany a € £, (N)

f@=> anf(en)=fp(@,

neN

where b = { f (en)}neN. Ifwe'll showthatb e ¢ g (N) we will conclude the existence

of the representation claimed in the theorem.
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At this point we will have to consider two cases: p=1and 1 < p <oo.
p =1: In this case we have that g = co. For a given N € N we notice that by

choosing by = e!Arg(bw) e which is in ¢; (N), we find that
bl =Y (b), bn = £ (BE) < | FI 161N, = I 71-

neN
=1

As N € N 'was arbitrary we conclude that
Ibllo = sup byl < || f| -
neN

1 < p < oo: In this case we have that 1 < g < co. For a given N € N we consider
the sequence bEJN ) defined by
b(N) — eiArg(bn)bZ_l’ n<N,
1 0, n>N,
and find that

N (N ,
|5°] :(Zwm(q‘”) =(Z|bM) :
p n=1 n=1

Since ng ey p (N), as a (finite) linear combination of the standard basis of £, (N),
we see that

neN
——————

=X N bl b =N 1By |7

n=1

J— N %
£ (60), 5 = o], - 1 Z o)

As the above holds for any N € N we conclude that]

h w)‘l’ 1l .

n=1

Taking N to infinity shows that b € ¢, (N) and that
(2.15) 1Bl <|f]-

We conclude that any f € £, (N)* can be written as fj for some b € ¢, (N) and
combining (2.14) and (2.15) shows that

171 =117l = 1Bl
We are only left with the uniqueness of the representation. This follows imme-
diately from the above, the fact that if by, b, € £ 4 (N) then by —b; € £, (N) and the
fact that
fo, = fo, = fbo1-b,-
Indeed, if fp, = fp, then

0= 1o, — fo.| = | for-b. || = 161 = B2l 4,

Livhere we define Arg(0)=0

2 _1_1
recall that 1 =g
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which implies that b; = b. O

Theorem [2.4.15 tell us that the dual of ¢; (N) is £ (N) and that for any f €

¢1 (N)* there exists b € £, (N) such that f = f, and || fp| = |bllco. This automati-
cally implies that £, (N)* can not separable.
An immediate consequence of this observation is an answer to the question
about the existence of a dual basis to a space with Schauder basis: ¢; (N) has
a Shcauder basis yet its dual is not separable and as such can’'t have a Schauder
basis (let alone the one we found in Theorem [2.4.9).

We are naturally curious about the dual space of ¢, (N). The next theorem
indicates that it more complicated than we would have wished:

Theorem 2.4.16. There exists a functional in €, (N)* that is not of the form fj
withbe /1 (N).

The proof of the above relies on the following theorem, which is given with-
out a proof:

Theorem 2.4.17. Let X be a Banach space. If L™ is separable then so is X .

2.5. Weak and Weak-* Convergence

While & and 2'* have a normed structure, it is usually too constricting to get
some appealing topological properties such as a compactness criterion. Both
spaces, however, do feature a “weaker” notion of convergence, openness, and
closedness of sets - but not without a price: these topologies are not metrisable,
i.e. not arise from an underlying metric. These “weak” topologies, nonetheless,
have a lot of interesting properties.

Definition 2.5.1. Let 2" be a Banach space and let £* be its dual space. We say
that {x,,},en € X converges weakly to x € & and write

Xp — X O X, — X
n—oo n—oo
if for every f € £* we have that f (x,) — f(x).
n—oo

We say that {f,} _ =2 * converges weakly-* to f € Z* and write

w—x* *
fn— f or  fu n:oof

n—oo

neN

if for every x € & we have that f;, (x) e f ).
—00

Example 2.5.2 (Weak convergence in Hilbert spaces). Due to Riesz representation
theorem we can show that in any Hilbert space xj, = xis equivalent to
n—oo

(xny) — (xy) VyeX.

Example 2.5.3 (The Schauder basis in ¢, spaces). We claim that the standard
Schauder basis for £, (N) with 1 < p < oo, {e,},en, converges weakly to 0 when
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1 < p <oo. Indeed, given f € ¢, (N)* we know from Theorem [2.4.15|that there
exists b € £, (N), where 1 < g < oo is the Holder conjugate of p, such that
f@=73 anby.
neN
As such o
f(en) =by n?o)oozf(o)’

since Y ,en 1Dy |9 < 0o. This shows the desired weak convergence. Note that since
foranyn#m
1

le,— em”p =27
the sequence {e;} ¢\ is not Cauchy and consequently can't converge. This shows
that in general weak convergence doesn’t imply (strong) convergence.
Moreover, the above proof of weak convergence also shows us why the claim
is not true in ¢; (N): consider the sequence b = (1,1,1,...) € o (N). Then f3 €
/1 (N)* and

fo(en) =1 n:;ol # [ (0).

Weak and weak-* convergence do enjoy some “familiar” properties:

Theorem 2.5.4. Let & be a Banach space and let {x,},cn € X be a sequence that
converges weakly to an element x € . Then
(i) The limit of {x,} ,en is unique.
(i) Every subsequence of {x,},en cOnverges weakly to x.
(iii) {xn}nen IS bounded in norm.
(iv) Basic limit arithmetic holds for weak convergence.

The same statements hold for weak-+ convergence.

We will end this section, and with it this chapter, with an important the-
orem that is beyond the scope of this module. This theorem, known as the
Banach-Alaoglu Theorem gives a prototype of compact sets in 2 *, where the
notion of compactness corresponds to that which concerns itself with the abil-
ity to choose a finite open subcover from any open cover of a set. This criterion
is not always equivalent to that of sequential compactness.

Theorem 2.5.5 (Banach-Alaoglu Theorem). The closed unit ball in X*, Eg[* =
{fex* | ”f”fr <1} is compact in the weak-* topology.



CHAPTER 3

Fundamental Theorems in Functional Analysis

In our final chapter for the first part of the module we will focus our attention
on four fundamental theorems in the field of Functional Analysis - the so-called
cornerstones of Functional Analysis: the Hahn-Banach Theorem, the Banach-
Steinhaus Theorem (also known as The Uniform Boundedness Theorem), the
Open Mapping Theorem, and the Closed Graph Theorem.

Both the Banach-Steinhaus theorem and the Open Mapping theorem rely
on an important observation from the theory of metric spaces, known as the
Baire Category Theorem, which we will mention but not prove.

3.1. The Hahn-Banach Theorem

In section §2.1] we have seen that we can always extend a bounded linear
operator to the closure of its domain in a unique way. It is natural to wonder if
we can generalise this further and extend the operator to a larger subspace, the
entire space if possible, by relaxing the requirement of uniqueness.

The Hahn-Banach theorem tackles this question for bounded linear func-
tionals and shows that not only can we extend them - but that we can do itin a
way that preserves the norm of the original functional.

Our main goal in this section will be to prove the following:

Theorem 3.1.1 (Hahn-Banach Theorem). Let & be a normed space and let % be
a subspace of X. Assume that f is a bounded linear functional on'y/ . Then there
exists a bounded linear extension of f to all of U, f : & — [, such that

IFlly- =171l
where

)
171 {p%w Y #101,
7" o, Y ={0}.

Before we start the proof of the above theorem, it is worth to note that the
Hahn-Banach theorem is much simple to show when one considers Hilbert spaces
- another testament to the geometric prowess of such spaces.

Our initial proof of the Hahn-Banach theorem focuses on the case where the
underlying field of X', F, is R.

PROOF OF THE HAHN-BANACH THEOREM OVER R. We start by showing that
we can always extend f to a space that is spanned by an additional vector that is

60
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not in % in a way that preserves the norm.
Let x € 2 be a vector that is not in % and define

Yy =span{x, ¥} =span{x}+ ¥%.

Every vector z € %, can be written uniquely as z = @, x + y, for some scalar a,
and some y, € %. Consequently, any linear extension of f from % to %, f, must
satisfy

f@=Fflazx+y)=afx)+f(y:)-

The unique representation of vectors in %, implies that the converse also holds:
for any scalar ¢ (representing f(x)) the functional

3.1) fe@=azc+f(y),

is a linear extension of f to %,. To show the desired result, then, we need to find
a scalar c such that for any z € %, we have that

(3.2) £y Izl =< fe@ < || £lloy- N2l

Indeed, if we find that the above holds then ||fc H% < || f H? by definition and
since

_ |7e(2)| |fe(2)| |f(2)]
= —_ 1> — = — = .
T P, R P A Pl

we can conclude that if 8.I) holds then the extension of f, f., has the same
norm as f. Note that the last inequality can be extended to show that whenever
g extends h we must have that ||g||9(g)* > | hll gy

To simplify matters, we notice that the linearity of f. will imply that in order
to show we only need to consider the right hand side inequality. Indeed, if
fe@ =] f”? |l z|l for any z € %, then since %, is a subspace we find that

—fe@) = fe=2) = | Fll - =20 = || ]l N2l

which implies that — || f ||? Izl < f.(z). We conclude that we are looking for
¢ € Rsuch that

(3.3) ac+f(y)s||f||?* ||ax+y||,

for all @ e R and y € %. We consider three cases:
a = 0: In this case the above reads as

Fn=fly- vl

for all y € %, which is our initial assumption.
a > 0: In this case we can rearrange (3.3) to read as

e+ £(Z)= 217y laxs sl =l =+ 2]
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for all y € %, where we have used the linearity of f. Since % is a subspace we
know that y € % if and only if By € % for any § # 0 and consequently the above
inequality is equivalent to requiring that

c=|Flly- Ix+yl=rm,

for all y € . Notice that a plays no role here (we have only used its positivity to
reach this point). Defining

08 (17l b 1= 100) < Ll 0= £ = |- 1
we see that if uy > —oco and ¢ < uy then will hold for any a > 0. Thus, it will
be enough to show that uy is finite. Since for any y € %/

FO=lly- Il =171y 1y +x) =]

<[l £y lx+yll+ 1 £l n=xn=]Flq- lx+y]+£]q-1xI
we conclude that

uf=

17l 5+ 91 £ = = £l 11,

which implies that ug = — || | . x] > —oo as desired.
a < 0: Much like the previous case, we can rearrange (3.3) to read as

y 1 y
e+ (2)z (=g |Irly- Nax eyl ==l |++ 2]
and see that the above holds if and only if for every y € %

cz=|flly-lx+yl-rm.
Defining

tp=sup ([l 31 F0) == 1y B O+ £ =l 1
yE

we see that if [y < oo and ¢ = I then will hold for any a < 0. Much like the
previous case, we will now show that I is finite. Since for any x and y in &

|y =l = ly[ =1l
we see that for any y € %

N llg Ny ==+ ro==17lg- 1yl + 1705 1+ f )

<=7y Myl + 070y e+ £ g - Dyl =1 f g et

which implies that I¢ < | f||5,. I x]| < oo as desired.
Looking at the three cases we've investigated we conclude that if we could find a
number ¢ such that

l fF=C=Uf
then f, would provide an extension to f which has the same norm as f. This is
guaranteed as long as [¢ < uy. The last inequality is equivalent to showing that
forany y;, 1 e Y

Ny N+ nll =7 () <[ £l 2+ vzl = £ (32),



3.1. THE HAHN-BANACH THEOREM 63

or alternatively, that for any y;, )2 € %

flrz=y)=f )= () = [ Flg. (I ] + [+ y2]]).
The above indeed holds as for any y;,y2 € %

f2=y) = flly-y2=nll =11y [(2+x) = (n+x)]
< £l (

We conclude that a choice of ¢ € R such that fc is an extension of f to % that
preserves the norm is possible.

We now proceed to the general case, which will be shown by using Zorn’s lemma.
Let 771 be the set of all linear extensions of f that have the same norm as f, i.e.
g € N if and only if it is a linear functional such that

Y=2(f)<2(g), g)=f(x) Vxe¥

x4yl + e+ y2])-

and
lgllo g =1F1g-

We define a partial order on 771 in the following way: g < h if h is an extension of
g. To be able to use Zorn’s lemma we will now show that every chain C < 771 has
an upper bound. For a given chain C in 171 we define the a functional ge with a
domain

D (8c) =UgecD (8)
by
ge(x)=g(x), whenxeP(g) forsome geC.

We start by mentioning that ge is well defined, i.e. doesn’t depend on the choice
of g. Indeed, assume that x € & (g;) N D (g2) for some g1,8» € C. Since C is a
chain we have that either g; < g» or g» < g;. Without loss of generality we can
assume that g1 < g». As this implies that g, is an extension of g;, we see that
x€D(g1)nD(g2) =D(g1) and g2(x) = g1 (x), which shows that the choice of
the function with which we define ge doesn’t matter.

If g is indeed a linear functional that extends f and satisfies | gc | g, g+ =

||f||?*, i.e. if o € 11, we have that for any g € C, 2 (g) € 2(ge) and for any
x € D(g), §c(x) = g(x) by definition. Thus, ge will be an upper bound to the

chain and we would be able to invoke Zorn’s lemma.
To show the above we'll start by showing that & (g¢) is a subspace of 2

« Since C is non-empty there exists g € C and as such, by definition,
P (g) = D (8c) which shows that @ (ge) is not empty.

« Forgiven x1,x; € 9 (g¢) we canfind g1, g2 € C such that x; € 2 (g1) and
X2 € D(g2). As C is a chain we can assume without loss of generality
that g1 < g» and as such x1,x2 € D (g1) U D (g2) = D (g2). Since P (g2)
is a subspace of 2 we conclude that x; + x2 € D (g2) < Z(ge).

« For a given x € 9 (g¢) there exists g € C such that x € Z(g). As such,
for any a € R we have that ax € 2 (g) < 2(ge).
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We now turn our attention to showing that ge is linear and extends f. As we saw
before, if x1,x, € 2 (ge) then there exists g € C such that x;,x, € Z(g). By the
definition of ge we have that

g(x1)+ g (x2) = ge(x)+ge(x2),

ge (X1 + x2) = g (X2 + X2) =
Se TR =R T @R *1569(g)

showing the additive property. Similarly for any x € & (g¢) there exists g € C
such that x € 2 (g) and as such forany a € R

= ag(x) = age(x),
st & redie T8
which shows the scaling property and consequently the desired linearity. More-
over, since 9 (f) « & (g) for any g € 171 we have that 2 (f) < 2 (gc) and for any
x € D (f) we have that

ge (ax) = g(ax)

ge(x) =g = f),
where g € C was chosen arbitrarily.
Lastly, we will show that ge has the same norm as f. We have seen before that
since ge extends f we have that

||§e||9(g@)* 2| fly--

To show the reverse inequality we notice that for any x € 9 (g¢) we can find
g € C such that ge (x) = g(x). Since g € 711 we find that

- . <gex) < .
i PAEd gcix)) 11l 11
:gx

and as x € 9 (ge) was arbitrary we conclude that by the definition

lgelo @ = fly-

from which the equality of norms follows. Thus, g¢ is an element of 777 and is an
upper bound to C.

As the conditions for Zorn’s lemma are satisfied, we know that there exists a max-
imal element in 771 which we will denote by f By definition f is an extension
of f which has the same norm as f. Therefore, we'll conclude the proof of our
theorem if we'll show that @ (f) = 2. Indeed, if & (f) is not 2 then there exists
x € X thatisnotin @ (f) and, as shown in our first step of the proof, we can
extend f to span {x,2 (f)} in a way the preserves the norm. This extension has
a strictly larger domain than 9 (f) - contradicting its maximality. The proof is
thus complete. ([

Next we will consider the case where the underlying field is C. The idea of
the proofis to utilise the Hahn-Banach theorem over R to show the general case
of C:

PROOF OF THE HAHN-BANACH THEOREM OVER C. We start by noticing that
if f € L(%,C) then It is straight forward to show that

fi=Re(f), fo=Im(f)
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belong to L(%,R) (note that we can’t use complex scalars here!). Due to the
linearity of f and the fact that by definition f = f; + i f> we have that

(A +ifo(x0)=ifx)=fx)=fiix)+ifa(ix)
which implies that
fx) = folix), fLx)=—-fA(x).

Thus, we conclude that
f@=H0-ifi(ix).
Additionally, we notice that for all x e %
|A@] <] f@] < fly-Ixl
which shows that f; if bounded and

1Al s my < 171l
Since ¥ is a vector space over C, it is also a vector space over R. As such we can
extend the real valued functional f; over R to a functional fi € B(Z',R) with the
same norm as f;. We define

fo=fm-ifiix)
and claim that it is the desired (not necessarily unique) extension.
We start by showing that it is linear over C. For any x1, x, € & we have that

Fa+x) = fix+x) —ifi(ix+ixp) = fi (1) + fi (x2) — i (fi ix) + i (ix2))

= (i) = ifi Gx0) + (fi () = i fi (i) = F () + f (),
showing the additive property. In addition, for any x € & and « = a+ ib with
a, b € R we have that

fa+ib)x) = flax+ibx) =  f(ax)+ f(ibx)

f is additive

= filax)—ifi (@ix)+fi (ibx)—ifi(~bx) _ = a(fi0)-ifiix)+b(fiix)—ifi(-x)
[IEL(TR)

=af(x)+ib(fix)-ifi(ix)) = (a+ib) f(x),
which shows that scaling property over C, from which we conclude that f is in-
deed linear over C. N
Next we notice that since fj is an extension of fj, for any x € % we have that
fo=A0-ifilx=f),
i.e. f extends f, as desired. N
Lastly, we will show that | f (x)| < || f H? llx|l. As we saw before, since f extends

f this inequality will imply that ||f|| = H f ||?, which will conclude the proof of
the theorem.
For a given x € 2" we can find 6 € R such that

|f(x)| = eief(x) = f(eiex).
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As f (e'x) € R we have that
f(eigx) =Re (f(eigx)) = fl (eiex)
and consequently

|F|=A (emx) s ”fl“B(ﬁl”,R) ||e"9x” = A ”B(%R) Ixll =< ”f”? Il

The proofis now complete. O

It is worth to note that one can find more general variation of the Hahn-
Banach theorem whose proofs are very similar to the ones we gave above. We
won't prove them here but will state them, together with the relevant definitions,
for completion.

Definition 3.1.2. Let 2" be a normed space over a field [ and let p be a function
from & to R. We say that p is sub-additive if for any x, y € &

p(x+y)<p)+py).
We say that p is positive-homogeneous if for any x € 2 and a = 0
plax)=ap(x),
and that it is absolute-homogeneous if for any x € £ and a € F
p(ax) = |a| p(x).

A function p is called a sublinear functional if it is sub-additive and positive-

homogeneous. It is called a non-negative sublinear functional if it is in addition

non-negative.

Afunction pis called a seminormifitis sub-additive and absolute-homogeneous.

Theorem 3.1.3 (Hahn-Banach Theorem - Sublinear functionals). Let 2 be a normed
space over R and let p be a sublinear functional on & . Let % be a subspace of &
and let f € L(¥,R) be such that forall x€ ¥

fx) = px).

Then there exists an extension f e LR of f, i.ea linear functional such that
fx) = f(x) forall x e ¥, that satisfies

f(x)Sp(x), vxeZ.

Theorem 3.1.4 (Hahn-Banach Theorem - Seminiorms). Let 2 be a normed space
over a fieldF, be itR or C, and let p be a seminorm on on . Let Y be a subspace
of X and let f € L(¥,F) be such that forall x € ¥

|f0)| = px).
Then there exists an extension f € L(X,F) of f that satisfies

If0|<px, Vxel.
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3.2. Applications of the Hahn-Banach Theorem

The applications of the Hahn-Banach theorem are numerous and vast. We
will consider a few of them in this short section.

Theorem 3.2.1. Let & be a Banach space and let % be a finite dimensional sub-
space of . Then any linear funcitonal of % can be extended to a bounded linear
functional of L.

The above theorem tells us that 2" * has a lot of functionals - more than those
associated to all possible finite subspaces of X'.

PROOF. This is a direct consequence of the Hahn-Banach theorem and the
fact that every linear funcitonal on a finite dimensional space is bounded. [

Theorem 3.2.2. Let 2 be a Banach space and let % be a closed subspace of X . For
any x ¢ ¥ there exists a functional fy 9 € L™ such that

Ly =1 fuyly =0.
Moreover, | fvy || = 5 whered = infyey |x—y| >0.

Before we begin the proof we will mention that the fact that d > 0 follows
from the assumptions that % is closed and x ¢ %. Indeed, d = 0 by definition
and had d = infycy || x— y|| = 0 we could have found a sequence {yn}, . = ¥
such that

— X.
In n—oo

Since ¥ is closed this would have implied that x € % which is a contradiction.

PROOF OF THEOREM[3.2.2l Consider the space %, = span{x, %} = span{x}+
% . We will prove our claim by defining a functional with the required conditions
on %, and then using the Hahn-Banach theorem to extend it to the entire space.
We start by noticing that since every z € %, can be written uniquely as

Z=a,x+y;
with y, € %, any f € L(%,,F) that satisfies f(x) =1 and flg, = 0 must satisfy
f@) = f(azx+yz) = azf(x)+ f (y2) = a.

If we'll show that f is bounded with | f ||% = 1 we will conclude the proof.
For any z € %, such that a, # 0 we see that

_ o aex+ye]l Izl
|f(Z)|—|f(azx+J/z)|—|6¥z|— ”x_l = ”x_l %5?7
az a; Z

In the case where a, =0, i.e. z€ %, we find that

lIzIl

|f(z)|=057.
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We conclude that for any z € %, we have that | f (z)| < % which implies that
f €B(%F)and

1
If] w7
To show the converse inequality we use the definition of d and for any € > 0 we
find y, € % such that
d<|x-ye| s +e)d.
Since x — y. € %

f(x=ye) 1 1
> = = .
> T3l ™ Tyl * W ard
As € > 0 was arbitrary we conclude that
1
17l =
and with it, the proof. O

Two immediate consequences of the above are the following:

Theorem 3.2.3. Let £ be a Banach space and let ¥ be a subspace of . Then
¥ is dense in X if and only if any f € X" such that fly = 0 must be the zero
functional.

PROOF. Assume that % is dense in 2 and let f € 2™ be such that f|y = 0.
As f is bounded, we have that f I? =0 and since % = 2 we conclude that f = 0.

Assume now that % is not dense in 2. As ¥ is a closed subspace that, by as-
sumption, is not & we can find a vector x that is not in %. Using Theorem
we find fx? € &* which satisfies fx?(x) #0and fx,?'? =0. Since % < % we
have found f # 0 € 2" such that f|y = 0. This concludes the proof. (]

Theorem 3.2.4. Let X be a Banach space. For any x € X there exists f, € X" such
that ||fx || =1 and fy (x) = ||x||. Consequently, we have that for any x € &

fx)
(3.4) lxll= sup | |
e rx0 || f]]
REMARK 3.2.5. Equation (3.4) is extremely importance as it shows how the

norm on & can be understood as an operator norm-like expression which is in-
duced from 2*.

PROOF. We start by noticing that for any f € 2°*
f@=o0=jol,

so when x = 0 we can choose any bounded funcitonal of norm one. Next, we
consider x # 0. Since the trivial subspace % = {0} is closed we conclude from
Theoremthat there exists f(—: I * such that f~(x) =1, fl 10y = 0 (which always
holds) and . )

infyeqqp [ x -y E

|71 =
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Defining f; = || x|l f we see that fy € £, fi(x) = l|lx] and | f] = 1.
To show/[3.4we notice that if f € 2°* is not zero then

(
fl Il _

T2
which implies that

iz sup MO

rex. 20 |If]
On the other hand, for any x we have that
I L] I (oI}
Il rez-ir20 7]

Combining the above inequalities gives us the desired proof. (]

Animmediate corollary of Theorem[3.2.4is that if 2" is non-trivial then 2"* is
also non-trivial. Since 2" = {0} automatically implies that every linear functional
on X is the zero functional we conclude that X is non-trivial if and only if ™ is
non-trivial.

REMARK 3.2.6. As is evident from all the above, the Hahn-Banach theorem
have given us a way to relate properties of & and 2 * to each other. It is also, in
fact, an essential ingredient in showing Theorem[2.4.17|from section which
stated that if 2" is separable then so is 2.

3.3. The Banach-Steinhaus Theorem (uniform boundedness principle)

The Banach-Steinhaus theorem, sometimes known as the Uniform Bound-
edness principle/theorem, asserts that if a sequence of bounded linear operators
is bounded pointwise for any x € 2, i.e. when applied to any x € 2, then it is
bounded in the operator norm - which is uniform in x.

Theorem 3.3.1 (The Banach-Steinhaus Theorem). Let &’ be a Banach space and
let % be a normed space. If {Ty}nen < B(X, Y ) satisfies that

sup | T, x|l < oo, VxeX
neN

then
sup | Ty |l < oo.
neN
The proof of this theorem relies on a deep result in the study of metric spaces
known as the Baire’s category theorem. The proof of it, as well as the most general
version of it, lies outside the realm of our module. We will only state without
proof a version of it that we will use here:

Theorem 3.3.2 (The Baire Category Theorem - Functional Analysis version). Let
X be a Banach space. Then if £ = UpenMy, where {My},en are closed sets, then
one of the M, —s must contain an open ball.
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We will usually utilise the above theorem in Functional Analysis in the fol-
lowing way:

» Write the space 2 as a countable union of closed sets, usually con-
nected to one or more (potentially a countable family of) linear opera-
tors.

e Conclude that one of the sets must contain an open ball.

» Use properties of the linear operators together with the knowledge that
one of the closed sets contains a ball to conclude some brilliant result.

PROOF OF THEOREM[3.3.1]. For any k, n € N we define
My n={x € I Thx| < k}
and
M ={xeZ ITyx| <k, for all n e N} = NpenMg,n.
We have that My, , is closed for any k and n in N, and since M is the intersection

of My ,—s, it must be closed as well. Indeed, if {xj}jeN c My , converges to x
then due to the boundedness of T;, and the continuity of the norm

ITpxll = im | Toxj|| < &
J—00 XjEMkyn

which shows that x € My ;.
Next we notice that since for any x € &

sup || Tpx|l <oo
neN

we are able to find k(x) € N for any x € 2" such that
sup | T xll < k(x).

neN

Thus, any x € 2 belongs to Uyen Mg, which implies that & = Ugen M.
According to our variant of Baire’s Category theorem there must exist ky € N,
Xo € 2 and r > 0 such that

B, (x0) < Mg,

Since for any x € 2" such that x # 0 we have that xo + 5 - ﬁ € B, (xp) we find that

T( +r x)
xo —_— —
! 2 x|

Consequently, for any x # 0 and any n e N

R R
Il SVETY I A VT I A ET)
2| X
<

] H)H + 21 Tnxoll _ 2ko + 2k (xo)
from which we conclude that

< ko for all n e N.

Tn(x0+§~

X
r r

| Tyl - 2ko + 2k (x0)

1Tl = <
xeZ, x#0 [l x| r

VneN
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As the right hand side of the above inequality is independent of n we find that
2ko + 2k (xo)
sup | T, || < =————=,
neN
and conclude the proof of the theorem. ([
Animportant and extremely useful application of the Banach-Steinhaus the-
orem is the following:

Theorem 3.3.3. Let X be a Banach space and let Y be a normed space. If{Ty},,en C
B(Z, %) satisfies that

r}im Thx existsforallxe &
—00

thenthemap T : & — ¥ defined by

Tx=limT,x
neN

is a bounded linear map.

The Banach-Steinhaus theorem is the key to show the boundedness of weak
and weak-* sequences which was mentioned in Theorem2.5.4

Lemma 3.3.4 (Boundedness of weak-+ converging sequences). Let X be a Banach
space. If{fu} ,on © X* converges weakly-x to f € L* then{| ful|},,cn, is bounded.

PROOFE. By the definition of weak-* convergence we have that for any x €
fa(0) — f(x)
which implies (as converging sequences are always bounded) that for any x € &

sup | f(x)| < o0.
neN

Using the Banach-Steinhaus theorem we can conclude that
sup || In || <00
neN

which is the desired result O

REMARK. The same theorem, and idea as presented above, show that if {x,} e
converges weakly to x then {x,},cn must be bounded. In order to utilise the
Banach-Steinhaus theorem, however, we need to somehow think of {x,},cn as
a family of bounded linear operators. This is possible by considering the second
dual space, L** = (*)*. Indeed, for any x € 2" we can define X € 2** by

x(f)=fx), fex”.
It is straight forward to check that X € L(Z'*,F). The fact that it is bounded fol-
lows directly from Theorem[3.2.4] Indeed,
Xl = sup il =sup 7]
7o [FI p0 7

=[xl
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Since we can “lift” {x,},cn to the sequence {X;},en in ** and since the weak
convergence of {x,},cn implies the weak-* convergence of {X,},,cn We find that
sup [lxp [l = sup [ X5 |l < co.

neN neN
It is worth to note that the identification of x with X and the fact that their norm
are identical gives us a way to embed 2 in £ ** in a canonical way. This embed-
ding is very important and the question of whether or not it is surjective is the
topic of Reflexive Banach spaces.

3.4. The Open Mapping Theorem

The second application of the Baire Category theorem we’ll discuss in this
module is the Open Mapping Theorem.

A known criterion for continuity of a map between metric spaces is that the
pre-image of every open set is an open set. A natural question that one may
consider at this point is: What do continuous maps do to open sets? Do they
take them to open sets? In general the answer to that is No.

Example 3.4.1. Consider the function sin(x) on R. It is simple to check that it

takes the open interval (— &, &) to the closed interval [-1,1]

-0.5

Figure 3.1. The function sin(x) doesn’t take all open sets to open sets.

Maps that do take open sets to open sets deserve special attention:

Definition 3.4.2. Let X and Y be two metric spaces. Amap T: 2 (T)c X — Y is
called an open map if T (U N2 (1)) is open for any open set U.

While continuos maps are not open in general, a subclass of such functions
is very natural in this framework: Noticing that when T is an invertible map we
have that the pre-image of a set corresponds to the image of that set by the map
T~! we conclude that when T : 2 (T) < X — Y is injective, and as such a bijection
onto R (T), we have that T is an open map if and only if TV R —D(T) is
continuous.

As we've seen already, the properties of bounded linear operators interact
extremely well with the norm induced topology of Banach spaces. The next the-
orem is yet another example:
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Theorem 3.4.3 (Open Mapping Theorem). Let &’ and ¥ be two Banach spaces. If
T:2 — Y is a bounded linear operator onto ¥ then T is an open map.

SKETCH OF THE PROOF OF THEOREM[3.4.3l The proof of the theorem is quite
involved and we shall only sketch its steps here.
Step 1: Since T is onto % we find that

Y =UnennT (B]7 0))

and using Baire’e category theory we conclude that there exist 7 >0 and y. € ¥
such that

Step 2: Using the fact that B (!'”? (y)=y+B (!'”? (0) we see that

B, (0)c T(Bﬂ Iz (0)) — Vs
from which we can infer that
B, ©<T(B)'" 0)

Step 3: The most difficult step is to show that if we reduce by a factor of half the
radius of the left hand side ball in the last inclusion of Step 2, we would end up

inT (Bg'”j (0)) and not its closure. In other words:

By (0)c T(Bg’”f (0)).

2

Step 4: With the above at hand we have that for any xp € 2 and any € > 0
f- .
By’ (Txo)< T (B (xo)),
4
which is enough to show that T is an open map. O

The Open Mapping theorem has many applications, one of which is the
Closed Graph Theorem which we will consider in the next section. We end this
section with a relatively straight forwards yet extremely important consequence
of the theorem. It is used many times in the Spectral study of operators (bounded
or unbounded).

Theorem 3.4.4 (Open Mapping Theorem for injective linear operators). Let X
and ¥ be two Banach spaces andlet T : X — % be a bounded and injective linear
operator. If R (T) is closed in % then the inverse map of T, T™' : R (T) — X isa
bounded linear operator.

PROOE. As we've mentioned before, if T : 9 (T) — % is an injective linear
operator then so is its inverse T71: % (T) — D (T). This means that to prove our
theorem we only need to show that T~! is bounded, or equivalently that T is an
open map. Since % (T) is closed in %, and ¥ is a Banach space, it must be a
Banach space as well. We find that T : & — £ (T) satisfies the conditions of the
Open Mapping theorem and is conseqgeuntly an open map. The proof is now
complete. O
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REMARK. If T: 2 — ¥ is injective and its inverse is bounded then for any
y € R (T) we have that

Iyl =T vl
Consequently, for any x €
Ixll = || 77" (Tx)| < | T~ I T,
or equivalently, for any x €

x|l
Txllz —.
We thus see that while the boundedness of T implies an upper bound with re-
spect to | x|| for || Tx|l, the boundedness of T -1 implies a lower bound with re-

spect to || x| for || Tx||

REMARK 3.4.5. The condition that & (T) is closed is necessary. Recall that
we saw in Remark(2.2.11|that the operator T: ¢; (N) — ¢, (N) defined as

T(a):(al,%,...,%,...)

is a bounded operator whose range is not close. It is straight forwards to verify
that T is injective and that T71:¢,(N) — ¢; (N) is defined by

TN a) = (a,2az,...,nay,,...).

T~ is not continuous since for every n € N we have that e, = T (ne,) € % (T) =
P (T7!) and

IT7" (en)|, = Ineal, =n
which implies that

sup [T x| = sup | 77" (en)|| = sup n = co.
x€D(T1), Ixl=1 neN neN
3.5. Closed Graph Theorem

In the last section of our notes we will introduce another criterion for the
boundedness of a linear operator - a criterion that relies of the geometric notion
of a graph of an operator.

Definition 3.5.1. Let X and Y be setsand let T: 2 (T) € X — Y be a given map.
The graph of T, denoted by & (T), is the subset of the set X x Y defined as

C(M)={(xy)|x€D(D), y=Tx}={x,Tx) Ixe D(D)}.

When X and Y are not just sets but have some linear and/or topological
structure we can induce a linear and/or topological structure on X x Y and in-
vestigate linear and/or topological properties of & (T').

Theorem 3.5.2. Let & and ¥ be vector spaces over the same field F. Consider the
following operators: +: X x Y — X x Y defined by

(xl,y1) + (xz,yz) = (xl ta X2, Y1ty yz),
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where +g and +4, are the addition operations on X and % respectively, and - :
Fx (2 x¥)— 2 x¥ defined by

a-(x,y)=(agxayy),
where o and -9 are the scalar multiplication operations on & and ¥ respec-
tively. Then & x ¥ is a vector space under these operations. Its additive zero is
given by 0 = (0g,09) and the additive inverse to (x, y) is (—x,—y).
If, in addition, &' and Y are normed spaces then the function ||| : T x ¥ — Ry
given by

|z )] = 1xlz + [yl

isanormon X x Y. Moreover, if & and % are Banach spaces under their respec-
tive norm, then so is &' x % under ||-||.

From this point onwards, unless stated differently, we will always consider
I x Y as the normed space described above.

The first property we notice for & (T) is its inherent linearity, when T is a
linear operator which we state without proof

Lemma 3.5.3. Let & and ¥ be two vector spaces and let T : D (T)c X — Y% bea
linear operator. Then & (T) is a subspace of X x ¥ .

In order to explore the connection between the topological properties of a
map and its associated graph we now define an extremely important notion:

Definition 3.5.4. Let 2 and % be two normed spacesandlet T: 2 (T)c X — ¥
be a linear operator. We say that T is a closed linear operator if its graph, & (T),
isaclosed setin  x %

REMARK 3.5.5. Since the norm on 2" x % is given by
|Ge )l = i + (vl
we see that {(xy, y)},,cn cOnverges to (x, y), i.e.
|G yn) = (6 )] = N = xll + [ ya=ylyy =0,

if and only if {x,},cn converges to x in 2 and {yn}neN convergesto yin %.
Consequently & (T) is closed in X" x % if and only if

X, — x and Tx, —
n—oo n—oo

imply that xe @ (T) and y = Tx.
While bounded linear operators are extremely interesting, many of the op-
erators we encounter in applications such as quantum physics and PDEs are

unbounded. However, almost all the operators we deal with are closed. Closed
operators enjoy a plethora of beautiful and useful properties.

Example 3.5.6 (The derivative is a closed linear operator). Let

D:C'10,1]=C[0,1] — C[0,1]
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be the derivative operator, where C|0, 1] isimbued with the norm |-||, and C'[0,1]
is the space of all continuously differentiable functions on [0, 1]. We have seen
before that D can't be abounded linear operator but it is a closed linear operator.

What is the connection between closed operators and bounded operators?
UT:2(T)cX — % is bounded and if {x,},,eny € D (T) converges to an element
X that is also in 2 (T) then

Tx, — Tx.
n—oo

Consequently we conclude that If 2 (T) isclosedand T: 2 (T) c X — ¥ is a
bounded linear operator then T must also be a closed linear operator. As we
have shown that any bounded linear operator can be extended uniquely to a
bounded linear operator on the closure of its domain we see that, modulus an
extension, every bounded linear operator is closed.

The next theorem shows the opposite direction:

Theorem 3.5.7 (Closed Graph Theorem). Let & and % be two Banach spaces and
let T:D(T)c X — Y be a closed linear operator. If D (T) is closed then T is
bounded.

PROOE. Consider themap I1: & (T) — X defined by
IM(x, Tx) = x.

It is straight forward to show that IT is injective and onto % (I1) = @ (T).

Since & (T) is a closed subspace of a Banach space it is a Banach space, and as
D (T) is closed Theorem guarantees that IT has an inverse, n':9 -
& (T) that is bounded. Since

M 'x=(x,Tx)
and
Il + 1 Tl = | T || < o= el
we conclude that
ITxl < lxl+1Txl < [0l YxeD(T).

This shows the desired boundedness T and conclude the proof. U

REMARK 3.5.8. When we try to show that an operator T is bounded, i.e. con-
tinuous, we need to show that if {x,},eny € D (T) converges to x € & (T) then
{Txn},en converges to Tx. When we try to show that an operator T is closed, on
the other hand, we don’t just assume that {x,},cn converges to x - but also that
{T x5} ,en converges to an element y. Unlike boundedness we have an extra con-

dition to use which might make the investigation simpler. This makes the Closed
Graph Theorem very useful in many cases.

We conclude this part of the module with an immediate corollary of the
Closed Graph theorem is:

Corollary 3.5.9. T € B(Z, %) ifand only if T: 2 — ¥ is closed.
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PROOE. Since T € B(Z,%) implies that the domain of T is closed we con-
clude thatif T € B(2',%) then T must be closed. Conversely, if T: & — % then
its domain is closed (as it is ') and as such the Closed Graph theorem grantees
that it is bounded when it is closed. (]
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