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Abstract

In this thesis several topics from Topology, Linear Algebra, and Real Analysis are com-
bined in the study of linear topological spaces. We begin with a brief look at linear spaces
before moving on to study some basic properties of the structure of linear topological spaces
including the localization of a topological basis. Then we turn our attention to linear spaces
with a metric topology. In particular, we consider problems involving normed linear spaces,

bounded linear transformations, and Hilbert spaces.
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Chapter 1

Introduction

This thesis is a compilation of solutions to problems assigned under the direction of
Professor Michel Smith. The material in this thesis was developed through a one-on-one
Moore method directed study. I was given notes on linear topological spaces which included
definitions and theorems to be proved. During weekly meetings I presented my solutions
to various problems and we discussed approaches to solving problems. A large portion of
the notes came from Linear Topological Spaces by John L. Kelley and Isaac Namioka, but
other material came about when we were side-tracked during our weekly discussions. All
proofs in this thesis can be assumed to be my own unless otherwise stated. The style of
the thesis reflects the way in which it was developed. It could be used as a framework for
an introductory course on linear topological spaces, and it reads like a set of class notes
with solutions included. A course on linear topological spaces could be useful for upper-
level undergraduate students or new graduate students because it integrates many areas of

mathematics including Topology, Linear Algebra, and Real Analysis.

1.1 Notation and Terminology

Throughout this thesis I try to be as consistent as possible with notation. I use uppercase
English letters such as X, Y, and Z to denote linear spaces, topological spaces, or linear
topological spaces. The elements of these spaces are denoted by lowercase letters such as x,
y, and z. The elements of a linear space are called vectors, but we refer to the elements of
a linear topological space as points. An arbitrary set of vectors or points will be denoted by
uppercase English letters such as A, B, E, F', and M, while the symbols U, V', and W will

usually be reserved for open subsets of a linear topological space.



A linear space consists of a set X together with two operations, addition + and scalar
multiplication -, and is denoted by (X, +,-). However, the operations are usually omitted,
and the space is simply denoted by X. Moreover, a topological space consists of a set X
together with a collection 7 of subsets of X and is denoted by (X, 7). Again, the topology
is omitted, and we simply denote the space by X.

Associated with a linear space is an underlying field of (real or complex) numbers,
denoted by F. The elements of the field are called scalars and are denoted by lowercase
Greek letters such as A and p. The real part of a complex number A will be denoted by Re,
and the imaginary part will be denoted by SmA. However, occassionally the symbols m or
M may be used to denote a scalar whenever it is used to demonstrate a type of boundedness.
When integers are used as an index they will be denoted by 7, j, k, m, n, or N. As usual, the
complex numbers are denoted by C, the real numbers by R, the rationals by Q, the integers
by Z, and the natural numbers by N.

A linear transformation between linear spaces will usually be denoted by the uppercase
letter T. When the domain and range of a linear transformation are linear topological spaces,
it may be referred to as a linear map.

In general, a function may be denoted by lowercase letters f, g, or h, or occassionally by
uppercase letters F' and G. A function f can also be denoted by the arrow —; for example,
x — f(x). If Ais aset and f is a function, then f~!(A) denotes the set consisting of points
x in the domain whose image f(x) is an element of A, and f(A) denotes the set consisting
of each point that is the image of an element of A.

A collection of sets will be denoted by uppercase script letters such as A, B, G, and T.
However, the script letter H will be used to denote a Hilbert space. A countable collection
of sets is denoted by {A;}2,, where A; is a set for each positive integer i. In general, a
collection of sets is denoted by {A, : @ € I'}, where A, is a set for each indez « in the index

set I', to indicate that the collection is not necessarily countable.



If A and B are sets of points, then A x B denotes the Cartesian product of A and B,
which is the set of all ordered pairs (a, b) where a is an element of A and b is an element of B.
If {A, : @ € I'} is a collection of sets, then the Cartesian product of all sets in the collection

is denoted by H A, and elements of this product are denoted by (24 )aer or simply (x,). If

ael
oo

the index set is countable, we denote the product by H A,, and write sequences as (x,,).

If a sequence (x,,) converges to a point x, we Willn?i}enote this by x, — .

If A is a subset of a topological space X, then Int(A) denotes the interior of the set A
and A denotes the closure of A. The complement of A in X is denoted by X \ A.

The vertical bars | - | have many uses throughout this thesis, but each use is standard.
o If Ais a set, then |A] is used to denote the cardinality of A.
e If )\ is a scalar, then |\| denotes the magnitude or absolute value of .
e If T"is a bounded linear transformation, then |T| is a norm.

The vertical bars ||-|| are denote the norm on a normed linear space. The angled brackets

(+,-) are used to denote an inner product.

1.2 Preliminary Material

Throughout this thesis I assume some prior knowledge of both linear spaces and topo-
logical spaces. I will often use some basic theorems and concepts from Topology without
stating them explicitly in the body of the thesis. Among these theorems are those that
would be seen in an undergraduate course. Each of the following theorems can be found in

Munkres’ Topology [3].

Theorem. Let f be a function from a topological space X to a topological space Y. Then

the following are equivalent:

(1) f is continuous.



(2) f(A) C f(A) for every AC X.
(3) f~Y(B) is closed in X for every closed set BCY .

(4) For each x € X and each neighborhood V' of f(x) in'Y there is a neighborhood U of x
in X such that f(U) C V.

Theorem. A product of compact spaces is compact.
Theorem. [f A C X and BCY, then Ax B = A x B in the product space X x Y.

Theorem. Let A be a subset of the topological space X. Then x € A if and only if every

open neighborhood U of x intersects A.

Theorem. Let X be a topological space; let A C X. If there is a sequence of points of A

converging to =, then v € A; the converse holds if X is metric (or first-countable, in general).

Theorem. Let f : X — Y. If the function f is continuous, then for every convergent
sequence x, — x in X, the sequence (f(x,)) converges to f(x). The converse holds if X is

metric (or first-countable, in general).

Theorem. Let X be a metrizable space. Then, the following are equivalent:
(1) X is compact.
(2) X is limit point compact.
(8) X is sequentially compact.

Theorem. A topological space X is reqular if and only if given a point x of X and an open

neighborhood U of x, there is an open neighborhood V' of x such that V C U.

Theorem. If X is a compact metric space, then X is complete.



Chapter 2

Linear Spaces

In this chapter we discuss the elementary structure of linear spaces, linear subspaces,
and linear transformations between spaces. We also prove the existence of a Hamel base
for any linear space and the uniqueness of its cardinality. We start with some elementary
definitions and terminology for linear spaces which will be used throughout this thesis. We
assume some prior knowledge about the structure of linear spaces, including the axioms of
the underlying field and the operations of addition and scalar multiplication. Throughout

this chapter assume that X is a linear space over a scalar field ' unless otherwise stated.

2.1 Elementary Properties

Definition. A subset F of a linear space X is said to be linearly independent provided for

each finite subset {z1,...,2,} of E,

M+ -+ Az, =0 if and only if AM=-=M\,=0

Definition. Given any subset E of a linear space X, the span of E, denoted by span(F), is

the set of all finite linear combinations of vectors in F, that is,

span(E) = { iz + -+ Nz, neNx, e B\ eF1<i<n}

Definition. A subset B of a linear space X is called a Hamel base if and only if for each
non-zero vector x € X there is a unique set {by,...,b,} of vectors in B and a unique set

{A1,..., A\n} of scalars so that © = Ajby + -+ 4+ A\, by,.



Definition. Given two subsets A and B of a linear space X, the algebraic sum A+ B denotes
the set consisting of all sums a 4+ b, where a € A and b € B. In particular, if x € X, then

the z-translate of the set A is defined by

r+A={z}+A={r+a:a€ A}

Given a scalar \ € [F and a subset A of X, A\A denotes the set consisting of all scalar multiples

Aa with a € A.

Definition. A linear transformation T from a linear space X to a linear space Y (over the

same scalar field IF) is a function satisfying

1. T(x+y)=T(x) +T(y), for all x,y € X, and

2. T(Ax) = \T'(x), for all z € X and for all A € F.

Observation. Suppose that T is a linear transformation from the linear space X to the

linear space Y.

(a) If A,B C X, then T(A+ B) =T(A) + T(B).

Proof. If y € T(A+ B), then there is a vector « € A+ B such that y = T'(x). Because

r € A+ B, we can write x = a + b, where a € A and b € B. Consequently,

y=T(@)=T(a+b)=T(a)+T() € T(A)+T(B)

On the other hand, if y € T'(A) + T(B), then we can write y = y; + ya, where
y1 € T(A) and y € T(B). So, there exist a € A and b € B such that y; = T'(a) and
y2 = T'(b). Hence,

y=y1+y2=T(a)+T(b) =T(a+b) € T(A+ B)

Therefore, T(A+ B) =T(A) + T'(B). O



(b) If AC X and A € F, then T(AA) = AT(A).

Proof. If y € T(AA), then there is a point * € AA such that y = T'(z). Because

r € MA, we can write x = \a, where a € A. As a result,

y="T(x)=T(A\a) = \T(a)

On the other hand, if y € AT'(A), then we can write y = Ay, where y; € AT'(A). So,

there exists a € A such that y; = AT'(a). Therefore,

y=Ay1 = NT'(a) =T(A\a) € T(NA)

Thus, T(AA) = \T'(A). O

Definition. Given a linear transformation 7" from a linear space X to a linear space Y, the
nullspace of T, denoted by null(T'), is the set of all elements of X that are mapped by T to

the zero vector Oy of Y, that is,

null(T) =T (0y) = {z € X : T(z) = Oy}

The following observation demonstrates that the pre-image of an element in a linear
space under a linear transformation is a translate of the nullspace of the linear transformation.

We will use this fact in the theorem that follows.

Observation. Let T" be a surjective linear transformation from a linear space X to a linear

space Y. If T'(z) = y, then T (y) = = + T71(0).

Proof. For each y € Y there exists a vector x € X such that T'(z) = y since T is surjective.

For any element u of x + T71(0), we can write u = z + v, where T'(v) = 0, if and only if
Tuw)=Tx+v)=T(x)+T(v)=T(x)+0=T(x) =y

7



In other words, u is in x +T7'(0) if and only if T'(v) = y. Hence, x +T-1(0) =T ' (y). O

Theorem 2.1 (Induced mapping theorem). Suppose that X, Y, and Z are linear spaces
and that T : X =Y and S :' Y — Z are linear transformations such that the nullspace of
T contains the nullspace of S. Moreover, suppose that S is surjective. Then there exists a
unique linear transformation U : Z — Y such that T = U o S. Furthermore, U is one-to-one

if and only if null(T") = null(S).

Proof. Given a vector zp in Z there is a vector xy of X such that S(xg) = zo because S is
a surjection. Then, S~!(z) is the zo-translate of S™1(0z). Now, because the nullspace of T

contains the nullspace of S, it follows that
S Hz) = 2o+ S7(02) C a9+ T 1 (0y)
As a result, for any z € S7!(zy), we can write z = x + v for some v € T~(0y). Then,
T(x) =T (xo+v)=T(x) +T(v) =T(x0) +0 = T (o)

Therefore, T(z) = T(xq) for every x € S™'(z2). Let yo = T(xg) and define U(zy) = o.

Then, for all z € S7!(z), we have
(U o S)(x) =U(S(x)) = Ulz) = yo = T'(x)

That is, T = U oS on S7*(zp). Because this can be done for each 2z € Z, it follows that

T =UoS on U S~Y(z) = X. Furthermore, 77! = (Uo S)™' = St o U™, Thus, U is
z2€Z
one-to-one if and only if U~*(0y) = {0z} if and only if

T (0y) = (ST o U)(0y) = STHU(0y)) = §7(02)

Consequently, U is one-to-one if and only if null(7") = null(.5). O



2.2 Base and Dimension

In this section, we establish the existence of a Hamel base for any linear space. Every
non-trivial linear space contains a non-zero vector. The set consisting only of this non-zero
vector is linearly independent. According to Theorem 2.3, this linearly independent set lies
in a maximal linearly independent set. By Theorem 2.4, this maximal linearly independent
set is a Hamel base for the linear space. Consequently, these theorems demonstrate that
every linear space has a Hamel base. Then, we show that any two Hamel bases for a given

linear space must have the same cardinality.

Theorem 2.2 (Zorn’s Lemma). Suppose that S is a set and G is a collection of subsets of
S so that if G' is a monotonic subcollection of G then there is an element of G that contains
every element of G'. Then there is an element of G which is a subset of no other element of

G. (There is a maximal element of G.)

Theorem 2.3. Fvery linearly independent subset of a linear space X lies in a maximal

linearly independent subset of X .

Proof. We will apply Zorn’s lemma to prove this theorem. Suppose that £ C X is a linearly
independent set. The collection G of all linearly independent subsets of X which contain F
is non-empty because £ € G. Suppose that G’ C G is a monotonic subcollection, that is, for
any By, By € G', either By C By or By C B;. Let By denote the union of all the sets in the
collection G’. From the definition of By it is clear that By contains each element of G'. So,
we just need to show that By € G, that is, By is linearly independent and contains F.

Clearly, By contains E because it is defined as the union of sets each of which contains
E. Now, we just need to show that By is linearly independent. Assume that By is not linearly
independent. Then, there is a finite subset {by,...,b,} of By and scalars Ay, ..., A\, € F, not
all zero, such that

Abr+ -+ A0, =0



Since By is the union of all sets in the collection G" and since by, ...,b, € By, there
must be finitely many (at most n) sets By,...,Br € G’ such that by,...,b, € Ule B;.
Because G’ is a monotonic collection we can assume, without loss of generality, that B; C
By C --- C By. So, the union of these sets is By, and we have by, ...,b, € B,. However, this
contradicts the assumption that By is linearly independent because A1by + --- + A\,b, = 0,
where Ay,..., A, are not all zero. So, By must be linearly independent and is therefore an
element of the collection G. By Zorn’s lemma, there is an element of G which is a subset of

no other elements of G. That is, F is contained in a maximal linearly independent set. [J

Theorem 2.4. The subset B of a linear space X is a Hamel base if and only if B is a

maximally linearly independent subset of X.

Proof. Suppose that B is a Hamel base for the linear space X. Given a vector x € X,
there is a unique representation of x as a linear combination x = A\b; + - -+ + \,b,, where

bi,...,b, € Band \,..., A\, € F. As a result,
O=z—z2=XM—=-A)bh1+--+Ne=A)bp,=0-by+---+0-0,

In other words, given a finite subset {by,...,b,} of B, the only representation of the zero
vector as a linear combination of by, ..., b, is with coefficients all equal to zero. Therefore,
B must be linearly independent. Assume that B is not maximal with respect to linear
independence. Then B is properly contained in a maximal linearly independent set B’ by
the previous theorem. If b € B’\ B, then b is an element of X that has no representation as
a linear combination of the elements of B, contradicting the assumption that B is a Hamel
base. Thus, B must be a maximal linearly independent set.

Conversely, suppose that B is a maxial linearly independent subset of X. Given
x € X, we have the unique representation x = 1-x because B is linearly independent. Now,
suppose that x ¢ B. Let B’ = BU {x}. Since B is a maximal linearly independent set, it

follows that B’ is linearly dependent. Then, there is a finite subset {b1,...,b,, 2} of B and
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scalars Ai,...,A,, A € F, not all zero, such that
0=Ar+M\b+ -+ N\by

In particular, A # 0 for otherwise 0 = A1by + - -+ + A\pb,, wWith Ay, ..., A, not all zero, would

contradict linear independence of B. Therefore, we have

AT = Aiby + -+ Ay,

v=(=3)b+-+(=2)0b,

So, we have a representation of x as a linear combination of elements of B. Assume

that we have two such representations:
T = Mby + -+ \by, and T = p1by + -+ by
Then, we can write the zero vector as
O=z—a=A — )b+ + (Ao — tn)bp

Since B is linearly independent, it follows that \; = p;, for each i € {1,...,n}. Therefore,

the scalars in the representation of x are unique. Hence, B is a Hamel base for X. O

Our next goal is show that any two Hamel bases for a given linear space must have the
same cardinality. We take our first step toward this result with the following lemma, allows
us to consider the case where the linear space has a finite Hamel base and the case where

the Hamel base is infinite separately.
Lemma 2.1. If X is a linear space with a finite Hamel base, then all bases for X are finite.

Proof. Suppose that A = {ay,...,a,} is a finite Hamel base for X, and suppose that B

is another Hamel base for X. Then, each vector in A can be expressed as a finite linear

11



combination of vectors in B. Because A is finite, we only need finitely many vectors, say
{b1,...,bn}, in B to represent any element of A as a linear combination. Let B’ denote this
finite subset of B. For each i € {1,...,n}, there exist scalars \;1,..., A\i,n € F such that
a; = X\i1b1 + -+ -+ Aimby,. Moreover, B’ is linearly independent as a result of being a subset
of B. Assume that B’ C B, and choose b € B\ B’. Because A is a Hamel base, we can write

b= pay + -+ ppa,. Now, we have
b= p1(A1b1 + -+ Armbim) + - A i (Aniby 4 - -+ Ay bin)
After collecting like terms and relabeling the scalars, we have
b= Mbi+ - Apb,
Therefore,
O0=—1-04+ by + -+ Apbpy

contradicting the linear independence of B’. Thus, B’ = B and B is therefore finite. H

The proofs of the next lemma and the following theorem are not my own. I was exposed
to these proofs in an Abstract Algebra course with Dr. Ulrich Albrecht. Using this lemma we
will be able to establish a process of replacing the elements of one Hamel base with elements

of another Hamel base in order to show that the two bases have the same cardinality.

Lemma 2.2 (Steinitz exchange lemma). Let B = {b,...,b,} be a finite Hamel base for a
linear space X. If x = \iby + -+ + \pby, and \; # 0, then B, = {by,...,bi_1,2,bi11,...,b,}

1s also a Hamel base for X.

Proof. Because © = \iby + -+ -+ \,b, and \; # 0, we can solve for b; to get

1 by

g#i "



Given a vector y in X with representation y = by + - - - + p,b,, we can substitute b; in the

expression for y, which gives

1 A
Y= b+ -+ piabioa + ()\_x - Z )\_j.bj) + pigrbipr -+ pnby
CogmE

After distributing u; and collecting like terms, we have the following representation of y as

a linear combination of the vectors in B, = {by,...,b;i—1,2,biy1,...,b,}.

i Hi i
y= > (Mj— A,j)bﬂryl”r > (Mj—f)bj

1<j<i i<j<n
As a result, the vector y is in the span of B, and therefore B, spans all of X. Now, to

show that B, is linearly independent, suppose we have
0=mbi+--+%i-1bic1 + % + Yis1 + big1 + - + anby
Substituting the representation x = A\b; + - - - + A,b,, for the vector x, we have

0=ryby 4 -+ 5(Aby 4+ -+ X\pbp) + -+ + Ynbn

1<j<i i<j<n

Since B is linearly independent, this expression of zero in terms of the vectors of B implies
v:A; = 0, which implies that v, = 0 because \; # 0 by assumption. So, the last equation
becomes

0=0b1 + - +vim1bi1 + Yiprbipr + - + by

Again, since B is linearly independent, we have v; = 0 for all j € {1,...,n}. Therefore, B,

is linearly independent. As a result, B, is a Hamel base for X. m

Theorem 2.5. If A and B are Hamel bases for X, then |A| = |B|.

13



Proof. According to Lemma 2.1, we can prove this first for finite Hamel bases and then for
infinite Hamel bases separately. Suppose that A = {a1,...,a,,} and B = {by,...,b,} are
finite Hamel bases for X, and suppose that m # n. Without loss of generality, assume that
m < n. Since A and B are linearly independent, every vector in each set is non-zero. Since

B is a Hamel base, each vector of A is in the span of B. In particular,

a1 = A 1by + Aaba 4+ A by

for some scalars Ay 1, ..., A1, € F. Because a; # 0, we can re-order the finitely many elements
of B so that A\;; # 0. By the Steinitz exchange lemma, the set By = {a1,bo,...,b,} is also

a Hamel base for X. So, a, is in the span of B;, and we have

a9 = )\271611 + )\2721)2 +---+ )\27nbn

where Ao1,..., X2, € F. Because A is linearly independent, Aoy = 0. Without loss of
generality, assume that Ayo # 0 because a; # 0 and we can re-order the elements of B
accordingly. By the Steinitz exchange lemma, the set By = {aq,as,bs,...,b,} is a Hamel

base for X.

Continuing this process, at the mth step we find that

Bm:{ala---yamabm—i—la---,bn}:Au{bm+1a---7bn}

is a Hamel base for X. By linear independence of B,,, the vectors b,,.1,...,b, cannot be
represented as linear combinations of the vectors in A. This contradicts the assumption that
A is a Hamel base for X because b,,11,...,b, are not in the span of A. Therefore, m > n.
By a symmetric argument in A and B, we obtain m < n. Hence, m = n and |A| = |B|.
Now, suppose that A is a Hamel base for X with cardinality |A| > R, and let B be

another Hamel base for X. Given a vector a € A, let B, denote the finite subset of B that

14



is needed to express a as a linear combination with non-zero scalar coefficients. Since B is a

Hamel base, B, is uniquely determined by a. Define

R:U&

acA

Since A spans X, so does B’. Assume that B’ C B, and choose b € B\ B’ so that b can be
expressed as

b= MAby+ -+ N\by

for some by, ...,b, € B and for some \q,...,\, € F. Then,

0= (=1)b+ Ay + - + Anbn

gives a non-trivial representation of the zero vector as a linear combination of elements of

the Hamel base B, contradicting linear independence of B. Therefore, B’ = B. As a result,

|B| = < Ro|A[ = |4]

U

acA

By a symmetric argument in A and B, we also have

[A] < Ro| B| = [B]

Therefore, |A| = |B]. O

Definition. The dimension of a linear space X is the cardinality of a Hamel base for X.
If X has a finite Hamel base, then X is said to be finite-dimensional. Otherwise, X is

infinite-dimensional.

15



2.3 Linear Subspaces

A linear subspace is essentially a subset of a linear space that is also a linear space
in its own right. The intersection of a collection of linear subspaces is a linear subspace.
The span of any subset of a linear space is the smallest linear subspace that contains the
subset. Moreover, the algebraic sum of two linear subspaces is the span of their union and
is therefore a linear subspace. Each problem in this section comes from a set of exercises in

Royden’s Real Analysis [4].

Definition. A non-empty subset F of a linear space X is a linear subspace if and only if

Ax + py € E whenever z,y € F and A\, u € F.

Observation. Let E be a non-empty subset of a linear space X. Then E is a linear subspace

if and only if ¥+ E = F and A\E = F, for each non-zero scalar A € F.

Proof. Suppose that E is a linear subspace. If z € E, then z = %x + %x is an element of
E + F because F is closed under scalar multiplication. On the other hand, given x € £+ E
we can write £ = x1 + o for some x1, 9 € E. Since F is a linear subspace, it is closed under
addition and consequently x1 + 2o = x € E. Hence, E = E+ E. Now, given x € E, we
can write z = A(A~1x), for some non-zero scalar \, where A"z is in E because F is a linear
subspace. On the other hand, if z € E and X is any scalar, then Az € F since F is closed
under scalar multiplication. Hence, AE = E.

Conversely, suppose that £ + F = E and A\E = FE, for each non-zero scalar \. Given
vectors x,y € E and non-zero scalars A\, u € F, Az and py are elements of E because \E = F
and pF = E by assumption. If either A or u is zero, then Az and uy are still elements of
E because 0 € E. Moreover, because F + F = E, we have A\x + uy € E. Therefore, F is a

linear subspace. O]

Lemma 2.3. The intersection of a collection of linear subspaces is a linear subspace.
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Proof. Let {E, : a € I'} be a collection of linear subspaces of a linear space X. Let E denote

the intersection ﬂ FE,. Then, F is non-empty because 0 € F,, for each o € I'. For any x
ael

and y in F, we have x,y € F,, for each o € I". Since each E, is a linear subspace, we have

A\x + py € E,, for any scalars A\, u € F and for each o € I'. Hence, Ax + puy € E. Therefore,

the intersection E is a linear subspace of X. O

Theorem 2.6. Given a subset E of a linear space X, there exists a smallest linear subspace

containing E. This linear subspace is the span of E.

Proof. Let E be a subset of a linear space X. Let A be the collection of all linear subspaces
of X containing E. Then, A is non-empty because X € A. By Lemma 2.3, the intersection
A of all elements in the collection A is a linear subspace of X. This is clearly the smallest
linear subspace containing F; if B is another linear subpace containing F, then B € A so
that B contains the intersection A of elements of A.

Now, we want to show that the intersection A of all linear subspaces containing F is the
span of K. If x € A, then x belongs to every linear subspace that contains E. So, we must
show that span(FE) is a linear subspace (it clearly contains E). First, the span of E is non-
empty whenever E is non-empty. Now, if z and y are vectors in the span of E, then there exist
vectors xy,...,z, € E and y,...y,, € E together with scalars Ay, ..., A\, p1,..., iy € F

such that
T = Z i and Yy = Z HiYi
i=1 i=1

So, for any scalars A, 4 € F, we have

n m n m
AT+ py = A Z i + MZ Wil = Z AN + Zﬂlh‘yi
i=1 i=1 i=1 i=1

Because Ax + uy is a finite linear combination of elements of E| it follows that ax + uy is
in the span of E. Therefore, the span of F is a linear subspace of X that contains E, from

which it follows that A C span(FE).
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Finally, we need to show that the span of F is contained in the intersection A so that it
is the smallest linear subspace containing E. Given a vector x in the span of F, there exist
r1,...,x, € E and scalars \,...,\, € F such that x = \yz; + --- + \,x,,. Because A is a
linear subspace of X containing F, it follows that A contains the finite linear combination
A2y + -+ -+ Az, of elements of E. Hence, span(F) C A. Thus, span(F) = A and the span

of E' is the smallest linear subspace of X that contains F. O

Corollary 2.1. If each of A and B is a linear subspace of a linear space X, then so is A+ B.

Moreover, A+ B is the span of AU B.

Proof. Suppose that A and B are linear subspaces of a linear space X. According to Theorem
2.6, we only need to show that A + B is the span of AUB. If x € A+ B, then x = a + b,
for some a € A and b € B. As a result, x is a finite linear combination of elements of
AU B. So, z is in the span of AU B. Hence, A+ B C span(A U B). On the other hand,
if € span(A U B), then x can be expressed as a finite linear combination of elements of

AU B. So, there are scalars Ay,..., Ay, fi1, - .., itm € F such that

T = i Aia; + i,uibi
i=1 i=1
where ai,...,a, € A and by,...,b,, € B. Because A is a linear subspace, it follows that
a = M\ay + -+ Ma, € A. Similarly, b = u1by + -+ + b, € B because B is a linear
subspace. Thus, z = a+ b is an element of A+ B. Therefore, A+ B = span(AU B). By the

previous theorem, A 4+ B is the smallest linear subspace containing A U B. O
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Chapter 3

Linear Topological Spaces

A linear space X over a field F has two algebraic operations: addition and scalar mul-
tiplication. In order to call something a linear topological space we have to describe the
relationship between the topology and the linear structure. Because continuous functions
are the main object of study in topology, it is natural to define a linear topological space to
be a linear space together with a topology that makes the operations of addition and scalar
multiplication continuous functions. In this chapter we consider some basic properties of
linear topological spaces including the effects of the linear operators on sets, the localization

of a topological basis, and other computations involving linear operators and sets.

Definition. A linear space X over a field F is a linear topological space provided there exists
a topology Tx for X and a topology 7r for F such that addition (z,y) — x +y from X x X
into X and scalar multiplication (A\,z) — Az from F x X into X are continuous functions

according to their respective product topologies.

3.1 Linear Operations That Are Homeomorphisms

By the definition of a linear topological space, the operations of addition and scalar
multiplication are continuous. The following lemma will be used to show that translation
(addition by a fixed point) and multiplication by a fixed non-zero scalar are also continuous
functions. As a result, we will see that translation by a point and multiplication by a fixed

non-zero scalar are homeomorphisms and therefore preserve topological properties.

Lemma 3.1. Let X, Y, and Z be topological spaces and let F': X XY — Z be a continuous
function. For any point xg of X the function f defined by restricting the domain of F' to the

subspace {xo} X X is continuous.
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Proof. Let V be an open subset of Z. Because F is continuous, the pre-image F~(V) is
an open subset of X x Y. By definition, F~(V) consists of all points (z,y) in X x Y such
that F'(z,y) € V. Fix a point 2o € X and let f denote the function obtained by restricting
the domain of F to the subspace {zo} x X. Then, f~1(V) is the set of all points (zg,y) in
X x Y such that f(zg,y) € V. From the definition of F~'(V) and f~!(V), it is clear that
f71(V) is the intersection of the open subset F~'(V) of X x Y and the subset {zo} x Y of
X xY. As aresul, f~!(V) is an open subset of {zy} X Y in the subspace topology. Hence,

f is continuous. O]

Theorem 3.1. Given a point xq of a linear topological space X, the translation map defined

by v — xo + x is a homeomorphism.

Proof. Let f denote the translation map from X into X. First, f maps X onto itself since

for each x € X, we have

r=0+2=(xg—x0)+2 =20+ (x —x0) = fx — )

where x — zy € X so that = € f(X). Now, we show that f is one-to-one. If f(x;) = f(xq),
then xg + x1 = 1o + x2. Adding —z( to each side of this equation gives x; = x9. Thus, f is
a bijection. Now, f is obtained by restricting the domain X x X of the continuous addition
operation to the slice {xo} x X. By Lemma 3.1, f is continuous. Notice that f=1: X — X is
defined by f~*(z) = —z¢+x. Consequently, f~* is also continuous by the lemma. Therefore,

f is a homeomorphism. O]

Corollary 3.1. Given a point x of X and a subset E of X which satisfies a topological

property P, the translate x + E also satisfies the property P.

Proof. Fix o € X and let f denote translation by xy as a function from X to X, which is

a homeomorphism by Theorem 3.1. Given a subset E of X,

o+ E={xg+x:xe€ E}={f(x):x € E} = f(F)
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In other words, the translate xo + E is the homeomorphic image of the set E. O]
Corollary 3.2. If A is any subset of X and U is an open subset of X, then A+ U is open.

Proof. If A is any subset of X and U is an open subset of X, then

A+U={a+u:acAucU}t=|Ja+U)

a€A

By the previous corollary, a + U is open, for each a € A, so that A 4+ U is a union of open

sets. Thus, A 4 U is open. H

We have a similar result for multiplication by a fixed non-zero scalar. Clearly, multipli-
cation by zero is not a homeomorphism for any non-trivial linear topological space X because
it does not map X onto X. It is also not one-to-one because a linear map is one-to-one if and
only if its nullspace is trivial. More importantly, the inverse of multiplication by zero does
not exist because the inverse function of multiplication by a given scalar is multiplication by

its reciprocal. None of these is a problem for multiplication by non-zero scalars.
Theorem 3.2. Given a non-zero scalar A € F, the map x — Ax is a homeomorphism.

Proof. Fix a non-zero scalar A\ and let g denote multiplication by A as a function from X

into X. First, g maps X onto X since for each x € X, we have
r=lxr = ()\)\_1) r=A (/\_lx) =g (A_lx)

where A™'z € X so that € g(X). Now, we show that g is one-to-one. If g(x;) = g(xs),
then A\z; = A\zy. Multiplying each side by A™! gives 21 = x5. Thus, g is a bijection. Notice
that 7' : X — X is defined by g(z) = A"'z. By Lemma 3.1, g and g~! are both continuous.

Thus, ¢ is a homeomorphism. O

Corollary 3.3. If A € F is a non-zero scalar and E C X satisfies a topological property
P, then AE also satisfies P. In particular, a non-zero scalar multiple of an open open

netghborhood of zero is an open neighborhood of zero.
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Proof. Fix a non-zero scalar A and let g be the homeomorphism from the previous theorem.

Given a subset E of X,

AE={\x:ze€E}={g(x):x € E} =g(F)

That is, the set AE is the homeomorphic image of the set F. O

Now that we have established that translation by a fixed point is a homeomorphism,
we can prove the following theorem. If a linear transformation between linear topological
spaces is continuous at one point, then we can guarantee continuity at any other point by
using the open set definition of continuity together with the fact that translation by a point
is a homeomorphism. This theorem will be useful to us in later chapters because it allows us
to check for continuity of a linear map by simply checking for continuity at the zero element

of the domain space.

Theorem 3.3. A linear map between linear topological spaces is continuous if and only if it

is continuous at one of its points.

Proof. Suppose that each of X and Y is a linear topological space and that T": X — Y
is a linear transformation. If T is continuous, then it is continuous at each point of X.
Conversely, suppose that T is continuous at a point x¢ of X. Let z € X be an arbirary point

and let V' be an open neighborhood of T'(z) in Y. Then,

T(xg) —T(x)+V =T(xg —x)+V

is an open neighborhood of T'(z(). Since T is continuous at xg, there is an open subset U
of X containing z, such that T(U) C T'(zg — «) + V. Since U is a neighborhood of x, it

follows that (z — x¢) + U is an open neighborhood of z, and we have

T(x—x0)+ Ul =T(x —20)+T(U) CT(x — o) + [T (g — ) + V]
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Now, because T is linear, it follows that

T[(l’ — .To) + U] C T(l’) — T(xo) + T(xo) _ T(J}) +V =V

Therefore, (x — xy) + U is an open neighborhood of x in X such that 7" maps all of its
points into the open neighborhood V' of T'(z) in Y. Hence, T is continuous at x. Because z

was chosen arbitrarily, 7" is continuous at each point of X. O

3.2 Homogeneity

One useful property of linear topological spaces is homogeneity. In homogeneous spaces,
all points play the same role with respect to the topology. For example, if one point of a
homogeneous space is a limit point, then each point of the space must be a limit point.
Homogeneity of a linear topological space depends only on the property that translation is
a homeomorphism. For instance, translation in two-dimensional Euclidean space R? corre-
sponds to changing the location of the origin, which results in a plane that is topologically
equivalent to the original plane. Because this property depends on only one operation, we

will see that homogeneity is a property of topological groups in general.

Definition. A topological space X is said to be homogeneous if and only if for each pair x

and y of points in X there is a homeomorphism h of X onto itself such that h(x) = y.
Theorem 3.4. A linear topological space is homogeneous.

Proof. Let X be a linear topological space. Given two points x¢ and yo in X, let h denote the
translation map = — (yo — zo) + z as a function from X to X. Then, h is a homeomorphism

of X onto itself by Theorem 3.1, and we have

h<x0):<y0_x0>+370:y0+(—l'0+1'0):y0—|—O:yO
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Because this homeomorphism can be defined for any pair of points of X, it follows that the

linear topological space X is homogeneous. ]

A topological group is a group (G, *) such that the maps (z,y) — x*y and x — z~! are
continuous. A linear space together with the addition operation is an Abelian group. Notice
that the proof that a linear topological space is homogeneous depends only on the translation
map being a homeomorphism. Suppose that in the definition of a linear topological space a
non-communtative operation is used instead of +. For instance, let (G, *) be a topological
group that is not necessarily Abelian. Given xg,yo € G, we can define h(z) = (yo*xy") *x or
h(z) = x * (x5 * o). In either case, h is a homeomorphism and h(zo) = yo. So, topological

groups in general are homogeneous.

3.3 Local Topological Basis

Because translation by a point is a homeomorphism, the topology for a linear topological
space is determined by a local topological basis at zero. A basis for the topology on the linear
space is given by the collection consisting of all translates of elements of a local topological
basis at zero. In this section we consider some properties of the elements of a local topological
basis at zero. These properties are true for open neighborhoods of zero, so I will occassionally
use the term “open neighborhood of zero” in place of “element of a local topological basis
at zero.” Throughout this section, assume that X is a linear topological space with topology

T, and assume that By is a local topological basis at the zero point of X.
Theorem 3.5. The collection B={z+U :2 € X,U € By} is a basis for X.

Proof. Given a point z in X and an element U of the local topological basis By, we have
x € x + U. Therefore, every element of X lies in some element of B. Fix zy € X. Suppose
that 1 + U; and x5 + U, are two elements of B such that zq lies in their intersection. Then,
the translates (z1 — o) + Uy and (x9 — x¢) + U, are open neighborhoods of zero. So, there

is an element Uy of By such that 0 € Uy and Uy lies in the intersection of (x1 — ) + U; and
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(xg — xg) + Us. As a result, xg € x¢g + Uy and 9 + U is contained in the intersection of

x1 + Uy and x9 + Us. Thus, the collection B is a basis for the topology of X. O

Corollary 3.4. In the previous theorem, we can replace By with a local topological basis at

any other point of X.

Proof. Given a point x € X and a local topological basis B, at x, the collection

BOZ{—.T—FUIUEBm}

is a local topological basis at zero. Then, the collection

B={(y—2)+U:ye X,U € B,}

is a topological basis for X as a result of Theorem 3.5. [

Theorem 3.6. If U is an open neighborhood of zero, then there is an open neighborhood V'

of zero such that V. +V C U.

Proof. Let U be an open set containing zero and define A = {(z,y) e U x U : x+y € U}.
Notice that A is the intersection of the open set U x U and the pre-image of U under
the continuous addition operation. By continuity of the addition operation, A is an open
neighborhood of (0,0) in X x X. So, there is a basis element (in the product topology)
V1 x V4 that contains (0,0) and lies in A. In particular, V; and V; are open neighborhoods
of zero in X. So, there is an element V' of the local topological basis By at zero such that

VcVinV, Then V xV CV; x Vo C A, which implies that V +V C U. ]

This theorem can be used for arguments that require estimating the closeness of two
points even in a non-metric linear topological space. The set V' in the theorem essentially
plays the role of the €/2-ball in a metric space. Using an inductive argument, the theorem
can be generalized to guarantee the existence of an open neighborhood V' of zero satistying

Vi+Vo+---+V, CU, where n is any natural number and V; =V, for all i € {1,2,...,n}.
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The following definitions provide some useful and insightful terminology for describ-
ing sets. These are especially useful in describing the open neighborhoods of zero. These

definitions are given by Aliprantis and Border [1].

Definition. Let X be a linear space. The line segment joining two elements x and y of X

is the set {A\x 4+ (1 — A\)y : 0 < A < 1}. A subset E of a linear space X is said to be:

e convex if it contains the line segment joining any two of its points.

absorbing (or radial) if for any z € X, some multiple of F includes the line segment
joining x and zero, that is, if there exists a scalar A\g € F so that Ax € E, for all A € F

satisfying |A| < Aol

e balanced (or circled) if for each x € E, the line segment joining = and —z is contained

in F, that is, Az € E for any = € E and for any A € F satisfying |A| < 1.
o symmetric if —x € F whenever x € F, that is, —F = F.

o star-shaped about zero if it includes the line segment joining each of its points with

zero, that is, if Az € F for any x € F and for all A satisfying 0 < A < 1.

The underlying tool used in the proof of Theorem 3.6 is continuity of the addition
operation on a linear space. On the other hand, the following theorem is a consequence
of continuity of the scalar multiplication operation. The proof of this theorem is adapted
from Aliprantis and Border [1]. I came across the proof while reading their discussion of
the terminology given in the previous definition. While reading through various sources I
tried to avoid reading proofs, but this proof was given informally before the statement of the

thereom, and I did not realize what they were proving until it was too late.
Theorem 3.7. Every open neighborhood of zero contains a balanced neighborhood of zero.

Proof. Let U be an open neighborhood of zero. By continuity of scalar multiplication, there

is a neighborhood A x V of (0,0) in F x X such that A\V C U, for all A € A. In particular,
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there is a number € > 0 such that A € A whenever || < e. Fix \g € F with 0 < || < €.
Since \g # 0, multiplication by A is a homeomorphism. Hence, A\gV is an open neighborhood

of zero and AV C U, for all A € F satisfying |A\| < |\g|. Define
wW={JOWV A< o}

Then, W is contained in U because it is a union of subsets of U. If x € W, then there exists
a scalar p € F with |u| < || and a point v € V such that x = pv. Therefore, if A € F

satisfies |A| < 1, then [Au| < |u] < |Xo| and
Ar = Apv) = (Ap)v € A)V C W

where (Au)V C W because [Au| < |Ao|]. So, AW C W, for each scalar A satisfying |A| < Ag;

that is, W is a balanced neighborhood of zero that lies in U. [
Theorem 3.8. FEvery open neighborhood of zero is an absorbing set.

Proof. Assume that U is a neighborhood of zero which is not radial. In particular, for each
positive integer n, there exists a scalar A, € F such that |A,| < L and A,z ¢ U. InFx X, the
sequence (\,, z) clearly converges to the point (0,z). By continuity of scalar multiplication,
the sequence (\,x) must converge to 0 -z = 0. Since (A\,z) is a sequence of points in the
closed set X \ U, the sequential limit point 0 must belong to X \ U; that is, 0 € X \ U,
contradicting the assumption that U is an open neighborhood of zero. As a result, there

must be a scalar A\g such that Az € U, for all X satisfying |A| < [Ao]. O

Corollary 3.5. If U is an open neighborhood of zero and x is a point of X, then there is a

scalar X € F such that x € \U.

Proof. By Theorem 3.8, U is an absorbing set. So, there is a nonzero scalar p € F such that

pr € U. Let A = p~'. Then, A(ux) € AU and A(pz) = A"tz = z. Hence, x € \U. O
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This corollary does not hold in general if the point x is replaced by any subset E of
X. For instance, a line in two-dimensional Euclidean space R? cannot be contained in a
scalar multiple of a neighborhood of zero whenever that neighborhood is not all of R2. It
seems that this property is related to boundedness. So, we are able to define the concept of

a bounded set even in linear topological spaces on which there is no metric.

Definition. A subset E of a linear topological space X is said to be bounded if for each

neighborhood U of zero there is a scalar A € F such that £ C AU.

3.4 More Properties of Linear Topological Spaces

In this section we continue our discussion of properties of linear topological spaces. In
particular, we apply some of the properties of the local topological basis at zero. Assume
throughout this section that X is a linear topological space with topology 7, and let By

denote a local topological basis at zero.

Theorem 3.9. If the topology T for a linear topological space X satisfies the Ty axiom, then
{0}y =({U : U € By}.

Proof. Clearly, zero is contained in each element of By so that {0} € (U : U € By}.
Because the topology of X satisfies the T7 axiom, given a non-zero point z in X, there is
an open neighborhood V of 0 such that x ¢ V. So, there is a local basis element U of By
that contains zero and lies in V. Consequently, ¢ U because x ¢ V and U C V. In other

words, for each non-zero x € X, there is an element of By that does not contain z. So,

x ¢ (WU : U € By}. Therefore, (\{U : U € By} C {0}. Hence, {0} =({U : U € By}. O
Theorem 3.10. If M is a subset of X, then M = (\{M + U : U € By}.

Proof. Suppose that = € M, and let U be an element of the local topological basis By. Then,
x — U is an open neighborhood of z. So, x — U contains a point y of M distinct from x.
This implies that y — z € —U and therefore + —y € U. Hence, z =y + (zr —y) € M + U.
So, for each element U in By, € M + U. Consequently, M C (\{M +U : U € By}.
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On the other hand, suppose that x € (\{M + U : U € By}, and let V' be an open
neighborhood of x. If x € M, then x = x4+ 0 € M + V| as desired. Now, suppose that
x ¢ M. Because V is open, there is an element U of the local topological basis By such that
rex—Uandaz—U CV. Because x € (\{{M +U : U € By}, there is a point y of M distinct
from x such that z = y+ (z — y), where x —y € U. Therefore, y =x—(r—y) € x—-U C V.
Hence, every open neighborhood of x contains a point of M distinct from z. In other words,

r€Mand \{M+U:U€By} CM. Thus, M = ({M + U : U € By}. O
Theorem 3.11. The closure of a linear subspace is a linear subspace.

Proof. Suppose that M is a linear subspace of a linear topological space X. According to
Theorem 3.10, we have M = ({M + U : U € By}. First, M is non-empty because M is
non-empty. Given an arbitrary open set U in By, we can choose an open set V' in By such
that V +V C U. For any x,y € M, there exist a,b € M and u,v € V such that x = a +u

and y = b+ v. Therefore,

t+y=(a+u)+(b+v)=(a+b)+(utv)

where a+b € M because M is a linear subspace and u+v € V+V C U. Since x+y € M+U
for any element U of By, it follows that 2 +y € M. So, M is closed under addition. For
A=0and for any x € M, Az = 0 € M. Now, assume A # 0. Given an open set U in By,
the set A™'U is an open neighborhood of zero and it therefore contains some element V' of

the local topological basis By. For any & € M, there exists a € M and v € V so that

A = ANa+v) =X a+ M

where Aa € M because M is a linear subspace and \v = A\"'u = wu, for some u € U, because
V C A'U. Since \x € M + U for any element U of By, it follows that Az € M. Therefore,

M is closed under scalar multiplication. Thus, M is a linear subspace. O
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Theorem 3.12. A linear topological space is reqular.

Proof. Suppose that X is a linear topological space. Let A be a closed subset of X and let x
be a point that is not in A. Since A is closed, X \ A is open and —z+ X \ A is a neighborhood
of zero. So, there is an open neighborhood U of zero such that U+ U C —z+ X \ A. The set
V =UN(=U) is a balanced (V = —V') neighborhood of zero satisfying V+V C —xz+ X\ A.
Then, x 4+ V is an open neighborhood of z and A 4+ V is an open set containing A. Assume
that there is a point y in the intersection (z + V)N (A + V). Then, there exists v; € V such
that y = x 4+ vq, and there exists v, € V' such that y = a + v,, for some a € A. As a result,
a = x+vi—vy € x+V —V. Because V is balanced, it follows that V-V = V4V C —z4+ X\ A
and therefore z +V — V C X \ A. Therefore, a € x +V —V C X \ A, contradicting the
assumption that a € A. Thus, x +V and A + V are disjoint open sets containing x and A,

respectively, and X is a regular space. O

Theorem 3.13. Let {X;}2, be a collection of linear topological spaces, and let X denote
[e.e]
the Cartesian product HXi' The space X in the product topology, together with addition

i=1
and scalar multiplication defined coordinate-wise, is a linear topological space.

Proof. Let f denote coordinate-wise addition as a function from X x X into X. Given points
()22, and (y;)52, of X, let U be an arbitrary open subset of X containing (z;+v;):2,. Then,

there is a basis element (of the product topology)

HUZ-:leUQXWUnxXnH><Xn+2><~~

=1

where n is some fixed integer and U; = X; for ¢ > n, such that (x; +;)72, C H U; c U. For
i=1

each i € {1,...,n}, the addition function f; : X; x X; — X, defined by fi(z;, v;) = z; + yi,

is continuous because X; is a linear topological space. So, there is an open subset V; x W;

of X; x X; containing (z;,y;) such that V; + W, C U;. For i > n, let V; = X; and W; = X.
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Then,
v=[[v ad w=][wW
=1 =1

are open subsets of X so that V' x W is an open subset of X x X. Moreover, for any

()22, (y)2y) € V x W, we have

SFU@)Zy, (y)i2) = (2] +yi)2, € H(Vz +W;) C H U, cU

i=1 =1

Therefore, coordinate-wise addition on X is a continuous function.
Now, let g denote coordinate-wise scalar multiplication as a function from F x X into
X. Fix a scalar Ay € F and let (z;)2, be a point of X. Given an open subset U of X

containing (Aox;)32,, there is a basis element

HUi:UlXUZX"'XUnXXn—I—lXXn—I—QX"'

i=1

o0

containing (Agz;)52; such that H U; C U. For each i € {1,...,n}, the scalar multiplication
i=1

gi - F x X; = X, defined by g¢;(\, z;) = Az, is continuous because X; is a linear topological

space. For each i € {1,...,n}, there exists an open subset V; of F containing Ay and an open

subset W; of X; containing (z;)$2, such that Az; € U;, for each A € V; and for each x; € W;.

Let V = ﬂ V;. Then, V is an open subset of F containing A\ such that AW, C U, for all
i=1
A e V. Fori>n,let W; = X, so that HVi is an open set in X. As a result, V' x W is an

i=1
open subset of ' x X such that, for any (A, (z)2,) € V x W,

g\, (@) = Qa)z, e [[uic U
=1

Therefore, coordinate-wise scalar multiplication on X is continuous. Because both addition
and scalar multiplication are continuous according to their respective product topologies, it

follows that X is a linear topological space. O
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3.5 Elementary Computations

The theorems in this section rely heavily on the fact that the addition operation on a
linear space X is a continuous function from X x X into X. In particular, we consider the
relationship between the addition operation and the interiors and closures of sets. We will
also find conditions to determine if an algebraic sum of sets is closed or compact. Throughout
this section we will assume that X is a linear topological space with subsets A and B. We
will use F' to denote the addition operation on X in order to more easily express images and

pre-images of sets under the addition operation.

Theorem 3.14. If each of A and B s a subset of a linear topological space X, then

Int(A + B) = Int(A) + Int(B).

Proof. If U and V are open subsets of X satisfying U C A and V C B, then U + V is an

open subset of X satisfying U +V C A + B. Consequently, we have

Int(A) + Int(B) C Int(A + B)

On the other hand, let F' : X x X — X denote the addition operation on X. Suppose
that z € Int(A + B) = Int(F(A x B)). Then, there is an open subset W of X such that
r € W C F(A x B). Because F is continuous, F~!(W) is an open neighborhood of F'~1(x).
We can write F~'(x) = (a,b), for some a € A and for some b € B. So, there is an open
subset U x V of X x X such that (a,b) € U x V and U x V C F~}(W). As a result, U is
an open subset of X satisfying a € U and U C A, which implies that a € Int(A). Similarly,

b € Int(B). Therefore, F~1(x) € Int(A) x Int(B). As a result, we have

r = F(a,b) € F(Int(A) x Int(B)) = Int(A) + Int(B)
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Hence, Int(A 4+ B) C Int(A) + Int(B) so that we have both inclusions. O

Lemma 3.2. If A and B are subsets of a linear topological space X, then

A+BcCc A+ B.

Proof. Let I’ denote the addition on X as a function from X x X into X. Because F is
continuous, the image of the closure of a set is contained in the closure of the image of the

set. Notice that A x B = A X B in the product space X x X. As a result, we have

A+B=FAxB)=F(AxB)CFAxB)=A+B

Hence, A+ B C A+ B. O]

Ezxample 3.1. The other inclusion in Lemma 3.2 does not necessarily hold. For instance, let

A={(v,y) eR*: 2 >0,y > 1/x} and  B={(z,y) eR*:2<0,y>—1/z}.

Both A and B are closed so that A = A and B = B. The algebraic sum is given by
A+ B = {(z,y) € R* : y > 0}, the closure of which is the set A+ B = {(z,y) € R* : y > 0}.

Because A + B is not closed, we have A+ B ¢ A+ B = A+ B.

Theorem 3.15. Let A be a subset of a linear topological space X. For any point x of X,

x4+ A=x+ A.

Proof. The inclusion z+A C = + A results from Lemma 3.2. For the other inclusion, suppose
that p €  + A. Write p = x 4+ y so that y = —z + p. Let U be an open neighborhood of 4.
Then, z 4+ U is an open neighborhood of z +y = p. Since p € = + A, it follows that « + U
intersects x + A. As a result, U must intersect A. Therefore, every open neighborhood of y

intersects A. In other words, y € Asothat p=2+y €z + A. Hence, z + ACz+ A O
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The previous theorem may be generalized a little bit. Given any subset A of a linear
topological space X and a finite subset F' = {z1,...,2,} of X, the set F' + A is the finite
union of the translates x; + A, for i € {1,...,n}. Because the closure of a finite union of sets
is equivalent to the union of the closures of the sets, Theorem 3.15 implies that the closure
of F 4+ A is equal to the union of the translates ; + A. Therefore, F + A = F + A. This

establishes the following corollary.

Corollary 3.6. If A is any subset of a linear topological space X and F' is a finite subset of
X, then F+ A= F + A.

Theorem 3.16. If each of A and B are compact subsets of X, then A+ B is compact.

Proof. Because A and B are compact subsets of X, their product A x B is compact. Let
F: X x X — X be the addition operation defined on X. Then,

F(AxB)={a+b:ac Abe B}=A+B

So, A+ B is the continuous image of the compact set A x B. Therefore, A+ B is compact. [

The proof of the previous theorem uses two basic ideas. One is that the product of
compact sets is compact, and the other is that the image of a compact set under a continuous
map is compact. Given two sets A and B satisfying a topological property that is preserved
under products and continuous maps, the sum A + B will also satisfy that property.

Recall that the sum of two sets is open whenever at least one of the sets is open. The
next example demonstrates that another assumption is necessary to guarantee that the sum

of two sets is closed whenever at least one is closed.

Example 3.2. If A and B are closed subsets of a linear topological space X, then A 4+ B is

not necessarily closed. For instance, let X = R? and consider the subsets

A={(z,y): x>0,y >1/x} and B=A{(z,y) 1z <,y >—1/z}
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Each of A and B is closed, but the sum A+ B = {(z,y) : y > 0} is not closed.

Although the sum A + B is not necessarily closed whenever both A and B are closed,
it is true that A 4+ B is closed if we include the additional assumption that one of the two

sets is compact. In order to show this, we will first prove another result that can be useful.

Theorem 3.17. Suppose that A is a closed subset of X and B is a compact subset of X
such that A and B are disjoint. Then there is an open neighborhood V' of zero such that A

and B+V are disjoint.

Proof. Let x € B. Because A and B are disjoint, it follows that x belongs to the open
set X \ A. So, —x + X \ A is an open neighborhood of zero. By Theorem 3.6, there is a
neighborhood W, of zero satisfying W, + W, C —x + X \ A. For each z € B, z + W, is an
open neighborhood of z, and therefore the collection {z + W, : x € B} is an open covering
of B. Because B is compact, there exist finitely many points x1,...,z, € B such that

n

n
B C LJ(xZ + W,,). Let V = m W,,, which is an open set because it is a finite intersection
i=1 i=1
of open sets. Given z € B, © € z; + W,,, for some i € {1,...,n}. In particular, for some

i€ {l,...,n}, we have
r+V Cax+W,, C(ai+Wy)+W,, =a;+ (W, + W)

By construction, W,, + W,. C —z; + X \ A so that z; + (W,, + W,,) C X \ A, and we have
r+V C X\ A In other words, AN (z+V) =0, for all z € B. Thus, AN(B+V)=0. O

Theorem 3.18. If A is a closed subset of X and B is a compact subset of X, then the

algebraic sum A+ B is closed.

Proof. If X = A+ B, then the statement holds because X is closed. Suppose that A+B C X
and let x € X\ (A4 B). Then, AN(x— B) = () because otherwise a point z in this intersection
would satisfy z = a, for some a € A, and it would satisfy z = = — b, for some b € B, so

that x could be expressed as x = a + b, contrary to assumption. Notice that —B is compact
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because B is compact and multiplication by a non-zero scalar is a homeomorphism. By
Theorem 3.17, there is an open neighborhood V' of 0 such that AN (z+V — B) = (), that is,
(A+B)N(x+ V) =0. Since z +V is an open neighborhood of z contained in X \ (A + B),

it follows that A + B is closed. O]

3.6 Linear Functionals

Given a linear space X over a scalar field F, a linear functional is a linear map from X
into the scalar field F. Let F(X) denote the collection of linear functionals on X. Define
addition and scalar multiplication on F(X) as follows: if f,g € F(X), then f + g is the
linear functional on X such that (f 4 g)(x) = f(x) + g(z), for each x € X; if f € F(X) and
A is any scalar, then \f is the element of F(X) such that (Af)(x) = Af(z), for each x € X.
The collection F(X) together with addition and scalar multiplication defined in this way is

a linear space.

Theorem 3.19. Suppose that X is a linear topological space, and let f € F(X) be a linear

functional which is not identically zero. The following are equivalent:
(1) f is continuous
(2) the null space of f is closed
(8) the null space of f is not dense in X
(4) [ is bounded on a neighborhood of zero
Proof.

e If f is continuous, then the nullspace of f is closed.

Suppose that f is continuous, and let N denote the nullspace of f. Then, X \ N
is non-empty because f is not identically zero. Given a point zy € X \ N, we have

f(zo) # 0. Without loss of generality, assume that f(zo) > 0, and let U = (0, c0).
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Since f is continuous, f~1(U) is an open set containing zy. Now, for each x € f~1(U),
we have f(x) € (0,00) so that f(x) # 0. Therefore, f~}(U) is an open set containing
xo such that f~1(U) € X \ N. Hence, X \ N is open and the nullspace N is closed.

If the nullspace of f is closed, then the null space of f is not dense in X.

Assume that the nullspace N of f is dense in X, that is, N = X. By assumption, N
is closed so that N = N. However, this implies that N = N = X, which contradicts

the assumption that f is not identically zero.

If the nullspace of f is not dense in X, then f is bounded on a neighborhood of zero.

Suppose that the nullspace N of f is not dense in X. Then, there is a point x and
a neighborhood U of zero such that = + U does not intersect N. Because U is a
neighborhood of zero, it contains a balanced neighborhood V' of zero, that is, A\V C U,
for all scalars A with |A\| < 1. Assume f is not bounded on V. Then, there exists v € V
such that |f(v)| > |f(z)|. Choose A € F with |A] < 1 such that [A|-|f(v)] = |f(z)].
Then,

[F(@)] = Af ()] = [Af ()] = [f(2)]
Because |A| < 1, we have AV C U so that there is an element v of U with Av = u and

hence |f(z)| = |f(u)]. Without loss of generality, assume that f(u) = —f(z) because

we can take £\ as needed. Then,

0=f(z)+ flu) = flz+u)

As a result, x 4+ u is an element of the nullspace N of f, contrary to the assumption

that = + U does not intersect N. Thus, f must be bounded on V.

If f is bounded on a neighborhood of zero, then f is continuous.

Suppose that f is bounded on an open set U containing zero. Then, there is a positive
number M such that |f(z)] < M, for all + € U. Given € > 0, let A\ = 57 and

37



define V' = AU. For each = € V, there exists u € U such that x = Au. As a result,

|f(x)] = |f(Au)] = A f(u)]. Because u € U, it follows that |f(u)] < M so that
|f(z)] < AM = e. Therefore, f is continuous at zero. Since f is linear, it follows that

f is continuous at each of its points.
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Chapter 4

Metric Linear Topological Spaces

In the remaining chapters we will study linear topological spaces for which the topology
is induced by a metric. I will assume some familiarity with metric spaces throughout the
rest of the thesis. Of particular interest will be spaces with a translation-invariant metric d,
meaning that d(z,y) = d(x + z,y + z), for any points z, y, and z in X. Given a point z of

a metric space X, the e-ball centered at z will be denoted by B.(z).

4.1 Totally Bounded Sets

A subset of a metric space is said to be totally bounded if for each € > 0 the set can
be covered by finitely many e-balls. The following definition extends this concept to linear
topological spaces which are not necessarily metric spaces. In this section we show that the

two definitions are equivalent for metric linear topological spaces.

Definition. A subset B of a linear topological space X is totally bounded if for each neigh-

borhood U of zero there exists a finite set F' such that B C FF+ U.

It is clear that the set F' in the definition of a totally bounded set may be assumed to
be a subset of B. It is also clear that a subset of a totally bounded set is totally bounded.

The following theorems demonstrate other properties of totally bounded sets.
Theorem 4.1. The closure of a totally bounded set is totally bounded.

Proof. Suppose that B is a totally bounded subset of a linear topological space X, and let
U be an open neighborhood of zero. Because linear topological spaces are regular, there is a

neighborhood V' of zero such that V' C U. By assumption, there is a finite set F' such that
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B C F+V. Then, BC F +V. Since F is finite, we have F +V = F +V by Corollary 3.6.
As aresult, BC F+V C F+U. Thus, B is a totally bounded set. ]

Theorem 4.2. The image of a totally bounded set under a continuous linear map is totally

bounded.

Proof. Suppose that B is a totally bounded subset of X and 7' : X — Y is a continuous
linear map. Let V' be a neighborhood of zero in Y. For any y € T(B), there exists z € B
such that T'(z) = y. Since y + V is a neighborhood of y and T is continuous, there is an
open neighborhood U of z in X such that T(U) C y + V. Because U is a neighborhood of
x, it follows that —z + U is a neighborhood of zero. Since B is totally bounded, there is a
finite set F' such that B C F'+ (—x + U). Consequently, we have T'(B) C T'(—z+ F +U) so
that T(B) C —=T'(z) + T(F)+ T(U) by linearity of T'. Because T(U) C y+V and y = T'(z),
it follows that T'(B) C T(F')+ V. Moreover, T'(F') is finite since F is finite. Therefore, T'(B)

is totally bounded. O

Theorem 4.3. A subset of a product is totally bounded if and only if each of its projections

15 totally bounded.

Proof. Let {X, : a@ € T'} be a collection of linear topological spaces. Let ms denote the

projection map of HXQ onto X3. Suppose that B is a totally bounded subset of the
acl’
product space H Xo. Fix B €T, and let Uz be an arbitrary neighborhood of zero in Xg.
acl’
Then, H Uy, where U, = X, for a # (3, is an open neighborhood of zero in HXQ. By

ael ael
assumption, there is a finite set F' such that B C F + H U,. Then, since the projection

acl’
map g is linear,

m3(B) C 75 (F +11 Ua> = 75(F) + Us

ael’
where 75(F') is finite. Therefore, m5(B) is totally bounded.
Conversely, suppose that 7,(B) is totally bounded, for each a € I'. Without loss

of generality, we can show that B is contained in a finite translate of a (topological) basis
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element containing zero. Let H U, be a neighborhood of zero, where U, # X, for only
ael

finitely many indices, say ay,...,q,, in I'. For each a € T', U, is a neighborhood of zero

in X,. By assumption, there exists a finite set F, such that m,(B) C F, + U,. For each

a ¢ {aq,...,a,}, we can take F, = {0} since U, = X,. Let F' be the subset of HXa
a€el
defined by H F,, that is,

ael

F= {(xa) (o, € Py for j=1,... 02, =0 otherwise}

Then, F is finite since each F,, is finite. For each a € I', we have 7,(B) C F, + U,, and

therefore

Bc [[(Fa+Un)=]]Fa+]lU-=F+U

acl’ ael ael

Thus, B is totally bounded. O]
Theorem 4.4. A scalar multiple of a totally bounded set is totally bounded.

Proof. Suppose that B is a totally bounded subset of X. Clearly, 0 - B = {0} is totally
bounded. Let A be a non-zero scalar. If U is any neighborhood of zero, then A\~1U is also a
neighborhood of zero. Since B is totally bounded, there is a finite set F' = {z1,...,x,} such
that B C F+A"'U. Asaresult, A\B C A (F + A"'U) = A\F+U, where A\F = {\z1,..., \z,}

is finite. So, AB is totally bounded. O

If the metric for a linear topological space is translation-invariant, then the e-ball cen-

tered at a point is equvialent to the translate of the e-ball centered at zero.

Lemma 4.1. Suppose that X is a metric linear topological space with translation-invariant

metric d. If v € X and € > 0, then B.(z) = x + B.(0).

Proof. Suppose that = € xy + B.(0), that is, x = z + y, for some y € B.(0). Because
the metric d is translation-invariant and d(0,y) < €, we have d(xo, 29 + y) < €. Since

x = xo+y, it follows that d(xy,z) < € so that x € B.(xp). On the other hand, suppose that
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x € Be(xg), that is, d(z,z¢) < €. Because the metric is translation-invariant, d(x —x,0) < €.

Consequently, x — xy € B.(0) implies that x € xq + B.(0). ]

Theorem 4.5. Let X be a metric linear topological space with translation-invariant metric
d. A subset B of X is totally bounded if and only if for each € > 0 there is a finite covering

of B by open e-balls.

Proof. Suppose that B is a totally bounded subset of X. Given € > 0, the e-ball B(0) is an
open neighborhood of zero. By assumption, there exists a finite set F' = {xy,...,2,} such
that B C F'+ B.(0). Then, F + B.(0) = O(mz + B(0)). Because the metric is translation-
invariant, we have z; + B.(0) = B(z;), ff):rleach i € {1,...,n}, by Lemma 4.1. Therefore,
B C F+ BJ(0)C OBE(:UZ-).

Now, supposei:that for each € > 0, there is a finite covering of B by e-balls. Let U be
an open neighborhood of zero in X. Then, there exists ¢ > 0 such that B.(0) C U. By

assumption, there exists a finite set F' = {xy,...,2,} such that B C U Be(z;). Therefore,
i=1

n n

BCOBe(azi):U(ﬂcﬂrBe(O))CU(a:Z-JrU):LaniJrU:F—I—U

i=1 =1 i=1

Hence, B is totally bounded. [

4.2 Completeness

A sequence (x,) in a metric space (X,d) is said to be a Cauchy sequence if for each
e > 0 there is an integer N such that d(z,,,x,) < €, for all m,n > N. However, we can
extend this definition to linear topological spaces which are not necessarily metric spaces.
In this section we show that the two definitions are equivalent for linear topological spaces

with a translation-invariant metric.
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Definition. Let X be a linear topological space. A sequence (z,) in X is said to be a
Cauchy sequence if and only if for each neighborhood U of zero, there exists an integer N

such that z,, — x,, € U, for all m,n > N.

Theorem 4.6. Suppose that X is a metric linear topological space with translation-invariant
metric d. A sequence (x,) in X is Cauchy if and only if for each € > 0 there exists an integer

N such that d(zp,, x,) < €, for allm,n > N.

Proof. Suppose that (z,) is a Cauchy sequence. Given ¢ > 0, the e-ball B.(0) is a neigh-
borhood of zero. By assumption, there exists an integer N such that x,, — z, € B.(0), for
m,n > N. Therefore, z,, € x,, + Bc(0) = Be(z,), that is d(x,,, x,) < €, for all m,n > N.
For the converse, let U be any open neighborhood of zero. Then, there is an ¢ > 0 such that
B.(0) C U. By assumption, there exists an N such that d(x,,,x,) < €, for all m,n > N. Be-
cause the metric is translation-invariant, this implies that d(0, z,,, —2,,) < ¢, for all m,n > N.

Hence, z,, — x, € B.(0) C U, for all m,n > N. ]

Definition. A metric space X is complete if and only if every Cauchy sequence of X con-

verges to a point of X.
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Chapter 5

Normed Linear Spaces

A normed linear space has a natural topology, which is the metric topology induced
by the norm metric. First we will show that the operators on a normed linear space are
continuous with respect to the norm metric, proving that any normed linear space is a linear
topological space. Because we are now working in a metric space, we will be able to utilize

the sequence definition of continuity and the sequence lemma.

5.1 Normed Linear Spaces

A norm on a linear space can be thought of as a function that gives the length of a
vector in the space. The norm on a linear space leads to a natural metric for which the

distance between two points is the length of the vector joining them.

Definition. A norm on a linear space X is a function ||-|| : X — [0, 00) satisfying, for all

points z,y € X and for all scalars A € FF,
(a) (positive definiteness) ||z|| = 0 if and only if x = 0
(b) (homogeneity) ||Az|| = [A[]|z|
(¢) (triangle inequality) ||z +y| < [[z[| + llyl|
Theorem 5.1. The function d(z,y) = ||z — y|| is a metric for X.

Proof. Clearly, d(x,y) = || — y|| > 0 by definition of the norm. By positive definiteness of
the norm, ||z —y|| = 0 if and only if x —y = 0 if and only if x = y. Moreover, by homogeneity
of the norm,

le =yl == =2)l =[=1]-lly — 2] = lly — ]|
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So, the function d is symmetric. Lastly, the triangle inequality is satisfied since

[ =2l = lle =y +y =2l <[l =yl +ly— 2|

Therefore, d is a metric for X. n
The norm metric, defined by d(x,y) = ||x—y||, on a normed linear space X is translation-
invariant because |[(x + z) — (y + 2)|| = [[(x —y) + (z — 2)|| = ||z — y||, for all z, y, and 2

in X. Moreover, the norm metric is homogeneous, that is, d(Az, \y) = |\|d(x,y), for all =
and y in X and for any scalar A\. This follows directly from homogeneity of the norm since
Az = Ayll = [A(z = )l = [Mlllz =yl

In the following theorem, we need to show that the addition on X is a continuous
function from X x X into X and that scalar mutliplication on X is a continuous function
from F x X into X. Because the topology of X is induced by the metric d, we can give
both X x X and F x X a metric topology which is equivalent to the product topology. As
a result, a function on these metric spaces is continuous if and only if the function preserves

sequential limit points.

Theorem 5.2. The normed linear space X together with the topology induced by the norm

metric 1s a linear topological space.

Proof. Let (x,) and (y,) be convergent sequences in X with =, — z and y, — y. Given
€ > 0, choose an integer N such that ||z, —z| < g and |y, —y|| < %, for all n > N. By the
triangle inequality, for all n > N, we have

€

2

€
(@ +yn) = (@ + )| < lon — 2| + [lyn —yll < g tg=c

Hence, x,, + y, — x + y. Therefore, the addition operation on X is continuous.
Now, let (z,) be a convergent sequence in X as before, and let (\,) be a sequence

of scalars converging to a scalar A. Because the sequence (\,) of scalars converges, it is
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bounded. Let M be a positive number such that |A,| < M, for all n. Given € > 0, choose

an integer N such that ||z, — z|| < 557 and |\, — A| < 5=, for all n > N. Then, we have

2[|]|?

| Anzn — Az|| = [[Anxn — A + A — x|
< [[An(@n = 2)[| + [[(An = A)z||
= [Aal - Nl@n — 2| + [An = Al [|z]

<l G57) + (557 llall < e

Hence, A\, z, — Az. Therefore, scalar multiplication on X is a continuous function. Because
both operations are continuous according to the respective product topologies, it follows that

X is a linear topological space. O

Lemma 5.1. For all x and y in a normed linear space X,

[zl = lyll] < [l =yl

Proof. By the triangle inequality, we have ||z = ||z — v + y|| < ||z — y|| + ||y||. Subtracting

|ly|| from each side of the inequality results in the inequality ||z|| — ||y|| < ||x —y||. Similarly,
[yl = lzll < ly — =[] = [l = yl|. Therefore, because [[y[| — |[z[| = — ([[x[| = lly[]), we have
the desired inequality. O]
Lemma 5.2. If X is a normed linear space, then the norm ||-|| defined on X is uniformly

continuous (and therefore continuous).

Proof. Given € > 0, let x and y be points of X such that ||z — y|| < e. Then, we have

Izl = ly]l] < ||z —y|l < e by Lemma 5.1. Therefore, the norm is uniformly continuous. [

Because the norm ||-|| defined on a normed linear space is uniformly continuous, the
norm preserves sequential limit points. In other words, if (x,) is a sequence in X such that
T, — x, then ||x,|| — ||z|. The next theorem demonstrates that the operation of addition

on a normed linear space is also uniformly continuous.
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Theorem 5.3. The addition operation on a normed linear space X is a uniformly continuous

function from X x X into X.

Proof. Let p denote the metric defined on X x X given by

p((z1, 1), (22,92)) = [l1 — 22| + [Jy1 — 12|

The topology generated by this metric is equvialent to the product topology on X x X.
Given € > 0 and points (z1, ;) and (z2,y2) in X x X satisfying p((z1,v1), (22,y2)) < €, we

have

(21 +y1) — (22 + )| < [lor — 22| + |lyr — 22l < e

Therefore, the addition on X is a uniformly continuous function from X x X into X. O

5.2 Bounded Linear Transformations

Linear transformations are essential in the study of linear spaces, and continuous func-
tions are essential in topology. In the study of linear topological spaces, we are concerned
mostly with continuous linear transformations. So, it will be useful to determine conditions
under which linear transformations are continuous. We will see that a linear transformation
is continuous if and only if it is bounded. All linear transformations in a finite-dimensional
space are bounded and therefore continuous.

Let Lin(X) denote the collection of all linear transformations from X into itself. For

any linear transformation 7" in Lin(X), define

71 — sup IT@

= sup
a0 ||z

Notice that |T'| can also be expressed as sup ||T(x)|| or as sup ||T(x)]|.
[lzf|=1 =<1
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Ezample 5.1. The set X = C*(]0,1]) of smooth (infinitely differentiable) real-valued func-

tions defined on the unit interval [0, 1] together with the maximum norm

[flloe = max{f(z) : 0 <z <1}

is a normed linear space. Let D denote the derivative operator, that is, D(f) = f’. Consider

the sequence (™) of functions in X. Then,

D™ _ lme™ _ Inllle™]]

— — = |n| = o0
[|en]] [|en]] [|en]]

As a result, |D| is unbounded, that is, |D| = oo.

Definition. A linear transformation such that |T| < oo is said to be bounded.

Let Ling(X) denote the set of all bounded linear transformations on the linear topolog-
ical space X. Define addition and scalar multiplication on Ling(X) as follows: If 7} and T,
are bounded linear transformations on X, then 77 + T5 is the element of Ling(X) so that
(T + T3)(x) = Ti(x) + To(z), for all x € X; if T € Ling(X) and A € F is any scalar, then
AT is the element of Ling(X) so that (A\T')(z) = AT (z), for all x € X,

Theorem 5.4. The function |- | is a norm on Ling(X).

Proof. Given T' € Ling(X), we have |T| = sup ||T(z)|| > 0 because the supremum over a
llzl=1

set of non-negative numbers is non-negative. Moreover, |T'| = 0 if and only if | 7'(z)|| = 0,

for all x satisfying ||z|| = 1, if and only if T'(xz) = 0, for all x € X i.e., T is the zero map.

Now, for any scalar A,

AT| = sup [[AT)(z)]| = sup [|A-T(z)[| = sup [A[[[T(x)]| = W|Sup 1T ()| = |Al- T

[z =1 flzf|=1 flzf|=1 |z([=1
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Lastly, for any T3, T, € Ling(X), we have

Ty + To| = sup [|(Ty + T3)(x)[| = sup [[Ti(x) + Ta(x)]]

llz(|=1 [lz]|=1

< sup ([|Ti(z)|| + ||T2(2)|])

llz]l=1

< Sup 1T ()]l + Sup [T2(2)|| = [T1] + [ 13|
z||=1 z||=1

Therefore, (Ling(X), |- |) is a normed linear space. O

Since (Ling(X),|-|) is a normed linear space, it follows that the |7} — 75| defines the
norm metric on Ling(X). According to Theorem 5.2, the linear space Ling(X') together with

the norm metric forms a linear topological space. This establishes the following corollary.

Corollary 5.1. The set Ling(X) of bounded linear transformations on a normed linear space

15 a linear topological space.
Theorem 5.5. A linear transformation T is continuous if and only if T € Ling(X).

Proof. Suppose that T is a continuous linear map on X. By continuity of T" at 0, there exists
d > 0 such that || 7'(x) — T'(0)|| < 1 whenever ||z| < 0. Because T is linear, T'(0) = 0 so that
|T(z)|| < 1 whenever ||z|| < §. Let A = 2. For any point = in X satisfying ||z|| = 1, we
have ||Az|| = A||z|| = A < §. By continuity of T" at zero, ||T'(Ax)|| < 1. Because T is linear,
IT(\x)|| = |[NT(2)|| = A|T(2)||. As a result, \||T(z)| < 1 so that ||T(x)|] < A~!, for all
r € X satisfying ||z|| = 1. Therefore, |T| < A~! so that T is bounded, that is, T' € Ling(X).

Conversely suppose that T" € Ling(X). Because |T'| < oo, there is a number M > 0

satisfying ||T'(z)|| < M]z||, for each point z of X. Given € > 0, let § = For any

i
x € X that satisfies ||z]| < J, we have M||z| < e. Since T is linear, we have T'(0) = 0. By
assumption, ||T'(x)|| < M]||z||; therefore, ||x — 0]] < ¢ implies that ||T'(z) — T(0)|| <e. So, T

is continuous at zero and therefore continuous at every point of X. O
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As the next theorem states, all linear transformations on a finite-dimensional space
are bounded. As a result, the previous theorem implies that all linear transformation on a

finite-dimensional space are continuous.

Theorem 5.6. If X is finite-dimensional, then Lin(X) = Ling(X).
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Chapter 6

Hilbert Spaces

6.1 Inner Product Spaces

Normed linear spaces have nice properties, but they have even better properties when
the norm is induced by an inner product. In spaces with a norm given by an inner product,
we are able to use the Cauchy-Schwarz inequality and the Parallelogram Law. After showing
that an inner product space is a linear topological space, we turn our attention to problems

set in a Hilbert space.

Definition. Let X be a linear space over R. A inner product on X is a function (-,-) from

X x X into R that satisfies, for all x,y,z € X and for all A\, 4 € R,

(a) (x,z) >0, and (z,x) = 0 if and only if x = 0.
(b) (z,y) = (y, )

(©) Az + py, z) = Mz, 2) + u(y, 2)
In this case, X is said to be a real inner product space. We can also define a complex inner

product space by allowing the scalars A and p in the definition to be complex numbers and

by changing part (b) of the definition to

(d) (z,y) = (y,2)
where Z denotes the complex conjugate of the complex number z.
If X is an inner product space, the inner product norm on X is defined by ||z = /(z, 7).
Before we show that this does in fact define a norm on X, we will state a well-known theorem

that holds in inner product spaces. The Cauchy-Schwarz inequality will be used to show

that the inner product norm is actually a norm.
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Theorem (Cauchy-Schwarz inequality). Let X be an inner product space with inner product

(-,-). Forallz,y € X,

[z, y)[* < (@, 2) - (y,)
Moreover, equality holds if and only if x and y are linearly dependent.

We will omit the proof of the Cauchy-Scwarz inequality. Notice that the inequality can
be expressed in terms of the inner product norm. By taking the square root of each side we
obtain the inequality |(z,y)| < ||z| - |ly]|. Another useful property of inner product spaces

is the Parallelogram Law. This property will be important in a problem in the next section.

Theorem 6.1 (Parallelogram Law). Let X be an inner product space. For all x,y € X,

lz +ylI* + llz — ylI* = 2[l=]* + 2]yl

Proof. By the properties of the inner product norm, we have

x4+ yll> = (x+y,2+y) = (z,2+y) + (y,z +y)
= (z,z) + (v,y) + (y,7) + (v, 9)

= llzl* + lIyll* + 2(z, )
Similarly, ||z — y||? = [|z]|* + ||ly||* — 2(z, y). Adding together these two equations gives the
Parallelogram Law. O
Theorem 6.2. Let X be an inner product space. Then, ||z| = \/{(z,x) is a norm on X.

Proof. Clearly, ||z|| > 0 for all z € X. Moreover, |lz|| = 0 if and only if (z,z) = 0 if and

only if x = 0. Now, for any scalar A,

Izl = (A2, A @) = VN, @) = AV (@, @) = [A]- [l

52



Lastly, for all  and y in X, we have

lz+yl* = (@ +y. 2 +y) = l2I* + lyl* + (@.9) + (. )

Now, if X is a real inner product space, then (z,y) = (y,z). But, if X is a complex inner

product space, then (x,y) = (y,z). In either case, (x,y) + (y,z) < 2|(z,y)|. Now, by the

Cauchy-Scwarz inequality, we have |(z,y)| < ||z||||ly||. Thus,

2
Iz +yl1* < ll2l® + [lyll* + 2ll= iyl = (=l + [ly])

Taking the square root of both sides gives the triangle inequality. Thus, ||z| = /{(z,z)

defines a norm on X, called the inner product norm. O

Because ||z|| = y/(z, x) defines a norm on X, the metric induced by the inner product
norm is given by ||z — y|| = \/{(z — y,x — y) according to Theorem 5.1. Moreover, with this

metric the inner product space X is a linear topological space by Theorem 5.2.

Corollary 6.1. An inner product space X together with the topology induced by the inner

product norm metric is a linear topological space.

Theorem 6.3. Let X be an inner product space with inner product (-,-). The inner product

s a continuous function from X x X into R.

Proof. Suppose that (z,,) and (y,) are sequences in X with x,, — = and y,, — y. Then,

(T Yn) — (2, 9)| = (s Yn) — (T, y) + (20, y) — (2, )]
= (Tn, Yn — Y) + (T0 — 7, 9)|
< (T, Yn) | + (20 — 7, 9)]

< lzall - llyn =yl + llzn — 2 - [yl
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Because (x,,) converges there is a positive number M such that ||z,| < M, for all n.

Given € > 0, choose N € N such that ||z, — z| < a7 and lyn — yll < 53, for all n > N.

Then, for n > N,

(s yn) = (@, )] < laall - lyn — yll + lzn — 2l - |lyll <€
Hence, (z,,y,) — (z,y). Thus, the inner product is continuous. ]

6.2 Hilbert Spaces

This final section includes some problems concerning projections and orthogonality in
Hilbert spaces, including the uniqueness of the projection onto a closed and convex set.
We will also see that a Hilbert space can be written as the direct sum of a closed linear
subspace and its orthogonal complement. Lastly, we consider the relationship between a set,

the closure of its span, the orthogonal complement, and the double orthogonal complement.

Definition. A Hilbert space H is an inner product space that is complete with respect to

the inner product norm.

Theorem 6.4. Suppose that F' is a closed and convex subset of a Hilbert space H. If x € H,

then there is a unique element P(x) in F' satisfying

[ = P(z)|| = inf{||z — z[| : z € F}

The mapping P s called the projection of H on F.

Proof. Fix xy € H, and let § = inf{||zg — z|| : z € F}. If gy € F, then ||Jzg — zo|| = 0
and therefore 6 = 0. Moreover, z is unique because ||zg — z|| = 0 if and only if zy = x.
So, we can now assume that xy ¢ F. For each n € N, we can choose z,, € F satisfying
0 < |lzo — an|] < & + = otherwise,  + + would be a lower bound of {||lzg — z| : 2 € F}

that is greater than the greatest lower bound §. Without loss of generality, we can assume
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that ¢y = 0 because translation by —xy is a homeomorphism and the metric is translation-
invariant so that our assumptions are not afffected. Then, § < ||z,|| < §+ %L for each n € N,
which implies that ||z,| — J. Because H is a Hilbert space, we have the Parallelogram Law,

so that for any m,n € N,

1Zm = 2all* = 2l|zm ]| + 2l|2all® = ll2m + 2ol
or [[zm — zal* = 2lnll” + 2lan|® - 4[| =g
Now, because F'is convex and (z,) is a sequence in F', it follows that % is an element

of F, for every m,n € N. By definition of §, we have

2
> 52

T + T,
2

Ty + Tp

>0 which implies 5

So, if we replace H Lmtn H2 by 42 in the Parallelogram Law, we will be subtracting a smaller

quantity on the right-hand side so that we get the inequality
|2 — xNHQ < 2||"EM||2 + 2||5En||2 — 46°

Because ||z,,|| — ¢ and ||z,|| — 6, the right-hand side of this inequality goes to zero.
Therefore, ||z, — z,| — 0, and (z,) is a Cauchy sequence. Because H is complete and F' is
closed, x, converges to a point z* of F' satisfying ||z*|| = 0. For uniqueness, suppose there

is another point y* of F such that ||y*|| = §. Then, by the Parallelogram Law,

2

* * * * T + T,
et =y = 2| 4 22 4 |
2 2 Ty + Tn ?
=20°+20° —4||——
<46°—46°=0
Thus, z* = y* and the projection P(xy) = x* is unique. O
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Definition. Let A be a subset of a Hilbert space H. A point x in H is orthogonal to A,
written = L A, if (x,a) = 0 for every a € A. The orthogonal complement of A in ‘H, denoted
by At, is the set {z :x L A}.

Theorem 6.5. Suppose that M is a closed linear subspace of a Hilbert space H. Then,
(x — P(z),y) = 0, for each x € H and each y € M. Moreover, P(x) is the unique point of
M such that x — P(z) € M*.

Proof. Let x be a point of H, and let p denote the projection of x onto the closed, convex
set M, that is, p is the unique point of M that is closer to x than any other point of M.
Given a point y € M and a scalar A\, we have Ay € M and p— Ay € M because M is a linear

subspace of H. As a result,

lz = (0 = A)II* > [l — plI* (6.1)

By properties of the inner product norm, we have

|z — (p— M)|I> = ((z — p) + Ay, (x — p) + \y)
= |z = plII’ + Ay, x — p) + (z — p, Ay) + [|Ay]?

< o = pl* + 2Re(Xz = p,y)) + [AP[ly]*

Assuming that the underlying scalar field is R and combining the previous inequality with

inequality (6.1) gives

lz = plI* + 2X\(z = py) + APllyl* = [lz = plf?

2Mz — p,y) + [AP|ly]]* > 0

Consequently,
2Mz —p,y) = = APyl (6.2)

o6



If A > 0, then we can divide by A without affecting inequality (6.2) to get

2(z —p.y) = —Allyl*

As A — 07, we have A|Jy||*> — 0 so that (x — p,y) > 0. Now, assuming that A\ < 0, we can

divide both sides of inequality (6.2) by A, but the inequality will be reversed:

2(x — p,y) < —Al|y|”

As A — 07, we have \||y||*> = 0 so that (x — p,y) < 0. Therefore, (x — p,y) = 0. A similar
argument can be used if the scalar field is the complex numbers. Because y was chosen
arbitrarily, it follows that  —p € M*. Now, suppose that ¢ is another point of M such that

x —q € M*. For any y € M, we have

p—qy)=p-r+r—qy) =(—-qy —(x-py) =0

In particular, p — ¢ € M because M is a linear subspace. So,

lp—aql’=®P-—ap—q) =0

Hence, p — ¢ = 0 so that p = q. O

Definition. A linear space X is a direct sum of linear subspaces A and B if and only if each

element of X can be expressed uniquely as a sum of an element of A and an element of B.
Theorem 6.6. If M is a closed linear subspace of a Hilbert space H, then H = M & M*.

Proof. Given x € H, let p denote the projection of x onto the closed, convex set M. Write
x = p+ (z —p). By the previous theorem, p is the unique point of M such that z —p € M*.
Therefore, p + (r — p) is a unique expression for z as a sum of an element of M and an

element of M=*. m
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Theorem 6.7. At is a closed linear subspace of H.

Proof. First, the orthogonal complement A~ is non-empty because 0 € A+ since (0,a) = 0
for each a € A. Furthermore, for any points x and y in A+ and for any scalars A\ and j, we
have

Az + py, a) = Mz, a) + wly,a) =A-04+p-0=0

Hence, A\ + py € A+ so that A+ is a linear subspace of H.

Now, let (x,) be a sequence in AL which converges to a point x in H. Fix a point a
in A. Given a point a of A, we have (z,,a) — (zr,a) by continuity of the inner product.
Because x,, € A, for each n, we have (z,,a) = 0. Therefore, by continuity of the inner
product,

(x,a) = lim (x,,a) = 0.
n— o0

Hence, the limit z of the sequence (z,) belongs to A* so that AL is closed. Thus the

orthogonal complement of any subset of H is a closed linear subspace of H. O]
Observation. If A C B, then A+ > B*.

Proof. Suppose that A C B, and let x € B+. Then, (x,b) = 0, for all b € B. Because

A C B, it follows that (z,a) = 0, for all a € A. Hence, B+ C At ]

Theorem 6.8. The orthogonal complement A+ of A is identical with the orthogonal com-

plement of the closure of the span of A.

Proof. Let A denote the closure of the span of A. Because A C span(A) C A, we have
At ¢ AL by the previous observation. To get the other inclusion, let 2 € AL, Given y € A,
there is a sequence (y,) of points in the span of A such that y, — y. For each n, we can

express ¥, as a finite linear combination
kn,
Yn = Z )\En)agn) where )\En) € F and agn) €A

=1
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For each n € N, we have

kn kn kn,

=1 =1 =1

where <x,a(")> =0, foralli € {1,...,k,}, n €N, because z € A+. By continuity of the

i
inner product, we have

(z,y) = lim (z,y,) =0
— 00

n

So, (x,y) =0, for all y € A. Hence, x € AL. Therefore, AL = AL O
Theorem 6.9. AL is the closure of the span of A.

Proof. Let A denote the closure of the span of A. If z € A, then there is a sequence (z,) of
points in the span of A such that z,, — x. For each n, z,, can be expressed as a finite linear

combination of elements of A:
kn

Ty = Z )\gn)agn)

=1

For any y € A+ and for fixed n, we have

kn n
i=1 ]

By continuity of the inner product, we have (x,y) = nh_)n;)(:cn,w = 0. Since (x,y) = 0 for
any y € AL, it follows that 2 € AL, Hence, A C AL, On the other hand, suppose that
z € AL, Because A is a closed linear subspace of H, we have H = A@® A+. So, we can write,
z = p+ vy, where p is the unique projection of z onto A and y € A+ = AL. Consequently,

(z,y) = 0 because z € A+, Now, p € A € A+ so that (p,y) = 0. Therefore,

Iyl = (y,9) = (= = p,y) = (x,9) = (p,y) = 0
Thus, y = 0 from which it follows that 2 = p € A. Hence A = AL, O
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