TMA4145 — Linear Methods

Franz Luef



2010 Mathematics Subject Classification. Primary

ABSTRACT. These notes are for the course TMA4145 — Linear Methods at
NTNU and cover the following topics: Linear and metric spaces. Complete-
ness, Banach spaces and Banach’s fixed point theorem. Picard’s theorem.
Linear transformations. Inner product spaces, projections, and Hilbert spaces.
Orthogonal sequences and approximations. Linear functionals, dual space, and
Riesz’ representation theorem. Spectral theorem, Jordan canonical form, and
matrix decompositions.



Contents

iii






CHAPTER 1

Vector spaces and linear transformations

1.1. Vector spaces and linear transformations

Vector spaces and linear mappings between them are a useful tool for engineers,
scientists and mathematicians, aka Linear Algebra. In this chapter we review ma-
terial from linear algebra.

We restrict our discussion to complex and real vector spaces, but many results
in this section are true for general vector spaces.

Vector spaces formalize the notion of linear combinations of objects that might
be vectors in the plane, polynomials, smooth functions, sequences. Many problems
in engineering, mathematics and science are naturally formulated and solved in this
setting due to their linear nature. Vector spaces are ubiquitous for several reasons,
e.g. as linear approximation of a non-linear object, or as building blocks for more
complicated notions, such as vector bundles over topological spaces.

A set V is a vector space if it is possible to build linear combinations out of the
elements in V. More formally, on V' we have the operations of addition of vectors
and multiplication by scalars. The scalars will be taken from a field F, which is
either the real numbers R or C. In various situations F might also be a finite field
or a field different from R and C. If it is necessary we will refer to these vector
spaces as real or complex vector spaces.

Developing an understanding of these vector spaces is one of the main objectives
of this course. The axioms for a vector space specify the properties that addition
of vectors and scalar multiplication.

DEFINITION 1.1.1. A wector space over a field F is a set V' together with the
operations of addition V' x V' — V and scalar multiplication F x V' — V satisfying
the following properties:

(1) Commutativity: u+v =v+u for all u,v € V and (Apwv) = A(uwv) for all
A €T,

(2) Associativity: (u+v) +w=u+ (v+ w) for all u,v,w € V;

(3) Additive identity: There exists an element 0 € V such that 0 + v = v for

allv eV ;
(4) Additive inverse: For every v € V | there exists an element w € V such
that v +w = 0;

(5) Multiplicative identity: lv = v for all v € V
(6) Distributivity: A(u+wv) = Au+ v and (A+ p)u = Au+ pu for all u,v € V
and \,pu € F.



2 Chapter 7?7

The elements of a vector space are called vectors. Given vq,...,v, be in V and
AL, .y Ap € F we call the vector

v =A101 + -+ AU,
a linear combination.
Our focus will be on three classes of examples.

ExampLES 1.1.2. We define some useful vector spaces.

e Spaces of n-tuples: The set of tuples (z1,...,z,) of real and com-
plex numbers are vector spaces R™ and C" with respect to component-
wise addition and scalar multiplication: (z1,...,xn) + (Y1, .-, Yn) = (x1 +
Y1y ooy T+ Yn) and A(@1, ..., ) = (AZ1, .y AZy).

e The space of polynomials of degree at most n, denoted by P,,, where we
define the operations of multiplication and addition coefficient-wise: For
p(x) =ag+ a1z + -+ apa™ and ¢(x) = by + brx + - - - byz™ we define

(p+q)(x) = (ao+bo)+(a1+b1)z+: - (an+by)z™ and (Ap)(x) = Aag+Aarz+- - - Aayx™
for A e F.

The space of all polynomials P is the vector space of polynomials of arbi-
trary degrees.

e Sequence spaces: s denotes the set of sequences, ¢ the set of all conver-
gent sequences, cg the set of all convergent sequences tending to 0, ¢y the
set of all sequences with finitely many non-zero elements.

¢ Function spaces: The set of continuous functions C(I) on an interval
of R, popular choices for I are [0, 1] and R. We define addition and scalar
multiplication as follows: For f,g € C(I) and A € F

(f+9)(@) = f(z) + g(z) and (Af)(z) = Af(z).

We denote by C(™)(I) the space of n-times continuously differentiable
functions on I and the space C*°(I) of smooth functions on I is the space
of functions with infinitely many continuous derivatives. More generally,
the set F(X) of functions from a set X to F is a vector space for the
operations defined above. Note that F({1,2,...,n}) is just F™ and hence
the first class of examples.

e Spaces of matrices: Denote by M,,x,(C) the space of complex m x n
matrices. The vector space M, x,(C) is isomorphic to C™".

There are relations between the vector spaces in the aforementioned list. We
start with clarifying their inclusion properties.

DEFINITION 1.1.3. A subset W of a vector space V is called a subspace if any
linear combination of vectors of W is itself a vector in W.

If W is a subspace of V, then addition and scalar multiplication restricted to
W, gives W the structure of a vector space.

Here are some examples of vector subspaces: P, C P C F, C>®(I) c C"™(I) c
C(I), ¢y Ccop C ¢ C s. We define the linear span, spanW, of a subset M of a vector
space V to be the intersection of all subspaces of V' containing M.
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1.1.1. Spanning sets and bases. Let X be a complex vector space. Recall
that a linear combination of vectors z1,...,x, in X is a vector x € X of the form

T =011 + Qo + - -+ ApTy

for some scalars aq, ...a,, € C.

The set of all possible linear combinations of the vectors x1,...,z, in X is called
the span of 21, ..., z,,, denoted by span{xy, ..., z, }.

Recall that a set of vectors {z1, ...,z } C X is linearly independent if for all o, ...,
the equation

a1+ +apz, =0
has only ay = --- = a,, = 0 as solution. If there exists a non-trivial linear combi-
nation of the z;’s, then we call the {z1,...,x,} linearly dependent.

We often will denote the set of vectors by S and call it linearly independent without
explicitly specifying the vectors.

Here are a few elementary observations about linear independence.

LEMMA 1.1. {z1,...,2z,} C X is linearly dependent if and only if there exists a
vector, e.g. xj, that is a linear combination of the others, i.e.

sparf{xy, ..., Tj, ..., T} = span{@y, ..., Tj_1,Ljq1, . Tn }

EXAMPLE 1.1.4. {1, cosx,sin z} is linearly independent in C(R) and {1, cos z, sin , cos? x, sin® '}

is linearly dependent in C(R).

LEMMA 1.2. {21,....,2,} C X is linearly independent if and only if every x €
span{xy,...,x,} can be written uniquely as a linear combination of elements of

{z1, ..., xn}.
PROOF. (=) Assume {z1,...,2,} is linearly independent. Suppose there are
two ways to express x:
T=0a1T1+ -+ apZy
r=ajx1+ -+ alz,.
Then we have
0= (aq —a))z1+ -+ (p — al)zp.

By linear independence all these scalars have to be zero, hence the representation
is unique. Contradicting our assumption.

(<) Suppose every x € span{zi, ..., o, } can be written uniquely as a linear com-
bination of elements of {z1,...,z,}. Hence there exist unique scalars a, ..., a, for
every x € span{xy, ..., T, } such that

=121+ -+ QpTy.

In particular z = 0 is uniquely represented, hence the trivial decomposition oy =
-+ = ay, = 0is the only way to represent the zero vector. Hence the set {x1, ..., 2, }
is linearly independent. ([
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PROPOSITION 1.1.5 (Linear Dependence Lemma). Suppose {x1,...,x,} in X is
linearly dependent and assume with out loss of generality that x1 # 0. Then there
exists a vector x; for some j € {2,...,n} such that the following holds:

(1) z; € span{x1,...,xj_1},
(2) span{z1,...,Tj—1,Tj41, ..., Tn} = span{Ti, ..., Tn}.

There are two central notions in the theory of vector spaces:

DEFINITION 1.1.6. Let X be a vector space.

(1) If there exists a set S C X with span(S) = X, then we call S a spanning
set. In case that S consists of finitely many elements {1, ..., x, }, then we
say that X is finite-dimensional. Finally, if there exists no finite spanning
set for X, then we call the vector space infinite-dimensional.

(2) If there exists a linearly independent spanning set B for X, then we call
B a basis for X.

ExXAMPLE 1.1.7. (1) The space of polynomials of degree at most n is
finite-dimensional, because the set of monomials {1, z, 2%, ..., 2™} is a span-
ning set and even a basis for P,,.
(2) The space of all polynomials P is infinite dimensional.

Let us present the argument for this fact. We have to show that for any
n there is only just the trivial linear combination of monomials {x(t) =
Lx1(t) = t2,...,2,(t) = t"} that represents the zero function. We use
induction: For n = 0 we have oy = 0 if and only if « = 0.

Suppose for n we know that

apzo(t) + -+ anx,(t) =0 forallt e R
only holds for ap = @1 = -+ = a,, = 0. Then we want to show that

this is also true for n + 1. We reduce the latter case to the case n by
differentiation. Suppose that

f(t) = Oégl‘o(t) + -+ Oénllin(t) + an+1In+1(t) =0 forallteR.
Then
) =ait+---+na” )+ (n+1a,1t" =0 foralltecR.

Now the induction hypothesis implies that a; = -+ - a1 = 0 and by the

induction base we get ag = 0. Hence f(t) is identically zero. Hence the set

of monomials is a linearly independent set of P and it spans the space of

polynomials by definition. Hence it is even a basis of infinite cardinality.
(3) The space of continuous functions on the real-line, or the space of contin-

uously differentiable function, or the space of infinitely often differentiable
functions are infinite-dimensional vector spaces.

PropPoOSITION 1.1.8 (Basis Reduction Theorem). If {z1,...,x,} s a spanning
set for X, then either {x1,...,xn} is a basis for X or some x;’s can be removed
from {{x1,...,xn}} to obtain a basis.

As a consequence we get that every finite-dimensional vector space has a basis.
ProrosIiTION 1.1.9. FEvery finite-dimensional vector space has a basis.

An often used result is the following one:
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PROPOSITION 1.1.10 (Basis Extension Theorem). Let X be a finite-dimensional
vector space. Then any linearly independent subset of X can be extended to a basis.

ProrosITION 1.1.11 (Exchange Lemma). Suppose {x1,...,xm} and {y1,...,yn}
are two bases for X. Then for each i € {1,...,m} there exists some j € {1,...,n}
such that {x1,.,2;-1,Yj, Tj41..,Tm} is a basis for X.

COROLLARY 1.1.12. Any two bases of a finite-dimensional vector space have
the same number of elements.

LEMMA 1.3. Let X be a finite-dimensional vector space of dimension n. Then
any set {x1,...,xn} of n linearly independent vectors is a basis of X. In other words,
any set of vectors {x1, ...,y } with m > n is linearly dependent.

These observations motivate

DEFINITION 1.1.13. Suppose X has a basis {z1,...,2,}. Then we call the
number of elements of this basis the dimension of X, denoted by dim(X). If X is
infinite-dimensional, then we write dim(X) = oc.

ExAMPLE 1.1.14. dim(C") = n,dim(P,,) = n + 1 and dim(P) = cc.

ExaAMPLE 1.1.15. Consider the vector space Pz of polynomials of degree < 2.
For each of the following sets, determine if it is linearly independent in Ps, if it
spans P, and if it is a basis in Ps:
(1) {1 —2,1+x,2%}.
(2) {1+ 2,1+22 2 — 2%}
(1) Consider the vector equation
ci(l—2)+ca(l+2) +ezz?=0
(c1+ )+ (—c1+ceo)x+ez3x? =0.
We then get
c1+ca=0,—c1+c2=0,c3 =0,
which implies that
(&1 20702 20303 = 07
hence the set {1 —x,1 + z, 22} is linearly independent in Ps.
Moreover, being a set with 3 vectors in a vector space of dimension 3, this set
must be a basis, hence also span Ps.
(i) Note that (14z)— (1 +22) = x — 22, which shows that {1+, 1+22% 2 —2?}
is mot linearly independent in Ps, hence it cannot be a basis either.
Moreover,
span{l +x,1 + 2% x — 2%} = span{l + z, 1 + 2%},
which is a subspace of dimension 2, so it cannot be the whole space Ps, which has
dimension 3. This shows that {1 +z,1 + 22,2 — 22} does not span Ps.
LEMMA 1.4. Let Py be the vector space of real polynomials of degree at most 4.
a) Show that the sets U,V C Py defined by

U:={pePy: p(—1)=p(l) =0},
Vi={pePs: p(l)=p2)=p3) =0}

are subspaces of Py.
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b) Determine the subspace UNV.
¢) Describe bases for U, V and UNV.

PRrROOF. a) We show that U is a subspace of Py.

Let p1,....pn € U and A1,..., A\, € R,

Then pr(—1) =pp(1) =0forallk=1,...,n. k=1,...,n.

Consider the linear combination p = A1p; + ... + A\yp,. Then clearly

p(—l):Alpl(l)-i-...-l—)\npn(l):)\1-0+...)\n-020,

which shows that p(—1) = 0. Similarly, p(1) = 0.
Therefore, p € U, so U is a subspace of Py.
The same kind of argument shows that V is a subspace.
b) We clearly have

UNnV ={pePs: p(-1) =p(1) =p(2) = p(3) = 0}.

This is the set of all real polynomials of degree at most 4 with exactly 4 roots:
-1,1,2,3.

Let po := (x 4+ 1)(z — 1)(z — 2)(x — 3).

Then UNV = {Apo: A € R}.

c¢) A basis in UNV is clearly {po}, where pg is the polynomial defined above.

U consists of all real polynomials that have —1 and 1 as roots, so p € U if and
only if

p=(+1)(z—-1)q

where ¢ is a polynomial of degree at most 2.

Therefore, a basis in U is given by

{(x+1D)(x—1), (x+1)(z - Dz, (z+1)(z— 1)z*}.
Similarly, a basis for V is given by
{(z =1 —=2)(z=3), (z - 1)(z - 2)(z - 3)z}.
(Il

EXAMPLE 1.1.16 (Bernstein polynomials). Let P3 be the space of polynomials
of degree at most 3.
(1) Show that {B3(z) = (1 — 2)3,B}(z) = 3z(1 — 2)?, B3(z) = 32%(1 —
x),B3(x) = 23} is a basis for P3, known as the Bernstein basis. Since
{B}(z) : i = 0,..,3} is a basis of Ps there exist unique coefficients
Qq, ..., a3 for any f € P3 such that
f(x) = aoBi(z) + a1 B} (2) + a2 B3 (z) + a3 B3(x).
(2) On the other hand we have
f(z) = ag + a1z + axx® + aza®.
Express «; in terms of a; for ¢ = 0,...,3. In other words, how does one
convert a polynomial in monomial form to one in the Bernstein basis?

PROOF. a) We start by showing that the set is linearly independent, in other
words that

B3 + a1 B¥ 4+ auBd +a3Bi =0 = ;=0 Vi=0,...,3.

Assume that
OéoBg =+ OélBi)) + OéQB; + OZ3B§ = O
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Replacing the B}*’s with their definition, we get
ao(l —2)® + 3a12(1 — ) + 3a2*(1 — ) + azz® = 0.
By multiplying out the brackets and rearranging we get
(a3 — 3ag + 3a; — ap)x® + (3ay — 61 + 3ag)z? + (3a; — 3ag)r + apg = 0,
which means that the coefficients are all 0:

ag —3as +3a1 —ag =0
3a2—6a1+3a0:0
30&1*30(0:0

OéOZO

By repeatedly substituting from bottom and up, we get that ag = a1 = as =
a3 = 0. Hence the set is linearly independent. To show that it is a basis, it is
enough to observe that the set has 4 elements, which is the same as the dimension
of the vector space Ps.

The Bernstein basis for P, is given by {B}'}I",, where

Bl(z) = (:‘) 21— a)",
b) We have
aoBg + alBi’ + agBS’ + ang’ = asx® + a2x® + a1z + ao.
By rearranging the left-hand side as we did in a) we get
(3—3az+30; —ag)r3+(3ay—60; +3ap ) 2%+ (301 —3ap )z +g = azz®+asz?+air+ap.
Since the coefficients have to match up, we get

ag =
a; = 30[1 — 30&0
as = 3as — 6y + 3o

as = ag — 3as + 3a1 — «p,

and after solving for the «;’s we get

Qo = ag
CL1+
o =—+a
1 3 0
as 2(11
Qg =+ — +a
2 3 3 0

a3 = a3z +az +a; +ag

O

ProprosiTION 1.1.17. Let M, N be subspaces of a finite-dimensional vector
space X. Then

dim(()M + N) + dim(()M N N) = dim(M) + dim(N).
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1.1.2. Linear transformations. Let T be a linear transformation from X
to Y. Then the kernel of T is
ker(T) ={zr € X : Ta =0}
and the range of T is
ran(T) ={y €Y : y =Tz for some z € X}.

The ker(T) is a subspace of X and the ran(7) is a subspace of Y. Suppose X and
Y are finite dimensional vector spaces. Then one can construct bases for ker(7T)
and ran(T"). We call the dimension of the ker(T") the nullity of T' and the dimension
of ran(T) the rank of T.

PROPOSITION 1.1.18. Let X and Y be finite dimensional vector spaces. For a
linear mapping T : X — Y we have

dim(X) = dim(ker(T")) + dim(ran(T")).

PROOF. Idea is to use the dimension formula for the sum of vector spaces.
Let V be a n-dimensional vector space. Suppose {21, ...,zx} is a basis for ker(T).
Then there exist Zg41, ..., &, in X such that {z1, ..., 2k, ..., x, } is a basis for X. We
denote by S = span{zgt1, ..., zn}. Then by construction we have

ker(T) NS = {0}
and by the dimension formula for subspaces we have
dim(X) = dim(ker(T")) + dim(ran(7")).
Note that ran(T) = T(S) and the restriction of T' to S is injective. Hence
dim(ran(7(5))) = dim(S) = dim(ran(T")). Thus we have the desired assertion. [
We associate two linear mappings to a basis B = {x1,..,2,} of a finite-
dimensional vector space. Then each x can be uniquely expressed as
TrT=a1x1+ -+ oz,
and we define the coefficient map C' : X — C" by
aq
Cr =
an
often denoted by Cz = [z]g, and the synthesis map D : C" — X by

T=01T1 + -+ QpTy.

Next we discuss the link between matrices and linear transformations. On the one
hand a m x n matrix A defines a linear transformation from C™ to C" by Tz = Ax.

On the other hand any linear transformation on finite-dimensional vector spaces
can by represented in matrix form relative to a choice of bases.

We present the details for this assertion. Let B = {1, ...,z,} be a basis of X and
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C ={y1,...,ym} be a basis of Y. Suppose T is a linear transformation 7' : X — Y

Then B
T = Z T,
yields .
T(x) = i a;T(x;)
and thus -

[T(2)le =) ailT(zi)le.
i=1

We define a m x n matrix A which has as its j-th column [[T'(z;)]c]. Then we have
[T;L‘]c = A[w]g

The matrix A represents T' with respect to the bases B and C. Sometimes, we

denote this A sometimes by [T15.

We address now the relation between the matrix representation of T depend-
ing on the change of bases. Suppose we have two bases B = {z1,...,x,} and
R ={y1, -, yn} for X. Let x =377 | az;. Then

n
[z]r = Z QTR
j=1

Define the n x n matrix P with j-th column 77, and we call P the change of bases
matriz:

] = Plzls
and by the invertibility of P we also have

[z]g = P '[z]=.

Let now C and S be two bases for Y. Then a linear transformation 7' : X — Y has
two matrix representations:

A=[T]% and B = [T]3.
In other words we have
[Tx]c = Alz]s ,[Tz]s = Blz]r

for any x € X. Let P be the change of bases matrix of size n X n such that
[]r = P[z]g for any z € X and let @ be the invertible m x m matrix such that

[yls = Qlyle-
Hence we get that

[Tz]s = BP[z|s
and
[yls = [Tz]s = Q[T'z]c = QA[z]s
for any z € X. Hence we get that

B =QAP"—1and A=Q 'BP.
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In the case X =Y we have P = Q and we set S = Q! to get B = S~1AS. Then
the matrices A and B represent the same linear transformation 7" on V' with respect
to different bases.

These observation motivate the definition.

DEFINITION 1.1.19. Two m X n matrices A and B are called equivalent if there
exists an invertible matrix S such that B = QAP~!. Furthermore, Two n x n

matrices A and B are called equivalent if there exists an invertible matrix S such
that B = S~1AS.

Given a general n X n matrix A. Two similar matrices are “essentially the
same”. The notion of similarity is of utmost importance for linear algebra. It al-
lows one to classify matrices. We are going to show that it is possible that any
matrix is similar to an upper triangular matrix, Schur’s theorem, and with more ef-
fort to get into a special upper triangular form, the Jordan normal form. Of special
interest are matrices that are similar to diagonal matrices, which will turn out to be
the normal matrices. The final statement is often referred to as “spectral theorem”.

For a matrix A = (a;;) we define its trace to be the sum of its diagonal elements:

tr(A) =ai1+ -+ apn-
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Real numbers and its topology

2.1. Real Numbers

2.1.1. Notation. We introduce some notation:

(1) N={1,2,3,...} the set of natural numbers,

(2) Q={p/q: p,q € Z} the set of rational numbers,

(3) Z={..,—2,-1,0,1,2, ...} the set of integers.

(4) For real numbers a,b with a < b we denote by [a, b] the closed bounded
interval, and by (a,b) the open bounded interval. The length of these
bounded intervals is b — a.

2.1.2. Real numbers. The set Q of rational numbers does not contain all the
numbers one encounters in geometry or analysis, e.g. 2 —5 = 0 has no ratinonal
solution or Euler’s number e is an irrational number.

ProrosiTiON 2.1.1. The equation
> —3=0
has no solutions in Q.

PROOF. We assume by contradiction that there is a rational number r such
that 72 — 3 = 0.

We represent r as a reduced fraction. That is, we write r = % where p,q are
integers, ¢ # 0 and ged(p, ¢) = 1. We then have:

p2
=3 = 5 =3 = p°=3¢".
q

r?-3=0 = 2

The last identity says that p? is a multiple of 3. Then p itself must be a multiple
of 3 as well (why?), which means that p = 3m for some integer m.

Substituting this into the identity p? = 3¢? we get 9m? = 3¢?, which implies
3m? = ¢2, and so ¢® must be a multiple of 3. But then ¢ must also be a multiple
of 3.

Let us step back and look at what we have: we started of with a completely re-
duced fraction r = Z, assumed that 72 —3 = 0, which through a series of derivations
led to the conclusion that both p and ¢ must be multiples of 3. This contradicts
the fraction % being reduced.

Therefore, the equation 22 —3 = 0 cannot have any rational number as solution.

|

For the moment we do not introduce the set of real number R in an informal
manner. In the theory of metric spaces R is constructed as the completion of Q, as
was originally done by A. L. Cauchy.

11
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Real numbers may be realized as points on a line, the real line, where the
irrational numbers correspond to the points that are not given by rational numbers

R\Q.

The real numbers have the Archimedean property:

LEMMA 2.1 (Archimedean property). For any z,y € R there exists a natural
number n such that nx > y.

As a consequence we deduce a close relation between Q and R.

ProproOsSITION 2.1.2. For xz,y € R with x < y there exists a v € Q such that
r<r<y.

Proor. Goal: Find m,n € Z such that
(2.1) r< < Y.
n

First step: Choose the denominator of n large such that there exists an m € Z such
that z € (mT_l, ™) are separating x and y. The Archimedean property of R allows
us to a n € N with this property. More concretely, we pick n € N large enough
such that 1/n < y — x or equivalently

1
2.2 _
( ) <y o

Second step: Inequality (??) is equivalent to nx < m < ny. From the first step we
have n already chosen. Now we choose m € Z to be the smallest integer greater
than nz. In other words, we pick m € Z such that m —1 < na < m. Thus we have
m — 1 < nz, i.e. m < nz+ 1. By inequality (?7?)

1
m<nr+1<n(ly—=)+1=ny,
n

hence we have m < ny, i.e. m/n < y. Once more by (??) we have z < m/n. These
two inequalites yield the desired assertion: x < m/n < y. O

In an similiar manner one may deduce the statement for irrational numbers.

PROPOSITION 2.1.3. For z,y € R with x < y there exists a r € R\Q such that
r<r<y.

PROOF. Pick your favorite irrational number, a popular choice is v/2. Then by
the density of the rational numbers there exists a rational number r € (2/v/2,y/v/2).
Hence rv/2 € (z,%). Note that r/2 is an irrational number in (z,y) that completes
our argument. (|

The absolute value of € R, denoted by ||, is defined by

—x ifx <0,
[zl =490 ifx=0,
x if x > 0.

Note that |z| = max{x, —z}. We define the positive, T and negative part, z~ of
zeR:
r" =max{z,0}, and 2~ = max—x,0,
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so we have x = 2t — 2~ and |z| =2t + 2.
For z,y € R we measure the distance between x and y in R by

(2:3) d(z,y) = |z =y,
the standard distance. By definition of d we have d(z,y) = d(y, z).

LEMMA 2.2 (Triangle inequality). For z,y in R we have |x + y| < |z| + |y|.

ProOOF. For all € R we have < |z| and thus for z,y € R we obtain
x+y < |z +y|. By definition of |.| we also get that —x —y < |z| + |y|. Thus we
have proved the desired assertion. O

The triangle inequality has numerous consequences, such as
(2.4) 2| = lyll < [z —yl.

The triangle inequality for z = y+xz—y yields |z|—|y| < |z—y|, and the interchange
of x and y, i.e. y = x+y—x gives —(Jz| — |y|) < |x —y|. Hence we have the desired
assertion.

We introduce two crucial notions: the infimum and supremum of a set. First we
provide some preliminaries.

DEFINITION 2.1.4. Let A be a subset of R

e If there exists M € R such that a < M for all a € A, then M is an upper
bound of A. We call A bounded above.

e If there exists m € R such that m < a for all a € A, then m is a lower
bound of A.

e If there exist lower and upper bounds, then we say that A is bounded. We
call A bounded below.

DEFINITION 2.1.5 (Infimum and Supremum). Let A be a subset of R.

e If m is a lower bound of A such that m > m/ for every lower bound m/’,
then m is called the infimum of A, denoted by m = inf A. Furthermore,
if inf A € A, then we call it the minimum of A, min A.

e If M is an upper bound of A such that m’ > M for every upper bound M’,
then M is called the supremum of A, denoted by M = sup A.Furthermore,
if sup A € A, then we call it the maximum of A, max A.

Note that the infimum of a set A, as well as the supremum, are unique. The
elementary argument is left as an exercise.
If A C R is not bounded above, then we define sup A = 0o. Suppose that a subset
A of R is not bounded below, then we assign —oo as its infimum.
We state a different formulation of the notions inf A and sup A that is just a refor-
mulation of the definition.

LEMMA 2.3. Let A be a subset of R.

o Suppose A is bounded above. Then M € R is the supremum of A if and
only if the following two conditions are satisfied:
(1) For every a € A we have a < M.
(2) Given e > 0, there exists a € A such that M — e < a.

o Suppose A is bounded below. Then m € R is the infimum of A if and only
if the following two conditions are satisfied:
(1) For every a € A we have m < a.
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(2) Given e > 0, there exists a € A such that a < m + €.

LEMMA 2.4. Suppose A is a bounded subset of A. Then inf A <sup A

For ¢ € R we define the dilate of a set Aby cA:={beR: b=ca forac A}

LEMMA 2.5 (Properties). Suppose A is a subset of R.

(1)
(2)
3)

For ¢ > 0 we have sup cA = ¢ sup A and inf cA = ¢ inf A.

For ¢ < 0 we have sup cA = ¢ inf A and inf cA = ¢ sup A.

Suppose A is contained in a subset B. If sup A and sup B exist, then
sup A < sup B. In words, making a set larger, increases its supremum.
Suppose A is contained in a subset B. If inf A and inf B exist, then
inf A > inf B. In words, making a set smaller increases its infimum.
Suppose A C B are non-empty subsets of R such that x <y for allxz € A
and y € B. Then sup A < inf B.

If A and B are non-empty subsets of R, then sup(A+ B) = sup A+sup B
and inf(A 4+ B) = inf A + inf B

PRrROOF. (1) We prove that supcA = csup A for positive c. Suppose

¢>0. Then cx < M < a2 < M/c. Hence M is an upper bound of cA
if and only if M/c is an upper bound of A. Consequently, we have the
desired result.

Without loss of generaltiy we set ¢ = —1. Let a € A (we assume that
the set A is non-empty, otherwise there is nothing interesting here). Then
as a lower bound for A, inf A < a. Moreover, as an upper bound for A,
a < sup A. Using transitivity, we conclude that inf A < sup A.

We now prove the second identity. Keep in mind that the supremum
of a set is its least upper bound, while the infimum is its greatest
lower bound.

For any a € A, inf A < a, so —inf A > —a, showing that —inf A is
an upper bound for —A. Therefore, —inf A > sup(—A), which implies
’ inf A < —sup(—A) ‘

For any a € A we have —a € —A, so —a < sup(—A), which im-
plies a > —sup(—A). Therefore, —sup(—A) is a lower bound for A, so
’ —sup(—A) <inf A ‘

The two boxed inequalities prove the identity inf A = —sup(—A).
Since sup B is an upper bound of B, it is also an upper bound of A, i.e.
sup A < sup B.

Analogously to (iii).

Since x < y for all z € A and y € B, y is an upper bound of A. Hence
sup A is a lower bound of B and we have sup A < inf B.

By definition A+ B = {c¢: ¢ = a + bfor somea € A,b € B} and thus
A+ B is bounded above if and only if A and B are bounded above. Hence
sup(A + B) < oo if and only if sup A and sup B are finite. Take a € A
and b € B, then a + b < sup A + sup B. Thus sup A 4 sup B is an upper
bound of A + B:

sup(A + B) < sup A + sup B.
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The reverse direction is a little bit more involved. Let € > 0. Then there
exists @ € A and b € B such that

a>supA—¢e/2, b>supB —¢e/2.

Thus we have a+b > sup A+ sup B —¢ for every € > 0, i.e. sup(A+ B) >
sup A + sup B.
The other statements are assigned as exercises. (I

A property of utmost importance is the completeness of the real numbers.

THEOREM 2.6. Let A be a non-empty subset of R that is bounded above. Then
there exists a supremum of A. Equivalently, if A is a non-empty subset of R that
is bounded below, then A has an infimum.

We have noted above that the supremum of a bounded above set is unique. A
different form to express the completeness property of R is to consider the set of
all upper bounds of a bounded above set A and the Theorem asserts that this set
of upper bounds has a least element.

One reason for the relevance of the notions of supremum and infimum is in the
formulation of properties of functions.

DEFINITION 2.1.6. Let f be a function with domain X and range Y C R. Then
sup f =sup{f(z): z € X}, igl(ff =inf{f(z): z € X}.
X

If supy f is finite, then f is bounded from above on A, and if inf x f is finite we call
f bounded from below. A function is bounded if both the supremum and infimum
are finite.

LEMMA 2.7. Suppose that f,g: X — R and f < g, i.e. f(z) < g(z) for all
x € X. If g is bounded from above, then supx f < supyg. Assume that f is
bounded from below. Then infx f <infx g.

PRrOOF. Follows from the definitions. O

The supremum and infimum of functions do not preserve strict inequalities.
Define f,g:[0,1] = R by f(z) = z and g(x) = z + 1. Then we have f < g and

supf =1, inf f=0, supg=2, infg=1.
[0,1] (0,1] [0,1] [0,1]

Hence we have supyg 17 f > infjo 1) 9.

LEMMA 2.8. Suppose f,g are bounded functions from X to R and c a positive
constant. Then

sup(f +cg) <sup f+csupg inf(f + cg) > inf f + cinf g.
b% b% X X X X

The proof is left as an exercise. Try to convice yourself that the inequalities
are in general strict, since the functions f and g may take values close to their
suprema,/infima at different points in X.

LEMMA 2.9. Suppose f,g are bounded functions from X to R. Then

|sup f —supg| <sup|f —g|, |inff—infg| <sup|f —g]
X X X X X X
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LEMMA 2.10. Suppose f,g are bounded functions from X to R such that

|f(@) = f)l < lg(x) —g)|  for all z,y € X.
Then
. . Cinfo.
S;pf 1§1(ff < sipg 1£1(fg

Recall that a sequence (z,) of real numbers is an ordered list of numbers .,
indexed by the natural numbers. In other words, (x,) is a function f from N to R
with f(n) = x,,. Hence we may define the if a sequence (z,,) is bounded from above,
bounded from below and bounded as a special case of the above definitions, i.e. if
there eixts M € R such that z,, < M for all n € N, if there exists m € R such that
x, > m for all n € N and if there exist m, M such that m <z, < M.

We define the lim sup and lim inf of a sequence (). These notions reduce ques-
tions about the convergence of a sequence to ones about monotone sequences. We
introduce two sequences associated to (z,) by taking the supremum and infimum,
respectively of the tails of ((xg)k>n)k:

Yn =sup{zg : k>n}, z,=inf{zy: k>n}.

The sequences (y,,) and (z,) are monotone sequences, because the supremum and
infimum are taken over smaller sets for increasing n. Moreover, (y,) is monotone
decreasing and (z,) is monotone decreasing. Hence the limits of these sequences
exist:

limsup z,, := lim y, = inf (sup zy),
n—00 n—00 neN g>p
liminf z,, := lim z, = sup(inf ).
n—00 n—00 neN k=>n

We allow limsup and liminf to be 400 and —oco. Note that we have z, <y, and
so by taking the limit as n — oo

liminf z,, < limsupz,
n—oo n— oo

. We illustrate these notions with some examples.

ExAMPLES 2.1.7. Consider the sequences.
(1) (xn) = ((=1)™') has limsup x,, = 1 and liminf z,, = —1.
(2) (z,) = (n?) has limsup x,, = oo and liminf z,, = co.
(3) (zn) = (2—1/n) has limsup z,, = 2 and liminf z,, = 2.

LEMMA 2.11. Let (z,) and (y,) be sequences in R.

(1) liminf(z, + y,) > liminf ,, + liminf y,,
(2) limsup(zy, + yn) < limsup z, + lim sup y,,
(3) limsup(—x,) = —liminf z,, and liminf(—z,) = — limsup x,,.

PROOF. (1) A sequence (or a subsequence) is a function from N (or from
a subset of N) to R, so the properties of the inf and sup for functions
apply to sequences as well.

Then for every n € N we have

inf {xg +yr: k> n} >inf {xg: k> n} +inf {yg: k > n}.
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Taking the limit on both sides of the inequality we have
lim inf{zy +yr: k> n} > lim inf{xg: &k >n}+ lim inf{yx: k > n},
n—oo n—oo n—oo
which proves that liminf(z,, + y,) > liminf z,, + liminf y,,.
(2)
sup{zr +yr: k >n} <sup{ag: k >n}+sup{yr: k > n}.
Taking the limit on both sides of the inequality we have
lim sup{zg +yr: k>n} < lim sup{zx: k>n}+ lm sup{yg: k > n},
n—oo n—oo n—oo
which proves that lim sup(z, + y,) < limsup z,, + lim sup ys,.

(3) We established that for any bounded set A, we have inf A = —sup(—A).
This is the same as saying

sup(—A) = —inf A.
When applied to the set — A instead of A, this also shows that sup A =
sup(—(—A4)) = —inf(—A), so
inf(—A) = —sup A.
It is easy to see that these identities also hold when A is not bounded.

We will apply these identities to sets related to the terms of a sequence,
as follows.

limsup(—x,) = 1I;f1 sup{—xr: k> n}
=i —1i k>
( égﬁ( inf {z: k >n})
= —sup inf{zg: k > n} = —liminf z,.
n>1
(4) Similarly,

liminf(—x,) = sup inf {—zx: k > n}
n>1

=sup (—sup {ag: k > n})
n>1

= — inf sup{zk: k > n} = —limsup z,.
n>1
O

Note that for convergent sequences lim sup and lim inf are finite and equal. We
recommend to prove this property.

PROPOSITION 2.1.8. Let (z,,) be a sequence in R. Then (x,) converges if and
only if liminf,,_ o x, = limsup,,_,.. Tn-

Note that a sequence diverges to oo if and only if lim inf,, o 2, = limsup,,_, z, =
oo and that it diverges to —oo if and only if lim inf,, o @, = limsup,,_, . xn = —00.

These considerations suggests that for non-convergent seqences the difference

liminf x,, — limsup x,,
n—oo n—oo

measures the size of the oscillations in the sequene.
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A central notion in analysis is the notion of a Cauchy sequence of objects, here
we define it for real numbers.

DEFINITION 2.1.9. A sequence (x,) in R is a Cauchy sequence if for every € > 0
there exists N € N such that |z, — z,| < ¢ for all m,n > N.

A theorem of utmost importance is that every Cauchy sequence converges to a
real number.

THEOREM 2.12. A sequence (x,) converges in R if and only if it is a Cauchy
sequence.

PROOF. One direction: Suppose (z,) converges to a real number x. Then
for every € > 0 there exists N € N such that |z, —z| < ¢/2 for all n > N. Hence
by the triangle inequality we have

|zy, — 2| < |xn — 2|+ |2 — 24| for m,n > N,
i.e (z,) is a Cauchy sequence.
Other direction: Suppose that (z,) is a Cauchy sequence. Then there exists
N; € N such that |z, — 2, | <1 for all m,n > Ny, and that for n > N; we have
|Zn] < fon — 2N, |+ [on, 1] S 1428, 41]-

Hence a Cauchy sequence is bounded with |z,,| < max{|z1], ..., |zn, |, 1 + |zn 41|}
and lim sup, lim inf exist.

The aim is to show that limsup z,, = liminf x,,.

By the Cauchy property of (x,,) we have for a given € > 0 a N € N such that

Ty — €< Ty <, +e forallm>n>N.
Consequently, we have for all n > N
Tp —e <inf{z,,: m>n} and sup{x,: m>n} <z, +e.
Thus we have
sup{z,, : m>n} —e <inf{x,,: m>n}+e
and for n — oo we get that
limsupx, — e <liminfz, +¢
for arbitrary € > 0 and so
limsup x,, < liminf z,,.

O

In the proof we established that Cauchy sequences are bounded. Let us prove
it in more detail.

LEMMA 2.13. A Cauchy sequence (z,,) in R is bounded.

ProOF. The idea is that for a Cauchy sequence, all but finitely many of its
terms are near each other, hence near (any) one of them. The remaining terms will
have a maximum and a minimum, since they are finitely many. Let us formalize
this idea.

Since (x,,) is a Cauchy sequence, for say € = 1, there is N € N such that for all
n,m > N we have |z, — z,,| < 1.
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In particular, choosing m = N, for all terms n > N we have that |z, —zn| < 1.
This implies that —1 < x,, — xny < 1, from which we conclude

ey — 1<z, <zxzy+1 forall n>N.

Any finite set of numbers has a maximum and a minimum. Therefore, we can
take

M := max {z1,22,...,2y_1,2n5 + 1} and
m :=min{xy,z2,...,xny-1,25 — 1}
It is then clear that
m<ax, <M foralln>1,
proving that (z,) is bounded. O

We define the notion of a subsequence of a sequence (x,).

DEFINITION 2.1.10. Suppose (z,) is a sequence in R. Then a subsequence is a
sequence of the form (z,,) where n; <ng < -+ < x,, <--

An elementary observation is

LEMMA 2.14. FEvery subsequence of a convergent sequence converges to the limit
of the sequence.

PROOF. Suppose that () is a convergent sequence with lim z,, = z and (., )
is a subsequence. Given & > 0. There exists N € N such that |z, — z| < ¢ for all
n > N. Since np — oo as k — 00, there exists a K € N such that n; > N for
k > K, but then we have |z, — x| < e. Hence limy_,o0 Tpn, = 2. O

COROLLARY 2.1.11. If a sequence has subsequences that converge to different
limits, then the sequence diverges.

A well-known theorem due to Buolzano and Weierstrafl deduces the convergence
of a subsequence from its boundedness.

THEOREM 2.15 (Bolzano-Weierstra$). Fvery bounded sequence (z,) in R has
a convergent subsequence.

PROOF. Suppose that (x,) is a bounded sequence in R. Hence there are m
and M such that

m=infx, M =supz,.
n n

We define the closed interval Iy = [m, M] and divide it into two closed intervals
LQ, Rol
Lo=[m,(m+M)/2], Ro=][(m+ M)/2,M].

Now, at least one of the intervals Ly, Ry contains infinitely many terms of (z).
Choose I; to be the interval that contains infinitely many terms and pick n; € N
such that z,, € I;. Divide I} = L; U R;, again one of these intervals contains
infinitely many terms of (z,). Choose I5 to be one of these intervals that contains
infinitely many terms. We continue by dividing I into two closed intervals, pick
ng > ni such that x,, € Is. Continue in this manner we get a sequence of nested
intervals (Ij,) with |I},| = (M —m)/2*, and a sequence (x,, ) such that z,, € I, .
Given € > 0. Since |I;| — 0 as k — oo, there exists a K € N such that |I| < e for
all k > K. Furthermore we have |z, — xy,|¢ for j,k > K, ie. (x,,) is a Cauchy
sequence and thus converges by Theorem ?77?. ([
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The Bolzano-Weierstral Theorem does not claim that the subsequence is unique,
i.e. there might be convergent subsequences with different limits depending on the
choice of L or Ry.

THEOREM 2.16. If (z,,) is a bounded sequence in R such that every convergent
subsequence has the same limit z, then (z,) converges to x.

Proor. We will show the contrapositive statement: Suppose a bounded se-
quence does not converge to x. Then (z,,) has a convergent subsequence with limit
different from .

If (x,) does not converge to x, then there exists €9 > 0 such that |z, — 2| > &¢
for infinitely many n € N. Hence there exists a subsequence (z,,) such that
|z, — x| > g for every k € N. Note that (x,,) is a bounded sequence and so by
Bolzano-Weierstrafithere exists a convergent subsequence (atnkj ). If lim; Loy, =Y
then |z — y| > €. In other words, z is not equal to y. O

2.1.3. Topology of R. In this section we treat some basic notions of topology
for the real line. Generalizations of these notions and its manifestations in normed
spaces and general metric spaces are going to be the pillars of this course.

We generalize the notion of open intervals (a,b) and closed intervals [a, b].

DEFINITION 2.1.12 (Open sets). A subset O of R is called open if for every
x € S there exists an open interval I contained in O with = € I.

DEFINITION 2.1.13 (Closed sets). A subset C of R is called closed if the com-
plement C¢ =R\C ={zx € R: = ¢ C} is open.

Note that the interval (a,b) is an open set and [a, b] is closed. Observe further
that by definition the empty set () and R are open and closed.

PROPOSITION 2.1.14. Suppose {I;}jcs is a collection of open intervals in R
with non-empty intersection Njc 1; # 0.
(1) If J has finitely many elements, then N;cyl; is an open interval.
(2) Ujesl; is an open interval for an arbitrary index set J.

PRrROOF. We define open intervals I; = (a;,b;) for real numbers a; < b;, the
interval bounds are also allowed to be oo, and set I := Ujes1;.

(1) We pick a point z in U7_,I; and set a := max{a; : j = 1,..,n} and
b=min{b; : j =1,...,n}. If all the as are —oo, then a = —o0c, and if all
the b;’s are oo, then we have b = co.

Since a; < x < b; for j =1,...,n we get that = € (a,b). Furthermore, we
have that Njes(aj,b;) = (a,b).

(2) We choose x € NjesI;. Suppose y € Ujesl;. Then y € I; for some j € J.
Since x € I;, the interval (z,y) C I; and thus in I. Hence I is the interval
(a,b), where a = inf{a; : j € J} or —oo and b =sup{d; : j € J} or co.

O

The assumption in (i) cannot be weakend, e.g. NS ;(—1.n,1/n) = {0}. Hence
an infinite intersection of open intervals is not necessarily an open interval. We
show that the preceding statement is true for a more general class of sets, the open
sets.
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PROPOSITION 2.1.15. Let {O; : j € J} be a family of open sets of R.
(1) N%_,0; is an open set for any n € N.
(2) Ujes0; is open for a general index set J.

PROOF. (1) Weset O =n7_,0;. If z € O, then z € O; for j = 1,...,n.
Since Oj;’s are open, there are open intervals I; C O; containing x. Hence,
we have that N7_,1; C N}_,0;, the desired assertion.

(2) Let  be in Uje;O;. Then there exists some j such that € U; and thus
an open interval [; contained in U; with z € I; and consequently I; C O.

Hence O is an open set.
O

We are in the positon to introduce a notion of closedness between points, known
as neighborhoods.

DEFINITION 2.1.16. Given z € R. Then a subset U of R is called a neighborhood
of x if there exists an open subset O of R such that x € O C U.

Due to the structure of R we have that U is a neighborhood of z if and only if
there exists a § > 0 such that (z — §,z + ) C U.

DEFINITION 2.1.17. For a subset A we introduce some notions.

(1) The closure of a subset A of R, denoted by A, is the intersection of all
closed sets containg A.

(2) The interior of a subset of A of R, denoted by intA, is the union of all
open subsets of R contained in A.

(3) The boundary of a subset A of R, denoted by bd4, is the set A\intA.

Note that bdA is a closed set and that the closure of a bounded subset of R is
bounded, too.

Here are some useful facts.

LEMMA 2.17. Suppose A is a subset of R.
(1) A= (Int(A°))° and int(A) = (A°)°
(2) bdA = bd(A¢) = AN A°
(3) A= AUbrA =intAUbdA

Proor. (1) These identities are a consequence of the following general
fact: B is a closed containing A if and only if B¢ is open and B¢ C A°.
The statement about the interior of A is the first statement for A€ instead
of A.

(2) bdA = A\intA = AN (intA)¢ = AN Ac, where we used (i) in the last
step. Let us compute bdA¢: bdA¢ = Ac\intA® = AN (intA°)¢ = AcN A.
Hence we have the desired assertions.

(3) First note that intA UbdA C AUbdA C A. Furthermore we have intA U
bdA = intA U (A\A) = intA U (AN (intA)¢) = ((intA) U A) N (intA U
(intA)¢) = A.

O

LEMMA 2.18. Suppose A is a subset of R.
(1) A= {z € R: every neighborhood of x intersects A}
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(2) int(A) = {z € R: some neighborhood of x is contained in A}

(3) bd(A) = {z € R : every neighborhood of x intersects A and its complement}

PROOF. (1) We choose an open neighborhood U of x € R that does not
intersect A, i.e. A C U°. Since U° is closed, we have that A C U¢ and
from x # U° we also have that # # A. On the other hand, if x # A, then
(A)¢ is an open set containing x that is disjoint from A.

(2) Follows from (i) and the preceding proposition.
(3) Follows from (i), (ii) and the preceding proposition.
O

DEFINITION 2.1.18. Let A be a subset of R.

(1) A point x € A is isolated in A if there exists a neighborhood U of x such
that UN A = {x}.

(2) A point z € R is said to be an accumulation point of A if every neighbor-
hood of x contains points in A\{z}.

Note: Accumulation points of a set are not necessarily elements of the set. A
well-known example is A = {1/n : n € N} with 0 as accumulation point, which is
clearly not in A.

The definition of an accumulation point makes only sense for sets with infinitely
many elements.

Finally, an infinite closed set may not have accumulation points, e.g. N C R
has no accumulation points in R.

LEMMA 2.19. A point x € R is an accumulation point of A if and only if every
neighborhood of x contains infinitely many points of A.

PROOF. One direction: Suppose every neighborhood of x contains infinitely
many points of A, then x is an accumulation point of A.
Other direction: Suppose x is an accumulation point of A. For a neighborhood U
of x, we choose ny € N such that (x—1/n1,2+1/n1) C U. Take a point z; different
from z in AN (x —1/n1,2 4+ 1/n1). Now we repeat the procedure: Take ng > ny
such that x; #€ (x — 1/n2,z + 1/ng) and pick 22 € AN (x — 1/ng, x + 1/n2) with
x9 # x. We continue in this way and get a sequence of points (z,) C ANU. ]

PROPOSITION 2.1.19. Let A be a subset of R. Then A = {isolated points of A}U
{accumulation points of A}.

PROOF. Suppose z € A. Then if z € A, then either z is isolated in A or every
neighborhood of = contains points in A different from x. In the later case z is an
accumulation point of A. Now assume x € A and 2 # A. Then every neighborhood
of x has a non-trivial intersection with A, and thus z is an accumulation point of
A. In summary, we have that the closure of A is the union of the isolated points of
A with the accumulation points of A.

For the converse we note: If x is isolated, then z is definitely in A. If z is an
accumulation point of A, then z € A O

DEFINITION 2.1.20. A subset A of R is said to be dense in R if its closure is
equal to R, i.e. A =R.
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ProproOSITION 2.1.21. The set of rational numbers, Q, is dense in R.

PrOOF. For an arbitray x € R we consider a neighborhood U of z. Then we
know that U contains the interval (z — e,z + ¢) for a sufficiently small € > 0. By
an earlier result we have that there exists a rational number in (z —e,x +¢). O

We also have that the set of irrational numbers is dense in R.

The property that Q has only countably elements, but still is dense in R is a very fa-
vorable property and occurs in various other situations. We say that R is separable.

Q is a dense subset of R with empty interior and thus the boundary of @ is all
of R. The same is true for the set of irrational numbers.

2.1.4. Supplementary material.

THEOREM 2.20 (Nested Interval Theorem). Let {I;}32, be a sequence of closed
bounded intervals in R, such that I; C I;11 for all j € N. We assume in addtion
that the lengths of the intervals |I;| tends to zero. Then I := Njesl; = {2} for
some z € R.

Proor. Without loss of generality we assume I; = [a;,b;]. Then the assump-
tions yield that a; < ag < -+ < by < by and that for every € > 0 there exist a
j € N such that b; —a; <e.

We set A := {a; : j € N} and B := {b; : j € N}, note that a := sup A < oo and
b=inf B < o0, and a; < a < b; for j € N. Hence we have [a,b] = N32,[a;, ;] and
by the assumption on the shrinking of the interval lengths we get that a = b = z
for some z € R. O






CHAPTER 3

Normed spaces and innerproduct spaces

3.1. Normed spaces and innerproduct spaces

In this course vector spaces are equipped with additional structures in order
to measure the distance between elements and formulate convergence of sequences
of elements of vector spaces, or to provide quantitative and qualitative information
on operators.

3.1.1. Normed spaces. The norm on a general vector space generalizes the
notion of the length of a vector in R? and R3.

DEFINITION 3.1.1. A normed space (X, ||.||) is a vector space X together with
a function ||.|| : X — R, the norm on X, such that for all z,y € X and A € R:
(1) Positivity: 0 < ||z|| < oo and ||z|| = 0 if and only if x = 0;
(2) Homogeneity: |l = Mzl
(3) Triangle inequality: ||z + y|| < ||z|| + ||y]|-
Normed spaces have a rich structure.
PRrROPOSITION 3.1.2. Let (X, |.||) be a normed space. Then d : X x X —
R defined by d(xz,y) = ||z — y|| satisfies for all x,y,z € X (i) d(z,y) > 0 and
d(z,x) =0 if and only if v = 0 (positivity); (i) d(z,y) = d(y,x) (symmetry); (iii)
d(z,z) < d(z,y) + d(y,z) (triangle inequality).
The function d(z,y) = |Jx—y]|| on the vector space X is an example of a distance

function on X, aka as a metric. We will later discuss such distance functions on a
general set.

ProOF. The properties (i)-(iii) are direct consequences of the axioms for a
norm. In particular, (i) follows from property (1) of a norm, (ii) is derived from
property (i) of a norm for A = —1 and (iii) is deduced from property (3) of a
norm. (]

The metric d on X is also compatible with the linear structure of a vector
space:

o Translation invariance: d(x + z,y + z) = d(x,y) for all x,y,z € X;
e Homogeneity: d(Ax, \y) = |A|d(z,y) for all z,y € X and scalars A € R.

The metric d on X gives us a way to generalize intervals in R, called balls.

DEFINITION 3.1.3. For r > 0 and € X we define the open ball B,.(z) of radius
r and center z as the set

Br(z) ={y e X: |z —yll <r},
and the closed ball B, (x) of radius r and center = as
By(z)={yeX: [z -yl <r}.

25
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The translation invariance and the homogeneity imply that the ball B,.(x) is
the image of the unit ball B1(0) centered at the origin under the affine mapping

fly) =ry+w

The balls B,(z) have another peculiar feature. Namely, these are convex subsets
of X.

DEFINITION 3.1.4. Let X be a vector space.

e For two points z,y € X the interval [x,y] is the set of points {z|z =
A+ (1=XNy0<A<1}.

e A subset E of X is called convez if for any two points z,y € E the interval
[x,y] is also in E.

The notion of convexity is central to the theory of vector spaces and enters in
an intricate manner in functional analysis, numerical analysis, optimization, etc. .

LEMMA 3.1. Let (X, ]|.]]) be a normed vector space. Then the unit ball B1(0) =
{z € X|||=|| £ 1} is a convex set.

PrOOF. For z,y € B1(0) we have that |[Az+(1—N)y| < |A||lz]|+]|1-A|||ly]| =1,
because ||z||, ||y|| are both less than or equal to 1. Thus Az + (1 —\)y € B1(0). O

The real numbers with the absolute value is a normed space (R,|.|) and the
open ball B,.(x) is the open interval (z — r,z + ) and B,.(z) is the closed interval
[z —r 2z +7r]

A fundamental class of metric spaces is R™ with the #P-norms.

DEFINITION 3.1.5. For p € [1, 00) we define the ¢P-norm ||.||, on R™ by assigning
to x = (z1,..., &) € R™ the number ||z||,:
lzllp = (22| + aal? + - |zaf?) /P
. For p = 0o we define the £*°-norm ||.||oc on R by
| 2]lco = max |x1], ..., |Tn|.

The notation for ||.|« is justified by the fact that it is the limit of the ||.||,-
nOrms.

LEMMA 3.2. For x € R™ we have that
el = Tim_ [zl

Some inequalities enter the stage: Holder’s inequality and Young’s inequality.

For p € (1,00) we define its conjugate ¢ as the number such that
1 1
S4-o =1
p q
If p = 1, then we define its conjugate ¢ to be co and if p = oo then ¢ = 1.

LeMMA 3.3 (Young’s inequality). For p € (1,00) and q its conjugate we have

al bl
abg 7+77
p q

for a,b>0.
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ProoF. Consider the function f(x) = zP~! and integrate this with respect to
x from zero to a. Now take the inverse of f given by f~1(y) = y?~! and integrate
it from zero to V. Then the sum of these two integrals always exceeds the product
ab, but the integrals are a?/p and b%/q. Hence we have established the desired
inequality. (]

A consequence of Young’s inequality is Holder’s inequality.

LEMMA 3.4. Suppose p € (1,00) and x = (21,...,2,) and y = (Y1,...,Yn) are
vectors in R™. Then

‘Z%yl < (Z ‘xi‘p)l p(z |yi|q>1 q.
i=1 i=1 i=1

PROOF. Set a; = |z;|/(3 1 |z:[P)/? and b; = |yi| /(35 |yi]?)*/9. Then we
have Y. a? =1 and ), b7 = 1. By Young’s inequality

D lwillyal < QL) Py lyal e,
i=1 i=1 i=1
O

PROPOSITION 3.1.6. The space R™ with the P-norm ||.||, is a normed space for
p € [1,00].

As an exercise I propose to draw the unit balls of (R?,||.||l1), (R?,].]|2) and
(R, [|-]loo)-

PrOOF. First we show that ¢7 is a vector space for p € [1,00): For A € F and
x € P we have Az € ¢P. One has to work a little bit to see that for x,y € ¢ also
x4y el

Iz +yl3 |0 + ynl”

[eS)
n=1
[e%S)
<> [2max{|a, |, [yn|}P
n=1
[e'S)
— Y [max{lzal, )P
n=1

oo [es)
<P walP + D lynl?) = 2°(l]5 + [lyllE) < oo.
n=1 n=1

Positivity and homogeneity are consequences of the corresponding properties of the
absolute value of a real number. The triangle inequality is the non-trivial assertion
that we split up in three cases p =1, p = co and p € (1,00). Let z = (x1,...,x,)
and y = (y1, ..., yn) be points in R™.

(1) For p =1 we have
[ +yllh = lzr + o+ -+ len +ynl <zl + 1]+ A+ lon] + fyal < [zl +[lylh
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(2) For p = oo the argument is similar:
2+ ylloo = max{|z1 +v1, -.s |20 + ynl}
= max{|z1| + [ya], ..., [zn] + [ynl}
= max{lz1|, ..., |znl} + max{ly1], .., [yn]} = [|2]loc + |ylloo-

(3) The general case p € (1,00): The triangle inequality in this case is also
known as Minkowski’s inequality. We deduce it from Holder’s inequality

n
Z |z + yil”
i=1

n

I+ ylI;

<3 il (il + )

=1

n n
< D iy Ml + D e+ vl il

1=1 =1

i 1/q n 1/p n 1/p
< (Xlwrwr) (k) T+ () )

i=1 i=1 =1

= lz +ylly *Ulzllp + llyll,

Dividing by ||z + y||é/q and using 1 — 1/¢ = 1/p we arrive at Minkowski’s
inequality:
12+ yllp < [l + l[yllp-
U

ExaMPLE 3.1.7. Let C™ be the vector space of complex n-tuples. There one

also has ||.||, norms for 1 < p < oo:

n

Iz, = O )lwil?)/?, = e C

i=1
where z; € C and |z;] = (2;73)"/? denotes the modulus of ;. The sup-norm of
x € C" is defined by ||z||cc = max|z;|: i =1,...,n, where again |.| denotes the
modulus of a complex number.

A natural generalization of the normed spaces (R", ||.||,) is to replace tuples of
finite length with ones of infinite length z = (1, z2, ....) with z; € R, i.e. (R*,|.|,).
The standard notation for these normed spaces is (¢7, ||.||,,) because these are special
classes of the Lebesgue spaces LP (N, dy) for the counting measure. One often refers
to these spaces as “little LP”-spaces.

ExaMPLE 3.1.8. For 1 < p < oo the spaces (£, ||.||,) are normed spaces of
convergent sequences = (x;); such that

[2llp = l1|? + |z2f” + - -+ < oo,
and (£°°, ||.]leo) is the space of bounded sequences (z;); with respect to the norm

[#]loo = sup{|a:] : i =1,2,...}.



Normed spaces and innerproduct spaces 29

We have the following inclusions:
trcPc-re
For example (1/n),, is in 7 for p > 2, but not in ¢*.

EXERCISE 3.1.9. Suppose p,q € [1,00]. Show that for p < q the space * is a
proper subspace of £°.

Let us view these vectors of infinite length as real-valued sequences. Then
the assumption ||z||, imposes conditions on the structure of the sequences. For
example, ||z||oc = sup; |z;| is finite if and only if = is a bounded sequence, and
llzlli = Y2, || is finite if the sequence (z;) is absolutely summable. The norms
Il for 1 < p < oo describe different notions of convergence, but ||.|l does not
impose convergence but just boundedness.

PROPOSITION 3.1.10. For 1 < p < oo the spaces ({7, ||.||,) are normed spaces.

The proof of the finite-dimensional setting extends to the infinite-dimensional
setting because Holder’s inequality is valid for ¢P-norms.

LEMMA 3.5 (Holder’s inequality). For 1 < p < oo and q its conjugate indez,
x € P andy € {1 we have

o0
D laillyil < lzlpllyll-
i=1

EXAMPLE 3.1.11. Define a norm on M,, x,(C) by picking a norm on C™". For
example, ||Al| ) = (30724 37—y laij[P)/7 or [|Al|(oe) = max |ai;|. The case p = 2 is
of interest and is known as the Frobenius norm.

3.1.2. Innerproduct spaces. For vectors in R? we have the ‘dot product‘ aka
‘scalar product’ that assigns to a pair of vectors x = (21, z2,23) and y = (y1,¥y2,Y3)
the number

(x,y) = z1y1 + 2y2 + Z3Y3.

Pythagoras’ theorem gives the length of @ = (21,2, 23) as \/x? + z3 + x3. Note

that (z,x) = \/x? 4+ 23 + 3. Innerproduct spaces are a generalization of these
basic facts from Euclidean geometry to general vector spaces.

DEFINITION 3.1.12. Let X be a vector space. An innerproduct on X is a map
(.,.): X x X = F, which has the following properties:

(1) (Linearity) For vectors zi,z2,y € X and scalars A\, A2 € F we have
(AMz1 + Aoz, y) = A1 (@1,Y) + A2 (22, 9).

(2) (Symmetry) For vectors z,y € X we have (z,y) = (y,z) for F = R and
(x,y) = (y,x) for F =C.

(3) (Pomtlve deﬁmteness) For any € X we have (z,z) > 0 and (x,z) = 0 if

and only if x = 0.

We call (X, (.,.)) an innerproduct space and denote by ||z| = (z, 1:)1/2 the length
of .

We state a theorem of utmost importance about innerproduct spaces.
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THEOREM 3.6 (Cauchy-Schwarz). Suppose X is an innerproduct space. Then
for all x,y € X we have

|z | < llzllllyll-
We have | (z,y) | = ||z|||y|| if and only if x = Ay for some X\ € F.

PROOF. Suppose = # 0 otherwise the inequality is trivial. Then we consider
z = (x,y) x — (z,z) y. By the properties of an innerproduct we have
0<(2,2) = {&,9) [* (&, 2) = 2| (x,9) |* (x,2) + (&,2)" (3, 9),
hence we obtain
| @) |? (2, 2) < (x,2)" (y,y)
and after dividing through by the strictly positive number (x,z) we obtain the
Cauchy-Schwarz inequality.

We have equality if and only if z = 0, which yields that = Ay for A = (z, z) (z, y)_l.

O

As first consequence we deduce that innerproduct spaces (X, (.,.)) are normed
spaces for ||z| = (a;,x)l/Q.

PROPOSITION 3.1.13. For (X, (.,.)) the expression |z| = (x,x)1/2 defines a

norm on X.

PrOOF. Homogeneity follows from the linearity of the innerproduct. The tri-
angle inequality follows from Cauchy-Schwarz:
lz+ gl = Nz + llyll* + 2z, y) < ll=l* + lyl* + 2ll=[l[ly]],
so the right side is (||2] + ||y||)? and thus we have ||z + y|| < ||lz| + ||y O

The sequence space £2 was the first example of an innerproduct space, studied
by D. Hilbert in 1901 in his work on Fredholm operators.

EXAMPLE 3.1.14. The sequence space £? is an innerproduct space for real-
valued sequences (z;), (y;)
oo
<.’L’, y> = Z ZiYi
i=1

and -
<.’,E, y> = Z zi@
i=1

for complex-valued sequences.

1/2

The innerproduct (.,.) and its associated norm ||.|| = {.,.)"’* are related by the

polarization identity.
LEMMA 3.7 (Polarization identity). Let (X, (.,.)) be an innerproduct space with
1/2
norm ||.|| = (., .) /2,
(1) For a real innerproduct space we have (z,y) = 1(||z +y|*> — |l — y||?) for
all x,y € X.
(2) For a complex innerproduct space we have (x,y) = iZizl ||z + iFyl|2.

PrOOF. The arguments are based on the homogeneity properties of innerprod-
ucts.
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(1) ||z +(=Dky||2 = [|z]]2+||y||* + (—1)* (z,y) for k = 0,1. Adding these two
identities yields the desired polarization identity.
(2) Left as an exercise.

]

Jordan and von Neumann gave an elementary characterizations of norms that
arise from innerproducts.

THEOREM 3.8 (Jordan-von Neumann). Suppose (X, ||.||) is a complex normed
space. If the norm satisfies the parallelogram identity

lz = yll* + llz +ylI* = 2l|=[* + 2]yl forall 2,y € X,

then X is an innerproduct space for the innerproduct

4
1 & &
= ZZz |z + i*y|%.
k=1

The proof of this useful result is elementary and will be given in the supplement
to the chapter.

Innerproduct spaces are the infinite-dimensional counterparts of (R™,||.|l2) and
share many properties with these finite-dimensional spaces, in contrast to general
normed spaces such as C(I) with the sup-norm.

ExAMPLE 3.1.15. The supremums norm of C0, 1] does not come from an in-
nerproduct. Use the polarization identity to show this fact.

A way to address this issue is to change the norm. Namely, if one instead equips
C(I) with the 2-norm ||.||2 for functions, then one gets an innerproduct space.

LEMMA 3.9. Let I be an interval of R. Then the space of continuous complex-
valued functions C(I) is an innerproduct space for

- / f(@)g(@)da

for functions f € C(I) with finite norm

Ifll2 = / \f(2)2dar < oo.

PrRoOOF. We have (Af,g fl)\f x)dxf)\fl g(z)dz = \fg for X € C,
and (f,g) = [, f(z)g(z)dx = [, f(x)g(z)dz. Note that |f(x)\ is non-negative for
fec ) and that 1t is zero for those x € I with f(x) = 0. By the properties of
the integral we have shown the positivity of (., .). O

Historical note: The Cauchy-Schwarz inequality for (C(R), (.,.) is due to Karl
H. A. Schwarz in 1888 for continuous functions, and Cauchy for R™ with the Eu-
clidean innerproduct.

Innerproducts yield a generalization of the notion of orthogonality of elements.

DEFINITION 3.1.16. Two elements z,y in an innerproduct space (V,{(.,,)) are
orthogonal to each other if (z,y) =0

The theorem of Pythagoras is true for any innerproduct space (X, (.,.)).
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PROPOSITION 3.1.17 (Pythagoras’s Theorem). Let (X, {.,.)) be an innerproduct
space. For two orthogonal elements x,y € X we have
-+ gl = lz]* + llylI*.
PROOF. The argument is based on the fact that (z,z) is a norm. By assump-
tion we have (x,y) =0
=+ gl = 2> + 2Re (2, y) + [yl* = [21* + >
(|

As an example we consider some orthogonal vectors in (C([0,1]),(.,.). For
m # n we define the exponentials e,,(r) = e?™% and e, (1) = e*™*. Then

1
<€m; €n> _ / eQm’(m—n)xdx — (2m’(m _ n))—Q(eQﬂi(m—n) _ 1) = 0.
0

Note that (e,,e,) =1 for any n € Z. With the help of Kronecker’s delta function
we may express this as (em,en) = 0 n-

The theorem of Pythagoras is now at our disposal in any innerproduct spaces such
as (2.

DEFINITION 3.1.18. A set of vectors {e; };cs in an innerproduct space (X, (.,,))
is called an orthogonal family if (e;,e;) = 0 for all ¢ # j. In case that the orthogonal
family {e;}ier in V satisfies in addition |le;|| = 1 for any ¢ € I, then we refer to it
as orthonormal family.

The set of vectors {e;}ics is in general an infinite set. The exponentials
{e?™®}, ¢z is an orthonormal family in C[0, 1] with respect to (.,.), and is a system
of utmost importance, e.g. it lies at the heart of Fourier analysis or more generally
harmonic analysis.

Orthonormal families have an interesting property, known as Bessel’s inequality.

PROPOSITION 3.1.19 (Bessel’s inequality). Suppose {e;}icr is a countably infi-
nite orthonormal family in an innerproduct space (X, (.,.)). Then for any x € X

we have
Do laed) P < ).
icl
Recall that a set I is countably infinite if there exists a bijection between I and
the set of natural numbers N, e.g. the set of integers Z.

PRrROOF. It suffices to check the inequality for I = N. Consider the vector
=31 (x,e)e; for each n € N. By the orthonormality of the set {e;};c; we
have

n
0< flo—2* = lal* =Y | {z,e) |
i=1

Thus the sequence of real numbers (>°1, | (z,€;) [?) is bounded above and non-
decreasing. Therefore it has a limit

(o)
D e P < el
i=1
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The case of equality in Bessel’s inequality characterizes an important properties
of orthonormal systems and will be discussed in the chapter on Hilbert spaces.

For example Bessel’s inequality for the set of exponentials {€™"*}, ¢z in (C[0,1], (., .),)
is a statement about the Fourier coefficients of f

R 1
Fln) = / f(@)e 2w e,

then we have

STIFmR < I1f13

neZ

Therefore we will refer to ((z,e;))icr as the Fourier coefficients of x € X and of

Z (x,e:) e

icl

as the Fourier series of x.

3.1.3. Bounded operators between normed spaces. Mappings between
vector spaces are of interest in a wide range of applications. We restrict our focus
to mappings that respect the vector space structure: linear mappings aka linear
operators.

DEFINITION 3.1.20. Let X,Y be vector spaces over the same scalar field F.
Then a mapping T : X — Y is linear if

T(x+ Ay) =Tz + ATy

for all z,y € X and A € F. We denote by L(X,Y) the set of all linear operators
between X and Y.

Linear mappings are a special class of functions between two sets. Hence it has
the structure of a vector space.Here are some examples of linear mappings for the
classes of vector spaces of our interest.

(1) Linear mappings between F” and F™ are given by m X n matrices A with
entries in F, x — Ax for x € F".

(2) On the space of polynomials P,, of degree at most n we define the differen-
tiation operator Dp(x) = aiz + - --ma,z™ !, the operator p — [ p(z)dx
and the evaluation operator T'p(z) = p(0).

(3) Operators on sequence spaces: For an element of the vector space s,
a sequence = = (Z)n, we define the left shift L = (0,x0, 21, 22,...),
the right shift Rx = (x1,%2,...) and the multiplication operator T,z =
(aoxo,a121,...) for a sequence a = (ap,ay,...) € s. On the vector space of
convergent sequences ¢ we define Tz = lim,, z,, for x = (z,,) € c.

(4) Operators on function spaces: The set of continuous functions C(I) on an
interval of R, popular choices for I are [0, 1] and R. For f € C(I) we define
the integral operator f — [ k(z,y) f(y)dx for a function k defined on I x I,
the kernel of the operator, and the evaluation operator T f(z) = f(a) for
a € 1. For a differentiable continuous function f we are able to study the
differentiation operator Df(z) = f'(z).
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Norms on these spaces provide a tool to understand the properties of these mappings
via the notion of operator norm that measures the size of the measure of distortion
of z induced by T: For normed spaces (X, ||.||x), (Y,].]lv) and a linear mapping
T : X — Y we are interested in operators such that there exists a constant ¢ such
that

ITxlly <c|lz||lx forall x € X.

Often we will omit the subscripts to ease the notation. The operators with a finite ¢
are of particular relevance and are called bounded operators. We denote by B(X,Y)
the set of all bounded linear operators from X to Y.

DEFINITION 3.1.21. Let T be a linear operator between the normed spaces
(X, ]I-lx) and (Y, ||.|ly). The operator norm of T is defined by

1Ty

(241

1T} = sup{ s lellx # 03

Sometimes we denote the operator norm of T' by ||T||op.

LEMMA 3.10. For T € B(X,Y) the following quantities are all equal to the
operator norm |T|| of T':
(1) Gy =inf{ceR: | Tz|ly < c|lz]x},
(2) Oz =sup{||Tz|y : [lz]lx <1},
(3) C3 =sup{||Tzlly : [[=[x =1}.

PROOF. The argument is based on some inequalities:

(1) Cy < Cy: By definition of C; we have | Tz| < Ci||z||. Hence for all
x € B1(0) we have ||Tz| < C; and thus we have Cy < C}.

(2) C3 < Cy: For all x € By(0) we have ||Tz| < Cy. Pick an x with ||z|| = 1
and define the sequence of vectors (z, = (1 — 1/n)v), which all have
x| < 1 and hence ||Tz,| < C3 for all n € N. Taking the limit gives
|ITz|| < Cs and thus C3 < Cs.

(3) |IT)| < Cj5 : By definition of C3 we have ||Tz| < Cj5 for all « with ||| = 1.
Take an arbitrary non-zero vector z € X. Then z/|z| has unit length
and hence ||T(ﬁ)|| = % < Cs, which establishes the desired inequality
1] < Cs.

(4) We have ||Tz||||z|| < ||T|| for all z € X. Hence |[Tz|| < ||T||||z|| for all z €
X. Hence we have Cy < ||T||. Hence we have Cy < Cy < C5 < ||T|| < 4
and so the assertion is established.

O

These different expressions for the operator norm of a linear operator are el-
ementary but nonetheless useful. Before we discuss some examples we note some
properties of the operator norm.

PROPOSITION 3.1.22. For S,T € B(X,Y) we have

(1) |[I]] =1 for the identity operator I : X — X.
(2) [IAS + T\ < [MISI + [l T]| for A, p € F.
(3) Submultiplicativity: ||S o T|| < [|S|I|IIT]|-

PRrROOF. (1) By the definition of the operator norm we have ||I]| = 1.
(2) The triangle inequality for norms yields the assertion.
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(3) By definition we have
150 T|| = sup{[|STx| : ||lz| = 1} < sup{[|S|[[[ T : [lz| = 1} = [IS][[T]].
(I

PROPOSITION 3.1.23. The vector space B(X,Y) of bounded operators between
two normed spaces is a normed spaces with respect to the operator norm.

PROOF. The preceding proposition implies the homogeneity property and the
triangle inequality. The operator norm is clearly positive definite, and we have
IT]| = 0 if and only if T'= 0 because it is defined in terms of a norm on Y. fined
in terms of a norm on Y. (]

We treat some of the operators defined above.

(1) The right shift Rz = (0, zg, z1, %2, ...) has ||R]| = 1 and also the left shift
Lz = (x3,23,...) |L|| = 1 on £°°. For the multiplication operator T,z =
(aoxo,a121,...) for a sequence a = (ag,a1,...) € s we have | 15| = |la|lco
on £°°. Let us look at the right shift operator. The operator norm is given
by [|R]| = sup{|| Rz[|o : [|#[loc = 1}:

IRz]lose = 0+ |zol* + |21 + -+ = [[2lloc = [[#]]oo,

for all x € £*°, hence |R|| = 1. In a similar way one gets the norms of the
other operators.

(2) The operator norm of the integral operator Ty f(z) = f: k(z,y)f(y)dy
on Cla,b] with ||.||cc for an interval of finite length with a kernel k €
C([a,b] x [a,b]) is (b — a) |k||s. Note that

b
1T flloo = supd( / k() f)dy| : = € (0,6}

b
< sup{ / k() [|f ()ldy - € [a,8])

< ”klloollfnoo(b - a)v

so we have ||Tk flloo < [|Ellooll f|loo (b — @) for all non-zero f € Cla,b], i.e.

IT% |l < ||E|loo(b — a@). For the constant function f(z) =1 for all z € [a, b]

we get | Tx|| = 1.
Some classes of operators on a normed space X: (i) isometries on X are linear
operators T with ||Tz|| = ||z|| for all + € X, (ii) projections are linear operators
P on X satisfying P? = P. A different way is to specify norms .||, and |.||s on
C™ and C™, respectively. Then these norms induce a norm on M, x,(C), known
as the induced norm. From a general perspective that is the operator norm of the
induced linear transformation.

ExaMPLE 3.1.24. Let A : C™ — C™ be a linear operator given by a matrix
A = (a;j) and we put on both spaces the 1-norm. Let A = (a1|---|an). Then
|Allop = max1 < j < nfla,||1, i.e. it is the maximum column sum.
We have Az = Y_""_, a;jz; and thus

Jj=1

n
[4llp = 1Al < 3 lassllay] < ey max a1
j=1
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Hence max |, =1 [|Az(1 < max; [Ja;|1.
Let e; be the jth standard basis vector for C™. Then ||A|op, = max; ||a;||;.



CHAPTER 4

Banach spaces and Hilbert spaces

4.1. Banach spaces and Hilbert spaces

We extend the topological notions introduced for the real line to general normed
spaces and we focus on completeness in this section. Complete normed spaces
are nowadays called Banach spaces, after the numerous seminal contributions of
the Polish mathematician Stefan Banach to these objects. The class of complete
innerproduct spaces are named after David Hilbert, who introduced the sequence
space £2. His students made numerous contributions to the theory of innerproduct
spaces, e.g. Erhard Schmidt, Hermann Weyl, Otto Toeplitz,... .

4.1.1. Completeness. We start with the generalization of open and closed
intervals in R to general normed spaces.

DEFINITION 4.1.1. Let (X, ].]|) be normed space.

(1) By(z) ={y € X : |ly — z|| < r} denotes the open ball of radius r around
a point x € X.

(2) B.(z) ={y€ X : |ly— x| <r} denotes the closed ball of radius r around
a point z € X.

For the sequence spaces P open balls B, (z) around xz = (x}) are all sequences
y = (yx) € ¢P with ||z — y|| < r. In the setting of (C(I),||.||) the ball B.(f) are all
continuous functions g that are in an e-strip of f.

Here are the the notions of a convergent sequence and Cauchy sequence in a
normed space.

DEFINITION 4.1.2. Let (X, ||.||) be a normed space.

(1) A sequence (xp)ren converges to z € X if for a given € > 0 there exists a
N such that || — x| < e for k> N.

(2) A sequence (xp)ren is a Cauchy sequence if for any £ > 0 there exists a
N such that ||z, — z,|| < e for all m,n > N.

This notion of sequences is a natural generalization of the one for real and
complex numbers. Note that the elements of the sequences are vectors in a normed
space. For example, a sequence in ¢? is a sequence where the elements themselves
are also sequences. The difference between the the normed space Q and the real
numbers R viewed as normed space is that not all Cauchy sequences in Q converge
to a rational number but that is the case for R.

DEFINITION 4.1.3. A normed space (X, ||.||) is called complete if every Cauchy
sequence (zy) in X has a limit x belonging to X. Moreover, a complete normed
space is referred to as Banach space and a complete innerproduct space is known
as Hilbert space.

37
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Let us start with an elementary observation that is a straightforward conse-
quence of the definitions.

LEMMA 4.1. A subspace M of a Banach space is complete if and only if M is
closed.

THEOREM 4.2. For p € [1,00] the normed space (R™, ||.]|,) is complete.

The infinite-dimensional counterpart of the previous is also true, but its proof
is more intricate.

THEOREM 4.3. For p € [1,00] the normed spaces (P, ||.||,) are complete.

PROOF. We show the completeness of ¢! and that of >, since the arguments
for 1 < p < oo are analogous to the ones for £! and the case of £>° requires a slightly
different reasoning. We discuss the case of real-valued sequences.

(1) Completeness of £*: The argument is split into three steps.
Step 1: Find a candidate for the limit. Let (x,), be a Cauchy sequence

in ¢'. We denote the n-th element of the sequence by z,, = (x(ln), é"), ).

Note that |x§m) - xgn)\ < ||m — znll1, so the first coordinates (acgn))n
are a Cauchy sequence of real numbers and hence converge to some real
number z;. Similarly, the other coordinates converge: z; = lim,,_,o0 z§7l).
Hence our candidate for the limit of (x,,) is the sequence z = (21, 22, ...).
Step 2: Show that z is in £*. We have that

N N N

> lzl =D timlfaf] = lim Yy [,

j=1 j=1 j=1
where the interchange of the limit with the sum of a finite number of real
numbers is no problem. Since Cauchy sequences are bounded, there is a

constant C' > 0 such that ||z, ||; < C for all n. Thus for any N

N o
31 < 3 2] = llzally < C.
Jj=1 j=1

Letting n — oo we find that
N
S Lzl <l < €
j=1

for arbitrary N. Hence we have z € (1.

Step 3: Show the convergence. We want to prove that ||z, — z||1 — 0 for
n — OQ.

Given € > 0, pick Ny so that if m,n > Nj then ||z,, — x,||1 < e. Hence
for any fixed N and m,n > N7, we find

N 00
Sl =<3 ™ — 2] = an —amll <=
j=1 j=1

Fix n > N; and N, let m — oo to obtain

N
> lef” =l =l o o7 <

j=1
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Since this is true for all N we have demonstrated that
lzn — 2|1 <e.

That is our desired conclusion.

(2) Completeness of £>°: The argument is split into three steps.
Step 1: Find a candidate for the limit. Let (x,,), be a Cauchy sequence in
£>°. We denote the n-th element of the sequence by z,, = (xgn), acén), )
Note that \x,gm) - x,(g”)| < ||Tm — Tnlloe for all k& and all m,n > N, so
the k-th coordinates (z,(cn))n are a Cauchy sequence of real numbers and
hence converge to some real number z;. Similarly, the other coordinates
converge: 2, = lim,;, o ac](cn) / Hence our candidate for the limit of (z,,) is
the sequence z = (z1, 22, ...).
Step 2: Show that Z is in £>°. We have that

sup{|z;|:j=1,..,N} = sup{lirrln |x§")\j =1,..,N} = liTan{sup |x§n) l7=1,..,N},

where the interchange of the limit with the sum of a finite number of real
numbers is no problem. Since Cauchy sequences are bounded, there is a
constant C' > 0 such that ||z, ||; < C for all n. Thus for any N

1im{sup|a?§-")|j =1,., N} <|lzn|leo < C.
n

Thus we find that ||z,]/c < C, i.e. we have z € £>°.

Step 3: Show the convergence. We want to prove that ||x, — 2|l — 0 for
n — 0.

Given £ > 0, pick Ny so that if m,n > Ny then

o) — et <l — 2l < €
for all k. Taking limits as m — oo we have
o — | < &
Taking supremum in k, we obtain
Sl;p |z — 2z < e

for all n > Ny, ie. ||z — 2]lo < € for all n > N. Consequently we have
that z,, converges to z in (£, ||.||0)-

O

The completeness of the space of function spaces for a closed and bounded
interval is of utmost importance in many arguments.

THEOREM 4.4. For a finite interval [a,b] the normed space Cla,b] with respect
to the sup-norm ||.|| is complete.

For the proof we have to discuss notions of convergence for sequences of func-
tions. Observe that the || f —g||co-norm measures the distance between two functions
by looking at the point they are the furthest apart.

LEMMA 4.5. For f, g € C|a,b] we have that sup{|f(x)—g(z)|x € [a,b]} is finite,
and there is a y € [a,b] such that ds(f, g) = sup{|f(z) — g(x)|z € [a, b]}.
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PROOF. We show that d(z) = |f(x) — g(x)] is continuous on [a, b] and thus by
the Extreme Value Theorem the assertion follows. The continuity of d is deduced
from

|d(z) — d(y)| < [If(2) = g(@)] = [f(¥) —9WII < [f (@) = FW)] + l9(y) — g(2)|.
Since f and g are continuous at x there is for any given ¢ > 0 a § > 0 such that
|f(z) — f(y)] <e/2 and |g(z) — g(y)| < €/2 for |x — y| < §. Hence

|d(z) —d(y)| < [f(x) = FW) +19(y) —g(z)| <e/2+e/2=¢
for all y € [a,b] with |z — y| < 0. Consequently d is continuous. O

DEFINITION 4.1.4. Let (f,,) be a sequence of functions on a set X.

e We say that (f,) converges pointwise to a limit function f if for a given
€ > 0 and x € X there exists an N so that

|fn(z) — f(z)] <e foralln > N.

o We say that converges uniformly to a limit function f if for a given € > 0
there exists an N so that

|fn(z) — f(z)] <e foralln>N
holds for all z € X.

There is a substantial difference between these two definitions. In pointwise
convergence, one might have to choose a different N for each point € X. In the
case of uniform convergence there is an N that holds for all x € X. Note that
uniform convergence implies pointwise convergence. If one draws the graphs of a
uniformly convergent sequence, then one realizes that the definition amounts for a
given € > 0 to have a N so that the graphs of all the f,, for n > N, lie in an e-band
about the graph of f. In other words, the f,’s get uniformly close to f. Hence
uniform convergence means that the maximal distance between f and f, goes to
zero. We prove this assertion in the next proposition.

PROPOSITION 4.1.5. Let (f,) be a sequence of continuous functions on [a,b].
Then the following are equivalent:

(1) (fn) converges uniformly to f.
(2) sup{|fn(x) — f(¥)|: = € [a,b]} = 0 as n — oc.

PROOF. Assertion (i) = (ii): Assume that (f,) converges uniformly to f.
Then for any € > 0 there exists a N such that |f,(z) — f(z)| < € for all z € [a, ]
and all n > N. Hence sup{|f.(z) — f(y)| : = € [a,b]} <& for all n > N. Since this
holds for all £ > 0, we have demonstrated that sup{|f.(z) — f(v)| : = € [a,b]} = 0
for n — oo.

Assertion (i1) = (i): Assume that sup{|f.(z) — f(y)| : = € [a,b]} — 0 for n — occ.
Given an £ > 0, there is a N such that sup{|f.(z) — f(y)| : = € [a,b]} < ¢ for all
n > N. Thus we have |f,(x) — f(y)| < e for all z € [a,b] and all n > N, ie. (fn)
converges uniformly to f. O

A reformulation of this result is that a sequence converges in (Cla, b], ||.||0) to
f is equivalent to the uniform convergence of (f,,) to f.

PROPOSITION 4.1.6. A sequence (f,) converges to f in in (Cla,b], ||.||leo) if and
only if (fn) converges uniformly to f.
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Uniform convergence has an important property.

THEOREM 4.6. Let (f,) be a uniformly convergent sequence in C(I) with limit
f. Then the limit function f is continuous on I.

PRrROOF. Let y € I and € > 0 be given. By the uniform convergence of f, — f,
there exists an N such that n > N implies that

|fn(x) — f(z)] <e/3 forallzel.

The continuity of fy implies that there exists a § > 0 such that
[fn(@) = f(y)l <e/3 for [z —y| < 6.

We want to show that f is continuous. For all « such that | —y| < § we have that

|f (@) = f)l < 1f (@) = fn (@) + v (@) = v+ v (y) — F(o)]
<e/3+¢e/3+¢/3=c.

O

Convergence of a sequence in (Cla,b], ||.||s) to f € Cla,b] is equivalent to uni-
form convergence of the sequence to f.

Finally we are in the position to prove our main theorem on continuous functions:
Completeness of (Cla, b], ||-|loo)-

PROOF. Assume that (f,) is a Cauchy sequence in (Cfa,bl,||.]|co). Then we
have to show that there exists a function f € Cla,b] that has (f,) as its limit.
Fix z € [a,b] and note that |f,(x) — fim(2)| < ||fn — fmlleo- Since (f) is a Cauchy
sequence (fy,(x)) is a Cauchy sequence in R. Since R is complete, (f,,(x)) converges
to a point f(z) in R. In other words, f,, — f pointwise.
Next we show that f € Cla,b]. Since (f,) is a Cauchy sequence, we have for
any € > 0 a N such that ||f, — fm|| < €/2 for all m,n > N. Hence we have
| fn(x) — fm(2)] < /2 for all x € [a,b] and for all m,n > N. Letting m — oo yields
for all z € [a,b] and all n > N:

Fa(@) = F(@)| = T [fu(e) — fu(@)] < /2 <.

Consequently, f,, — f converges uniformly. Now by the preceding proposition
f is a continuous function on [a,b]. In other words, we have established that
(Cla,b], ||-lleo) is a Banach space. O

THEOREM 4.7. The normed space of bounded operators (B(X,Y), ||.|lop) ts com-
plete if and only if Y is a Banach space.

The Banach space (B(X,C),|.lop) is known as the dual space of X, denoted
by X', and its elements are refer to as functionals on X.

Proor. Let (T;,) be a Cauchy sequence in B(X,Y), so for any € > 0 there
exists a N € N such that for all m,n > N we have ||T,, — T,||op < €. Hence for any
x € X we have

(T = To)zlly < (1T — Tallopllzllx < el x.
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Hence for all © € X the sequence (T,x) is a Cauchy sequence in Y. Since Y is a
Banach space, it has a limit denoted by Tz, and thus we define Tx = lim,, o, Ty, x.
The limit operator T is linear and bounded.

ITz|ly < sup || Thzlly < |lzllx sup [|Tnop,
n n

and thus we have ||T||op < sup,, [T |lop, i-6. T € B(X,Y).
We show that ||T,, — T'|jop — 0. We assume otherwise that |7, — T'||op does not
converge to 0. Then there exists an € > 0 and a subsequence (T}, ) of (T,) such
that

T —T|lop > € for all k.

Consequently, for every k there exists a zj € X with ||xx|| = 1 and

[T (k) = Ton (1) = €.
By assumption (T},) is a Cauchy sequence, so one can choose a Ny such that for all
m,ni > Ny we have

[T (k) = Ton (1) || < /2
and this gives

€ ST, (k) = T(@e)lly < 1T, (@r) = Ton(@i)lly + 1T () = T (k) lly-

Hence for all m > Ny we have

[T (k) = T(i)lly = €/2.
That is a contradiction to the definition of T, thus we have T,,, (zx) — T'(zx) — 0 in
(BX,Y), [|-llop)- O

4.1.2. Equivalent norms. On a vector space X one may define different
norms. We describe a way to compare these norms that respects basic properties,
e.g. convergent sequences.

DEFINITION 4.1.7. Given a vector space X. Two metrics ||.||, and || — ||p are
called equivalent if there exist (positive) constants C1, Co such that

Cillzlla < llzlls < Collz]la for all z € X.

LEMMA 4.8. Given three norms ||.||a,|-|ls and |.||c on X. Suppose |.|ls and
Ille are equivalent and ||.||y and ||.|lc. Then ||.||la and ||.||» are equivalent norms.

PROOF. We have constants C1, Co, C], C4 such that
Cillzlle < llzlla < Callfle
and
Cillzlle < llzlls < Call]le.
Hence ||z||. < C;*||z|lo and thus
lzlls < C3C7 |la
which by the second set of inequalities gives
lzlls < C3CT " [|la-
In a similar way, we use
C105 |zlla < Ol

to obtain
C1C5 s < |zl
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and thus ||z||, and |z||, are equivalent
C165 Yzlla < Jllls < C307 |12 la-
(Il

PROPOSITION 4.1.8. Suppose ||.||la and || — ||p are equivalent metrics on X. If
a sequence (x,) converges with respect to the ||.||o, then it converges with respect to

I-llo-
PROOF. Suppose lim ||z, — z||, = 0. Then we have

Cillzn —zlla < flzn — zllp < Collzn — 20

and hence lim ||z,, — x|, = 0. O

LEMMA 4.9. Suppose ||.|o and || — ||» are equivalent metrics on X. Then
(X, ||-lla) and (X, ].||») are both Banach spaces or the two normed spaces are in-
complete.

On a finite-dimensional vector space X all norms are equivalent. Since any real
finite-dimensional vector space X is isomorphic to R™ (after a choose of basis and
using the coefficient mapping and synthesis mapping as isomorphism) we just have
to show this statement for R™.

THEOREM 4.10. All norms on R™ are equivalent.

PRrROOF. By Lemma ?7? it suffices to show a norm ||.|| on R™ is equivalent to a
fixed norm. We fix the |.|[; on R™. Suppose e, ..., e, is a basis for R”. Then any
x € R™ has a unique expansion

Xr = Z a;€;
i=1

and its 1-norm is defined by

n

Izl = llasl.

i=1
The proof may be broken up into four steps. Step 1 is the reduction of the general
case to the situation that we have to show that ||.|| is equivalent to ||.||y. Step 2 is

the elementary observation that it suffices to check the desired assertion
Crllzlly < [lz]l < Collzlx

not for all x € X but just for elements in the unit ball of ||.||;. Namely, the
preceding inequalities are true for x = 0. Let us assume x # 0. Then we can divide
the inequalities by ||z||1:

Cr <|lz/|z]h]l < Co.

Since the elements we have to check our inequalities are now in By (0) defined by
the ||.||1-

The next step paves the way to make the problem accessible to methods from
analysis. Step 4: ||.|| is continuous under ||.||;. Explicitly, we have to show that
for a given € > 0 there exists a ¢ > 0 such that ||z — 2’|y < ¢ implies that
[z|| = l2"|| | < ep. We know that

[zl = N2 < [l = 2”]].
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Let us relate the ||.|| with [|.||;. We represent z and z’ with respect to the basis

{617"'76n}:
n n
x = E a;e; and x’ = E aie;.
i=1 i=1

The triangle inequality implies
n

o = < D la — allledl < (maxec) e — o'l
i=1
Choose § = £/ max; ||e;]|. Then we get the desired statement: If ||z —2’||; < §, then
Hizl = 12"l | < llz = 2']le.
The final step is to use the the Extreme Value Theorem for the continuous function
Il on R™ and note that the set {x € X : ||z|]|; = 1} is closed and bounded. Then
I]| has to achieve its minimum and maximum on the unit ball for the 1-norm:
Cy = max{||z| : ||z|1 =1} and Cs:=min{||z| : ||z =1}
By definition we have Cy > C7 and hence
Cr < |lz| < Cs
for x € X with ||z]; = 1. O

In the infinite-dimensional setting one has norms on vector spaces that are
not equivalent. Let us take the space of continuous functions C[0,1] and com-
plete it with respect to ||.||2 and ||.||coc. Then you have seen in the exercises that
(C[0,1], ]|-|l2) is not complete, but (C[0, 1],]|.]/s) is & Banach space.

A consequence of the equivalence of norms on R™ is that a sequence in R™ converges
in norm if and only if converges coordinate-wise.

PROPOSITION 4.1.9. Let ||.|| be a norm on R", and (x;) a sequence in R™.
Then ||z; — || — 0 if and only z'fx;z) -z fori=1,..,n.

PROOF. (<) Since all norms are equivalent we are allowed to pick a norm most

appropriate for our problem. We pick the sup-norm.
(1) (n))

Suppose lim; [|z; — z|| = 0. Denote the components of z; by z; = (z;”, ..., x;

Then xg»i) converges to () for i =1,...,n.
(0
J

Then [lz; — x|y = 3°7_, |x§l) — 2] = 0. O

(=) For this direction we use the 1-norm. Suppose z’ — z(® for i = 1,...,n.

4.1.3. Banach’s Fixed Point Theorem aka Contraction Mapping The-
orem. In 1922 Banach established a theorem on the convergence of iterations of
contractions that has become a powerful tool in applied and pure mathematics.
Suppose we have a bounded operator T acting on a normed space X. Take a
point xg in X and build the sequence of iterates xg,z1 = Txg,z0 = Tx; =
T?xq,...,xpn41 = Tx,. The basic question is about the existence of the limit of
this sequence z = lim,, ,, = lim,, T"x¢. The limit = of the iterates (x,) is a fixed
point of the continuous map 7"

T(x) =T(limz,) =lmT(z,) =limz,+; =limz, = z.
n n n
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A mapping on a normed space X is called a contraction if there exists a 0jKjl such
that

[Tz —Tyl| < K|z —yl| 2,yeX.

EXAMPLE 4.1.10. Let T be a bounded linear operator on a normed space X.
If |T|| < 1, then T is a contraction on X. By assumption we have | Tz — T2'|| =
[T(z =) < [ T][[(|lz — 2") < ||z — 2[| for all z,2" € X.

THEOREM 4.11 (Banach Fixed Point). Let M be a closed subspace of a Banach
space X. Any contraction f on M has a unique fized point T and the fized point is
the limit of every sequence genmerated from an arbitrary nonzero point xo € M by
iteration (xy,)n, where p41 = f(xy) forn > 1.

REMARK 4.1.11. Open and closed sets are defined in the following section.

PROOF. Let zp € M be arbitrary. Define z,1 = f(z,) for n = 1,2,... . By
the contractivity of 7" we have
lzn — zn—1ll = [ f(Tn-1) = f(@n-2)|| < K|Zn—1 — Tp_2|

and iterations yields
Hxn - l“n—1|| < Kn_lllxn—l - xn—2||-

The existence of a fixed point is based on the completeness of M. Hence we proceed
to show that (x,,), is a Cauchy sequence. Let m,n be greater than N and we choose
m > n. Then by the preceding inequality and the triangle inequality we have

me - an S Hx’rn - x’rn—l” + Hx'rn—l - xm—2|| + -+ ||xn+1 - an
S (K™ KM 4 K| — |
S (KN + KN+1 + - )Hl‘l - l‘QH
= KN - K) Y2, — a0
Since 0 < K < 1, limy K~ = 0 and thus (z,,) is a Cauchy sequence. Consequently,
(zn,) converges to a point & by the completeness of X. Furthermore Z is a fixed
point by the contractivity of T'.
Uniqueness: Suppose there is another fixed point § of T. Then ||z — g|| = || TZ —

Ty|| < K|z — g|| and ||z — g|| > 0. Thus we deduce that K > 1 which is a
contradiction to the contractivity of 7T'. O

Two well-known applications are Newton’s method for finding roots of general
equations and the theorem of Picard-Lindelof on the existence of solutions of ordi-
nary differential equations.

Newton’s method:

How does one compute /3 up to a certain precision, i.e. we are interested in
error estimates? Idea: Formulate it in the form 2% —3 = 0 and try to use a method
that allows to compute zeros of general equations.

Newton came up with a method to solve g(z) = 0 for a differentiable function
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g: I —R.
Suppose z( is an approximate solution or starting point. Define recursively

9(wn)

=x, — for n > 0.
Tn+1 = Tn g,(mn) rn =

Then (z,) converges to a solution Z, provided certain assumptions on g hold.
If x,, — &, then by continuity of g we get g(Z) = 0.

When does Netwon’s method lead to a convergent sequence of iterates? Idea:
Apply Banach’s Fixed Point Theorem.
Set f(z) ==z — gg,((g;)). Then given zg € I and z,, 11 = @, — gg,(é”;)) = f(z,). More-
over, f(z) = & if and only if ¢(Z) = 0.

Let us restrict our discussion to the computation of v/3. The Banach space X
is the space of real numbers R and g(z) = 22 — 3, so

x2—371 3

flz) =2 — oy §(x+;)

on [v3,00) — [v/3,00). Note that [v/3,00) is a closed set of R containing v/3.
For z > 0 we have $(z + 3/z) > \/3z/z = /3. Compute f’ and note that a
differentiable function f : I — R with a bounded derivative is Lipschitz continuous
with constant L (Homework):

1 3
/
- (1-=
fla)= 20— 2
and note that it’s range is contained in [0, 1/2] for x > /3. Hence we have L = 1/2
and by Banach’s Fixed Point Theorem 1 (z, + -3) — /3.

2 Tn
Let’s pick ¢ = 2 and thus 21 = 7/4 and so |z; — z¢| = 1/4. Furthermore, we have

(1/2)" 111
n— V3| < Cwl= 2=
& \f|—1f1/2|371 ol = 9021 = gam

Hence )
For n = 4, we have |z, — /3| < 1/1024 < 0.001.

Existence and uniqueness of solutions of an ordinary differential equa-
tion (ODE) — Picard-Lindel6f Theorem.

Consider the following general initial value problem:

d
(4.1) (1) = ch = f(t,z) and z(to) = o
for a function f: A C R? — R with ¢, € I.

DEFINITION 4.1.12. Let I be an interval and ¢y € I. A differentiable function
x: I — R is a solution of the IVP (??) if for all t € R we have 2/(t) = f(t, z(t))
and z(tg) = xo.

We say that the IVP has a local solution if there exists a § > 0 such that (??)
has a solution x on (z¢ — d,29 + 0)
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EXAMPLE 4.1.13. The IVP 2/(t) = rz, 2(0) = A has as solution z(t) = Ae"
on R.

Now we can state the theorem of Picard-Lindelof and in its proof we will also
show how to construct approximately a solution to IVPs.

THEOREM 4.12 (Picard-Lindelof). Consider the initial value problem:

(4.2) 2 (t) = Z—f = f(t,x) and z(ty) = x),

where f: U XV — R is a function, U,V are intervals with tg in the interior of U
and xq in the interior of V.
Assume that f is continuous and uniformly Lipschitz in x:

lf(t,x) — f(t,2")| < Llz — 2’| forallt € U,xz,a’ € V.
Then the IVP has a unique local solution.

PrOOF. We start with a more precise formulation of the assumptions on f.

We have that f is a continuous function defined f : U x V' — R on the inter-
vals U = [to — a,to + a], V = [xg — b,z + b] for a,b > 0, such that

lf(t,2) — f(t,2")| < Llz — 2’| forallte U,z,2' €V.

The assumptions on f imply that it is bounded, i.e. there exists a M > 0 such that
|f(t,z)| < M for all (¢t,z) € U x V. Hence, the theorem of Picard-Lindel6f asserts
that for 6 < mina,1/L,b/M the IVP has a solution on [ty — §, %o + J].

A key step in the proof is the reformulation of the theorem in terms of an integral
equation.

LEMMA 4.13. The IVP has a solution if and only if
t
z(t)y=z0+ | f(s,z(s))ds.
to

PROOF. We define ¢ on U by ¢(t) = f(t,z(t)). By the Fundamental Theorem
of Analysis xg + f; ©(s)ds is the anti-derivative of f whose value at tg is xg. [l

The next step is an iterative procedure to solve the integral equation, also

known as Picard iteration.
We define an operator ® by

t
O(@)(t) =0+ | f(s,2(s))ds.
to
Then x solves the integral equation
t
z(t)=x0+ | [f(s,z(s))ds.
to

if and only if ®(x) = z. We are going to specify the space of functions on which ®
acts later.



48 Chapter ??

Consequently, we have reduced the IVP to finding a fixed point for ®. The latter
will be done with the help of an iteration scheme, the Picard iterations.
t

xo(t) := zo, Tpt1 :=Tp + f(s,zn(s))ds ,n>1,
to

or equivalently
2o(t) := 2o Tpr1 = (z,).
Choose a § such that § < mina,1/L,b/M and consider the Banach space X =
(Clto — 0,t0 + 0], ||-]loc). As closed subset of X we pick
A={x € Cltoy—0,to+ 9] : z(t) € [wg — b,xo +b] for all ¢t}.

Let us show that A is closed in X.

Suppose (z,) C A converges to z € X wrt ||.||co- Then x,(¢t) — z(t) for all ¢. For
a fixed ¢ we have z,(t) € [zo — b,y + b] which converges to x(t) with values in
[‘TO — b,l’o + b]

Now we show that for x € A also ®(x) € A. Since x € A we have
ac(t) S [.’EQ —b,xo + b] for all t € [to —d,tg + (5],

so we have |z(t) — xo| < b for all ¢ € [tg — d,tg + 9.
Consider
¢ ¢
[@(2)(t) —wo| = [ | [fls,x(s))ds| < [ [f(s,x(s))lds < Mt —tol,
to

to
which yields that
|®(x)(t) — 20| < M6 for 6 < b/M.

Finally, we demonstrate that ® is a contraction on A. Concretely, there exists a
constant g < 1 such that

19(z) = @(y)lloc < gllz =yl
for z,y € A. Hence we have to get some control of the term |®(z)(t) — ®(y)(¢)):

|@(2)(t) — 2(y) ()] < t £ (s,2(s)) = f(s,y(s))|ds

S/LW@ﬂMWS

to

t
g/JMx—wmm

to
< Lt — tollle - yloe
< 6Ll — ylloo-

Hence we have
[®(2) — 2(y)[loo < LIz — Yl[oos
soq=0L < 1.

Application of Banach’s Fixed Point Theorem yields that there exists a unique
Z € A such that

Z(t) = To + t f(s,&(s))ds.
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ExAMPLE 4.1.14. Consider the following IVP:
2'(t) = sin(tz), =z(0)=1.

Thus |f(z,t)| = |sin(tz)| < 1, i.e. M = 1.

a% (t,x) = |tcos(tx)| < |t| < a,s0 L = a and § < min{a,1/d,b}. Fora =b=1 we
get 6 < 1. We have tg =1 and zy = 1.

Choose zo(t) = 1 and so 21(t) = 1 + [, sin(s)ds = 1 — cost, zo(t) =1+ fot sin(1 —
cos(s))ds. Note that o is hard to compute analytically, but there are methods
based on numerical integration.

In the next example we show that the assumption of continuity of f cannot be
weakened.

EXAMPLE 4.1.15. Consider the IVP 2/(t) = f(x,t) for

1 i t>0
t, = -
f(t2) {0 if t<0

and x(0) = 0. Then we have

t if t>0
O SRR
Co if t<0

and thus

0 if t<0

Hence z is not differentiable at 0. Consequently, the IVP has no solution.

x(t):{t if t>0

4.1.4. Hilbert spaces. Banach spaces arising from innerproduct spaces are
known as Hilbert spaces. These are easier to handle than general Banach spaces.

DEFINITION 4.1.16. A Hilbert space is an innerproduct space (X, (.,.)) such
that the induced norm ||.|| = (.,.) is complete.

Let M be a subspace of X. Denote by M=, its orthogonal complement, the set
of all x € X that are orthogonal to all the elements of M. Formally we have

M*+={zreX: (z,y)=0forallyc M}.
The linearity of an innerproduct implies that M is a vector space.

LEMMA 4.14. Let M be a subspace of (X,(.,.)). Then M~ is a closed subspace
of X.

PROOF. Let (x,,) be a sequence in M+ converging to € X. We have to show
that » € M*. Since (x,,y) = 0 for all y € M we note that
[(zn —2,9) | < |lzn — 2[lllyl] = 0.
Hence we have
(@n,y) = (2, 9),
but (x,,y) = 0 for all n. Consequently, (x,y) =0 and so z € M*. O
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By definition of M+ we have that M and M are disjoint subspaces of X. For
any proper closed subspace M of X its orthogonal complement M~ is non-empty
and there are sufficiently many elements in M~ that allows one to decompose el-
ements in X with respect to M and M=. The precise formulations of these facts
and their proofs are the main parts of our treatment of Hilbert spaces.

The best approximation property holds for proper closed subspaces of Hilbert
spaces.

THEOREM 4.15 (Best Approximation Theorem). Suppose M is a proper closed
subspace of a Hilbert space X. Then for any x € X there exists a unique element
z € M such that

|z = z|| = inf ||z —m].
meM

The quantity inf,,eps ||x — m|| measures the distance of 2 from M. In the
chapter on metric spaces we show that it defines an honest metric on X.

REMARK 4.1.17. In general the theorem is not true in Banach spaces. Take
£>° and as closed subspace ¢y, the space of sequences converging to zero. For
x = (1,1,1,...) there exists no sequence in ¢y attaining the minimal distance 1.

PROOF. Denote by d = inf,,car ||z — m||?. Note that d is finite, since the real
numbers || —m|| for m € M are all nonnegative and bounded below by 0. Since d
is the greatest lower bound of this set, there exists a sequence (my) C M such that
for each & > 0 there exists an N such that ||z —my|> < d +¢ for all k > N.
Claim: The sequence (my) is a Cauchy sequence. Applying the parallelogram
identity to z — my and x — m; we get

122 — 1 = ma* + [y — mul|* = 2(/|2 — m|* + [l = mal|*),

which yields to

my + my
o = TR g — 22 = (= 2+ = )2

Since ™&I™ € M we have ||z — ™:£"||2 > d and so we have
[l —mul* < 2([le — mp ]| + |z — mu)|?) - 4d.

For any € > 0 there exists a N such that ||z —my||> < d+¢/4 for all k > N. Then
we have for all m,m > N that

Imi = mal* < 202 = mp|* + [l = mu]|*) — 4d < e.

Hence we have demonstrated that (my) is a Cauchy sequence. Since M is closed,
(my) converges to some element z € M and we have that ||z — z||* = d and so z is
the vector in M closest to . We have established the existence of a closest vector.
The uniqueness goes as follows: Suppose there is another element y € M such that
|z — y||? = d. Consider the sequence (y, 2,9, 2, ...), and note that it is a Cauchy
sequence by the same argument as for (my). Hence y = z and so z is the unique
solution to our approximation problem. ([

There is a characterization of best approximations in Hilbert spaces in terms
of the orthogonal complement.
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THEOREM 4.16 (Characterization of Best Approximation). Suppose M is a
proper closed subspace of a Hilbert space X. Then for any x € X there exists a best
approzimation T € M if and only if x — % € M.

PROOF. First step: Suppose  — & € M~*. Then for any y € M with y # & we
have ||y — z||> = |y — %+ % — 2||*>. Note that y — % € M and & —x € M~ so we
have (y — #,7 — x) = 0. Hence Pythagoras yields ||y — z||®> = |ly — Z||* + ||z — z||*.
By assumption y — & # 0 so we arrive at the desired assertion ||y —z||? > ||Z — z||%.
Second step: Suppose & minimizes ||z — Z||. We assume that there exists a y € M
of unit length such that (z — Z,y) = 6 # 0.

Consider the element z = & + dy.

|z — 2|” = ||z — & — dy|?
=(x—Z,x— )+ (x — &,d0y) — (dy,x — &) + (dy, dy)
= ||z — &[> — |8]> — |6 + |6]?

= ||z — 2|* - |]*.

Thus we have ||z — z||*> < [z — Z||>. Contradiction to the assumption that
minimizes |z — Z||. O

THEOREM 4.17 (Projection Theorem). Let M be a closed subspace of a Hilbert

space X. Then every x € X can be uniquely written as x = y+ z where y € M and
z€ M*t.

PROOF. For x € X there exists a best approximation y € M. Note that
r=y+x—ywithy € M and 2 —y € M*+. Furthermore we have M N M+ = {0}
(if z € M N M*, then (r,z2) = 0 = ||z||? and thus = 0.) which completes the
proof. O

COROLLARY 4.1.18. Let M be proper closed subspace of a Hilbert space X.
Then M=+ # {0}.

ProoF. If © # M, then the decomposition x = y + z has a z # 0. Since
z € M+ we have M+ # {0}. O

Recall that a projection on a normed space X is a linear mapping P : X — X
satisfying P? = P.

Here is a reformulation of the preceding theorem in terms of projections, justifying
the name.

ProproOSITION 4.1.19. For any closed subspace M of a Hilbert space X, there
s a unique projection P on X satisfying:
(1) ran(P) = M and ran(I — P) = M~+.
(2) ||1Pz| < ||z|| for all x € X. Moreover, ||P|| = 1.

PROOF. (1) The decomposition of z € X intox =y + z fory € M,z €
M+ allows one to define Pz := y. By definition ran(P) € M and if
x € M, then Pz = z. Thus P? = P and M C ran(P).
Once more, by = y + z we have (I — P)z = z € M~ and as above we
deduce that ran(I — P) = M~.
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(2) By Pythagoras we have ||z||? = ||Pz||* + ||z||* and thus we have | Pz|| <
|z]|. Hence ||P|| < 1. On the other hand, there exists z € X with Px # 0
and ||P(Px)| = ||Pz||, so that ||P|| > 1. Hence we conclude that ||P|| = 1.

(]

EXAMPLE 4.1.20. Let M be the line {t£ : ¢t € R} given by a unit vector £ € X.
Then
Pex = (€, x)¢
projects a vector orthogonally onto its component in direction &

We state some consequences of the projection theorem. In the mathematics
literature the tensor product notation £ @ & is used to refer to Fk.

PROPOSITION 4.1.21. Let X be a Hilbert space.
(1) For any closed subspace M of X we have M++ = M.
(2) For any set A in X we have A++ = span(A).

PROOF. (1) For any * € M we have (x,y) = 0 for every y € M*. In
other words, x is orthogonal to M+, so z € (M*)*.
Conversely, suppose that z € M++. Since M is closed, we can decompose
r=y+zwithy € M and 2 € M+, Since x € M*++ we have (x,2) =
0. Furthermore, we have + € M C M=+, so we also have (z,y) = 0.
Consequently, ||z||? = (z,2) = (x —y, 2) = (x,2) — (y,2) = 0. Hence z = 0
and we have deduced that z € M.
(2) For a general set A in X we note that span(A) is the smallest closed
subspace containing A. We set M = span(A). Then we have M C M and

thus Ml Cc M+, Consequently, M+ C MLL. But M is closed in X so

M = Mt Since M = ML we get that M++ C M Finally,
M C M+t and M+t closed implies M C M*+, which completes the
argument.

O

COROLLARY 4.1.22. A subset A in a Hilbert space X is dense if and only if
A+ = {0}. Moreover, At = {0} is equivalent to x orthogonal to A and hence
x = 0. In words, span(A) = X if and only if the only element orthogonal to every
element in A is the zero vector.

PROOF. Suppose span(A) = X. Then A is a closed linear subspace and hence
AL = AL = XL =0,
Conversely, span(A) = A+ =01 = X. O
Many interesting theorems in analysis are about the identification of the dual
spaces of normed spaces. A topic one is at the heart of functional analysis. Here we

restrict our focus to the Hilbert space setting since its proof relies on the projection
theorem.

Recall that the dual space X’ of a normed space X is the space of bounded operators
from X to C.

LEMMA 4.18. For p € X' we have that ker(p) is a closed subspace of X .

PROOF. Let (x,) be a sequence in ker(y) converging to z € X. Then ¢(z,) =0
for all n and so |p(x,) — ¢(z)| < |l¢||||z — zn|. Thus we have p(x) = 0. O
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THEOREM 4.19 (Riesz representation theorem). Let X be a Hilbert space. For
each £ € X define pe(x) = (z,€). Then pe € X' is a bounded linear functional on
X

Furthermore, every ¢ € X' is of the form ¢¢ for some & € X.

The final assertion of the theorem is the subtle part and is due to F. Riesz.

PrOOF. The Cauchy-Schwarz inequality gives |p¢(x)| < ||z||||£]| and thus ¢¢ €
X'
Converse statement: For any z, z € X and anon-zero ¢ € X’. Then p(z)z—p(2)z €
ker(¢p).
Let us pick z in ker(¢)*, which we can do by the projection theorem, to get

0= (z,0(x)z — p(2)x) = p(2)|]2]| — @(2)(z, 2).
Hence,

o) = f(H)<>

We set & = fz(ﬁ; z. Then we have p(z) = (z,£).

Since & — ¢ preserves sums and differences we have that [|¢|| obeys the paral-
lelogram law. Hence the theorem of Jordan-von Neumann implies that X’ is a
Hilbert space.

Uniqueness: Suppose 5 is another representation of ¢ of the form ;. Then
<m,§—§):<x7§>—<i,§>:0andm:£. U

The theorem yields that any bounded linear functional ¢ on ¢? is of the form

o(z) = Z x;& for a unique & € 2.

n=1

A different description of operators is one consequence of Riesz’ theorem, be-
cause it implies the existence of the adjoint of an operator.

LEMMA 4.20. Suppose T € B(X), X a Hilbert space, and x,2’ € X.
(1) If (m,y) = (2',y) for ally € X, then we have x = z’.
(2) 1T = sup{[|T'z|| = sup{|(Tz,y)| : x,y € X with|lz|],||yl| <1}

For motivation of the general result we indicate the main idea for linear opera-
tors T on C2. We represent T with respect to the standard basis of C?, so T = Az
for a matrix A = (a;;). We look for a matrix B = (b;;) such that

(Az,y) = (z, By)

for all z,y € C2. Concretely, we have
a1 a2 (1 _ bir b2\ (Y1
<<a21 a22> ($2> W)= <521 522> (y2>>

<<a11x1 + a12x2> Jy) = (, (bllyl + b12y2>>

a21%1 + A22%2 ba1y1 + baoy2

and so
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The equation is equivalent to
A1121Y1 + a12T2Y1 + 212172 + A22%2Y2 =
= 22b11 T + 210127z + 22211 + 2202272
to hold for all 1, x2,y1,y2 € C. Hence we deduce that

a1l = b1y, a12 = ba1, asl = bi2,as2 = boo.

(o =)
az1 Q22
is the conjugate-transpose of A. The adjoint of T, denoted by T, is in this way
linked to the original transform.

Thus

THEOREM 4.21 (Adjoint). Let T be a bounded operator on a Hilbert space X .
Then there exists a unique operator T* € B(X) such that

(Tz,y) = (x, T*y) for alz,ye X.
The operator T™ is called the adjoint of T.
Proor. Fix y € X and let ¢ : X — C be defined by ¢(x) = (T'z,y). Then ¢

is linear and by Cauchy-Schwarz it is bounded:
(@) < [(Ta,y)| < || T([lyll < IT|l=llyll

Hence ¢ is a bounded linear functional on X and so by the Riesz representation
theorem there exists a unique £ € X such that ¢(x) = (z,&) for all z € X.

The vector £ depends on the vector y € X. In order to keep track of this fact we
set T*y := £. Hence we have defined an operator T from X to X based on the
structure of bounded linear functionals on X. In summary, we have demonstrated
the existence of an operator 7" on X such that

(Tz,y) = (z,T*y) for all z,y € X.
(1) T* is linear.
(@, T (A1 + py2)) = (Tx, Ayr + pya)
(Tw,y1) + 1(Tw,y2)
(., T"y1) + 7w, T"y2)
= (@, \T"y1) + pT"y2).
(2) T* is bounded. We use the Cauchy-Schwarz inequality:
IT*yl* = (T*y, T*y) = (TT"y,y)
< ITTyllllyl
< AITITyllyll-

= A
=X

Hence we have shown
IT*y|1> < ITII|T*yllllyl

If || T*y|| > 0, then we can through and obtain the desired result: ||T*y| <
ITINlyll. Suppose ||[T*y|| = 0. Then the desired inequality holds, too.
Consequently, we have proved that

1T < ||T7]).
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(3) T* is unique. Suppose there exists another S € B(X) such that (T'z,y) =
(x,Sy) for all z,y € X. Then we have

(z,Sy) = (=, T"y) y €Y

and by a well-known fact about innerproducts we deduce that T*y = Sy
for all y € Y. Hence T™* is unique.

O
We collect a few properties of the adjoint.

LEMMA 4.22. Let S, T be in B(X) and A\, € C.
(1) (AS + uT)* = \S* +uT*;
(2) (ST*)=T*5*.
(3) If T is invertible, then T* is also invertible and (T*)~! = (T—1)*.
PRrOOF. The proofs of (i) and (iii) are left as an exercise. Here we show the
second assertion:
(2, (ST)"y) = (ST,y) = (T, S™y) = (x, T"5"y)
holds for all z € X and so we have (ST*) = T*S*. O

We continue with some useful facts about 7.

LEMMA 4.23. Let T be a bounded operator on a Hilbert space X.

(1) ()" =T;

(2) [T =[] ;

(3) ||T*T|| = ||T||* (C*-algebra identity)

PROOF. (1) For z,y € X we have
{y, (T")"z) = (T"y, )

= (z,T*y)
= (Tz,y)
= <y7T$>,

so (T*)*xz =Tz for all z € X.

(2) Inthe proof of the existence of the adjoint we established that || 7| < ||T]|.
Applying this result to T** and using (i) yields |T|| < ||T*||. Hence we
have || 7] = |T]|.

(3) By (ii) we have ||T*|| = ||T'|| that implies

17T < | T[T = 17>
For the reverse inequality we use
|Tz||* = (Tx, Tx)

=(T"Tx,x)

< T T ]

< 7T |||
to deduce ||T||? < || T*T||.

O

Some examples should help to build up some intuition on adjoint operators.
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EXAMPLE 4.1.23 (Operators on £2). (1) The adjoint of Lz = (0, z1, z2, ...
on ¢? is the right shift operator Rx = (2, x3, ...).

By definition

(0,21, x2,...), (Y1, Y2, -..)) = (&, L*y)
for all 2,y € /2. We denote L*y by z = (z,) Therefore we have
T1Y2 + T2Y3 + - =T121 + Xe2a -
This equation is true for all z; if 21 = y2,20 = ys3,.... Hence by the
uniqueness of the adjoint
Ly = (y2,y3, ),
ie. L* = R.

(2) The adjoint of the multiplication operator Ty, for a € £*° is the multipli-
cation operator for the sequence a.

(Taw,y) = (2, T5y)
Hence
a1T1F1 + ap%2Fz + = T1GiYn + Tol2ya + o
which by the uniqueness of the adjoint gives that T3 is the adjoint of Tj,.
A useful class of operators are acting on spaces of continuous functions Cfa, b].

In order to determine their adjoints we have to define an innerproduct on Cla, b].
We use a continuous analog of the ¢2-innerproduct. For f,g € C[a,b] we define

/f

LEMMA 4.24. The space (C[a,bl, (., .)) is an innerproduct space with associated
norm

b
1£llz = ( / )2,

which is not complete.

The proof is one of the homework problems.

Define the space L?[a,b] to be the completion of Cla,b] with respect to |||z, i.e.
we add all the limits of Cauchy sequences in Cla,b] to it. The notation has a
deeper reason, because this space is an example of a Lebesgue space. More gener-
ally, one could define LP[a,b] for p > 1 as the completions of C|[a,b] for the norm
£l = f |f(t)[Pdt)'/P. These spaces are of utmost importance for analysis. Due
to the lack of measure theory we are not in the position to exploit these spaces
further.

EXAMPLE 4.1.24.
The multiplication operator T, on L?[0,1] defined by a € C[0,1] has Ty as its
adjoint.

(Tuf.g) = / o(t) F(H)g (Dt = / F(tyatDg(t)dt = (f, Trg).

)



Banach spaces and Hilbert spaces 57

We introduce some classes of operators defined in terms of the adjoint.

DEFINITION 4.1.25. Let T be a bounded operator on a Hilbert space X.
(1) T is called normal it T*T = T*T.
(2) T is called unitary if T*T =T*T = 1.
(3) T is called selfadjoint if T = T*.

EXAMPLES 4.1.26 (Operators on 2). (1) The multiplication operator T,
for a € £*° is normal, since T, T, = T,;T, = Tj,]>. Hence it is unitary if
la| =1 as in the example (1,7, —1, —i,...) = (—i¥)2,. T, is selfadjoint if
and only if a is real-valued.

(2) The shift operator is not normal: L*L = I and LL*y = (y2,¥s3,...) # I.
Hence L is not unitary.

We state a few properties of unitary operators. We denote the set of all unitary
operators on X by U

LEMMA 4.25. For S, T inU we have that ST and TS are also inU. The identity
operator is a unitary operator. Unitary operators are invertible and T~ = T*.

PROOF. Since (ST)*(ST) = T*S*ST* we get from S*S = T and T*T = 1
that ST is also unitary. The invertibility follows from the definition of unitary
operators. O

In some problems it is of interest to have control over linear operators that
preserve the norm, known as isometries.

DEFINITION 4.1.27. Let X be a normed space. Then T € B(X) is called an
isometry if || Tx| = ||z|| for all z € X.

We settle the structure of isometries for Hilbert spaces.

PROPOSITION 4.1.28. Let T be a bounded operator on a Hilbert space X.
(1) T is an isometry of X if and only if T*T = 1.
(2) T is unitary then T is an isometry of X.

PROOF. (1) Suppose that T*T = I. Then
|Tx||* = (Tx, Tx) = (T*Tx, ) = (Iz,z) = ||z|?,
so T is an isometry.
Conversely, suppose that T is an isometry. Then
(T*Tx,z) = (Tx,Tz) = ||Tz|? = ||z|* = Iz, x).

Hence T*T = 1.
(2) Suppose that T is unitary. By (i) 7" is an isometry.
O

EXAMPLE 4.1.29. The shift operator Rz = (0,21, ¥, ...) is an isometry on £2,
but it is not a unitary operator.

ExAMPLE 4.1.30. Let U be a linear transformation on a finite-dimensional
innerproduct space X. Consider U as a matrix relative to an orthonormal basis on
X. Show that the following statements are equivalent.

(1) U is unitary, i.e. U*U =1 =UU™.
(2) The columns of U are an orthonormal basis of X.
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(3) The rows of U are an orthonormal basis of X.

Proor. We will show that 1 is equivalent to 2. A similar argument can be
applied to show that 1 is equivalent to 3.
Let B = (x1,22,...,2,) be an orthonormal basis on X. We consider U as the
matrix
U= (U1|Us]...|Upn)
relative to B with columns Uy, Us, ..., U,. Observe that

(Ui, Uj) = <Z Uik, » Uj,l$l>
k=1 =1
= Z Z Ui kUi {wk, 1)

1=2
Assume that UU* = I, in other words, U;U; = §;; for i,j = 1,...,n. Then
we have

(Ui, U;) =UU] = b, 5,
hence (Uy,Us,...,U,) is an orthonormal system of vectors in X. To show that it is
a basis for X it is enough to note that X has dimension n, and the system consists
of n vectors.

2=1
Assume that the columns Uy, Us,...,U, of U are an orthonormal basis of X,
i.e.
(Us, Uy) = 65 4,
foré,5 =1,...,n. Then we have

UiU; =(U;,U;) =6, 5,
hence we have UU* = I. Since the columns of U are forms an orthonormal basis
of X, the matrix U is invertible, and we get

UUu* =1

= UUH =1

= U tutt=1

= Ut (Ut WUlu =UrIU
= IU'U =U"U

=11 =UT

= I1=U"U.

We close our discussion of the adjoint, a notion of utmost importance.
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PROPOSITION 4.1.31. Let T be a bounded operator on a Hilbert space X .
(1) ker(T) = (ran(T"))*;
(2) ker(T*) = (ran(T))>.
FEquivalent formulation:
ran(T) = (ker(T*))*, ker(T) = (ran(T*))*
and consequently:
X =ker(T) ® ran(T).
PROOF. (1) ker(T) C (ran(T*))* : Let = € ker(T) and let 2 € ran(T*),
i.e. there exists a y € X such that z = T*y. Hence
(v,2) = (z,T"y) = (Tx,y) = 0

and we have shown that z € (ran(T*))= .
(ran(T*))* C ker(T) : Let = € ran(T*))*. As T*Tx € ran(T*) we have

(T, Tzx) = (x, T"Tz) =0,

hence Tx = 0 and so x € ker(T).
(2) By part (i) we have

ker(T*) = (ran(T**))* = ran(T) = {0}.
For the equivalent formulation note, that we have as above ran(7) = (ker(7*))*,

but since (ker(7*))* is closed we also get ran(T') C (ker(T*))*. The rest of the
argument follows similar lines as before. O

COROLLARY 4.1.32. Let T be a bounded operator on a Hilbert space X. Then
ker(T*) = {0} if and only if ran(T) is dense in X

PROOF. Assume that ker(7*) = {0}. Then
ker(T*)*: = {0}F = X
and the assertion (ii) of the proposition implies that
ker(T*)* = (ran(T))** = ran(7T).

Thus we have ran(T") is dense in X.

Suppose ran(T) is dense in X. Then by (ran(7))t+ = ran(T) = X and
ker(T*) = ran(T)* = ((ran(T))**+)* = X+ = {0}.
(]

The corollary allows one to check if the range of an operator is dense in a
Hilbert space by determining its adjoint and the computation of the kernel of the
adjoint. In general, this is a good strategy, because it is very difficult to compute
the range of an operator. Another important application of the preceding theorem
is the Fredholm alternative.

THEOREM 4.26 (Fredholm alternative). Suppose T is a bounded linear operator
on a Hilbert space X with closed range. Then the equation

Tr=b ,be X
has a solution x in X for every b € X if and only if
b€ (ker(T*))*.



60 Chapter 77

Hence operators with a closed range have a general criterion of existence. For
example if T € B(X) satisfies for all z € X and estimate of the form

|ITz|| > c||z|]] for some ¢ > 0.

EXAMPLE 4.1.33. The range of the right shift operator R on £2 is closed since
if consists of {(0,x2,x3,...) : x; € C}. The left shift is L not invertible since its
kernel is one-dimensional and spanned by (1,0,0,...).

The equation

Rz =b< (0,21,22,...) = (b1, b2,...)
is solvable if and only if b; = 0, or b € (ker(L))*.
On the other hand
Lz =10
is solvable for all b € £? despite of L not being injective.

4.1.5. Orthonormal bases for Hilbert spaces. Hilbert spaces have one
more property distinguishing them from Banach spaces: the existence of orthonor-
mal bases.

DEFINITION 4.1.34. An orthonormal basis of a Hilbert space X is a set of
vectors {e;}jes such that span{e;} is dense in X and (e;,e;) = 0 for ¢ # j and
lle;l| =1 for i € J.

We know that span{e;} = X if and only if (ej, ) = 0 for all j € J implies that
z=0.
In general an orthonormal basis may have uncountably many elements, e.g. the
space of almost periodic functions. In the case that {e;};cs is a countable set, then
the Hilbert space X is separable.

THEOREM 4.27. Any Hilbert space has an orthonormal basis.

The proof relies on the axiom of choice and is a well-known application of Zorn’s
lemma.

From now on we will assume that the orthonormal basis of a Hilbert space is
countable. An important example is the exponential basis {€27"% : n € Z} of the
Hilbert space L?[0,1]. The theory of Fourier series has been of great influence in
the development of the theory of Hilbert spaces.

PROPOSITION 4.1.35. Let M be a closed subspace of a Hilbert space X such
that M has a Hilbert basis {ey }nen. Then the following are equivalent:

(1) >°0° | anen converges in M.

(2) (ayn) lies in £2.
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PROOF. Denote the partial sums of (e,) by sy = S

n—1 Gn€n. We assume
N > M without loss of generality. Then

sy = sal|> = (sv — sars sy — sur)

= Z An€n, Z A Cm)

n=M+1 m=M+1

N
= Z anm<6n7 em>
n=M+1
N
e
n=M+1
Suppose that (a,) € 2. Then the preceding computation yields that (s,) is a
Cauchy sequence in M. Since M is closed, (s,) converges to a s in M.
Conversely, suppose that (s, ) converges. Then ||sy — sp|| converges to zero. Thus
(22[:1 la,|?) is a Cauchy sequence in C and hence must converge as N — oo. [

In the discussion of innerproduct spaces we established the Bessel inequality
for finitely many orthonormal vectors. Hence we obtain the result for countable
bases.

PROPOSITION 4.1.36 (Bessel’s inequality). Suppose a closed subspace M of a
Hilbert space X has a countable orthonormal basis (e,). Then we have

00
D Hwsen)? < ).
n=1

The preceding two propositions yields that the general Fourier series ) (z,ey)es,.
Moreover, we are able to use it to express the projection onto M.

THEOREM 4.28. Suppose a closed subspace M of a Hilbert space X has a count-
able orthonormal basis (ey). Then the projection of x onto M is given by
oo

Pr = Z(m,en>en.

n=1

Proor. We have that > 7 (z,e,)e, converges to a vector y in M and from
the orthonormal basis property we have

o0

(ems —y) = (em, ) — Z(en,m><em7en> =0

n=1
for all m € N. Thus (e,,, z—y) = 0, i.e. x—y € (span{e,,})~ = M+. Consequently,
y is the closest point to x. O

The case M equal to X is of special interest and is known as Parseval’s identity.

THEOREM 4.29 (Parseval’s identity). If {e,} is a countable basis for the Hilbert
space X, then any x € X can be decomposed as

x = Z(m, €n)en.

n=1
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If x = Zle@, en)en and y = Zzozl@, €n)en, then

o0

<'T7y> = Z<x7 en><yv en>'

n=1

In particular,
o0
21> =D [z, en) .
n=1

PROOF. The statement about the decomposition of x follows from Px = z for
all z € X for M = X. The remaining assertions are elementary computations. [

Two Hilbert spaces X and Y are called isomorphic if there exists a unitary
operator T from X to Y with ran(X) =Y.

THEOREM 4.30 (Riesz-Fischer theorem). Any separable Hilbert space X is iso-
morphic to (2. Suppose (e,) is an orthonormal basis of X. Then the isomorphism
T:X — 02 is given by x — {(,€n))nen-

PROOF. Bessel’s inequality yields that the Fourier coefficients ((x,e,)) are in
(2. T is linear and by Parseval’s identity J preserves innerproducts: (x,y) =
(T'z,Ty). T is surjective: It maps Y, anen to (a,) which lies in ¢2. Hence T is an
isometry between X and ¢2. [
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Topology of normed spaces and continuity

5.1. Topology of normed spaces

Normed spaces are a generalizations of R with the absolute value. Definitions
and theorems based on the absolute value of a real number generalize verbatim to
general normed spaces.

DEFINITION 5.1.1. (1) AsetU C X is a neighborhoodof x € X if B, (x) C
U for some r > 0.
(2) A set O C X is open if every z € O has a neighborhood U contained in
0.
(3) A set C C X is closed if its complement C¢ = X\ F is open.

Note that the definition of open sets depends on the norm. In other words,
open sets with respect to one norm need not be open with respect to another norm.

LEMMA 5.1. Let (X,|.|) be normed space. Then B.(x) is open and B,(x) is
closed for x € X and r > 0.

PROOF. The proof goes along the same lines as in the case of the real line.
Suppose that y € B,.(z) and choose € as e = r—d(x,y) > 0. The triangle inequality
yields that B.(y) C B,(z), i.e. B,(x) is open.

We show that X\B,(z) is open. For y € X\B,(x) we set ¢ = d(z,y) —r > 0
and once more by the triangle inequality we deduce that B.(y) C X\B,(z). Hence
X\B,(x) is open and B, (z) is closed. O

DEFINITION 5.1.2. For a subset A of (X, ||.||) we introduce some notions.

(1) The closure of a subset A of X, denoted by A, is the intersection of all
closed sets containing A.

(2) The interior of a subset of A of X, denoted by intA, is the union of all
open subsets of X contained in A.

(3) The boundary of a subset A of X, denoted by bdA, is the set A\intA.

We continue with some definitions

DEFINITION 5.1.3. Let A be a subset of (X, ||.|))-

(1) A point x € A is isolated in A if there exists a neighborhood U of x such
that UN A = {z}.

(2) A point z € R is said to be an accumulation point of A if every neighbor-
hood of z contains points in A\{z}.

DEFINITION 5.1.4. A subset A of (X, |.||) is said to be dense in R if its closure
is equal to X, i.e. A = X. If the dense subset A is countable, then X is called
separable.

63
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In other words, a subset A of a normed space X is dense in X if for each x € X
and each € > 0 there exists a vector y € A such that

e =yl <e.

The relevance of a dense subset of a normed space is that it provides a way to
approximate elements of the normed space by ones from the dense subset up to any
given precision.

LEMMA 5.2. Suppose A is a dense subspace of a normed space X. For any
x € X there exists a sequence of elements xy, € A such that ||xr — z|| — 0 as
k — oo.

PrOOF. For z € X there exists an xj such that ||z —z| < 1/k for k =1,2, ...
By construction zj converges to x. (]

The next results have been proved in the section on real numbers and these are
also true for normed spaces. The proofs of these results are along the same lines as
the ones for the real line.

LEMMA 5.3. Let {O; : j € J} be a family of open sets of (X, ]|.]]).
(1) N?_,0; is an open set for any n € N.
(2) UjesO; is open for a general index set J.

Note that open and closed subset of a normed space also applies to subspaces,
since these are sets with some extra properties. For the most part we are going to
discuss closed subspaces of a normed space.

LEMMA 5.4. Suppose A is a subset of (X, ||.]])-
(1) A= (Int(A°))¢ and int(A) = (A°)°
(2) bdA =bd(A¢) = AN Ac
(3) A= AUbrA =intA UbdA

LEMMA 5.5. Suppose A is a subset of (X, ||]))-

(1) A={xz € X : every neighborhood of = intersects A}
(2) int(A) = {z € X : some neighborhood of x is contained in A}
(3) bd(A) = {x € X : every neighborhood of x intersects A and its complement}

LEMMA 5.6. A point z in a normed space (X, ||.]]) is an accumulation point of
A if and only if every neighborhood of x contains infinitely many points of A.

DEFINITION 5.1.5. A set K in a metric space X is called compact if every
sequence in K contains a subsequence converging to a point in K.

The Bolzano-Weierstrass theorem implies that a bounded and closed subset of
R™ is compact.
We collect all notions of continuity required in this course.

DEFINITION 5.1.6 (Different types of continuity). Let (X, ||-||) and (Y, -]|) be
two normed spaces, let A C X and let f: A — Y be a function.

(1) We say that f is continuous at a point a € A if for all € > 0 there is § > 0
such that for all z € A with ||z — a|| < § we have || f(z) — f(a)| <e.

(2) We say that f is continuous on A if it is continuous at each point of A.

(3) We say that f is uniformly continuous on A if for all € > 0 there is § > 0
such that for all z,y € A with ||z —y|| < d we have [|f(x) — f(y)| <e.
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(4) We say that f is Lipschitz (with Lipschitz constant L € R) if
lf(z) = f(@)|| < L||lx—2'| forall z,2' € A.

LEMMA 5.7. If f: A =Y is a Lipschitz function, where A C X and X,Y are
normed spaces, then f is continuous at every point a € A. Moreover, f is uniformly
continuous.

PrROOF. Let a € A. We assume that f is Lipschitz with Lipschitz constant
L > 0 and we show that f is continuous at a.
Let € > 0. Put § := £, so if [z — a|| < 6, then

|f@) = f@I| < Llz—a| <Lé=L =e,
so /() fla)] <.

Since € > 0 was arbitrary, this proves the continuity of f at a. Since a € A
was arbitrary, this proves the continuity of f everywhere on A. Since the § is
independent of the choice of a we deduce that f is uniformly continuous. O

Here is a useful criterion for continuity of a function.

ProPOSITION 5.1.7. Let f: A =Y be a function, where A C X and X,Y are
normed spaces. Let a € A. Then the following two statements are equivalent.

(i) f is continuous at a.

(i1) For every sequence (xy,) C A, if x,, — a then f(x,) — f(a).

PROOF. i) = (ii): We assume that f is continuous at a.

Let (z,) C A be a sequence such that x,, — a. We prove that f(z,) = f(a).

Let € > 0. Since f is continuous at a, there is § > 0 such that if ||z — a]| < §
then |[f(z) = f(a)[| <e.

Since x,, — a, there is N € N such that for all n > N we have ||z, —a| < J.
From the above, if n > N we must then have ||f(x,) — f(a)|| < e.

As e was arbitrary, this proves that f(z,) — f(a).

(i) <= (ii): We assume by contradiction that f is not continuous at a. Let us
write down carefully what that means.

Firstly, we recall the definition of continuity. f is continuous at the point a € A
means:
for all € > 0 there is 6 > 0 such that for all z € A with ||z — a| < § we have
1f(z) = fla)ll <e.

Next, we formulate the negation of this statement.

The function f is not continuous the point a € A means:
there is €9 > 0 such that for all § > 0 there is an element of A, which we denote by
x5, such that ||xs —al < 0 but || f(zs) — f(a)]] > eo.

For every n > 1, we may choose § = % Then for some element of A, which we
denote by z,,, we have that ||z, — al| < L but || f(z,) — f(a)|| > co.

We have thus obtained a sequence (z,,) C A such that ||z, —al| < 2 — 0, so
xn, — a. However, since ||f(x,) — f(a)|| > €0, the sequence f(x,) 4 f(a), which is
a contradiction.

Hence f must be continuous at a. ]

LEMMA 5.8. et I C R be an interval and let f: I — R be a differentiable
function. Assume that for some L € R we have

(5.1) |f'(x)| <L forallzel.
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Then f is Lipschitz with Lipschitz constant L.

PROOF. We use the mean value theorem (also called Rolle’s theorem). Since
f is differentiable everywhere throughout the interval I, for any two points a,b €
with a < b, there is ¢ € (a,b) such that

From here we get, using (?7), that
[f(a) = f®) = 1f'(0)|la—b| < Lla—b],
which proves that f is Lipschitz with Lipschitz constant L. (I
The norm and the innerproduct are continuous mappings.

LEMMA 5.9. Let X be a normed space. Then x — ||z|| is continuous and
moreover Lipschitz continuous with constant 1.

PrOOF. By the triangle inequality we have

Izl =Nyl = llz —y +yll = Iyl < llz =yl + lyll =yl = llz -y,
and if |ly|| > ||z| we get

M/l = llyll] < [l = yll.
Hence ||.|| is a Lipschitz continuous and in particular continuous. O

LEMMA 5.10. Let X be an innerproduct space. Then the innerproduct is con-
tinuous in each component.

ProOF. We have to show that  — (z,y) is continuous for a fixed y € X. By
the symmetry of innerproducts this also yields the continuity with respect to the
second component.

By Cauchy-Schwarz
(=2, y) | < llo — 2|1yl

for a fixed y. Hence for € > 0 we take d||y|| in the definition of continuity or by

noticing that we have a bounded map. ([

ExXAMPLE 5.1.8. For a = (a,) € £* we define p(z) = Y, apx, for (z,)¢".

Then ¢ is continuous, i.e. a bounded linear functional on /!,
First we show that ¢ is well-defined.

(@)l <Y lanllen] < llallos Y lzal = llalocllz]1-
n n

Furthermore this yields that ¢ is a bounded linear mapping from ¢! to C and hence
continuous.

Linear mapping between normed spaces are an important class of continuous
functions.

PrROPOSITION 5.1.9. Let X and Y be normed spaces. For a linear transforma-
tion T : X — Y the following conditions are equivalent:

(1) T is uniformly continuous.
(2) T is continuous on X.

(3) T is continuous at 0.

(4) T is a bounded operator.
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ProoOF. We will show the following implications to demonstrate the assertions.
From the definitions we have (i) implies (ii) and (ii) implies (iii).

(iii) = (iv)

By the continuity of 7" at 0 there exists a § > 0 for ¢ = 1 such that
|ITx|| < e=1for ||z|| <. We want to show that there exists a constant
C > 0 such that

ITz|| < C|lx|]| for all x with ||lz] <1
Note that for 2 € B;(0) we have % € Bs(0):
151 = dllzll/2 < 6/2 <.
Hence ||T(%)|| < 1 Since T is linear transformation this condition is
equivalent to | T(%)|| = §|T(x)||/2 < 1 and thus ||Tz| < 2/6 for z €

B;1(0). In other words, T is a bounded operator.
Since T is linear we have

[Tz =Tyl = [|T(x = y)l| < Cllz -yl
for all z,y € X. Let ¢ > 0 and 6 = ¢/C. Then for all z,y € X with
lz —yll <o
[Tz =Tyl = [[T(x —y)|| < Cllz —yll < Ce/C =e.
Hence T is uniformly continuous.

O

We just state the equivalence between continuity and the boundedness of a
linear mapping as a separate statement due to its relevance.

PRrOPOSITION 5.1.10 (Boundedness < Continuity). A linear operator T be-
tween two normed spaces X and 'Y is continuous if and only if it is bounded.






CHAPTER 6

Linear mappings between finite dimensional vector
spaces and matrix decompositions

6.1. Linear mappings between finite dimensional vector spaces

Finite-dimensional vector spaces and linear mappings between them are a use-
ful tool for engineers, scientists and mathematicians, aka Linear Algebra. In this
chapter we present some basic results from Linear Algebra.

We restrict our discussion to complex vector spaces, i.e. the scalars in our linear
combinations are complex numbers.

DEFINITION 6.1.1. A complex number A is called an eigenvalue of a linear
transformation T : V' — W if there exists a non-zero x € X such that Tx = Az. In
other words, x € kerT'— AI. The subspace E = ker T' — \I is called the eigenspace
of T for the eigenvalue A. The dimension of F) is called the geometric multiplicity
of X\. The set o(T) of C

o(T)={z€ C: T — zI is not invertible}
is known as the spectrum of 7.

Note that E consists of the eigenvectors of T" and the zero vector 0. For finite-

dimensional vector spaces o(T') is the set of all eigenvalues counting multiplicities
of T.

THEOREM 6.1. Suppose T is a linear transformation on a finite-dimensional
complex vector space. Then there exists an eigenvalue A € C for an eigenvector x
of T.

PROOF. We assume that dim(()X) = n and choose any non-zero vector z in
X. Consider the following set of n + 1 vectors in X:
{x, Tz, Tz, ..., T"z}.
Since n + 1 vectors in an n-dimensional vector space X are linearly independent,
there exists a non-trivial linear combination:
apx + a1 Tz + -+ a, T =0.

Let us denote by p(t) = ag + a1t + - - - + a,t™ the polynomial that after replacing ¢
by the linear transformation 7" and powers of 1" by the corresponding iterates of T
Then the non-trivial linear combination among the vectors turns into a polynomial
equation in T"

p(T") =0.
By the Fundamental Theorem of Algebra any polynomial can be written as a prod-
uct of linear factors:

p(t) = clt — M)t —Aa) - (t—An), A € C,c £ 0.

69
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Hence p(T') has a factorization of the form:

p(T)=e(T = MD(T — X)) (T = N\, I).
Hence p(T) is a product of linear mappings 7' — A\;I for j = 1,...,n. We know
that p(T)z = 0 for a non-zero x # 0, which implies that at least one of these
linear mappings is not invertible. Thus it has to have a non-trivial kernel, let’s

say y € ker(T — \;I), which yields that y is an eigenvector for the eigenvalue A;.
Consequently, we have shown the desired assertion. ([l

PROPOSITION 6.1.2 (Gersgorin’s disks theorem). For any n x n matriz the
spectrum is contained in the following union of disks

n

U {z€C: |z—ay| < Z laijl}.
J=1,j#i
’l;he disks Bi={2€C: |z—ay| < Z?‘:L#i la;;|} centered at a;; and if radius
Ti )iy ji|@ij| are called Gresgorin disks.
PROOF. Let A be an eigenvalue of A and eigenvector x. In components the
eigenvalue equation Az = Az is the set of equations:

n

Zaijxj =Xx; fori=1,..,n.

j=1
Hence

n
(/\ — ai,»)xi = Z Qi T4
j=1,j#i

and by the triangle inequality

n

n
A —aullel < D agllel < D asllello-

=1 =L
Choose i € {1,...,n} to be the largest component of z, i.e. |z;| = ||| We obtain
the conclusion after dividing through by ||z]| - O

PRrROPOSITION 6.1.3. Figenvalues of a matrix A corresponding to distinct eigen-
values are linearly independent.

PROOF. Suppose A; # Ay, for i # k and Ax; = A\;z; for z; # 0. We assume that
{x1,...,x,} is linearly dependent. Hence there exists a linear dependence relation
with the fewest number of elements, say m. Thus there exist ay, ..., a,, such that

m
E ajxj =0.
Jj=1

Application of A to this linear dependence relation yields

m n
E ajAacj = E aj)\jxj =0.
Jj=1 Jj=1

Multiplication of the last equation by A,, and subtracting from the linear depen-
dence relation gives
m
Z(aj)\j - aj)\m)xj =0.
j=1
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Hence the coefficient for x,, is zero. Therefore we have found a linear combination
with m-1 vectors, contrary to our assumption of m being the smallest such linear
combination. O

DEFINITION 6.1.4. A n x n matrix A is called diagonalizable if it has n linearly
independent eigenvectors.

Note that the set of eigenvectors of a diagonalizable matrix is consequently a
basis for C™.
By definition a diagonalizable n x n matrix A has eigenvalues A1, ..., A,, and asso-
ciated eigenvectors us, ..., u, satisfying:

A’LL1 = )\’U,l
Auy = iy,
Collect the eigenvectors of A into one matrix: U = (uq|uz|- - |uy); and the eigen-
values of A into the diagonal matrix
A O oo 0
D=|: X 0 - 0
0 RN
Then the eigenvalue equations turn into a matrix equation:
AU =UD.

Since A is diagonalizable, the eigenvectors are a basis for C™. Hence U is invertible
and we have

A=UDU".
Sometimes U is an unitary matrix, i.e. the eigenvectors yield an orthonormal basis
for C™. Then we have A = UDU™.

A well-known criterion for the non-invertiblity of a matrix is the vanishing of its de-
terminant. Hence eigenvalues are the zeros of the polynomial p(z) = det(z] — A),
known as the characteristic polynomial.

LEMMA 6.2. Similar matrices have the same characteristic equation.

PROOF. Let A and B be similar matrices. Thus there exists an invertible
matrix S such that B = S~ 1AS.

pp(z) = det(2] — ST1AS) = det(2S71S — STLAS) = det(ST (21 — A)S) = pa(z).
O

As an important consequence of the existence of an eigenvector for linear map-
pings between complex finite-dimensional vector spaces we prove Schur’s triangu-
larization theorem, our first classification theorem. Before we introduce a refined
version of similarity. Namely, if the matrix S in the definition of similar matrices
may be chosen as a chosen as a unitary matrix, then we call the matrices A and B
unitarily equivalent.
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THEOREM 6.3 (Triangularization Theorem). Given a n X n matriz with eigen-
values A1, ..., An, counting multiplicities. There exists a unitary n x n matriz U
such that

A=UTU*
for an upper triangular matriz T with the eigenvalues on the diagonal. Hence any
matriz is similar to an upper triangular matriz.

We refer to the decomposition of the theorem as Schur form.

PRrROOF. We proceed by induction on n. For n = 1, there is nothing to show.
Suppose that the result is true up to matrices of size n — 1.
Let A be a n x n matrix with eigenvalues Ay, ..., A, counting multiplicities. Choose
a normalized eigenvector u; for the eigenvalue A\;. Then we extend u; to a basis
{u1, ..., un} of C" and we choose this basis to be orthonormal. Relative to this basis
the matrix is of the form

A T T
0
A=U| . U1,
. Anfl
0

where U is the matrix of the system {uq,...,u,} relative to the canonical basis.
Since this is a unitary matrix, the similarity, is actually a unitary equivalence. By
the induction hypothesis there exists a (n — 1) x (n — 1)-matrix V such that VAV*
is upper triangular. Set V to be the n x n matrix where v;1 = 1 and the other
entries of the first column and row are zero. Then V is a unitary matrix and UV

is the desired unitary matrix. (I
EXAMPLE 6.1.5. Find the Schur form of A = 52 j4

First step: Find an eigenvalue of A and associated eigenvector. The characteristic

polynomial is A2 = A — 6 = 0 and so A\; = —2 and Ay = 3. An eigenvector for

)\1 = —21is T = <_11>

The second step is to complete it to a basis of C2. In our case we take the eigenvector
to the second eigenvalue and note that the corresponding set of vectors is linearly
independent: x5 = _9
Third step: Use a orthonormalization procedure, e.g. Gram-Schmidt, to turn the

system {x1, x5} into a basis {u; = % (11) , Ug = % (})}

1 1 29
Final step: Form the matrix U = 7 (_1 1). Computation of U* AU (O 3>,
which has the eigenvalues of A on its diagonal and is upper triangular.
Schur’s triangularization theorem has a number of important consequences.

THEOREM 6.4 (Cayley-Hamilton). Given a n X n matriz. Then
pa(4) =0,
where pa(A) is the characteristic polynomial of A.

We state a refined version of Schur’s triangularization theorem
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THEOREM 6.5 (Schur normal form). Given a n x n matric A with distinct
eigenvalues Ay, ..., \p with k < n. Then A is unitarily equivalent to

T, 0 - 0
0 T, . 0
0 0 Ty
where T; has the form
AN T T
S
0 0 N

We present an interplay on the structure of diagonalizable matrices and the
notions from our discussion of normed spaces. Let M,,(C) denote the vector space
of complex n X n matrices, and by D the set of diagonalizable n X n matrices.

LEMMA 6.6. M,,(C) is a normed vector space with respect to the Frobenius
norm

14| F = tr(A"A)"2
and this norm comes from an innerproduct on M,,(C):
(A, B) = tr(B*A).

Furthermore ||A||r is unitarily equivalent ||UAV || = ||A||r for unitary matrices
U, V.

We leave the proof as an exercise. Use the identification between M, (C) and

C™ and note that then the Frobenius norm is the Euclidean norm on the latter
space. A computation yields the following useful fact:

LEMMA 6.7. Let U be a unitary n x n matriz. Then tr(A) = tr(UA). Further-
more, we have tr(AB) = tr(BA) for any n X n matrices A and B.

Note that

n
tr(A*A) = Y |ag /|
i,j=1
LEMMA 6.8. If A and B are unitarily equivalent, then
n n
> lagl? =7 bil
ij=1 ij=1
PROOF. From >, |a;;|* = tr(A*A) we want to show that this equals tr(B*B):

tr(B*B) = tr((UAU*)*UAU*) = tr(UA* AU*) = tr(U*UA* A) = tr(A*A).
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PROPOSITION 6.1.6. The set of diagonalizable matrices D is dense in M, (C)
with respect to the Frobenius norm. More explicitly, given A € M,(C) and € > 0.
There ezists a diagonalizable matriz A € M,,(C) such that

n
Z |aij — dij|2 <E.

ij=1

We have the Schur form for A

PRrROOF.
ANz T
a=v | P t o,
0 ... ... A\,

for a unitary matrix and eigenvalues A1, ..., A, counting multiplicities. Define small
perturbations of these eigenvalues A; such that these new numbers Aq,...,la, are
all distinct. We add multiples of a number 7 to the \;’s:

X=X +jn, >0
and fixed at the end of the proof. Set A

;\1 T e T
Tl I Ve
0 ... ...

where we only change the diagonal entries of the upper triangular matrix. Now A
is diagonalizable and we have

tr((A—A)*(A—A)) = Z |aij — aij)?

Since the diagonal matrix with entries A\; — lELl, vy AL — lay is unitarily equivalent
to A — A we deduce that

tr((A— A" (A-A) =) N —la;*.
j=1

By the definition of lNaj this gives

S —laP =5 =nPn(n+1)/2.
j=1

Jj=1

Consequently,
Z ‘)\] — l;lj|2 <e
j=1
for n < 2¢/(n(n+1)). O

THEOREM 6.9. Given anxn matrix A. Let py be the characteristic polynomial
of A. Then A annihilates pa, in other words pa(A) = 0.
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PROOF. Schur’s triangularization theorem gives that A is unitarily equivalent
to an upper triangular matrix 7', A = UTU™* for a unitary matrix U. The powers
of A are also similar to powers of T" via the same matrix U:

Al =UT'U*,
e.g. A2=UTU*UTU* = UT?U* since U*U = I. Hence the characteristic polyno-
mials of A and T are also unitarily equivalent:
pa(A) =Upr(T)U™.
Consequently, pa(A4) = 0 if and only if pr(T) = 0. The case pr(T) = 0 is definitely

more accessible than the general one, and one can show by a matrix decomposition
argument that the latter is true. ([l

EXAMPLE 6.1.7. We check the statement for a general 2 x 2 upper triangular

matrix
a b
T_<O c)'
2
o (a® ab+bc
T _<O c? >

The characteristic polynomial of T is pr(2) = 22 — (a + ¢)z + ac. For z* — T we
get

We have to compute T2

pr(T) =T% — (a+ )T 4+ acT® = T? — (a + )T + acl,
which is equal to

a? ab+ be a b ac 0
<O 2 >(a+c)<0 c>+(0 ac)—o'

THEOREM 6.10 (Spectral theorem). Given A € M, (C). Then the following
statements are equivalent:

(1) A is normal.

(2) A is unitarily diagonalizable. Hence there exists a unitary matriz U such
that A = UDU*, where D is a diagonal matriz with the eigenvalues of A
as entries of the diagonal, the columns of U are the corresponding eigen-
vectors of A.

(3) X0 jon laifl® = 300 -1 NP, where A1, A, are the eigenvalues of A
counting multiplicities.

In the proof we make use of two useful statements. An elementary computation
yields the following fact.

LEMMA 6.11. Suppose A and B are unitarily equivalent. Then A is normal if
and only if B is normal, i.e. A is normal if and only if UAU™ is normal for some
unitary matriz U.

LEMMA 6.12. An upper triangular matriz is normal if and only if it is diagonal.

PROOF. (=) Suppose T is an upper triangular matrix. Then the n,n-th entry
of TT* is |t,y,|? while the n, n-th entry of T*T is |tnn\2+2?:_11 [tin|?. If T is normal,
then these two entries have to be the same. Hence t;, = 0 for i = 1,...,n — 1.
Repeating this argument for the entries n — 1,n — 1,...,1 gives that T is diagonal.
(<) If T is diagonal, then T is certainly normal. a
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SPECTRAL THEOREM. (i) < (i) By Schur’s theorem A is unitarily equivalent
to an upper triangular matrix 7. Then we know that A is normal if and only if T" is
normal, which is normal if and only if T is diagonal. In other words, A is unitarily
equivalent to a diagonal matrix.

(i4) < (i#i) Suppose A is unitarily equivalent to a diagonal matrix D where the
diagonal entries of D are the eigenvalues Ay, ..., A, of A. Then

n

sumy;_la;|* = tr(A*A) = tr(D*D) = > _ |\i[*.

i=1

(#4) < (i4) By Schur’s theorem A is unitarily equivalent to a triangular matrix 7":
n n n
N2 = 3 a2 = (A7) = (@) = Sl S gl
i=1 i,j=1,i#£j

Since the diagonal entries of T" are the eigenvalues of A we have that

n n
DNl = Il
i=1 i=1

Hence t;; = 0 for ¢ # j, i.e. T is diagonal and A is unitarily equivalent to a diagonal
matrix. ([l

n
1=

ij=1

The matrix ((1) 1) is not normal. This matrix and its higher-dimensional

analogs are going to play a crucial role in the Jordan Normal Form.

LEMMA 6.13. Let X be a finite-dimensional Hilbert space and T : X — X a
linear mapping.
a) Show that T is a normal if and only if ||Tx| = ||T*z| for allx € X.
b) Suppose that T is normal and let x be an eigenvector of T with eigenvalue
A. Show that = is also an eigenvector of T* with eigenvalue A.

PRrROOF. a) We will first prove the only if part. Suppose T' is normal. We have
|Tz||* = (Tx, Tx) = (x, T*Tx) = (x, TT*z) = (T2, T*x) = | T*z||*.
We will now prove the if part. Suppose [|[Tz| = ||T*z| for all z € X. We have
ITall = |1 T*2ll, Vo e X
= Tz, Tx) = (T"x,T"x), VeeX
= (T"Tz,z)y=(TT"z,z), YVxeX
= (T"Tx,zy — (TT*x,2) =0, VreX
= (T"Te —TT z,z) =0, VreX
=((T"T -TT")x,z) =0, VreX

Now, let A =T*T — TT*, so we have (Az,z) = 0 for every z € X. We will now
show that every eigenvalue of A is zero. Let A be an eigenvalue of A, i.e. Ax = \x
for some non-zero x € X. We get

0= (Az,z) = (A\z,z) = Nz, x),
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and since x # 0 we have (x, z) # 0 and thus A = 0. Also note that A is normal, since
it is hermitian. It follows from the Spectral Theorem that we can write A = UDU*,
where D is a diagonal matrix with the eigenvalues of A as entries on the diagonal.
Since all eigenvalues of A are zero, U is the zero matrix, and thus A is the zero
matrix. It follows that T*T = TT™*, which was what we needed to prove.

b) We use the result in a) and get

(T—-A)zx=0
=T - A)z||=0
=||(T — AXI)*z|| =0 (The matrix T'— A is normal since it is a sum of normal matrices)
(T = Xz =0
=(T* — M)z =0,

hence z is also an eigenvector of T* with eigenvalue \. [

Recall that selfadjoint matrices, A = A*, are normal. Consequently our spectral
theorem for normal matrices implies the spectral theorem for selfadjoint matrices.

THEOREM 6.14. Suppose A is a selfadjoint n X n matriz. Then A is unitarily
equivalent to a diagonal matriz, and the eigenvalues of A are real.

PROOF. The fact about the diagonalizability follows from the Spectral The-
orem for unitary matrices. Now let U be the unitary matrix implementing this
similarity: A = UDU*. Then we have A* = UDU*. Hence A is selfadjoint if and
only if the diagonal entries of D are real. Since these entries are the eigenvalues of
A, we have proved that eigenvalues of a selfadjoint matrix are real numbers. [

In the case of unitary matrices we can also use the spectral theorem to deduce
some information about the eigenvalues.

PROPOSITION 6.1.8. A matriz A is unitary if and only if all of the eigenvalues
of A have modulus one.

LEMMA 6.15. Let A be a n X n matriz. Then A*A and AA* are selfadjoint
matrices.

DEFINITION 6.1.9. A complex selfadjoint matrix A on an n-dimensional in-
nerproduct space (X, (.,,).) is said to be positive definite if (Ax,z) > 0 for all
non-zero vectors x € X. If A satisfies the weaker condition (Az,z) > 0 for all
non-zero vectors x € X, then we call A semi-positive definite.

The notion of positivity is also of interest in the infinite dimensional setting,
where it lies at the heart of the theory of operator algebras. We restrict our dis-
cussion to mappings between finite-dimensional vector spaces.

11
deduce from the positivity of the matrix entries its positive definiteness.

. (1 1Y\. » .
REMARK 6.1.10. The matrix ( ) is not positive definite. Hence one cannot

For 2 x 2 matrices there is a way to state some explicit conditions on the matrix
entries by just examining the quadratic form (Ax, z). Completion the squares yields
that A is positive definite if and only if its pivots are positive. A good way to think
about positive definite matrices is to understand its relation with the spectrum.
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LEMMA 6.16. A complex selfadjoint n x n matriz A is positive if and only if
all its eigenvalues A1, ..., A, are positive.

PROOF. (<) Suppose A is positive definite. Then (Ax,z) is positive for all
non-zero vectors. In particular, also for eigenvectors. Let x be an eigenvector of A.
Then (Az,z) = (Az,z) = A||z|* > 0 and thus X > 0.

(=) By the spectral theorem A is unitarily equivalent to a diagonal matrix given
by its eigenvalues. Hence (Ax,z) is positive for all non-zero vectors. O

For the singular value decomposition we have to know that a m x n matrix A
of rank r give rise to positive semi-definite matrices AA* and A*A.

LEMMA 6.17. Let A be a m X n matriz A of rank r. Then AA* is a positive
semi-definite m X m matrix with v positive eigenvalues and m —r zero eigenvalues.
Furthermore, A* A is a positive semi-definite nxn matriz with r positive eigenvalues
and n —r zero eigenvalues.

PrOOF. Note that (AA*)* = AA* ie. AA* is selfadjoint. By the spectral
theorem AA* is unitarily equivalent to a diagonal matrix D with the eigenvalues
as its entries. Hence we have UAA*U* = D, but (UAA*U*z,x) = ||[UAz||*> > 0.
Hence Aq, ...\, > 0. By assumption A has rank r, so has AA* and thus AA* has r
non-zero eigenvectors. The argument for A* A goes along similar lines. O

A complex number z may be written as z = Re(z)+iIm(z) From the perspective
of matrix theory a number is a 1 x 1 matrix and so one might wonder if there is
an analogous way to decompose general matrices. Indeed that is the case: The
decomposition in real and imaginary part is based on replacing complex conjugation
of a number by its multi-variate analogue, complex conjugation+transpose. Any
m X n matrix A has a Cartesian decomposition

A =Re(T) +iim(T),
where Re(T") denotes the real part of A and Im(T") denotes the imaginary part of A
A+ A* A— A*
Re(T) = ==, (1) = ==,
2 2
and Re(T'), Im(T') are selfadjoint matrices. (Note that this holds true for arbitrary
bounded operators.)

6.1.1. QR Decomposition. The Gram-Schmidt orthonormolization proce-
dure may be expressed in terms of a matrix decomposition, the QR-decomposition.

Given n linearly independent vectors uq, ..., 4, in C". We wish to construct vec-
tors vy, ..., v, such that {vy, ..., v; } is an orthonormal basis for V}, := span{uy, ..., ux }
forall k =1,...,n.

Suppose vy, ..., vx—1 have been constructed and are an orthonormal set. Try to

find a vector 7 in Vj
k—1

U = up + Z Ck,iVi
i=1
such that vy is orthogonal to Vi_;. Hence we have the conditions
0 = (Tk, vi) = (uk, Vi) + Cr
for i =1,...,k — 1, which yields ¢ ; = —(ug,v;). Finally, we normalize it to obtain
vk = Uk/|Ok|]-



Linear mappings between finite dimensional vector spaces 79

PROPOSITION 6.1.11 (QR decomposition). Given an invertible n X n matriz.
Then there exists a n X n matrix Q with orthonormal columns and an upper trian-
gular n X n matriz R such that A = QR. The decomposition is unique.

PROOF. Let uq, ..., u, be the columns of the invertible matrix A. Then the set
{u1,...,u,} is linearly independent. The Gram-Schmidt procedure yields orthonor-
mal vectors {uq, ..., up } such that for each j =1,...,n we have

J n
Uj = E Tk, jVk = E Tk,jVk
k=1 k=1

with r,; = 0 for k£ > j. Hence R = (r;;) is an n x n upper triangular matrix.
In other words, this n equations reduce in matrix form A = QR, where @) has as
columns {vy, ..., v, }.

Uniqueness: Suppose that A = Q1 R; = Q2R where @1, Q2 are unitary and
Ry, Ry are upper triangular with positive diagonal entries. Then

M := RiR; ' = Q;Q-.

Since M is unitary matrix which is also upper triangular, it must be diagonal with
positive diagonal entries, and furthermore of modulus one. Hence M = I and thus
we have established the uniqueness of the QR decomposition. ([l

6 6 1 6 —2 -3\ /7 8 11/7
36 1]=(3 6 2|0 3 1/7
2 1 1 2 -3 6/)\0 0 5/7

6.1.2. Singular Value Decomposition. We present a way to factorize an
arbitrary complex matrix, namely the singular value decomposition (SVD). The
SVD is a standard tool in computational and numerical linear algebra.

DEFINITION 6.1.12. Given an m x n matrix A of rank r. Let 0? > --- > 02 be
the positive eigenvalues of A*A. The numbers o1, ..., 0, the singular values of A.

Since the matrix A*A is of size n X n, it has n eigenvalues and so we define the
singular values to the n —r zero eigenvalues to be 0, i.e. 0 :=0for j =7r+1,...,n.

THEOREM 6.18 (SVD). Given an m X n matriz A of rankr. Let o1 > -+ > oy
be the positive singular values of A. Let ¥ be the mxn diagonal matriz with o4, ..., oy
in the first v diagonal entries and zeros elsewhere. Then there exist unitary matrices
U and V, of sizes m X m and n X n, respectively, such that

A=UXV".
The decomposition in the theorem is often called the full SVD.

PROOF. Note that D = ¥*Y is a real n x n diagonal matrix with o > o3 >

- > o2 and zeros everywhere. The matrix A*A is a selfadjoint matrix with r

positive eigenvalues 02 > 02 > --- > 02 and n — r eigenvalues equal to zero. The
spectral theorem yields that there exists a unitary matrix V such that
VA*AV* = D.

The ijth entry of V*A*AV is the innerproduct of columns j and i of AV. Hence
the preceding equation yields that the columns of AV are pairwise orthogonal.
Furthermore, when 1 < 4 < r then the length of column j is 0;. Let U, denote
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the m x r matrix with Uij(column jof AV) as its jth column. The r columns of U,
are then an orthonormal set. Now complete U, to an m X m matrix by using an
orthonormal basis for the orthogonal complement of the column space of U,. for the
remaining m — r columns. Hence

AV =UX
and hence AV = UXV*. O

There is other ways to write the SVD. Since only the first r diagonal entries of
3 are non-zero, the last m — r columns of U and the last n — r columns of V' are
superfluous. Let 3 be the r x r matrix diag(oy, ...,0,). Replace the n X n matrix
U and the m x m matrix V by the (m —r) x (m — r) matrix U, and by the r x n
matrix V. consisting of the first r rows, respectively. Hence,

A=UY,.

Summary: Any matrix A has an SVD with a unique diagonal matrix 3, but the
unitary matrices U and V are not uniquely determined by the matrix A. It is
just the way these unitaries are used that is specified: Namely, A(column j of V') =
oj(column j of U), or in matrix form:

AV =UZV™.

DEFINITION 6.1.13. The vectors uy,us, .., , Uy and v, ..., v, are called the left
and right singular vectors. Based on our results implying the Fredholm alternative
the property of singular vectors is not surprising;:

PROPOSITION 6.1.14. Let A be a m x n matriz of rank r. Then

ran(A) = span{us, ..., u, }, ker(A*) = span{u; 41, ..., um }
ran(A*) = span{vy, ..., v, }, ker(A) = span{v,41, ..., Un }.

Hence we have

ran(A) @ ker(A*) = C™
and

ran(A*) @ ker(A4) = C™.

Or in terms of basis: The columns of V* are an orthonormal basis for C* and
the columns of U are an orthonormal basis for C"™. Then A maps the jth basis
vector of C" to a multiple of the jth basis vector of C”, where the multiplier is
given by the singular value o;. If we order the singular values decreasingly, then
o1 is the largest factor by which the length of a basis vector is multiplied. We now
show that this is the largest factor by which the length of any vector is multiplied.
In other words, the operator norm of the linear transformation induced by A is
equal to the largest singular value. The operator norm of a matrix is often known
as the spectral norm.

PROPOSITION 6.1.15. Let A be a m X n matriz with singular values o1 > o9 >
-« > 0. > 0. Then the operator norm of A equals o1 :

[A]l = o1.
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ProOF. The equation AV = UX gives for the first column vector v; of V
that ||Avi]| = o1. Let x be a vector of length one in C™. Then the SVD gives
Ax = UXV*z. Since V is unitary, also V* is unitary and hence an isometry. Let
us denote V*z = y. Then |y|| = 1 and the vector Xy is the vector where the jth
component gets multiplied by o;. Hence || Zy| < o1]|y||. Since U is unitary

[Az| = [|UZy|| < o1
O

A complex number may be written in polar form z = |z]e>™. The polar
decomposition of a matrix A decomposes it as a product of a unitary matrix and
a positive definite matrix. If one looks at the eigenvalues of these matrices, then
the first one has only eigenvalues of modulus one and the other has only positive
eigenvalues. Hence in terms of the spectrum of the matrices the polar decomposition
is a natural generalization of the one for complex numbers.

PROPOSITION 6.1.16 (Polar decomposition). Given a n x n matrizc A. There
exist a unitary matrix U and a positive definite matriz R such that
A=UR.
PRrROOF. The SVD decomposition gives us unitary n X n matrices U and V such
that
A=UXV*=U0V*VEV*.
Note that UV™* is unitary as a product of two unitary matrices and VX V™ is positive

definite, since ¥ is positive definite. Hence VX V™ is the replacement of the length
of a complex number and UV™* the one for the phase factor. O

Consequently, the SVD gives in a straightforward manner the polar decompo-
sition. There is also a version of this result for general bounded operators on a
Hilbert space.

EXAMPLE 6.1.17. Determine the singular value decomposition of (3 22 )

2 3 -2
Write
3 2 2
A_<2 3 —2.)

We follow the procedure for singular value decomposition. We have

3 2 13 12 2
aa=[2 3 (‘;’ . _22> — (12 13 -2
2 -2 2 -2 8
We find the eigenvalues of A*A by solving
13—-X 12 2
det 12 13-X2 -2 ]=0
2 -2 8—A

We get the characteristic equation
(I3=XN)13=XN)8—-XAN)+12-(-2)-2+2-12-(-2)
—(13=X)(-2)(-2)—12-12-(8=X)—2-(13—X) -2

which simplifies to —A(A — 9)(A — 25) and has the solutions A\; = 25, A2 = 9 and
A3 = 0. We now find normalized eigenvectors for each eigenvalue.
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A =25
13— 25 12 2 0 0 0
12 13-25 -2 |~10 o0 1
2 -2 8 —25 1 -1 -1

is a normalized eigenvector for A\; = 25.

=
|
Nej
o ofirs

O = O
A= O

NI

A3 =
13 12 2 0 0 O
12 13 -2 ~|0 1 =2
2 -2 8 1 0 2
2
3
vz = —% is a normalized eigenvector for A3 = 0.
3
We get the singular value decomposition A = UXV™* where
V2o V2 2
2 6 3
V= (1)1|’l)2"l)3) = g 7% 7% s
0 2v2 1
3 3
0

and

V2 V2
U = (ilte) = (sl rdssy) = (% 2@) :
2

Explicitly, we have

V2 V2
3 2 2 V2 V2 5 0 0 "2 2 0
= 2 2 V2o _ V2 2v/2
G- )00y 7 =
3 -3 -3
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6.1.3. Pseudoinverse and least squares method. Given a m X n matrix
A and a vector b € C™. Then we are interested in solutions of

Az =b.

There will be a solution, if b lies in the column space of A or in other words in the
range of A. If that is not the case, there exists no solution, but we still can project
b onto the range of A. Given our knowledge about projections in Hilbert spaces,
this vector will be the best approximation of all vectors out of the range of A. This
projection may also be expressed in terms of the matrix and the resulting object
if the pseudoinverse of A. Since in the Euclidean case this amounts to expressions
with squares. This method is known as least squares. We will approach this circle
of ideas from the SVD.

More formally, we are interested in the solutions of the following problem:

in ||Az — b2.
min || Az — b
We denote the set of the these optimal solutions to Az = b by Xp.

ProOPOSITION 6.1.18.
Xopt = ker(A) + ATb,
where AT is the pseudoinverse of A. In terms of the reduced SVD of A its pseu-
doinverse equals
Alagger = V,71U7,
and zy N = AT is the minimal norm solution.
If A has full column rank, meaning m > n, then AT = (A*A)~1A*.

PRrROOF. For the m x n matrix A we use its SVD A = UXV™* to rewrite our
minimization problem

| Az —b||3 = |USV*z — UU*b|| = |BV*z — U*Db|,
since the Euclidean norm is invariant under unitary transformations. Now we make
changes of variables:
Z=V*x and b=U"b.
Then our optimal solutions are minimizing
min |z — b||2.

The solution depends on the r non-zero eigenvalues. Hence we split our vectors
into blocks of length r and n — r, respectively. Given & = (1, ..., Ty, Tpg1, ey Tn)-
We denote by

Ly = (1‘1, "-axr) andz = ($T+1, ,J)n)

—n—r

and analogously for b. Then our optimal solutions X* are of the form

Tt = II;IH ||Eir - br”% + ||bm—7"||§

Since ¥ is invertible, the optimal choice is z, = 2_15T.~ Hence the minimum is
determined by b,,_,, which is going to be optimal for all b with b,41 = -+ = by,.

Consequently, the optimal solutions are determined by the first » components of b
and so the solutions have n — r free variables x7 ,,...,z},. Since xr = VZ we have
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that the first » components of the optimal solutions x are V,.Z,.i and we also have
b, = Urb. Thus an optimal solution is of the form

=V, 2+ V2, zeCVT.

Note that Vri_lU:b = A'b. The mapping b — Atb is the orthogonal projection
of b onto the range of A. The last n — r columns of U are an orthonormal basis
for ker(A). Hence we have established the desired assertion. Furthermore, the
Projection Theorem implies that this solution is the unique solution of minimal
norm.

The condition of full column rank, » = n < m, is equivalent to ker(A4) = {0}
and in this case A*A~! exists. Furthermore, this yields that the unique optimal
solution is

i=ATb=(A"A)"1A%.
O

Another way to arrive at the statement for matrices of full column rank is to
recall that minimal norm solutions have the property that b — Ax is orthogonal to
the range of A. Since the orthogonal complement of the range space of A is the
row space of A* we have

A*(b—Az) =0
or
A" Az = A™D,
which are the normal equations for your linear system. If A has full column rank,
we can invert A* A and hence our optimal solution is given by (A*A)~1A*. Another
way of putting it, is that the pseudoinverse A" of a matrix with full column rank
is given by (A*A)~1A*.

REMARK 6.1.19. The name pseudoinverse has its origins in the fact that AT
is a left inverse for A but not a right inverse: ATA = I but AAT # I, the latter
actually describes the orthogonal projection onto the range of A. In the case of
matrices of full column rank one may compute it explicitly: (A*A)"tA*A =1

EXAMPLE 6.1.20. Solve the equation
—x1 + 229 + 223 =b, forbe R,

and explain in which sense your result has to be interpreted.
We let A = (=1 2 2) and rewrite the equation as Az = b. The Singular
Value Decomposition gives that

A=UXV",

where L )
"3 VB 35

U=(1), ==(B3 0 0), V=2 o £

2 1 4

3 V6 3V5

The Moore-Penrose pseudoinverse of A is

1 2 2 1
5V5 35\ (3 9

ar—verwr =30 B o=

2 1 4 0 2

3 V5 3V5 9
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The solutions of the equation Az = b are given by

1
9
z =AYb+ [ - At AJw =

DO DO 00

NS N

SN
S

1
2
vty
2

9

where w € C3.

6.1.4. Nilpotent operators. An ingredient in understanding the Jordan nor-
mal form (JNF) of a linear transformation are nilpotent operators.

DEFINITION 6.1.21. Let T be a linear transformation on a finite-dimensional
vector space X. We say that T is nilpotent if there exists a power of the matrix
such that 7% = 0. The minimal exponent, e, such that 7¢ = 0 and T¢~! # 0, is
the index of nilpotency of T.

The matrix N, defined by

0 1 0 0
0 0 1 0
N, = 1
0 0 0 1
0 0 0 0

is a nilpotent matrix of index p — 1.

PROPOSITION 6.1.22. Let T be a linear transformation on a finite-dimensional
vector space X. Then T is nilpotent if and only if the spectrum o(T) = {0}. In
other words T is nilpotent if and only if O is the only eigenvalues of T.

PROOF. (<) Suppose T is nilpotent and \ is an eigenvalue of T. Then there
exists a non-zero x € X such that Tx = Az. Then there exists a p such that

0="TPx =Nz

and hence T? = 0 implies that A = 0.

(=) Suppose o(T) = {0}. Then T is similar to a triangular matrix with all zeros
on the diagonal. The powers of an upper-triangular matrix become eventually the
zero matrix. Hence T is nilpotent. ([

LEMMA 6.19. Let N be matriz such that N*~1 £ 0 and N¥ =0, i.e. N isa
nilpotent matriz. Then I — N is invertible and its inverse is given by

(I-N)"'=IT4+N+N?4... 4 Nt-L
PROOF. a) It suffices to show that
(I-N)IT+N+N?*+-.. N =1

and
(I+N+N?*+...+ N"YH)(I-N)=1
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Indeed, we have
(I—=N)YI+ N+ N?4 ...+ N1
=I+N+N*+... 4 N1 (N4 N2+ N3+ ...+ NF)
=1-N*
=1
and
(I+N+N*+...+ N1~ N)
=I+N+N* 4. NF71 (N4 N2+ N3+ ...+ NF)
=1-N*
=1.

EXAMPLE 6.1.23. Find the singular value decomposition of

010
A=10 0 1
0 0 0

Describe the kernel and range of A and A* in terms of the left and right singular
vectors.
The procedure for singular value decomposition gives us A = UXV™*, where

010 100 00 1
U=|10 0], ==(0 1 o], v=|0 1 0
00 1 00 0 100

The range of A is spanned by the left singular vectors corresponding to the non-zero
singular values, i.e.

0 1
ran(A) = span 11,10
0 0

The kernel of A is spanned by the right singular vectors corresponding to the
vanishing singular values, i.e.

1
ker(A) = span 0
0

The singular value decomposition of A* is A* = VU™, so we get

0 0
ran(A*) = span 0],(1
1 0
and
0
ker(A*) = span 0

—_
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6.1.5. Jordan Normal Form. The key objective is to describe a refinement
of Schur’s form, the Jordan normal form of a linear operator on a finite-dimensional
vector space X. Suppose A is the matrix representation of 7" with respect to a basis
in X.

Given a n X n matrix A with distinct eigenvalues A1, ..., Ay with & < n. Then
A is unitarily equivalent to

Ji(A1) 0 e 0
0 Ja ()\2) . 0
0 e 0 Je(Ag)
where a general upper triangluar matrix T; is replaced by a Jordan block:
A 10 - 0
0 X 1 .0
BO)= {1
0o ... . .1
0 ... ... 0 N\

The basis of X that allows us to express T in this particular “almost”-diagonal
form, is the main focus of this section. For this purpose we have to extend the
definition of eigenspace to generalized eigenspace.

DEFINITION 6.1.24. Let T be a linear transformation on a vector space X.

(1) A non-zero vector x € X is called a generalized eigenvector of T corre-
sponding to a scalar A if

(T — )Pz =0

for some positive integer p.

(2) Suppose X is n dimensional and A is the matrix representation of T for
a basis of X. A non-zero vector x € C" is called a generalized eigenvector
of a n x n matrix A corresponding to the scalar A if (T'— AI)Pz = 0 for
some positive integer p.

(3) The generalized eigenspace E\ corresponding to X is

Ey={ze X : (A—\)Pz =0 for some positive integer p}.

Note that E consists of the zero vector and all generalized eigenvectors cor-
responding to A, since Ey = ker((T' — AI)?). Furthermore, let p be the smallest
positive integer such that (T'— A )Pz = 0, then (T'— M )P~ 'z # 0 and is an eigen-
vector of T' corresponding to A. Hence, the scalars in the definition of generalized
eigenvectors and generalized eigenspaces are eigenvalues of T, as the name sug-
gested. Consequently, T'— Al is a nilpotent operator of exponent p with eigenvalue

A

DEFINITION 6.1.25. A subspace M of X is called T-invariant for a linear op-
erator T if T(M) C M.

The range of a linear operator is such an invariant subspace. We collect a few
properties of generalized eigenspaces without proof.
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PROPOSITION 6.1.26. Let T be a linear operator on a vector space X. Suppose
A is an eigenvalue of T.

e E\ is a T-invariant subspace of X containing the eigenspace Ey corre-
sponding to A.

e For any scalar p different from the eigenvalue A, the restriction of (T'—ul)
to Ey is injective.

DEFINITION 6.1.27. Suppose T is a linear operator on a finite-dimensional
vector space X and let A be an eigenvalue of T'.

(1) If the characteristic polynomial contains a factor of the form (x — A\)?.
Then we call a the algebraic multiplicity of the eigenvalue .

(2) The geometric multiplicity g of the eigenvalue A equals the dimension of
the eigenspace associated with A: ¢ := dim(ker(T — \;1)).

Observe that the algebraic multiplicity of an eigenvalue equals the number of
times \ appears on the diagonal of the upper-triangular matrix in the Schur form.
Note that the geometric multiplicity of an eigenvalue is always less than or equal
to the algebraic multiplicity. In case the sum of the geometric multiplicities is less
than the sum of the algebraic multiplicities, then T" has not enough eigenvectors to
form a basis for X and the T is not invertible.

PROPOSITION 6.1.28. Suppose T is a linear operator on a complex finite-dimensional
vector space X. Given an eigenvalues of T with algebraic multiplicity a. Then
(1) dim(E)) < a;
(2) E\ = ker((T' — AI)%).

The proof is omitted, since it is not essential for understanding the construction
of Jordan blocks. The next statement is a crucial observation towards the Jordan
normal form.

EXAMPLE 6.1.29. Find the generalized eigenspaces of

1 2 3
A=10 1 1
0 -1 -1
We start by finding the eigenvectors of A. The characteristic polynomial is
A-1 =2 -3
0 A—1 —1|[=Q-D(A=DA+1D)+1)=x1N\-1)
0 1 A+1

We have the eigenvalues A = 0 with algebraic multiplicity 2 and A = 1 with
algebraic multiplicity 1. We find the generalized eigenspace for each eigenvalue.

A=0

The generalized eigenspace of A = 0 is ker(A?). We have

1 2
A? = 0 0],
00

g oor

and the kernel of A2, i.e. the solutions to A%z = 0 are

2
T = —1 r+ 0 s, r,seC.
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Hence, the generalized eigenspace of A = 0 is

1 2
span 11, 0
0 -1
A=1
The generalized eigenspace of A =1 is ker(A — I). We have
0o 2 3
A-1=[0 o 1],
0 -1 -2
and the kernel of A — I, i.e. the solutions to (A — Iz = 0 are
1
r=|0]r, reC
0
Hence, the generalized eigenspace of A =1 is
1
span 0
0

THEOREM 6.20. Suppose T is a linear operator on a complex finite-dimensional
vector space X. Let \i,...,\p be the distinct eigenvalues of T with corresponding
algebraic multiplicities a;. If B; is a basis for E,\i for 1 <1<k, then we have

(1) The bases B, ..., By are pair-wise disjoint; B; N B; = for i # j.
(2) B=B1U---UBy is a basis for V.
(3) dim(Ey,) = a; fori=1,..., k.

A proof is in the textbook by Friedberg et al., Linear Algebra. As a consequence
we state a criterion for diagonalizable operators.

COROLLARY 6.1.30. Suppose T' is a linear operator on a complex finite-dimensional
vector space X. Then T is diagonalizable if and only if Ex = E\ for all eigenvalues
AofT.

The proof amounts to the fact that T is diagonalizable if and only if dim(FE)y) =
dim(E)) for all eigenvalues A of T. Now we have by definition E) C E\. Recall
that two subspaces of a finite-dimensional vector space have the same dimension if
and only if they are equal.

The problem is now reduced to the quest of finding bases for the generalized
eigenspaces of a linear operator. We have observed that T — Al is a nilpotent
operator of index equal to the algebraic multiplicity of A. Recall that we have
discussed a canonical construction of a basis associated to a nilpotent operator.
Following Friedberg et al we define some notions related to these bases.

DEFINITION 6.1.31. Suppose T is a linear operator on a finite-dimensional
vector space X and let x be a generalized eigenvector associated to an eigenvalue
A of T. Suppose p is the smallest positive integer such that (T' — AI)Pz = 0. Then
the set

D= {(T -\ o, (T = X[)P"%z, .., (T — \)x,z}
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is called a cycle of generalized eigenvectors of T’ corresponding to A. The vector
(T — M)P~ 1z is called the initial vector and x is known as the end vector of the
cycle. The cardinality, p, of this set is called length of the cycle T.

Note that the initial vector (T'—\I )P~z of a cycle of generalized eigenvectors of
T is the only eigenvalue of T in this cycle. If z is an eigenvector of T" corresponding
to the eigenvalue A, then we consider the eigenvector x as a cycle {x} of length 1.
Our discussion of nilpotent operators yields that I" is linearly independent.

THEOREM 6.21. Suppose T is a linear operator on a finite-dimensional vector
space X.

(1) Then each cycle T' of generalized eigenvectors the subspace W spanned by
T is T-invariant. Furthermore, the restriction of T to W has a matrix
representation with respect to I' that has the form of a Jordan block.

(2) The generalized eigenspace E\ corresponding to an eigenvalue \ of T' has
a basis consisting of a union of disjoint cycles of generalized eigenvectors.

(3) There exists a basis of V' constructed out of disjoint cycles of generalized
eigenvectors corresponding to all the distinct eigenvalues of T with respect
to which the matrix representation of T has Jordan canonical form.

Let us discuss some examples.

EXAMPLE 6.1.32. Given the matrix

3 1 -2
A=1-1 0 5
-1 -1 4

. We find the characteristic polynomial to be
pa(z) =det(A —xl) = —(x — 3)(x — 2),

so the eigenvalues of A are A\; = 3 with algebraic multiplicity 1 and Ay = 2 with
algebraic multiplicity 2. By our general result on the dimension of generalized
cigenspaces we have dim(Ey,) = 1 and dim(E),) = 2 and Ey, = ker(4 — 2I),
EAQ = ker (A — 3I)2. Since the generalized eigenspace for \; is one-dimensional,

-1
it is equal to the eigenspace which is spanned by the eigenvector 2 |. Hence
1
-1 i i
By = span{| 2 |} is a basis for E),. The basis of F), is either a union of
1

two cycles of length 1 or a single cycle of length 2. Since cycles of length 1 are
eigenvectors for A, this is not possible. Hence we have a single cycle of length 2.
Now, a vector v € C? is the end vector of such a cycle if and only if

(A—2I)v #0 and (A —2I)%v = 0.
In other words, what are the solutions of (A—21)2x = 0?7 These are spanned by the
1 -1 -1 1

vectors | =3 | and | 2 |. Observe that v = | 2 | satisfies (A —2v= | -3
—1 0 0 -1
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and so our cycle of generalized eigenvectors is

-1 1
82:{ 2 3 }
1 -1

a basis for E~‘A2. Then union of By U B, is a basis

-1 1 -1
B={2|,{-3],1 2]}
1 -1 0
with respect to which A has Jordan canonical form:
300
Tlg=10 2 1
0 0 2
The matrix A is similar to [T]g:
[T]s = Q" AQ,
-1 1 -1
where @ is the matrix @ = | 2 -3 2 |, whose columns are the vectors of the
1 -1 0
-2 -1 1
basis B and we have Q7' = | -2 -1 0
-1 0 -1

ExXAMPLE 6.1.33. Let T be the linear operator on Py defined by
Tf(z) = —f(z) - f(z).

In the monomial basis M = {1, z, 2%} for Py we have

-1 -1 0
A=Tm=10 -1 -2
0 0 -1
and the characteristic polynomial is pr(z) = —(z + 1)®. Hence A = —1 is an

eigenvalue of algebraic multiplicity 3 and so we have Py = FE)—_1. Consequently,
M is a basis for E\—_1. Observe that

dim(Ey=2) =3 —rank(A+1)=3—-2=1.

A basis for EN’A:,l cannot be the union of two or three cycles because the initial
vector of each cycle is an eigenvector. Since there are no two linearly independent
eigenvectors, we must have a single cycle I" of length 3. Thus I" determines a single
Jordan block of size 3, which in our case has the form

-1 1 0
Tr=[0 -1 1

How does a basis ' of Ex—_ look like for which T" has Jordan normal form? Recall
the discussion of canonical bases associated to nilpotent operators. In our example
we take f(z) = x?. Then

U= {(T+1)°f(2). (T +1)f(2), f(x)} = {2, -22,2"}.
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1 1 1
EXAMPLE 6.1.34. Determine the Jordan normal formof |0 1 0 |. We start
0 0 1

by finding the eigenvalues of the matrix. Since the matrix is triangular, its eigenval-
ues are the diagonal entries, so Ay = 1, Ao = 1 and A3 = 1. We find the eigenvectors
corresponding to A = 1:

0 1 1

0 0 0Ja=0

0 00

We see that the solutions are given by

1 0
z=|0]r+| 1 ]s mrseC.
0 -1

Thus the geometric multiplicity of the eigenvalue A = 1 is two. This means that
there are two blocks in the Jordan normal form, and it follows that the Jordan
normal form is

1 10
010
0 01

EXAMPLE 6.1.35 (ODEs and Jordan normal form). Solving ordinary differential
equations is a well-known applications of the Jordan normal form (JNF). Here we
treat the 2 x 2 case. Given the system

i\ (A 1\ (&
zh) N0 X)) \aa
with initial values x1(0) and x2(0) determining the solutions z1(t) and z2(t). Ex-
plicitly, we want to solve
) = Az + 2o
Th = \To
by backward substitution. We have
zo(t) = x2(0)eM
and
o) (t) = Az (1) + 22(t) = Az (t) 4+ 22(0)eM.

Hence

which becomes
Note that
Thus we have

2(0) = (e Man (1)),
which after integration becomes

22(0)t = e My (t) + e M1 (0)
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and after solving for z (¢):
z1(t) = (x1(0) + z2(0)t)e.

6.1.6. Minimal polynomials. Let T be a linear operator on a finite-dimensional
vector space. Then we say that a polynomial p annihilates T if p(T) = 0, the zero
matrix. The set of all annihilating polynomials is non-empty, since the theorem of
Cayley-Hamilton shows that the characteristic polynomial pr is annihilating 7'

Let us now consider the monic polynomial of least degree that annihilates T,
the minimal polynomial mry. A polynomial is called monic if it is of the form
2"+ ap_12" 4+ +ag.

THEOREM 6.22. Let mp be the minimal polynomial of a linear operator T on
a finite-dimensional vector space.
(1) Suppose p annihilates T. Then myp divides p. Hence mr is a diwisor of
the characteristic polynomial pr.
(2) The minimal polynomial my is unique.

PRrROOF. (1) By the division algorithm for polynomials there exist poly-
nomials ¢ and 7 such that

p(x) = q(x)mr(z) +r(z),
where the degree of r is less than the degree of mp. Now we have
p(T) = q(T)mz(T) + r(T),
which by assumption equals
0=p(T)=q(T)0+r(T).

Consequently, r(T') = 0, which is impossible because my is the polynomial
of least degree that annihilates 7', so r = 0.

(2) Suppose m; and mg are two minimal polynomials of 7. Then m; divides
mg, but both polynomials have the same degree. Hence ma(t) = cm(t)
for some non-zero scalar ¢. By definition minimal polynomials are monic,
so ¢ = 1 and we have mq = mo.

|

There is a relation between the characteristic polynomial, the minimal polyno-
mial and the eigenvalues of a linear operator.

PROPOSITION 6.1.36. Let T be a linear operator on a finite-dimensional vector
space. Then a scalar X is an eigenvalue of T if and only if mp(A\) = 0. In other
words, the characteristic polynomial and the minimal polynomial have the same
2€T08.

PROOF. (<) Let pr be the characteristic polynomial of 7. We know that
the minimal polynomial mp divides pr, so there exists a polynomial g such that
pr(x) = q(x)mr(x). If A is a zero of the minimal polynomial, then

pr(A) = g(\)mr(A) =0

and A is an eigenvalue of T'.
(=) Suppose that A is an eigenvalue of T and x an associated eigenvector. Then

0=mp(x) =mr(Nz
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for a non-zero vector x. Thus mr(A) = 0, i.e. Ais a zero of the minimal polynomial.
O

COROLLARY 6.1.37. Let T be a linear operator on a finite-dimensional vector
space with distinct eigenvalues A1, ..., A\g. Suppose that the characteristic polynomial
is of the form

pT(l‘) = (I — )\1)”1 cee (l‘ - /\k)nk.
Then there exist integers my,...,my such that 1 < m; < n; fori=1,....k and the
mintmal polynomial is

mp(z) = (x— A)™ - (T — Ap)™.
The integers n; are the algebraic multiplicities of A\; and m; are equal to the geo-
metric multiplicities of \; fori=1,..., k.

COROLLARY 6.1.38. Let T be a linear operator on a finite-dimensional vector
space. Then T is diagonalizable if and only if the minimal polynomial is of the form

mr(x) = (= A1) (z = Ap)

EXAMPLE 6.1.39. Let D be the differentiation operator on Ps with the mono-
mial basis M. Then

[Dlm =

o O O

1
0
0

o N O

The characteristic polynomial pp(z) = —z3. Now D(x?) # 0, hence D? # 0 and

mp(x) = 23

1
EXAMPLE 6.1.40. [ O . Since its Jordan normal form is
0

[
—_ O =

o O =
O = =
_ o O

the minimal polynomial is (z — 1)2.
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Metric spaces

7.1. Metric spaces

Metric spaces are generalizations of the real line, or more generally of normed
spaces.

DEFINITION 7.1.1. A set X is called a metric space if there exists a function
d: X x X — [0, 00) satisfying
(1) d(z,y) =0 if and only if z = y;
(2) d(z,y) = d(y,x)
(3) d(z,2) < d(z,y) + d(y, 2).
The function d is called a metric on X. The metric space is often denoted by (X, d).

The class of metrics is much richer as metrics arising from norms on vector
spaces. Here are two examples.

EXAMPLES 7.1.2. (1) Hamming distance: Let X be a set of n-tuples
(z1, ..., Tpn), where x; is either 0 or 1 for ¢ = 1,...,n. Given two elements
z,y € X. We define the metric

dp(x,y) = the number of components x; such that z; # y;,

aka the Hamming metric and of relevance in coding theory where it serves
as a measure of how much a message gets distorted during transmission.
(2) Discrete metric: Given a set X. The discrete metric is defined by

1 if z#y
d(x,y):{o if x=y

The discrete metric has properties different from the ones we are used to
from R™.

There are ways to produce new metrics from old ones.

LeMMA 7.1. If (Y,d) is a metric space and h : X — Y is an injective map,
then d.(x,y) = d(h(x),h(y)) defines a metric on X.

PROOF. Since h is injective, the metric properties of d transfer to the ones for
d.. For example, d.(z,y) = 0 if and only if h(x) = h(y), which holds only for z =y
by the injectivity of h. ([

An example of interest is the X = (—7/2,7/2), Y =R and h = tan.

DEFINITION 7.1.3. Let (X, d) be ametric space. Then B,.(z) = {y € X : d(z,y) <

r} is the open ball centered at = and of radius r.

95
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An important class of normed spaces are the Banach spaces and complete metric
spaces are also of interest.

DEFINITION 7.1.4. Let (X, d) be a metric space. A sequence (z,,) is a Cauchy
sequence if for any € > 0 there exists an index N such that d(z,,z,,) < ¢ for all
m,n > N. If every Cauchy sequence in X has a limit in X, then (X, d) is called a
complete metric space.

The completeness of metric spaces depends on the distance.

EXAMPLE 7.1.5. The metric space (—n/2,7/2) with the standard distance
d(x,y) = |z —y] is not complete. In contrast (—m/2,7/2) with the metric d,(z,y) =
| tan z — tan y| is complete. The endpoints in this metric are no longer detected as
missing, since the metric stretches distances near the endpoints.

LEMMA 7.2. Given a metric space (X,d). Then (X,d’) is a metric space where
d'(z,y) = d(z,y)/(1 + d(z,y)).
PROOF. Mads: Please prove this statement. ([l

7.1.1. Closed, open sets and complete metric spaces. Definitions and
properties of open and closed sets, sequences and other notions for normed spaces
have natural counterparts in the setting of metric spaces.

DEFINITION 7.1.6. (1) AsetU C X is a neighborhoodof x € X if B, (x) C
U for some r > 0.
(2) A set O C X is open if every x € O has a neighborhood U contained in
0.
(3) A set C C X is closed if its complement C° = X\ F' is open.

Note that the definition of open sets depends on the norm. In other words,
open sets with respect to one norm need not be open with respect to another norm.

LEMMA 7.3. Let (X,d) be a metric space. Then B,(z) is open and B,(z) is
closed for x € X and r > 0.

PrOOF. The proof goes along the same lines as in the case of normed spaces.
Suppose that y € B,.(z) and choose € as ¢ = r—d(z,y) > 0. The triangle inequality
yields that B:(y) C By(z), i.e. By(x) is open.

We show that X\B,(z) is open. For y € X\B,(z) we set ¢ = d(x,y) —r > 0
and once more by the triangle inequality we deduce that B.(y) C X\B,(z). Hence
X\B,(x) is open and B, (z) is closed. O

DEFINITION 7.1.7. For a subset A of (X, d) we introduce some notions.

(1) The closure of a subset A of X, denoted by A, is the intersection of all
closed sets containing A.

(2) The interior of a subset of A of X, denoted by intA, is the union of all
open subsets of X contained in A.

(3) The boundary of a subset A of X, denoted by bdA, is the set A\intA.

‘We continue with some definitions

DEFINITION 7.1.8. Let A be a subset of (X, d).

(1) A point x € A is isolated in A if there exists a neighborhood U of x such
that U N A = {z}.
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(2) A point z € R is said to be an accumulation point of A if every neighbor-
hood of x contains points in A\{z}.

DEFINITION 7.1.9. A subset A of (X,d) is said to be dense in R if its closure
is equal to X, i.e. A = X. If the dense subset A is countable, then X is called
separable.

In other words, a subset A of a metric space X is dense in X if for each z € X and
each £ > 0 there exists a vector y € A such that

de,y < €.

The next results have been proved in the section on real numbers and these are
also true for metric spaces. The proofs of these results are along the same lines as
the ones for the real line.

LEMMA 7.4. Let {O; : j € J} be a family of open sets of (X, d).
(1) N%_,0; is an open set for any n € N.
(2) Ujes0; is open for a general index set J.

Note that open and closed subset of a normed space also applies to subspaces,
since these are sets with some extra properties. For the most part we are going to
discuss closed sets of a metric space.

LEMMA 7.5. Suppose A is a subset of (X,d).
(1) A= (Int(A°))° and int(A) = (A°)°
(2) bdA = bd(A¢) = AN Ac

(3) A= AUbrAd = intAUbdA

LEMMA 7.6. Suppose A is a subset of (X, ||.])-

(1) A= {z € X : every neighborhood of T intersects A}
(2) int(A) = {z € X : some neighborhood of x is contained in A}
(3) bd(A) = {x € X : every neighborhood of x intersects A and its complement}

LEMMA 7.7. A point x in a metric space (X, ||.]|) is an accumulation point of
A if and only if every neighborhood of x contains infinitely many points of A.

LEMMA 7.8. Let M be a subset of (X,d). Then (M,d) with d as restriction to
M of the distance on X is complete if and only if closed.

We collect all notions of continuity required in this course.

DEFINITION 7.1.10 (Different types of continuity). Let (X, dx) and (Y,dy) be
two metric spaces, let A C X and let f: A — Y be a function.

(1) We say that f is continuous at a point a € A if for all € > 0 there is 6 > 0
such that for all x € A with dx(z,a) < § we have dy (f(z), f(a)) < e.

(2) We say that f is continuous on A if it is continuous at each point of A.

(3) We say that f is uniformly continuous on A if for all € > 0 there is § > 0
such that for all z,y € A with dx(z,y) < § we have dy (f(z), f(y)) < e.

(4) We say that f is Lipschitz (with Lipschitz constant L € R) if

dy (f(x), f(z")) < Ldx(x,2") forall z,2’ € A.
LEMMA 7.9. If f: A — Y is a Lipschitz function, where A C X and X,Y are

metric spaces, then f is continuous at every point a € A. Moreover, f is uniformly
continuous.
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Here is a useful criterion for continuity of a function.

ProOPOSITION 7.1.11. Let f: A =Y be a function, where A C X and X,Y are
metric spaces. Let a € A. Then following two statements are equivalent.

(i) f is continuous at a.

(i) For every sequence (x,) C A, if x, — a then f(z,) — f(a).

The proof is the same as the one given in the setting of normed spaces.
Banach’s fixed point theorem holds for general metric spaces with the same
proof as for normed spaces.

THEOREM 7.10 (Banach Fixed Point). Let M be a closed subset of a metric
space X. Any contraction f on M has a unique fized point & and the fized point is
the limit of every sequence gemerated from an arbitrary nonzero point xo € M by
iteration (x,,)n, where p41 = f(x,) forn > 1.



APPENDIX A

Sets and functions

A.1. Sets and functions

In order to formalize our intution about collections of objects we use the frame-
work of set theory. The relation between sets and their elements will be described
by functions.

DEFINITION A.1.1. A setis a collection of distinct objects, its elements. If an
object x is an element of a set X, we denote it by x € X. If x is not an element of
A, then we wrtie z # X.

A set is uniquely determined by its elements. Suppose X and Y are sets. Then
they are identical, X =Y, if they have the same elements. More formalized, X =Y
if and only if for all z € X we have x € Y, and for all y € Y we have y € X.

The empty set is the set with no elements, denoted by 0.

DEFINITION A.1.2. Suppose X and Y are sets. Then Y is a subset of X,
denoted by Y C X, if for all y € Y we have y € X.

If Y C X, one says that Y is contained in X. If Y C X and X #Y, then Y is
a proper subset of X and we use the notation Y C X.

The most direct way to prove that two sets E¥ and F' are equal is to show that
rel <= zcF

for any element x.

(Another way is to prove a double inclusion: if € E then x € F, establishing
that £ C F and if x € F, then © € E, establishing that F C E. You may, of
course, do it this way.)

Here are a few constructions of sets.
DEFINITION A.1.3. Let X and Y be sets.

e The union of X and Y, denoted by X UY, is defined by
XUY=zlz€eX orzeV.

e The intersection of X and Y, denoted by X NY, is defined by
XNY=z/z€¢X andzeVY.

e . The difference set of X from Y, denoted by X\Y, is defined by

X\Y={zeX:2eX andz#Y}.

If all sets are contained in one set X, then the difference set X C Y is
called the complement of Y.
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e The Cartesian product of X and Y, denoted by X x Y, is the set
X xY ={(z,y)|z e X,y e Y},
i.e the set of all ordered pairs (z,y), with x € X and y € Y.
Here are some basic properties of sets.

LEMMA A.1. Let A, B and C be sets.
(1) AnBUC)=(ANB)U(ANC) and AU(BNC)=(AUB)N(AUCQC)
(distributative law)
(2) (AUB)® = A°NB° and (AN B)¢ = A°U B¢ (De Morgan’s laws)
(3) A\(BUC) = (A\B)N (A\C) and X\(BNC) = (A\B) U (A\C)

(4) (A = A.

PRrOOF. (ii) Let us prove one of de Morgan’s relations. Let us use the
most direct approach. Keep in mind that z € E¢ < 2 ¢ E. We then
have:

r€(AUB) <— ¢ AUB < z¢ Aand z ¢ B
< x€ A°and z € B° < x € A°N B“.

This proves the identity.
(iv)
€ (A <= ¢ A° <= z € A.
O

Let X and Y be sets. A function with domain X and codomain Y, denoted
by f: X — Y, is a relation between the elements of X and Y satisfying the
properties: for all € X, there is a unique y € Y such that (z,y) € f, we denote
it by: f(z) =y.

By definition, for each x € X there is exactly one y € Y such that f(z) = y.
We say that y the image of x under f. The graph G(f) of a function f is the subset
of X xY defined by

G(f) ={(=z, f(x))|z € X}.

The range of a function f : X — Y, denoted by range(f), or f(A), is the set of

all y € Y that are the image of some z € X:

range(f) = {y € Y| there existsz € X such that f(z) = y}.

The pre-image of y € Y is the subset of all x € X that have y as their image. This
subset is often denoted by f*!(y):

FHy) = {z € X[ f(z) = y}.
Note that f7'(y) = 0 if and only if y € Y'\range(f).

The following notions are central for the theory of functions.

DEFINITION A.1.4. Let f: X — be a function.
(1) Then we call f injective or one-to-one if f(x1) = f(x2) implies 1 = xo,
i.e. no two elements of the domain have the same image.
(2) Then we call f surjective or onto if range(f) =Y, i.e. each y € Y is the
image of at least one x € X.
(3) Then we call f bijective if f is both injective and surjective.
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Let f: X - Y and g: Y — Z be two functions so that the codomain of f
coincides with the domain of g. Then we define the composition, denoted by g o f,
as the function go f : X — Z, defined by x — g(f(z)).

For every set X, we define the identity map, denoted by idx or id for short:
idx : X — X is defined by idx(z) = = for all z € X. The identity mapis a
bijection.

If f is a bijection, then it is invertible. Hence, the inverse relation is also a function,
denoted by f’'. It is the unique bijection ¥ — X such that f’' o f = idx and
foft=idy.
LEMMA A2. Let f: X —Y and g:Y — Z by bijections. Then go f is also a
bijection and (go f)~' = f~tog L
LEMMA A.3. Let f: X =Y be a function and let C,D C Y. Prove that
fHCuD)=fHC)u (D)
where
fYUE)={z € X: f(z) € E}
is the pre-image of a set E C Y.
PROOF.
ze f"HCUD) < f(z)eCUD <= f(z)eCor f(z) €D
— ref Y C)orazec fTY(D) <= zc fHO)Uf D).
O






