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Introduction

Functional analysis plays an important role in the applied sciences as well as in mathematics
itself. These notes are intended to familiarize the student with the basic concepts, principles and
methods of functional analysis and its applications, and they are intended for senior undergraduate
or beginning graduate students.

The notes are elementary assuming no prerequisites beyond knowledge of linear algebra and
ordinary calculus (with e-6 arguments). Measure theory is neither assumed, nor discussed, and
no knowledge of topology is required. The notes should hence be accessible to a wide spectrum
of students, and may also serve to bridge the gap between linear algebra and advanced functional
analysis.

Functional analysis is an abstract branch of mathematics that originated from classical anal-
ysis. The impetus came from applications: problems related to ordinary and partial differential
equations, numerical analysis, calculus of variations, approximation theory, integral equations,
and so on. In ordinary calculus, one dealt with limiting processes in finite-dimensional vector
spaces (R or R™), but problems arising in the above applications required a calculus in spaces of
functions (which are infinite-dimensional vector spaces). For instance, we mention the following
optimization problem.

Problem. A copper mining company intends to remove all of the copper ore from a region that
contains an estimated @ tons, over a time period of T years. As it is extracted, they will sell it
for processing at a net price per ton of

p=P —ax(t)—bz'(t)

for positive constants P, a, and b, where z(t) denotes the total tonnage sold by time ¢. If the
company wishes to maximize its total profit given by

I(z) = /0 [P — az(t) — ba' (O]’ (1),

where z(0) = 0 and z(T") = @, how might it proceed?

Q,

0 T
The optimal mining operation problem: what curve gives the maximum profit?
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We observe that this is an optimization problem: to each curve between the points (0,0) and
(T, Q), we associate a number (the associated profit), and the problem is to find the shape of the
curve that minimizes this function

I : {curves between (0,0) and (T,Q)} — R.

This problem does not fit into the usual framework of calculus, where typically one has a function
from some subset of the finite dimensional vector space R™ to R, and one wishes to find a vector
in R™ that minimizes/maximizes the function, while in the above problem one has a subset of an
infinite dimensional function space.

Thus the need arises for developing calculus in more general spaces than R™. Although we have
only considered one example, problems requiring calculus in infinite-dimensional vector spaces arise
from many applications and from various disciplines such as economics, engineering, physics, and so
on. Mathematicians observed that different problems from varied fields often have related features
and properties. This fact was used for an effective unifying approach towards such problems, the
unification being obtained by the omission of unessential details. Hence the advantage of an
abstract approach is that it concentrates on the essential facts, so that these facts become clearly
visible and one’s attention is not disturbed by unimportant details. Moreover, by developing a
box of tools in the abstract framework, one is equipped to solve many different problems (that
are really the same problem in disguise!). For example, while fishing for various different species
of fish (bass, sardines, perch, and so on), one notices that in each of these different algorithms,
the basic steps are the same: all one needs is a fishing rod and some bait. Of course, what bait
one uses, where and when one fishes, depends on the particular species one wants to catch, but
underlying these minor details, the basic technique is the same. So one can come up with an
abstract algorithm for fishing, and applying this general algorithm to the particular species at
hand, one gets an algorithm for catching that particular species. Such an abstract approach also
has the advantage that it helps us to tackle unseen problems. For instance, if we are faced with
a hitherto unknown species of fish, all that one has to do in order to catch it is to find out what
it eats, and then by applying the general fishing algorithm, one would also be able to catch this
new species.

In the abstract approach, one usually starts from a set of elements satisfying certain axioms.
The theory then consists of logical consequences which result from the axioms and are derived as
theorems once and for all. These general theorems can then later be applied to various concrete
special sets satisfying the axioms.

We will develop such an abstract scheme for doing calculus in function spaces and other
infinite-dimensional spaces, and this is what this course is about. Having done this, we will be
equipped with a box of tools for solving many problems, and in particular, we will return to the
optimal mining operation problem again and solve it.

These notes contain many exercises, which form an integral part of the text, as some results
relegated to the exercises are used in proving theorems. Some of the exercises are routine, and the
harder ones are marked by an asterisk (x).

Most applications of functional analysis are drawn from the rudiments of the theory, but not
all are, and no one can tell what topics will become important. In these notes we have described
a few topics from functional analysis which find widespread use, and by no means is the choice
of topics ‘complete’. However, equipped with this basic knowledge of the elementary facts in
functional analysis, the student can undertake a serious study of a more advanced treatise on the
subject, and the bibliography gives a few textbooks which might be suitable for further reading.

It is a pleasure to thank Prof. Erik Thomas from the University of Groningen for many useful
comments and suggestions.

Amol Sasane
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Chapter 1

Normed and Banach spaces

1.1 Vector spaces

In this section we recall the definition of a vector space. Roughly speaking it is a set of elements,
called “vectors”. Any two vectors can be “added”, resulting in a new vector, and any vector can
be multiplied by an element from R (or C, depending on whether we consider a real or complex
vector space), so as to give a new vector. The precise definition is given below.

Definition. Let K = R or C (or more generally® a field). A wvector space over K, is a set X
together with two functions, + : X x X — X called vector addition, and - : K x X — X, called
scalar multiplication that satisfy the following:

V1. For all z1,z9,23 € X, 1 + (22 + 3) = (21 + x2) + x3.

V2. There exists an element, denoted by 0 (called the zero wvector) such that for all z € X,
z+0=0+z==z.

V3. For every © € X, there exists an element, denoted by —z, such that z+ (—z) = (—z)4+z = 0.
V4. For all z1,29 in X, 21 + 29 = 22 + 21.

Vb. Forallz e X, 1-2=ux.

V6. Forallz € X and all o, B € K, - (8- z) = (af) - .

V7. Forallz € X andall o, B €K, (a+8) - z=a-z+ [z

V8. For all 1,20 € X and all « € K, - (21 + 22) = - @1 + - .

Examples.

1. R is a vector space over R, with vector addition being the usual addition of real numbers,
and scalar multiplication being the usual multiplication of real numbers.

LUnless stated otherwise, the underlying field is always assumed to be R or C throughout these notes.

1



2 Chapter 1. Normed and Banach spaces

2. R™ is a vector space over R, with addition and scalar multiplication defined as follows:

1 n 1 (% 1+ Y1
if , € R™, then + = :
Tn Yn Ln Yn Tn + Yn
T X1 axy
if « € R and € R”, then o - =
Tn T Ty

3. The sequence space ¢>°. This example and the next one give a first impression of how
surprisingly general the concept of a vector space is.

Let £°° denote the vector space of all bounded sequences with values in K, and with addition
and scalar multiplication defined as follows:

(:Cn)nEN + (yn)nEN = (xn + yn)neNa (:Cn)nEN; (yn)nEN S EOO; (11)
Oé(xn)neN = (azn)ﬂ,ENv (OAS K7 (xn)nGN € goo (12)

4. The function space C[a,b]. Let a,b € R and a < b. Consider the vector space comprising
functions f : [a,b] — K that are continuous on [a, b], with addition and scalar multiplication
defined as follows. If f, g € C[a,b], then f + g € Cla,b] is the function given by

(f +9)(x) = fx) +9(z), = €]a,b]. (1.3)

If « € Kand f € C[a,b], then af € Cla,b] is the function given by
(af)(z) = af(zx), =€ la,b]. (1.4)
Cla,b] is referred to as a ‘function space’, since each vector in C[a,b] is a function (from
[a, b] to K). O

Exercises.

1. Let yq,yp € R, and let
SWa,yp) = {z € Cla,b] | 2(a) = ya and z(b) = ys}.
For what values of yq, ys is S(ya, y») & vector space?

2. Show that C[0, 1] is not a finite dimensional vector space.

HINT: One can prove this by contradiction. Let C[0, 1] be a finite dimensional vector space
with dimension d, say. First show that the set B = {x,2?%,... 2%} is linearly independent.
Then B is a basis for C[0, 1], and so the constant function 1 should be a linear combination
of the functions from B. Derive a contradiction.

3. Let V be a vector space, and let {V,, | n € N} be a set of subspaces of V. Prove that ﬁ Va
is a subspace of V. "
4. Let A1, A2 be two distinct real numbers, and let f1, fo € C[0, 1] be
fi(z) = eM® and fo(z) = *®, x€]0,1].

Show that the functions f; and fs are linearly independent in the vector space C|0, 1].
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1.2 Normed spaces

In order to do ‘calculus’ (that is, speak about limiting processes, convergence, approximation,
continuity) in vector spaces, we need a notion of ‘distance’ or ‘closeness’ between the vectors of
the vector space. This is provided by the notion of a norm.

Definitions. Let X be a vector space over R or C. A normon X is a function ||-|| : X — [0, +00)
such that:

N1. (Positive definiteness) For all z € X, ||z|| > 0. If z € X, then ||z|| =0 iff z = 0.
N2. For all a € R (respectively C) and for all x € X, |laz| = |a||z|.

N3. (Triangle inequality) For all z,y € X, ||l + y|| < ||z|| + ||ly]|-
A normed space is a vector space X equipped with a norm.

If z,y € X, then the number ||z — y|| provides a notion of closeness of points z and y in X,
that is, a ‘distance’ between them. Thus ||z|| = ||« — 0|| is the distance of  from the zero vector
in X.

We now give a few examples of normed spaces.
Examples.

1. R is a vector space over R, and if we define || - || : R — [0, +00) by
loll = |zl, = €R,
then it becomes a normed space.
2. R™ is a vector space over R, and let

Z1

n
||w|2=<ZIwil2> , z=| 1 | €R"
i=1

Tn

N

Then R™ is a normed space (see Exercise 5a on page 5).

This is not the only norm that can be defined on R". For example,

||$H1:Z|xl|, and |20 = max{|x1],...,|za|}, x= 5 eR",
i=1
Tp

are also examples of norms (see Exercise 5a on page 5).

Note that (R™,] - ||2), (R™, || - |]1) and (R™, || - |lo) are all different normed spaces. This
illustrates the important fact that from a given vector space, we can obtain various normed
spaces by choosing different norms. What norm is considered depends on the particular
application at hand. We illustrate this in the next paragraph.

Suppose that we are interested in comparing the economic performance of a country from
year to year, using certain economic indicators. For example, let the ordered 365-tuple
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x = (x1,...,2365) be the record of the daily industrial averages. A measure of differences in
yearly performance is given by

365

lz =yl =D les —yil.
i=1
Thus the space (R3%5||-||1) arises naturally. We might also be interested in the monthly cost
of living index. Let the record of this index for a year be given by 12-tuples = (x1,...,212).

A measure of differences in yearly performance of the cost of living index is given by

|z =yl = max{|z1 —y1l,.. ., [212 — yaal},
which is the distance between x and y in the normed space (R'2, | - ||o)-

3. The sequence space ¢*°. This example and the next one give a first impression of how
surprisingly general the concept of a normed space is.

Let ¢°° denote the vector space of all bounded sequences, with the addition and scalar
multiplication defined earlier in (1.1)-(1.2).

Define
[(@n)nenllos = sup |zn|,  (zn)nen € £
neN
Then it is easy to check that || - ||oo 18 & norm, and so (£°, ] - ||) is a normed space.

4. The function space Cla,b]. Let a,b € R and a < b. Consider the vector space comprising
functions that are continuous on [a, b], with addition and scalar multiplication defined earlier
by (1.3)-(1.4).

Figure 1.1: The set of all continuous functions g whose graph lies between the two dotted lines is
the ‘ball' B(f,¢) = {g € Cla,8] | g — flloc < €}

Define

[flloc = sup [f(2)], f € Cla,b]. (1.5)
z€la,b]
Then || - || is & norm on Cf[a, b]. Another norm is given by
b

9= [ If@ldz, 1 € Cla.b. (16)
O

Exercises.

1. Let (X, || - ||) be a normed space. Prove that for all z,y € X, |||lz]| — |lyll| < ||z — ||

2. If z € R, then let ||z|| = |z|?. Is || - || 2 norm on R?
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3. Let (X, ||-]|) be a normed space and r > 0. Show that the function = — r||z| defines a norm
on X.

Thus there are infinitely many other norms on any normed space.

4. Let X be a normed space || - ||x and Y be a subspace of X. Prove that Y is also a normed
space with the norm | - ||y defined simply as the restriction of the norm || - ||x to Y. This
norm on Y is called the induced norm.

5. Let 1 < p < 400 and ¢ be defined by % + i = 1. Then Hélder’s inequality? says that if
T1,...,Tn and y1, ..., Yy, are any real or complex numbers, then

Z|$zyz| < <Z|$z|p> <Z|yz|q> :
i=1 i=1 i=1
If 1 <p<+4o0, and n € N, then for

Tl

Tn

define

llzllp, = <Z|xi|p> ifl<p<+oo, and |[z|ec =max{|zi],...,|za|}. (1.7)
i=1

(a) Show that the function z — ||z||, is a norm on R™.
HinT: Use Holder’s inequality to obtain

n P n P
Do lzilles +yilt Tt < Nellplle +ylls and D lyilles +yilP < lylplle + il
i=1 i=1

Adding these, we obtain the triangle inequality:
n n n
lz+ylly = Z i+ yillzi + yalP 7 < Z il + w7 + Z il +yilP
i=1 i=1 i=1
(b) Let n = 2. Depict the following sets pictorially:

By(0,1) = {x € R? | ||z[|> < 1},
B1(0,1) = {z € R? [ ||z[l <1},
Boo(0,1) = {z € R? | ||z]| < 1}.

(c) Let x € R™. Prove that (||z||,)pen is a convergent sequence in R and lim ||z, = ||2||co-
p—)OO

Describe what happens to the sets B,(0,1) = {z € R? | ||z]|, < 1} as p tends to oco.

6. A subset C of a vector space X is said to be convez if for all z,y € C, and all « € [0, 1],
ar + (1 — a)y € C; see Figure 1.2.

(a) Show that the unit ball B(0,1) = {x € X | ||z|| < 1} is convex in any normed space
(X [ - 1)
(b) Sketch the curve {(z1,72) € R? | /|z1| + /]z2| = 1}.

2A proof of this inequality can be obtained by elementary calculus, and we refer the interested student to §1.4
at the end of this chapter.
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2 G

convex not convex

Figure 1.2: Examples of convex and nonconvex sets in R2.

(¢) Prove that

2
lelly = (Viml + Vizal) x[f”;]em&

does not define a norm on R2.
Show that the polyhedron

T1

P, = eR” | Vie{l,...,n}, z; >0 and Zlfz':l
T, i=1
is convex in R". Sketch Ps.
Prove that
X1 n 1
if : | eP,, th = >n? 1.8
i : en z;xz >n (1.8)
T =

HinT: Use Holder’s inequality with p = 2.

In the financial world, there is a method of investment called dollar cost averaging.
Roughly speaking, this means that one invests a fixed amount of money regularly
instead of a lumpsum. It is claimed that a person using dollar cost averaging should
be better off than one who invests all the amount at one time. Suppose a fixed amount
A is used to buy shares at prices p1,...,pn. Then the total number of shares is then
p% 4 p%' If one invests the amount nA at a time when the share price is the average

of p1,...,pn, then the number of shares which one can purchase is %. Using the

inequality (1.8), conclude that dollar cost averaging is at least as good as purchasing
at the average share price.

8. (%) (p-adic norm) Consider the vector space of the rational numbers Q over the field Q. Let
p be a prime number. Define the p-adic norm |- |, on the set of rational numbers as follows:
if r € Q, then

], = p%wherer:pk%, k,m,ne€Zand p fm,n, ifr#0,
Tlp = 0 if r =0.

So in this context, a rational number is close to 0 precisely when it is highly divisible by p.

(a) Show that | - |, is well-defined on Q.
(b) If r € Q, then prove that |r|, > 0, and that |r|, =0 iff r = 0.

(c

)
)
)

For all r1,ry € Q, show that |rir2|, = |r1lp|r2lp-

(d) For all ri,ro € Q, prove that |r1 + ro|p < max{|ri|p,|r2|p}. In particular, for all

r1,T2 € Q, |7’1 +7"2|p < |T1|p + |T2|p'

9. Show that (1.6) defines a norm on C|a, b].
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1.3 Banach spaces

In a normed space, we have a notion of ‘distance’ between vectors, and we can say when two
vectors are close by and when they are far away. So we can talk about convergent sequences. In
the same way as in R or C, we can define convergent sequences and Cauchy sequences in a normed
space:

Definition. Let (2,,)nen be a sequence in X and let 2 € X. The sequence (z,,)nen converges to
x if
Ve >0, IN € N such that for all n € N satisfying n > N, ||z, — z|| <e. (1.9)

Note that (1.9) says that the real sequence (||z, — z||)nen converges to 0: lim ||z, — x| =0,
n—oo

that is the distance of the vector x,, to the limit x tends to zero, and this matches our geometric
intuition. One can show in the same way as with R, that the limit is unique: a convergent sequence
has only one limit. We write

lim z, = x.
n—oo

Example. Consider the sequence (f,)nen in the normed space (C[0,1],]| - |loo), Where
sin(2mnx
fn = (7’L2 ) .

The first few terms of the sequence are shown in Figure 1.3.

b ~

[
051 | \

[ \
Va\ AN

I~ \ \\L/,/l /\’\
0 d{( 04 /\?\\ly k{.s N J/ﬁ

A Y

\ /
—1 \

Figure 1.3: The first three terms of the sequence (fy,)nen-

From the figure, we see that the terms seem to converge to the zero function. Indeed we have

U 1 )
an—0||oo—FHsm(Qﬂ'nx)Hoo—F <eforalln>N> - 0

Definition. The sequence (z,,)nen is a called a Cauchy sequence if

Ve > 0, 3N € N such that for all m,n € N satisfying m,n > N, |z, — 2] < €. (1.10)

Every convergent sequence is a Cauchy sequence, since ||zp, — zp|| < ||€m — || + || — Zn]|-
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Definition. A normed space (X, || - ||) is called complete if every Cauchy sequence is convergent.

Complete normed spaces are called Banach spaces after the Polish mathematician Stephan
Banach (1892-1945) who was the first to set up the general theory (in his Ph.D. thesis in 1920).

Thus in a complete normed space, or Banach space, the Cauchy condition is sufficient for
convergence: the sequence (2, )nen converges iff it is a Cauchy sequence, that is if (1.10) holds. So
we can determine convergence a priori without the knowledge of the limit. Just as it was possible
to introduce new numbers in R, in the same way in a Banach space it is possible to show the
existence of elements with some property of interest, by making use of the Cauchy criterion. In
this manner, one can sometimes show that certain equations have a unique solution. In many cases,
one cannot write them explicitly. After existence and uniqueness of the solution is demonstrated,
then one can do numerical approximations.

The following theorem is an instance where one uses the Cauchy criterion:

Theorem 1.3.1 Let (2, )nen be a sequence in a Banach space and let s, = x1 + -+ . If

o0
D llaall < +oo, (1.11)
n=1
o0
then the sertes Z X, converges, that is, the sequence (Sp)neN converges.
n=1
o0 o0 o0
If we denote nlirrgo sn by Zzn, then we have Z Znll < Z |zl
n=1 n=1 n=1
k
Proof For k > n, we have s — s, = Z x; so that:
1=n+1
k [e'S)
s —sall < 3 Nl < 3l < e
i=n+1 i=n+1

for kK > n > N sufficiently large. It follows that (s,)nen is a Cauchy sequence and hence is
convergent. If s = lim s,, then using the triangle inequality (see Exercise 1 on page 5), we have
n o0

—

sl isall < lls 5. s0 that [ls = Tim [|su]l. Since
n—oo
n [o ]
lsall <> il < llall,
i=1 i=1
we obtain [|>°0° | @, || < 3007 ||lza|| by taking the limit. n

We will use this theorem later to show that e converges, where A is a square matrix. This
matrix-valued function plays an important role in the theory of ordinary differential equations.

Examples.

1. The space R™ equipped with the norm ||-||,, given by (1.7) is a Banach space. We must show
that these spaces are complete. Let (z(™)),cy be a Cauchy sequence in R™ (respectively C™).
Then we have

|z®) — 2| < e for all m,k> N
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that is .
Z |:E§-k) - ZEZ(-m)|2 <€ forall m, k> N. (1.12)
i—1

Thus it follows that for every i € {1,...,n}, |x£k) - xl(m)| < ¢ for all m,k > N, that is

the sequence (xl(m))meN is a Cauchy sequence in R (respectively C) and consequently it is

convergent. Let z; = lim zz(-m). Then = = (z1,...,%,) belongs to R™ (respectively C™).

Now let & go to infinity in (1.12), and we obtain:

Z |lz; — :I:Z(-m)|2 <e® forallm >N,
i=1

that is
|z —zM|y<e forallm>N

and so z = lim 2™ in the normed space. This completes the proof.

m—00

2. The spaces ¢P.
Let 1 < p < +00. Then one defines the space /P as follows:

o0
Dol < +OO}

i=1

"= {ZE = (zi)ien

with the norm

Iell, = (Z |:cz-|p> R (113

For p = +00, we define the space £*° by

> = {90 = (Ti)ien

sup |z;| < —l—oo}
€N
with the norm
[[#]|oc = sup [z
ieN
See Exercise 1 on page 12.) The most important of these spaces are £!, /> and ¢£2.
g

Theorem 1.3.2 The spaces £P are Banach spaces for 1 < p < +o00.

Proof We prove this for instance in the case of the space £2. From the inequality |x; +;]? <
2|z;]? + 2|y;)?, we see that £2, equipped with the operations

(xn)nEN + (yn)nEN = (xn + yn)nGN; (xn)nENv (yn)nGN S 625

a(zn)nGN = (Oé-rn)nENv ac K7 (xn)nGN S 625

is a vector space.

We must now show that £2 is complete. Let (z(™),cy be a Cauchy sequence in £2. The
proof of the completeness will be carried out in three steps:

STEP 1. We seek a candidate limit 2 for the sequence (z(™),cn.

We have
2 — ™|y <€ foralln k> N,
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that is
S — 2P < foralln k> N. (1.14)
=1

Thus for every ¢ € N, |£CZ(-k) — xEn)| < e for all n,k > N, that is, the sequence (mgn))neN is a
Cauchy sequence in R (respectively C) and consequently, it is convergent. Let 2; = lim xz(-").

n—oo

STEP 2. We show that indeed = belongs to the desired space (here £2).
The sequence ¥ = (z;);en belongs to £2. Let m € N. Then from (1.14) it follows that

Z |$Z(_k) _ xz(_")|2 < e for all n, k> N.
=1

Now we let k go to co. Then we see that

Z |x; — x§”>|2 <ée foralln> N.
i=1

Since this is true for all m € N, we have

Z |1‘Z _ xl(n)|2 < e forall n > N. (1.15)
=1

This means that for n > N, the sequence z — 2™, and thus also the sequence z = z —z(™) +
(") belongs to 2.

STEP 3. We show that indeed ||z — (™| goes to 0, that is, 2(™) converges to x in the given
normed space (here £2).

The equation (1.15) is equivalent with
|z — 2™y <e foralln> N,

and so it follows that z = lim 2™ in the normed space 2. This completes the proof. m

n—oo

Spaces of continuous functions.
Theorem 1.3.3 Let a,b € R and a < b. The space (Cla,b], || - ||oo) is a Banach space.

Proof It is clear that linear combinations of continuous functions are continuous, so that
Cla, b] is a vector space. The equation (1.5) defines a norm, and the space C|[a, b] is a normed
space.

We must now show the completeness. Let (f,)neny be a Cauchy sequence in Cla,b]. Let
€ > 0 be given. Then there exists a N € N such that for all = € [a, b], we have

[fe(@) — fu(@)] < ||fk — folloo <€ forall k,n > N. (1.16)

Thus it follows that (fy(z))nen is a Cauchy sequence in K. Since K (= R or C) is complete,
the limit f(z) = lim f,(x) exists. We must now show that the limit is continuous. If we

let k go to oo in (1.16), then we see that for all « € [a, b],

[f(x) — fn(z)] <e foralln> N. (1.17)
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Using the continuity of the f,,’s and (1.17) above, we now show that f is continuous on [a, b].
Let 2 € [a,b]. Given any ¢ > 0, let e = % Choose N € N large enough so that (1.17) holds.
As fn is continuous on [a, b], it follows that there exists a § > 0 such that

for all z € [a,b] such that |z — x| <, |fn(z) — fn(zo)] <e.

Consequently, for all z € [a, b] such that |z — x¢| < §, we have

|f(z) = f (o) [f (@) = fn (@) + fn () = Fn (o) + fn(zo) — f (o)
[f (@) = fn (@) + [ (@) = v (@o)| + | Fn (o) — f (o)

et+e+e=C(.

VAN VANPVAN

So f must be continuous, and hence it belongs to C|[a, b].

Finally, from (1.17), we have
If = fallo <€ forallm > N,
and so f, converges to f in the normed space Cla, b]. ]

It can be shown that Cla,b] is not complete when it is equipped with the norm

b
1l = / f@)dz, f € Clab];

see Exercise 6 below.

Using the fact that (C[0,1], || - ||co) is @ Banach space, and using Theorem 1.3.1, let us show
that
> sin(nx)
> = (1.18)
n=1
converges in (C[0,1],] - ||co). Indeed, we have
sin(27nx) ‘ 1
n? o  n?
= 1
and as Z — < 00, it follows that (1.18) converges in the || - [|c-norm to a continuous
n
n=1
function.

In fact, we can get a pretty good idea of the limit by computing the first N terms (with
a large enough N) and plotting the resulting function—the error can then be bounded as

follows:
<
n=N+1

oo

1
<D

sin(2mn) ’
oo n=N+1

2 2

= sin(2mnx
3 (2mna)

n=N+1 0o

For example, if N = 10, then the error is bounded above by

[e'e] 1 71'2 1 1 1
= (14444 — ) ~0.09516637.
n:zun2 - <+4+9+ +100>

Using Maple, we have plotted the partial sum of (1.18) with N = 10 in Figure 1.4. Thus the
sum converges to a continuous function that lies in the strip of width 0.96 around the graph
shown in the figure. O
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Figure 1.4: Partial sum of (1.18).

Exercises.
1. Show that if 1 < p < 400, then ¢? is a normed space. (That is, 7 is a vector space and that

I - |l defined by (1.13) gives a norm on ¢7.)

HinT: Use Exercise 5 on page 5.
2. Let X be a normed space, and let (z,)nen be a convergent sequence in X with limit a.

Prove that (|| ||)nen is a convergent sequence in R and that

lim |z, || = ]
n—oo
3. Let cpp denote the set of all sequences that have only finitely many nonzero terms.

(a) Show that cgg is a subspace of ¢? for all 1 < p < +o0.
(b) Prove that for all 1 < p < 400, ¢go is not complete with the induced norm from ¢7.

4. Show that £1 C ¢2 C £,
5. (*) Let C'[a,b] denote the space of continuously differentiable® functions on [a, b]:

C'a,b) = {f : [a,b] — K| f is continuously differentiable},

(1.19)

equipped with the norm
f € Ca,b).

[£ll1.00 = Iflloe + 11 oo

Show that (C*[a,b], || - ||1,00) is a Banach space.
6. (*) Prove that C|0, 1] is not complete if it is equipped with the norm

1
1l = / F@)ldz, e o1,

HINT: See Exercise 5 on page 54.
7. Show that a convergent sequence (zp,)nen in a normed space X has a unique limit.
[a,b] — K is continuously differentiable if for every c € [a, b], the derivative of f at c, namely

3A function f :
f'(c), exists, and the map c+— f’(c) : [a,b] — K is a continuous function.
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8. Show that if (x,)nen is a convergent sequence in a normed space X, then (z,)nen is a
Cauchy sequence.

9. Prove that a Cauchy sequence (2, )nen in a normed space X is bounded, that is, there exists
a M > 0 such that for all n € N, ||la,|| < M.

In particular, every convergent sequence in a normed space is bounded.
10. Let X be a normed space.

(a) If a Cauchy sequence (x,)nen in X has a convergent subsequence, then show that
(Zn)nen is convergent.

(b) (x) If every series in X with the property (1.11) is convergent, then prove that X is
complete.

HINT: Construct a subsequence (2, )ren of a given Cauchy sequence (z,)nen pos-

sessing the property that if n > ng, then ||z, — an,| < 55. Define u1 = an,,

o0
Ukl = Tnyyy — Tny,, k € N, and consider Z |||l
k=1

11. Let X be a normed space and S be a subset of X. A point z € X is said to be a limit point
of S if there exists a sequence (zy)nen in S\ {x} with limit 2. The set of all points and limit
points of S is denoted by S. Prove that if Y is a subspace of X, then Y is also a subspace
of X. This subspace is called the closure of Y.

1.4 Appendix: proof of Holder’s inequality

Let p € (14 c0) and ¢ be defined by % + % = 1. Suppose that a,b € R and a,b > 0. We begin by
showing that

b 1 1
812> avbi (1.20)
Poq

If a =0 or b = 0, then the conclusion is clear, and so we assume that both a and b are positive.
We will use the following result:

Cram: If @ € (0,1), then for all « € [1,00), a(x — 1) + 1 > z°.
Proof Given « € (0,1), define f: [1,00) — R by
fal@)=alz—1)—2+1, x€]l,00).

Note that
fa(l)=a-0—-141=0,

and for all z € [1, 00),

1
fl@z)=a—a-z2! a<1 xl_a) > 0.

Hence using the fundamental theorem of calculus, we have for any z > 1,

fale) = fall) = /0 F(y)dy > 0,

and so we obtain f,(z) > 0 for all = € [1, 00). [ |
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As p € (1,00), it follows that % € (0,1). Applying the above with o = % and

|

ifa>b
ifa<b

Q |ooe

we obtain inequality (1.20).

Hoélder’s inequality is obvious if

n n
Z|xi|p:0 or Z|yiq:0.
i=1 i=1
So we assume that neither is 0, and proceed as follows. Define

_ |yi|q .
and b; = o——, i€ {l,...,n}.

—n
D il > lwil
=1 i=1

Applying the inequality (1.20) to a;, b;, we obtain for each i € {1,...,n}:

4 | [P
7

|z513] < |;]P |y [P
n > /n P2 n '
Sl ) (Slwr)  r el
i=1 i=1 =1 =1

Adding these n inequalities, we obtain Holder’s inequality.



Chapter 2

Continuous maps

In this chapter, we consider continuous maps from a normed space X to a normed space Y. The
spaces X and Y have a notion of distance between vectors (namely the norm of the difference
between the two vectors). Hence we can talk about continuity of maps between these normed
spaces, just as in the case of ordinary calculus.

Since the normed spaces are also vector spaces, linear maps play an important role. Recall
that linear maps are those maps that preserve the vector space operations of addition and scalar
multiplication. These are already familiar to the reader from elementary linear algebra, and they
are called linear transformations.

In the context of normed spaces, it is then natural to focus attention on those linear trans-
formations that are also continuous. These are important from the point of view of applications,
and they are called bounded linear operators. The reason for this terminology will become clear
in Theorem 2.3.3.

The set of all bounded linear operators is itself a vector space, with obvious operations of
addition and scalar multiplication, and as we shall see, it also has a natural notion of a norm,
called the operator norm. Equipped with the operator norm, the vector space of bounded linear
operators is a Banach space, provided that the co-domain is a Banach space. This is a useful
result, which we will use in order to prove the existence of solutions to integral and differential
equations.

2.1 Linear transformations

We recall the definition of linear transformations below. Roughly speaking, linear transformations
are maps that respect vector space operations.

Definition. Let X and Y be vector spaces over K (R or C). A map T : X — Y is called a linear
transformation if it satisfies the following:

L1. For all z1,20 € X, T(x1 + 22) = T(x1) + T(x2).

L2. Forallz € X and all « € K, T(av- ) = o - T'(x).

15
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Examples.

1. Let m,n € Nand X =R” and Y = R™. If

a1 e QA1n
_ . . mxn
A= : : eR ,

am1 N Amn

then the function T4 : R™ — R™ defined by

— _
E A1kTk
T a1121 + -+ + A1nTn k=1 T
Ta| : = : = : for all : eR™, (2.1)
Tn Am1T1 + -+ Amndn n Tn
5 AmkTk
k=1

is a linear transformation from the vector space R™ to the vector space R™. Indeed,

X1 U1 x U1 z1 Y1
Ta : + ; =Tq ; +Tx ; for all : , : € R",

and so L1 holds. Moreover,

1 1 1
Ta |l a- ; =oa-Ta| for all @ € R and all e R",

T, Ty Ty
and so L2 holds as well. Hence T4 is a linear transformation.
2. Let X =Y = (2. Consider maps R, L from ¢? to £2, defined as follows: if (2, )nen € £2, then
R((x1,x2,23,...)) = (x2,23,a4,...) and L((x1,z2,23,...)) = (0,21, 22, 23,...).
Then it is easy to see that R and L are linear transformations.
3. The map T : Cla,b] — K given by

a+b
2

Tff( > for all f € Cla,b],

is a linear transformation from the vector space Cla,b] to the vector space K. Indeed, we
have

1+ = 1+ (57) =1 (“50) +a (“57) =T+ T(0), forall £ € Clact

and so L1 holds. Furthermore

T(a-f)=(a-f) (a;Lb> o (a;b) =aT(f), for all @ € K and all f € Cla,b],

and so L2 holds too. Thus T is a linear transformation.
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Similarly, the map I : Ca, b] — K given by

b
I(f):/f(:c)das for all f € Cla,b],

is a linear transformation.

Another example of a linear transformation is the operation of differentiation: let X =
Clla,b] and Y = Cla,b]. Define D : C'[a,b] — Cla,b] as follows: if f € C'[a,b], then

_ %

(D(F) (@) = -

(x), x€]la,b].

It is easy to check that D is a linear transformation from the space of continuously differen-
tiable functions to the space of continuous functions. O

Exercises.

1. Let a,b € R, not both zeros, and consider the two real-valued functions f1, fo defined on R
by
filx) =e*®cos(bx) and fa(z) = e*sin(bz), z€R.

f1 and f> are vectors belonging to the infinite-dimensional vector space over R (denoted by
CY(R,R)), comprising all continuously differentiable functions from R to R. Denote by *
the span of the two functions f; and fs.

a) Prove that fi and fo are linearly independent in C1(R,R).

(a)
(b) Show that the differentiation map D, f +— %, is a linear transformation from ¥ to 7.
(c) What is the matrix [D]g of D with respect to the basis = {f1, f2}?

)

(d) Prove that D is invertible, and write down the matrix corresponding to the inverse of
D.

(e) Using the result above, compute the indefinite integrals
/e‘” cos(bx)dxr and /e‘” sin(bx)dz.

2. (Delay line) Consider a system whose output is a delayed version of the input, that is, if u
is the input, then the output y is given by
y(t) =u(t—A), teR, (2.2)
where A (> 0) is the delay.

Let D : C(R) — C(R) denote the map modelling the system operation (2.2) corresponding
to delay A:

(DAYE)=ft—A), teR, feCR).

Show that D is a linear transformation.

3. Consider the squaring map S : C[a,b] — Cla, b] defined as follows:
(S(u)(t) = (u(t)?, t€la,b], wu€Cla,b].

Show that S is not a linear transformation.
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2.2 Continuous maps

Let X and Y be normed spaces. As there is a notion of distance between pairs of vectors in either
space (provided by the norm of the difference of the pair of vectors in each respective space), one
can talk about continuity of maps. Within the huge collection of all maps, the class of continuous
maps form an important subset. Continuous maps play a prominent role in functional analysis
since they possess some useful properties.

Before discussing the case of a function between normed spaces, let us first of all recall the
notion of continuity of a function f: R — R.

2.2.1 Continuity of functions from R to R

In everyday speech, a ‘continuous’ process is one that proceeds without gaps of interruptions or
sudden changes. What does it mean for a function f : R — R to be continuous? The common
informal definition of this concept states that a function f is continuous if one can sketch its graph
without lifting the pencil. In other words, the graph of f has no breaks in it. If a break does
occur in the graph, then this break will occur at some point. Thus (based on this visual view of
continuity), we first give the formal definition of the continuity of a function at a point below.
Next, if a function is continuous at each point, then it will be called continuous.

If a function has a break at a point, say xg, then even if points = are close to zg, the points
f(z) do not get close to f(xg). See Figure 2.1.

T
— 10
Figure 2.1: A function with a break at xg. If x lies to the left of zg, then f(x) is not close to
f(x0), no matter how close x comes to xg.

This motivates the definition of continuity in calculus, which guarantees that if a function
is continuous at a point xp, then we can make f(x) as close as we like to f(xg), by choosing x
sufficiently close to zy. See Figure 2.2.

ro—0 xTo x9+0

Figure 2.2: The definition of the continuity of a function at point z. If the function is continuous
at xg, then given any € > 0 (which determines a strip around the line y = f(z¢) of width 2¢), there
exists a § > 0 (which determines an interval of width 20 around the point o) such that whenever
2 lies in this width (so that x satisfies |z — x| < §) and then f(z) satisfies |f(z) — f(z0)] < e.
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Definitions. A function f : R — R is continuous at xq if for every ¢ > 0, there exists a 6 > 0
such that for all z € R satisfying |z — zo| < 4§, |f(x) — f(x)] < €.

A function f: R — R is continuous if for every xg € R, f is continuous at xg.
For instance, if @ € R, then the linear map x — =z is continuous. It can be seen that sums

and products of continuous functions are also continuous, and so it follows that all polynomial
functions belong to the class of continuous functions from R to R.

2.2.2 Continuity of functions between normed spaces

We now define the set of continuous maps from a normed space X to a normed space Y.

We observe that in the definition of continuity in ordinary calculus, if x,y are real numbers,
then |z — y| is a measure of the distance between them, and that the absolute value | - | is a norm
in the finite (1-)dimensional normed space R.

So it is natural to define continuity in arbitrary normed spaces by simply replacing the absolute
values by the corresponding norms, since the norm provides a notion of distance between vectors.

Definitions. Let X and Y be normed spaces over K (R or C). Let zp € X. Amap f: X - Y
is said to be continuous at xg if

Ve >0, 36 > 0 such that Vo € X satisfying ||z — 2ol <9, || f(z) — f(zo)| <e. (2.3)

The map f: X — Y is called continuous if for all xg € X, f is continuous at xg.

We will see in the next section that the examples of the linear transformations given in the
previous section are all continuous maps, if the vector spaces are equipped with their usual norms.
Here we give an example of a nonlinear map which is continuous.

Example. Cousider the squaring map S : C[a, b] — Cla, b] defined as follows:
(S(w)(t) = (u(t)?, tela,d], ueCla,b]. (2.4)
The map is not linear, but it is continuous. Indeed, let ug € C|a, b]. Let
M = max{|u(t)| | ¢ € [a,b]}

(extreme value theorem). Given any € > 0, let

0 = min 1,; .
2M +1

Then for any u € Cla, b], such that ||ju — ug|| < 8§, we have for all ¢ € [a, ]

|(u(t))? = (uo(t))?| [u(t) — uo(t)|[u(t) + uo(t)|
O(Ju(t) — uo(t) + 2uo(t)|)
6(Ju(t) — uo(t)] + 2[uo(t)])
0(]|u — uo|| + 2M)
0(6+2M)

0(1+2M) <e.

INANCININ A

—~ Y~~~
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Hence for all v € Cla, b] satistying ||u — ug|| < 0, we have

15 (u) = S(uo)|l = Sup [(u(t))? = (uo(t))’| < .

So S is continuous at ug. As the choice of ug € Cla, b] was arbitrary, it follows that S is continuous
on Cla, b]. 0

Exercises.

1. Let (X, || - ||) be a normed space. Show that the norm | - | : X — R is a continuous map.

2. (%) Let X,Y be normed spaces and suppose that f : X — Y is a map. Prove that f is
continuous at xy € X iff

for every convergent sequence (2, )nen contained in X with limit xo,
(f(zy))nen is convergent and lim f(z,) = f(zo). (2:5)
In the above claim, can “and lim f(x,) = f(x0)” be dropped from (2.5)?
3. (x) This exercise concerns the norm || - ||1,0c on C'[a, ] considered in Exercise 5 on page 12.

Since we want to be able to use ordinary calculus in the setting when we have a map with
domain as a function space, then, given a function F' : C'[a,b] — R, it is reasonable to
choose a norm on C'[a, b] such that F is continuous.

(a) It might seem that induced norm on C*[a,b] from the space Cla,b] (of which C[a,b]
as a subspace) would be adequate. However, this is not true in some instances. For
example, prove that the arc length function L : C1[0,1] — R given by

L(f) = / VIt (@) (2.6)

is not continuous if we equip C[0, 1] with the norm induced from C[0, 1].

HinT: For every curve, we can find another curve arbitrarily close to the first in the
sense of the norm of C|0, 1], whose length differs from that of the first curve by a factor
of 10, say.

(b) Show that the arc length function L given by (2.6) is continuous if we equip C*[0,1]
with the norm given by (1.19).

2.3 The normed space Z(X,Y)

In this section we study those linear transformations from a normed space X to a normed space
Y that are also continuous, and we denote this set by Z(X,Y):

Z(X,Y)={F:X — Y | Fis a linear transformation} ﬂ {F:X — Y | F is continuous}.

We begin by giving a characterization of continuous linear transformations.

Theorem 2.3.1 Let X and Y be normed spaces over K (R or C). Let T : X — Y be a linear
transformation. Then the following properties of T are equivalent:
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1. T is continuous.
2. T is continuous at 0.

3. There exists a number M such that for all x € X, ||Tx| < M||x].

Proof
1 = 2. Evident.

2 = 3. For every € > 0, for example ¢ = 1, there exists a § > 0 such that ||z|| < § implies
|Tz| < 1. This yields:

1
(ITz| < S”zH for all z € X. (2.7)
This is true if ||z|| = 0. But if (2.7) holds for some z, then owing to the homogeneity of T" and of

the norm, it also holds for ax, for any arbitrary o € K. Since every x can be written in the form
x = ay with ||y|]| = J (take o = @), (2.7) is valid for all . Thus we have that for all z € X

(|ITz|| < M||z| with M = %.
3 = 1. From linearity, we have: |Tx — Ty|| = |T(z — y)|| < M|z — y|| for all z,y € X. The
continuity follows immediately. [

Owing to the characterization of continuous linear transformations by the existence of a bound
as in item 3 above, they are called bounded linear operators.

Theorem 2.3.2 Let X and Y be normed spaces over K (R or C).

1. LetT : X =Y be a linear operator. Of all the constants M possible in 8 of Theorem 2.3.3,
there is a smallest one, and this is given by:

1Tl = sup. [T (2.8)

llzll<

2. The set Z(X,Y) of bounded linear operators from X to Y with addition and scalar multi-
plication defined by:

(T+S)x=Tx+ Sz, z€X, (2.9)
(al)x=aTz, z€X, ack (2.10)

is a vector space. The map T — ||T|| is a norm on this space.

Proof 1. From item 3 of Theorem 2.3.3, it follows immediately that ||T'|| < M. Conversely we
have, by the definition of ||T||, that ||z|]| <1 = ||[Tz| < ||T||. Owing to the homogeneity of T
and of the norm, it again follows from this that:

ITz|| < |T)||lz]] forallz e X (2.11)
which means that ||| is the smallest constant M that can occur in item 3 of Theorem 2.3.3.

2. We already know from linear algebra that the space of all linear transformations from a vector
space X to a vector space Y, equipped with the operations of addition and scalar multiplication
given by (2.9) and (2.10), forms a vector space. We now prove that the subset .2 (X,Y’) comprising
bounded linear transformations is a subspace of this vector space, and consequently it is itself a
vector space.
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We first prove that if T',.S are in bounded linear transformations, then so are T'+ .S and oT'.
It is clear that 7'+ S and oT are linear transformations. Moreover, there holds that

(T + S)z|| < || Tzl +[[Sz|| < ([T + |SDllzll, =€ X, (2.12)
from which it follows that T' + S is bounded. Also there holds:

[oT|| = sup [oTz|| = sup |af|[Tz|| = |af sup [[Tz]| = |of|T]. (2.13)
Izl <1 o<1 el <1

Finally, the 0 operator, is bounded and so it belongs to £ (X,Y).

Furthermore, .Z(X,Y) is a normed space. Indeed, from (2.12), it follows that |7+ S| <
IT|| + |S|l, and so N3 holds. Also, from (2.13) we see that N2 holds. We have ||T'|| > 0; from
(2.11) it follows that if | T']| = 0, then Tz = 0 for all x € X, that is, T = 0, the operator 0, which
is the zero vector of the space .Z(X,Y’). This shows that N1 holds. [ ]

So far we have shown that the space of all continuous linear transformations (which we also call
the space of bounded linear operators), Z(X,Y’), can be equipped with the operator norm given
by (2.8), so that .Z(X,Y) becomes a normed space. We will now prove that in fact .Z(X,Y") with
the operator norm is in fact a Banach space provided that the co-domain Y is a Banach space.

Theorem 2.3.3 IfY is complete, then £ (X,Y) is also complete.
Proof Let (T),)nen be a Cauchy sequence in .2 (X,Y’). Then given a € > 0 there exists a number
N such that: ||T,, — Tpn|| < € for all n,m > N, and so, if € X, then

Vn,m = N, |[Thx = Tzl < [|Tn — Tullllz]] < €l (2.14)

This implies that the sequence (T,,2),en is a Cauchy sequence in Y. Since Y is complete, lim T,z
n—oo

exists:
Tx= lim T,x.

n—oo

This holds for every point € X. It is clear that the map T : x — T(x) is linear. More-
over, the map 7T is continuous: we see this by observing that a Cauchy sequence in a normed
space is bounded. Thus there exists a number M such that [|T,| < M for all n (take M =
max(||T1]l, -, |Tn=1ll,€ + |Tn])). Since

VneN, VeelX, |Twz| <M|x|,
by passing the limit, we obtain:
Vee X, [Tz < Ml
and so T is bounded.

Finally we show that lim ||T;, — T|| = 0. By letting m go to oo in (2.14), we see that

Vn>N, VeeX, |Thx—Tz| <c¢e|z.

This means that for all n > N, ||T,, — T'|| < ¢, which gives the desired result. [

Corollary 2.3.4 Let X be a normed space over R or C. Then the normed space £ (X,R)
(£ (X,C) respectively) is a Banach space.
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Remark. The space .Z(X,R) (£ (X,C) respectively) is denoted by X’ (sometimes X*) and is
called the dual space. Elements of the dual space are called bounded linear functionals.

Examples.

1. Let X =R™, Y =R™, and let

A= ; : e R™*™.

aml1 - -- Amn

We equip X and Y with the Euclidean norm. From Hélder’s inequality with p = 2, it follows

that
2

n n
aga | <D ad | Izl
j=1 j=1

for each i € {1,...m}. This yields | Taz| < ||All2|lx| where

2

Al = { D> > a | - (2.15)

i=1j=1
Thus we see that all linear transformations in finite dimensional spaces are continuous, and

that if X and Y are equipped with the Euclidean norm, then the operator norm is majorized
by the Euclidean norm of the matrix:

1Al < [|All2-
Remark. There does not exist any ‘formula’ for ||T4]| in terms of the matrix coefficients

except in the special cases n =1 or m = 1). The map A — || A||2 given by (2.15) is also a
norm on R™*™ and is called the Hilbert-Schmidt norm of A.

2. Integral operators. We take X =Y = Cla,b]. Let k : [a,b] X [a,b] — K be a uniformly
continuous function, that is,

Ve >0, 3§ > 0 such that Y(z1,y1), (z2,92) € [a,b] X [a, b] satisfying

a1 — 29| < 6 and |yy — yo| <6, |k(z1,51) — k(w2 y2)| < €. (2.16)
Such a k defines an operator
K : Cla,b] — Cla,b]
via the formula
K1) = [ W) S (2.17)

We first show that K f € C[a,b]. Let 29 € X, and suppose that ¢ > 0. Then choose a § > 0
such that

€

if |21 — 22| < § and |y1 — y2| < §, then |k(z1,y1) — k(z2,12)| < ——+——.
[ flloc(b—a)
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Then we obtain

b b
(K ) (@) — (K f) (w0)] = / ko, y)f(y)dy — / Ko, 9)f (4)dy

b
/ (k(z,9) — ko, 9)) f(v)dy

b
|k(,y) = k(zo, )l f (y)ldy

(b—a) [flloo = €.

IN

€

[[flloo(b — @)

This proves that K f is a continuous function, that is, it belongs to X = Cf[a,b]. The map
f — K f is clearly linear. Moreover,

IN

b b
(KN@I< [ 1Ko 1 )ds < [ ke, o)lds 1]

so that if ||k||oo denotes the supremum?! of |k| on [a, b]?, we have:
K flloo < (b= a)[[kllcoll flloo for all f € Cfa,b].
Thus it follows that K is bounded, and that
1K < (b= a)[[k]|oo-

Remark. Note that the formula (2.17) is analogous to the matrix product
(Kf)i = kijfi.
j=1

Operators of the type (2.17) are called integral operators. It used to be common to call the
function k that plays the role of the matrix (k;;), as the ‘kernel’ of the integral operator.
However, this has nothing to do with the null space: {f | K f = 0}, which is also called the
kernel. Many variations of the integral operator are possible. O

Exercises.

1. Let X,Y be normed spaces with X # 0, and T € Z(X,Y). Show that

Tx
I = sup(1T] | = € X and o = 1) =sup { 5

r € X and x # 0} .
So one can think of ||T|| as the maximum possible ‘amplification factor’ of the norm as a
vector x is taken by T to the vector T'x.

2. Let (A, )nen be a bounded sequence of scalars, and consider the diagonal operator D : (2 — (>
defined as follows:

D(x1,72,73,...) = (\71, \a®2, A323, ... ),  (Tn)nen € L2 (2.18)

Prove that D € £ (£?) and that
D[ = sup [An|.
neN

I This is finite, and can be seen from (2.16), since [a,b]? can be covered by finitely many boxes of width 23.
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3. An analogue of the diagonal operator in the context of function spaces is the multiplication
operator. Let | be a continuous function on [a,b]. Define the multiplication operator M :
Cla,b] — Cla,b] as follows:

(Mf)(x) =1l(x)f(x), =z€[ab], [feC[ab]
Is M a bounded linear operator?

4. A linear transformation on a vector space X may be continuous with respect to some norm
on X, but discontinuous with respect to another norm on X. To illustrate this, let X be
the space cgp of all sequences with only finitely many nonzero terms. This is a subspace of
21 N £2. Consider the linear transformation T : cpo — R given by

T((zn)nen) =21+ 22+ 23+ ..., (Tn)nen € coo-
(a) Let cop be equipped with the induced norm from ¢'. Prove that T is a bounded linear
operator from (coo, || - |[1) to R.
(b) Let cgo be equipped with the induced norm from ¢2. Prove that T is not a bounded
linear operator from (cqo, || - ||2) to R.
HinT: Consider the sequences (1, %, %, e %, 0,.. .), m € N.

5. Prove that the averaging operator A : £°° — {°°, defined by

T+ T2 1+ 22+ 23
2 ) 3 3. )

A(Z‘l,xg,l'g,...): (1‘1, (219)

is a bounded linear operator. What is the norm of A?

6. (x) A subspace ¥ of a normed space X is said to be an invariant subspace with respect to
a linear transformation 7 : X — X it TV C V.

Let A : £>° — £ be the averaging operator given by (2.19). Show that the subspace (of £°°)
¢ comprising convergent sequences is an invariant subspace of the averaging operator A.

HINT: Prove that if x € ¢ has limit L, then Az has limit L as well.

Remark. Invariant subspaces are useful since they are helpful in studying complicated op-
erators by breaking down them into smaller operators acting on invariant subspaces. This is
already familiar to the student from the diagonalization procedure in linear algebra, where
one decomposes the vector space into eigenspaces, and in these eigenspaces the linear trans-
formation acts trivially. One of the open problems in modern functional analysis is the
invariant subspace problem:

Does every bounded linear operator on a separable Hilbert space X over C have a non-trivial
invariant subspace?

Hilbert spaces are just special types of Banach spaces, and we will learn about Hilbert spaces
in Chapter 4. We will also learn about separability. Non-trivial means that the invariant
subspace must be different from 0 or X. In the case of Banach spaces, the answer to the
above question is ‘no’: during the annual meeting of the American Mathematical Society
in Toronto in 1976, the young Swedish mathematician Per Enflo announced the existence
of a Banach space and a bounded linear operator on it without any non-trivial invariant
subspace.

7. (*) (Dual of Cla,b]) In this exercise we will learn a representation of bounded linear func-
tionals on Cla, b].

A function w : [a,b] — R is said to be of bounded variation on [a,b] if its total variation
Var(w) on [a, ] is finite, where

Var(w) = S;pz lw(z;) —w(z;-1)],
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the supremum being taken over the set &2 of all partitions
a=x9<x1<--<ZTp,=2"b (2.20)
of the interval [a, b]; here, n € N is arbitrary and so is the choice of the values z1,...,z,_1

in [a, b], which, however, must satisfy (2.20).

Show that the set of all functions of bounded variations on [a, b], with the usual operations
forms a vector space, denoted by BV]a, b].

Define || - || : BV[a,b] — [0,+400) as follows: if w € BV[a, b], then

|w]| = |w(a)| + Var(w). (2.21)

Prove that | - || given by (2.21) is a norm on BVa, b].

We now obtain the concept of a Riemann-Stieltjes integral as follows. Let f € C|a,b] and
w € BV][a,b]. Let P, be any partition of [a,b] given by (2.20) and denote by A(F,) the
length of a largest interval [z;_1, z;], that is,

A(P,) =max{z1 — g, ..., Tn — Tp_1}-

For every partition P, of [a, b], we consider the sum

n

S(Py) = fla;)(w(a;) — w(xj—1)).

j=1

Then the following can be shown:

Fact: There exists a unique number . with the property that for every ¢ > 0 there is a
d > 0 such that if P, is a partition satisfying A(P,) < d, then |.¥ — S(P,)| < e.

.7 is called the Riemann-Stieltjes integral of f over [a,b] with respect to w, and is denoted

by \
/fmmw

/f1 )+ fo(z)dw(z /f1 Ydw(z /f2 Ydw(zx) for all fi, fo € Cla,b], (2.22)

It can be seen that

/b af(z)dw(x) = a/ f(z)dw(z) for all f € Cla,b] and all « € K. (2.23)

Prove the following inequality:

b
f(@)dw(z)| < || f]loo Var(w),

where f € C[a,b] and w € BV]a,b]. Conclude that every w € BV]a, b] gives rise to a bounded
linear functional Ty, € Z(Cla, b],K) as follows:

b
fro [ ta)ut)
and that || Ty | < Var(w).

The following converse result was proved by F. Riesz:
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8.

Theorem 2.3.5 (Riesz’s theorem about functionals on Cla,b]) If T € .£(Cla,b],K), then
there exists a w € BV]a,b] such that

b
vieClab], T(f)= / f(@)du(z),

and || T|| = Var(w).

In other words, every bounded linear functional on C[a, b] can be represented by a Riemann-
Stieltjes integral.

Now consider the bounded linear functional on Cfa,b] given by f +— f(b). Find a corre-
sponding w € BV]a, b].

(a)

()

Consider the subspace ¢ of £° comprising convergent sequences. Prove that the limit
map [ : ¢ — K given by

l(wn)neN = lim z,, (-Tn)neN cc, (2'24)

is an element in the dual space Z (¢, K) of ¢, when c¢ is equipped with the induced norm
from ¢£°°.

(¥) The Hahn-Banach theorem is a deep result in functional analysis, which says the
following:

Theorem 2.3.6 (Hahn-Banach) Let X be a normed space and' Y be a subspace of X.
Ifl € Z(Y,K), then there exists a L € £ (X,K) such that L|y =1 and ||L|| = ||I||-

Thus the theorem says that bounded linear functionals can be extended from subspaces
to the whole space, while preserving the norm.

Consider the following set in £°°:

Y = {(-Tn)nEN e L™

. om At tm, }
lim ———— exists ;.

n— o0 n

Show that Y is a subspace of £°°, and that for all z € £*°, x — Sz € Y, where § : {*° —
£>° denotes the shift operator:

5(5515552’1'3’---):(x23x3a$4a"')a (xn)neNegoo.

Furthermore, prove that ¢ C Y.

Consider the limit functional I on ¢ given by (2.24). Prove that there exists an L €
Z(¢>,K) such that L|. = and moreover, LS = L.

This gives a generalization of the concept of a limit, and Lz is called a Banach limit of
a (possibly divergent!) sequence x € £*°.

HiNT: First observe that Ly : Y — K defined by

LO(wn)nEN = lim ua (xn)nEN S K

n— o0 n

is an extension of the functional [ from ¢ to Y. Now use the Hahn-Banach theorem to
extend Lo from Y to £°°.

Find the Banach limit of the divergent sequence ((—1)")nen.
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2.4 The Banach algebra .Z(X). The Neumann series

In this section we study -Z(X,Y) when X =Y, and X is a Banach space.
Let X,Y, Z be normed spaces over K.
Theorem 2.4.1 If B: X —Y and A:Y — Z are bounded linear operators, then the composition

AB : X — Z is a bounded linear operator, and there holds:
[AB| < [A[llIBI|. (2.25)

Proof For all z € X, we have
[ABz|| < [[Al[l| Bz|| < [|A[[]|BI|[|«]
and so AB is a bounded linear operator, and || AB|| < ||A||||B]]. [ |

We shall use (2.25) mostly in the situations when X =Y = Z. The space .Z (X, X) is denoted
in short by Z(X), and it is an algebra.

Definitions. An algebra is a vector space X in which an associative and distributive multiplication
is defined, that is,

x(yz) = (zy)z, (z+y)z=zz+yz, z(y+2z)=ay+az
for x,y,z € X, and which is related to scalar multiplication so that
a(zy) = z(ay) = (ax)y (2.26)
for z,y € X and a € K. An element e € X is called an identity element if

Vere X, exr=ux=ce.

From the previous proposition, we have that if A, B € £ (X), then AB € £(X). We see that
Z(X) is an algebra with the product (A, B) — AB. Moreover .Z(X) has an identity element,
namely the identity operator I.

Definitions. A normed algebra is an algebra equipped with a norm that satisfies (2.25). A Banach
algebra is a normed algebra which is complete.

Thus we have the following theorem:

Theorem 2.4.2 If X is a Banach space, then £ (X) is a Banach algebra with identity. Moreover,
(1]l =1.

Remark. (To be read after a Hilbert spaces are introduced.) If instead of Banach spaces, we are
interested only in Hilbert spaces, then still the notion of a Banach space is indispensable, since
Z(X) is a Banach space, but not a Hilbert space in general.

Definition. Let X be a normed space. An element A € .Z(X) is invertible if there exists an
element B € .Z(X) such that:
AB=BA=1.



2.4. The Banach algebra £ (X). The Neumann series 29

Such an element B is then uniquely defined: Indeed, if AB’ = B’A = I, then thanks to the
associativity, we have:
B'=B'I=DB'(AB)=(B'A)B=1B=B.

The element B, the inverse of A, is denoted by A~!. Thus we have:
AAT P =A"tA=1T.

In particular,
AA ' = A Az =2 forallz e X

so that A : X — X is bijective?.

Theorem 2.4.3 Let X be a Banach space.

1. Let A € Z(X) be a linear operator with || A|| < 1. Then the operator I — A is invertible and

(T-A) ' =T+A+ A+ f A . =D A" (2.27)
n=0

2. In particular, I — A : X — X is bijective: for ally € X, there exists a unique solution r € X
of the equation
r— Ax =y,

and moreover, there holds that:

1

Izl < —— lyll-
1A

The geometric series in (2.27) is called the Neumann series after Carl Neumann, who used
this in connection with the solution of the Dirichlet problem for a convex domain.

In order to prove Theorem 2.4.3, we we will need the following result.

Lemma 2.4.4 There holds
A" < [[A|"™ for all n €N. (2.28)

Proof This follows by using induction on n from (2.25): if (2.28) holds for n, then from (2.25)
we have [[A"TH] < [[A™[| |A]l < [|A["[|All = Al u

Proof (of Theorem 2.4.3.) Since ||Al| < 1, we have

oo oo 1
[AM < D A" = =77 < +oo,
2 IS 2 A

so that the Neumann series converges in the Banach space .Z(X) (see Theorem 1.3.1). Let

Sp=I+A+ -+ A"and S=T+A+--+A"+...=> A" = lim S,.

n=0

From the inequality (2.25), it follows that for a fixed A € £ (X), the maps B — AB and B — BA
are continuous from .Z(X) to itself. We have: AS,, = S,A=A+ A%+ -+ A1 =5, ;1 —1. In

2In fact if X is a Banach space, then it can be shown that every bijective linear operator is invertible, and this
is a consequence of a deep theorem, known as the open mapping theorem.
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the limit, this yields: AS =SA=S5—1,andso (I—A)S=5(—A)=1I. Thus I — A is invertible
and (I — A)~! = S. Again, using Theorem 1.3.1, we have ||S|| < m.

The second claim is a direct consequence of the above. [ |

Example. Let & be a uniformly continuous function on [a,b]?. Assume that (b — a)||k|s < 1.
Then for every g € Cla, ], there exists a unique solution f € Cla,b] of the integral equation:

b
flx) — / k(z,y)f(y)dy = g(x) for all € [a,b]. (2.29)

Integral equations of the type (2.29) are called Fredholm integral equations of the second kind.

b
Fredholm integral equations of the first kind, that is: / k(x,y)g(y)dy = g(x) for all = € [a,b]

are much more difficult to handle. ¢

What can we say about the solution f € Cf[a,b] except that it is a continuous function? In
general nothing. Indeed the operator I — K is bijective, and so every f € Cla,b] is of the form
(I-K)'gforg=(—-K)f. 0

Exercises.

1. Consider the system

1 1
1 = 5T1+35T2+1,
2.
T2 = §$1+%$2+2, } (2.30)

in the unknown variables (21, x2) € R?. This system can be written as (I — K)x = y, where
I denotes the identity matrix,

1 -1 1 x1
K = R = d = .
1] ela] e =[]
(a) Show that if R? is equipped with the norm || - ||2, then |K|| < 1. Conclude that the
system (2.30) has a unique solution (denoted by z in the sequel).

(b) Find out the unique solution z by computing (I — K)~*.

approximate solution relative error (%)
n :En:(I+K+K2+...+Kn)y HZII_zZIIZHQ
2 (3.0278,3.4306) 38.63
3 (3.6574, 3.8669) 28.21
5 (4.4541, 4.4190) 15.00
10 (5.1776,4.9204) 3.15
15 (5.3286, 5.0250) 0.66
20 (5.3601, 5.0469) 0.14
25 (5.3667,5.0514) 0.03
30 (5.3681,5.0524) 0.01

Table 2.1: Convergence of the Neumann series to the solution z & (5.3684, 5.0526).

(c) Write a computer program to compute z,, = (I + K + K2 + K3+ --- + K")y and the
relative error % for various values of n (say, until the relative error is less than
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1%). See Table 2.1. We see that the convergence of the Neumann series converges very
slowly.

2. (a) Let X be a normed space, and let (T, )nen be a convergent sequence with limit 7" in

Z(X). If S € Z(X), then show that (ST}, )nen is convergent in .Z(X), with limit ST.

(b) Let X be a Banach space, and let A € Z(X) be such that ||A|| < 1. Consider the
sequence (P, )nen defined as follows:

P,o=(I+A)(I+A)(I+AY...(I+A%), neN.

i. Using induction, show that (I — A)P, = I — A2""" for all n € N.

ii. Prove that (P,)nen is convergent in .2 (X) in the operator norm. What is the limit
of (Pn)neN?
HINT: Use ||[A™|| < ||A||™ (m € N). Also use part 2a with S = (I — A)~%.

2.5 The exponential of an operator

Let X be a Banach space and A € Z(X) be a bounded linear operator. In this section, we will
study the exponential e?, where A is an operator.

Theorem 2.5.1 Let X be a Banach space. If A € £ (X), then the series

o0

1
A § n
n=0

converges in L (X).

Proof That the series (2.31) converges absolutely is an immediate consequence of the inequality:

Lo <

n! nl ’

— 1
and the fact that the real series E —':c” converges for all real z € R. Using Theorem 1.3.1, we
n!
n=0

obtain the desired result. ]

The exponential of an operator plays an important role in the theory of differential equations.
Let X be a Banach space, for example, R", and let xg € X. It can be shown that there exists
precisely one continuously differentiable function t — 2(t) € X, namely z(t) = ez, such that:

Yy = Ap), tew (2.32)

z(0) = o (2.33)

Briefly: The Cauchy initial value problem (2.32)-(2.33) has a unique solution.

Exercises.

1. A matrix A € B"*" is said to be nilpotent if there exists a n > 0 such that A™ = 0. The
series for e is a finite sum if A is nilpotent. Compute e”, where

A:[g H. (2.34)
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2. Let D € C™*™ be a diagonal matrix

D =
An

for some Ap,...,\, € C. Find eP.

3. If P is an invertible n X n matrix, then show that for any n x n matrix @, ePQP™ = pe@p-1,

A matrix A € C™*" is said to be diagonalizable if there exists a matrix P and a diagonal
matrix D such that A = PDP~!.

Diagonalize
a b
=[5 e
and show that
A __ a| cosb sinb
© T | —sinb cosh |

4. Tt can be shown that if X is a Banach space and A, B € Z(X) commute (that is, AB = BA),

then eAtB = e4eB.

(a) Let X be a Banach space. Prove that for all A € Z(X), e is invertible.

(b) Let X be a Banach space and A € .Z(X). Show that if 5, € R, then e(*t1)4 = ¢s4¢tA,
(c) Give an example of 2 x 2 matrices A and B such that A5 #£ edeB.

HiNT: Take for instance A given by (2.34) and B = —A".

2.6 Left and right inverses

We have already remarked that the product in £(X) is not commutative, that is, in general,
AB # BA (except when X = K and so .Z(X) = K). This can be already seen in the case of
operators in R? or C2. For example a rotation followed by a reflection is, in general, not the same
as this reflection followed by the same rotation.

Definitions. Let X be a normed space and suppose that A € Z(X). If there exists a B € .Z(X)
such that AB = I, then one says that B is a right inverse of A. If there exists a C € £ (X) such
that CA = I, then C is called the left inverse of A.

If A has both a right inverse (say B) and a left inverse (say C'), then we have
B=1IB=(CA)B=C(AB) =CI = C.

Thus if the operator A has a left and a right inverse, then they must be equal, and A is then
invertible.

If X is finite dimensional, then one can show that A € Z(X) is invertible iff A has a left (or
right) inverse. For example, AB = I shows that A is surjective, which implies that A is bijective,
and hence invertible.

However, in an infinite dimensional space X, this is no longer the case in general. There exist
injective operators in X that are not surjective, and there exist surjective operators that are not
injective.
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Example. Consider the right shift and left shift operators R : ¢ — (2, L : £2 — (2, respectively,
given by

R(z1,22,...) = (0,21,22,...) and L(xi,22,...) = (22,23,%4,...), (Zn)nen € .

Then R is not surjective, and L is not injective, but there holds: LR = I. Hence we see that L has
a right inverse, but it is not bijective, and a fortiori not invertible, and that R has a left inverse,
but is not bijective and a fortiori not invertible. O

Remark. The term ‘invertible’ is not always used in the same manner. Sometimes the operator
A € Z(X) is called invertible if it is injective. The inverse is then an operator which is defined on
the image of A. However in these notes, invertible always means that A € Z(X) has an inverse
in the algebra Z(X).

Exercises.

1. Verify that R and L are bounded linear operators on £2. (R is in fact an isometry, that is,
it satisfies | Rz|| = ||z|| for all z € ¢2).

2. The trace of a square matrix

ail N A1n
A=| : eCv
an1 N Ann

is the sum of its diagonal entries:
tI‘(A) =ail + -+ anpn-

Show that tr(A + B) = tr(A) + tr(B) and that tr(AB) = tr(BA).
Prove that there cannot exist matrices A, B € C"*™ such that AB — BA = I, where [
denotes the n x n identity matrix.

Let C°(R,R) denote the set of all functions f : R — R such that for all n € N, f(") exists
and is continuous. It is easy to see that this forms a subspace of the vector space C(R,R)
with the usual operations, and it is called the space of infinitely differentiable functions.
Consider the operators A, B : C*°(R,R) — C*(R,R) given as follows: if f € C*(R,R),
then

df

AN@ =T @) and (BHE@) =2f@), R
Show that AB — BA = I, where I denotes the identity operator on C*°(R,R).

3. Let X be a normed space, and suppose that A, B € Z(X). Show that if T4+ AB is invertible,
then I + BA is also invertible, with inverse I — B(I + AB)~1A.

4. Consider the diagonal operator considered in Exercise 2 on page 24. Under what condition
on the sequence (A, )nen is D invertible?
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Chapter 3

Differentiation

In the last chapter we studied continuity of operators from a normed space X to a normed space
Y. In this chapter, we will study differentiation: we will define the (Frechet) derivative of a map
F: X — Y at apoint g € X. Roughly speaking, the derivative of a nonlinear map at a point is
a local approximation by means of a continuous linear transformation. Thus the derivative at a
point will be a bounded linear operator. This theme of local approximation is the basis of several
computational methods in nonlinear functional analysis.

As an application of the notion of differentiation, we will indicate the use of the derivative in
solving optimization problems in normed spaces. We outline this below by reviewing the situation
in the case of functions from R to R.

Consider the quadratic function f(x) = ax? + bz + c. Suppose that one wants to know the
points xg at which f assumes a maximum or a minimum. We know that if f has a maximum
or a minimum at the point zy, then the derivative of the function must be zero at that point:
f'(zo) = 0. See Figure 3.1.

f

I

I

I

I

I
t 1 Y
To z o z

Figure 3.1: Necessary condition for 2 to be an extremal point for f is that f/(z¢) = 0.

So one can then one can proceed as follows. First find the expression for the derivative:
f'(z) = 2ax + b. Next solve for the unknown z¢ in the equation f’(xg) = 0, that is,

2az0+b=0 (3.1)
and so we find that a candidate for the point zy which minimizes or maximizes f is xo = —%,
which is obtained by solving the algebraic equation (3.1) above.

We wish to do the above with maps living on function spaces, such as Cla,b], and taking
values in R. In order to do this we need a notion of derivative of a map from a function space
to R, and an analogue of the fact above concerning the necessity of the vanishing derivative at
extremal points. We define the derivative of a map I : X — Y (where X, Y are normed spaces)
in §3.1, and in the case that Y = R, we prove Theorem 3.2.1, which says that this derivative must
vanish at local maximum /minimum of the map 1.

35
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In the last section of the chapter, we apply Theorem 3.2.1 to the concrete case where X
comprises continuously differentiable functions, and I is the map

T
I(z) = /0 (P —ax(t) — ba'(t))a (t)dt. (3.2)

Setting the derivative of such a functional to zero, a necessary condition for an extremal curve can
be obtained. Instead of an algebraic equation (3.1), a differential equation (3.12) is obtained. The

solution ¢ of this differential equation is the candidate which maximizes/minimizes the function
I.

3.1 The derivative

Recall that for a function f : R — R, the derivative at a point zg is the approximation of f around
xop by a straight line. See Figure 3.2.

f(zo)

Figure 3.2: The derivative of f at xp.

In other words, the derivative f’(z¢) gives the slope of the line which is tangent to the function f
at the point zq:
f(z) — f(=o)

F(zo) = lim 00

T—T0 T — X9

In other words,

f(@) = f(xo) — (o) (2 — o)

lim = 07
T—T0 r — X
that is,
— — / —
Ve > 0, 30 > 0 such that Vz € R\{xo} satisfying |x—z¢| < 0, () = Flwo) = /'(wo)@ = o) <e.

| — 20|

Observe that every real number « gives rise to a linear transformation from R to R: the operator
in question is simply multiplication by «, that is the map x — ax. We can therefore think of
(f'(z0))(z — x0) as the action of the linear transformation L : R — R on the vector 2 — xq, where
L is given by

L(h) = f'(x0)h, heR.

Hence the derivative f/(zg) is simply a linear map from R to R. In the same manner, in the
definition of a derivative of a map F' : X — Y between normed spaces X and Y, the derivative of
F at a point xo will be defined to be a linear transformation from X to Y.

A linear map L : R — R is automatically continuous! But this is not true in general if R is
replaced by infinite dimensional normed linear spaces! And we would expect that the derivative

ndeed, every linear map L : R — R is simply given by multiplication, since L(z) = L(z -1) = zL(1).
Consequently |L(z) — L(y)| = |L(1)||z — y|, and so L is continuous!
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(being the approximation of the map at a point) to have the same property as the function itself
at that point. Of course, a differentiable function should first of all be continuous (so that this
situation matches with the case of functions from R to R from ordinary calculus), and so we
expect the derivative to be a continuous linear transformation, that is, it should be a bounded
linear operator. So while generalizing the notion of the derivative from ordinary calculus to the
case of a map F' : X — Y between normed spaces X and Y, we now specify continuity of the
derivative as well. Thus, in the definition of a derivative of a map F', the derivative of F' at a
point xg will be defined to be a bounded linear transformation from X to Y, that is, an element
of Z(X,Y).

This motivates the following definition.

Definition. Let X,Y be normed spaces. If F: X — Y be a map and z¢g € X, then F' is said to
be differentiable at ¢ if there exists a bounded linear operator L € Z(X,Y) such that

Flx)—F — L(x —
Ve > 0, 30 > 0 such that Vz € X\{zo} satisfying ||z —zo|| <, IF() ”(xo) H (z = 2ol <e
r — X9
(3.3)
The operator L is called a derivative of F' at xo. If F is differentiable at every point x € X, then
it is simply said to be differentiable.

We now prove that if F' is differentiable at x(, then its derivative is unique.

Theorem 3.1.1 Let X,Y be normed spaces. If F : X — Y is differentiable at xq € X, then the
derivative of F at xq is unique.

Proof Suppose that L1, Ls € £(X,Y) are derivatives of F at xg. Given € > 0, choose a § such
that (3.3) holds with L; and Lo instead of L. Consequently

[ L2(z — x0) — La(z — x0) ||

Vo € X \ {xo} satisfying || — xo|| < 6, H l < 2e. (3.4)
Tr — X
Given any h € X such that h # 0, define
0
r=x9+ —h.
2[[All
Then ||z — 20| = £ < § and so (3.4) yields
(L2~ L] < 26| (35)
Hence ||L2 — L1]| < 2¢, and since the choice of € > 0 was arbitrary, we obtain ||[Ls — L1|| = 0. So
Ls = Ly, and this completes the proof. ]

Notation. We denote the derivative of F' at x¢ by DF(x¢).
Examples.

1. Consider the nonlinear squaring map S from the example on page 19. We had seen that S
is continuous. We now show that S : C|a,b] — Cla,b] is in fact differentiable. We note that

(Su — Suo)(t) = u(t)* — uo(t)* = (u(t) +uo(t)) (u(t) — uo(t)). (3.6)
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As u approaches ug in Cla, b, the term wu(t) 4+ uo(t) above approaches 2ug(t). So from (3.6),
we suspect that (D.S)(ug) would be the multiplication map M by 2ug:

(Mu)(t) = 2ug(t)u(t), tE€ la,bl.
Let us prove this. Let € > 0. We have
[(Su— Suo = M(u— o)) = [u(t)? — uo(t)? — 2u0(t) (u(t) — uo(®))|
= [u(t)* + uo(t)* — 2uo(t)u(t)|
|u(t) — uo(t)[?

llu — ol |.

IN

Hence if § := e > 0, then for all u € Cla, b] satistying ||u — ug|| < d, we have
1S — Suo — M(u— uo)l| < Jlu— uo]?
and so for all u € Cla,b] \ {ug} satisfying ||u — ug|| < &, we obtain
[ISu — Sug — M (u — up)||

[l = wo|

<|lu—wl| <d=e

Thus DS(ug) = M.

. Let X, Y be normed spaces and let T' € Z(X,Y). Is T differentiable, and if so, what is its

derivative?

Recall that the derivative at a point is the linear transformation that approximates the map
at that point. If the map is itself linear, then we expect the derivative to equal the given
linear map! We claim that (DT)(zo) = T, and we prove this below.

Given € > 0, choose any § > 0. Then for all z € X satisfying ||z — zo|| < J, we have
|1Tx —Taxog —T(x—x0)|| = ||Tx — Tao — Tax+ Txo|| =0 <e.
Consequently (DT')(xo) =T
In particular, if X =R"™, Y = R™, and T = T4, where A € R™*" then (DT4)(x9) = Ta. O

Exercises.

1.

4.

Let X,Y be normed spaces. Prove that if F' : X — Y is differentiable at x(, then F is
continuous at xg.

Consider the functional I : C[a, b] — R given by

b
I(x) :/ x(t)dt.
Prove that I is differentiable, and find its derivative at o € C|a, b].

(x) Prove that the square of a differentiable functional I : X — R is differentiable, and find
an expression for its derivative at = € X.
HINT: (I(2))? — (I(20))? = (I(x) + I(x0))(I(x) — I(x0)) ~ 21 (x0)DI(z0)(x — x0) if x ~ x0.
(a) Given z1, 22 in a normed space X, define
o(t) =tey + (1 —t)zs.
Prove that if I : X — R is differentiable, then I o ¢ : [0,1] — R is differentiable and
L (Tog)(t) = [DI(p(D)] (@1 —a2).

(b) Prove that if I1,I> : X — R are differentiable and their derivatives are equal at every
x € X, then I; and I differ by a constant.
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3.2 Optimization: necessity of vanishing derivative

In this section we take the normed space Y = R, and consider maps maps I : X — R. We wish
to find points xg € X that maximize/minimize I.

In elementary analysis, a necessary condition for a differentiable function f : R — R to have
a local extremum (local maximum or local minimum) at z¢ € R is that f/(xo) = 0. We will prove
a similar necessary condition for a differentiable function I : X — R.

First we specify what exactly we mean by a ‘local maximum/minimum’ (collectively termed
‘local extremum’). Roughly speaking, a point 2o € X is a local maximum/minimum for I if for
all points z in some neighbourhood of that point, the values I(z) are all less (respectively greater)
than I(zo).

Definition. Let X be a normed space. A function I : X — R is said to have a local extremum at
zo (€ X) if there exists a § > 0 such that

Vo € X \ {xo} satisfying || — zo|| <0, I(z)> I(z9) (local minimum)
or

Vo € X satisfying ||z — xol] < §, I(x) <I(xo) (local maximum).

Theorem 3.2.1 Let X be a normed space, and let I : X — R be a function that is differentiable
at xo € X. If I has a local extremum at xo, then (DI)(zo) = 0.

Proof We prove the statement in the case that I has a local minimum at zq. (If instead I has
a local maximum at xg, then the function —I has a local minimum at xg, and so (DI)(zg) =

—(D(=1))(z0) = 0.)

For notational simplicity, we denote (DI)(zg) by L. Suppose that Lh # 0 for some h € X.
Let € > 0 be given. Choose a ¢ such that for all € X satisfying ||z — zo|| < ¢, I(x) > I(x¢), and

moreover if x # g, then
[ (x) — I(wo) — L(z — x0)|

< €.
[ — ol
Define the sequence
1 Lh N
Tp =20 — —7h, n .
O nILh|
We note that ||z, —zo|| = @, and so with IV chosen large enough, we have ||z, — x|l < 0 for all
n > N. It follows that for all n > N,
I(x,)—1 L(z, — Lh
o< Ton) = I(a0) _ Llen—w0) , _ |LA, _
[0 — ol l[n — 2ol ([l
Since the choice of € > 0 was arbitrary, we obtain |Lh| < 0, and so Lh = 0, a contradiction. ]

Remark. Note that this is a necessary condition for the existence of a local extremum. Thus
a the vanishing of a derivative at some point xy doesn’t imply local extremality of xo! This is
analogous to the case of f : R — R given by f(x) = 3, for which f’(0) = 0, although f clearly
does not have a local minimum or maximum at 0. In the next section we study an important
class of functions I : X — R, called convex functions, for which a vanishing derivative implies the
function has a global minimum at that point!



40 Chapter 3. Differentiation

3.3 Optimization: sufficiency in the convex case

In this section, we will show that if I : X — R is a convex function, then a vanishing derivative
is enough to conclude that the function has a global minimum at that point. We begin by giving
the definition of a convex function.

Definition. Let X be a normed space. A function F : X — R is convez if for all z1, 22 € X and
all a € [0, 1],
Flaz: + (1 — a)zz) < aF(x1) + (1 — o) F(x2). (3.7)

L
%+ (1—a)z

x

Figure 3.3: Convex function.

Examples.

1. If X = R, then the function f(r) = 2%, z € R, is convex. This is visually obvious from
Figure 3.4, since we see that the point B lies above the point A:

f(22)
af(z1) + (1 - a)f(2) >
flazy + (1 — a)za) A
fl)l
o] =1 2

—_—
ary + (1 — a)zs

Figure 3.4: The convex function x — z2.

But one can prove this as follows: for all 1,22 € R and all « € [0, 1], we have

flazy + (1 —a)zs) = (azy+ (1 —a)z)? = a?2? +2a(l — a)zyz0 + (1 — )23
= oz:c? +(1—a)z2+ (o —a)2? + (o® — )23 + 20(1 — o)z 12
= axl + (1 —a)z3 — a(l — a)(xF + 23 — 22122)
= ar?+(1-a)2s —a(l —a)(z — x2)?
< 0a? + (- )ad = af(en) + (1 - a)f ().

A slick way of proving convexity of smooth functions from R to R is to check if f” is
nonnegative; see Exercise 1 below.
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2. Consider I : C[0,1] — R given by
1
10) = [ (@), 1.
0
Then I is convex, since for all f1, fo € C[0,1] and all « € [0, 1], we see that
1
lafi+(-af) = [ (@) +1-a))d
0

< /1 alfi(x)? + (1 — a)(f2(x))*dz (using the convexity of y — y?)
0

= / (fu(@)2dz + (1 — o) / (fol))2da
0 0
= al(fi) +(1— a)I(fa).
Thus I is convex. O

In order to prove the theorem on the sufficiency of the vanishing derivative in the case of a
convex function, we will need the following result, which says that if a differentiable function f is
convex, then its derivative f’ is an increasing function, that is, if © < y, then f'(z) < f'(y). (In
Exercise 1 below, we will also prove a converse.)

Lemma 3.3.1 If f : R — R is conver and differentiable, then f’ is an increasing function.

Proof Let x <u<y. fa= Z:”l”, then a € (0,1), and 1 —a = Z%Z From the convexity of f,
we obtain

u—2x

L)+ It 2 £ (D T ) = f(w)

that is,
(y — ) f(u) < (u—2)f(y) + (y —u)f(2). (3.8)
From (3.8), we obtain (y — z)f(u) < (u —z)f(y) + (y — z + x — u) f (z), that is,

(y—)f(u) = (y —2)f(2) < (u—2)f(y) = (u—2)f(2),

and so
M= 10) = 10) 59
From (3.8), we also have (y —z)f(u) < (u —y+y —z)f(y) + (y — u) f(x), that is,
(y—a)f(u) = (y—2)f(y) < (w=y)fy) — (u—y)f(z),
and so
Iy) = f@)  f) = () (3.10)
y—x y—u
Combining (3.9) and (3.10),
flu) = f(z) _ fly) = f(z) _ fly) = fu)
u—zx — y—-x — y—u

(2) < 7f(y;_f;($) <
increasing. [

Passing the limit as v \, = and v /" y, we obtain f’ y), and so f’ is
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We are now ready to prove the result on the existence of global minima. First of all, we mention
that if I is a function from a normed space X to R, then [ is said to have a global minimum at
the point zp € X if for all z € X, I(x) > I(xo). Similarly if I(z) < I(x¢) for all =, then I is said
to have a global maximum at x¢. We also note that the problem of finding a maximizer for a map
I can always be converted to a minimization problem by considering —I instead of I. We now
prove the following.

Theorem 3.3.2 Let X be a normed space and I : X — R be differentiable. Suppose that I is
convex. If g € X is such that (DI)(x9) =0, then I has a global minimum at xg.

Proof Suppose that 21 € X and I(z1) < I(x¢). Define f : R — R by
fla)=I(az1 + (1 — a)zg), a€R.

The function f is convex, since if r € [0, 1] and «, 8 € R, then we have

fra+ (1 =r)p) I{(ra+(1=r)B)z1+ (1 —ra—(1-r)8)x)
I(r(azy + (1 — @)xz) + (1 —7r)(Bz1 + (1 — B)xg))
rl(azy + (1 — a)xg) + (L —r)I(Bz1 + (1 — B)xo)
= rf(a)+ @ =7)f(B).

From Exercise 4a on page 38, it follows that f is differentiable on [0, 1], and
£(0) = (DI)(x0)) (21 — m0) = 0.
Since f(1) = I(z1) < I(xo) = f(0), by the mean value theorem?, there exists a ¢ € (0,1) such

IN

o £1) ~ £(0)

fllo)==F—g— <0=r10)
This contradicts the convexity of f (see Lemma 3.3.1 above), and so I(x1) > I(z¢). Hence I has
a global minimum at zg. [
Exercises.

1. Prove that if f : R — R is twice continuously differentiable and f”(x) > 0 for all z € R,
then f is convex.

2. Let X be a normed space, and f € £(X,R). Show that f is convex.
3. If X is a normed space, then prove that the norm function, z — [|z|| : X — R, is a convex.

4. Let X be a normed space, and let f: X — R be a function. Define the epigraph of f by
U(f) = [J{a} x (f(z),+00) € X xR.

reX

This is the ‘region above the graph of f’. Show that if f is convex, then U(f) is a convex
subset of X x R. (See Exercise 6 on page 5 for the definition of a convex set).

5. () Show that if f: R — R is convex, then for all n € N and all z1,...,z, € R, there holds

that

< .
n n

2The mean value theorem says that if f : [a,b] — R is a continuous function that is differentiable in (a,b), then
there exists a ¢ € (a,b) such that W = f'(c).
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3.4 An example of optimization in a function space

Example. A copper mining company intends to remove all of the copper ore from a region that
contains an estimated @ tons, over a time period of T years. As it is extracted, they will sell it
for processing at a net price per ton of

p(x(t), 2 (t)) = P — ax(t) — ba'(t)

for positive constants P, a, and b, where z(¢) denotes the total tonnage sold by time ¢. (This
pricing model allows the cost of mining to increase with the extent of the mined region and speed
of production.)

If the company wishes to maximize its total profit given by

T
I@) = [ pla(t). o' () O, (3.11)
0
where z(0) = 0 and 2(T) = Q, how might it proceed?

STEP 1. First of all we note that the set of curves in C'[0, 7] satisfying x(a) = 0 and z(T) = Q
do not form a linear space! So Theorem 3.2.1 is not applicable directly. Hence we introduce a
new linear space X, and consider a new function I : X — R which is defined in terms of the old
function I.

Introduce the linear space
X ={z € C0,T]] 2(0) = z(T) = 0},
with the C1[0, T]-norm:

|z = sup |x(t)] + sup |2'(t)].
t€[0,T] t€[0,T]

Then for all h € X, xo+ h satisfies (2o +h)(0) = 0 and (zo+h)(T) = Q. Defining I(h) = I(xo+h),
we note that I : X — R has an extremum at 0. It follows from Theorem 3.2.1 that (DI)(0) = 0.
Note that by the 0 in the right hand side of the equality, we mean the zero functional, namely the
continuous linear map from X to R, which is defined by h +— 0 for all h € X.

STEP 2. We now calculate I'(0). We have
B B T T
I(h) —1(0) = /O P —a(zo(t) + h(t)) — bz (t) + A/ (t))dt — /0 P — axo(t) — bxo(t)dt

= / ' P — azo(t) — 2bxy ()R (t) — axy(t)h(t)dt + / ' —ah(t)h'(t) — bh'(t)h'(t)dt.
0 0

Since the map .
hios / (P — ao(t) — 2b (D) (1) — azh(t)h(t)dt

is a functional from X to R and since

/T —ah(t)W' (t) — bh ()W (t)dt| < T(a + b)||h]|?,
0

it follows that

(DI)O)(h) = / (P — azo(t) — 2bay(£) ' (t) — axh()h(t)dt = / (P — 2be (D)) (t)dt,
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where the last equality follows using partial integration:

lfmwm@m:—zuwwwwm+mwm@ﬁﬂ:-A%%@M@ﬁ

STEP 3. Since (DI)(0) = 0, it follows that

T ¢
/ <P — axo(t) — 2bz((t) — a/ ; (T)d’l‘) B (t)dt =0
0 0
for all h € C*0,T] with h(0) = h(T') = 0. We now prove the following.

Cram: If k € Cla, b] and
b
/ k()R (t)dt =0

for all h € C'[a,b] with h(a) = h(b) = 0, then there exists a constant ¢ such that k(t) = ¢ for all
t € la,b].

Proof Define the constant ¢ and the function h via

/me—@azo and Mﬂ:/kmﬂ—@m.

Then h € C'[a, b] and it satisfies h(a) = h(b) = 0. Furthermore,

b b b
/ (k(t) — c)?dt :/ (k(t) — c)B (t)dt :/ k(A (t)dt — c(h(b) — h(a)) = 0.

Thus k(t) —c=0 for all ¢t € [a, }]. [ |

STEP 4. The above result implies in our case that
vVt €[0,T], P —2bxy(t) =c. (3.12)

Integrating, we obtain xo(t) = At + B, t € [0,T], for some constants A and B. Using x0(0) =0
and zo(T') = @, we obtain

vo(t) = —=Q, te[0,T]. (3.13)

STEP 5. Finally we show that this is the optimal mining operation, that is I(zo) > I(z) for all »
such that z(0) = 0 and z(T') = Q. We prove this by showing —I is convex, and so by Theorem
3.3.2, —I in fact has a global minimum at 0.

Let hy,he € X, and « € [0,1], and define 21 = x¢ + hi1, 2 = x¢ + h2. Then we have

/0 (o (£) + (1 — o) (1))2dt < / a2y (1)) + (1 — ) () (1))t (3.14)
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using the convexity of y +— y2. Furthermore, z1(0) = 0 = 22(0) and z1(T) = Q = z2(T), and so

/0 (o (£) + (1 — ) () o (£) + (1 — @) () dt

1 d

T
_ 5/0 (0 (1) + (1= a)aa(0) Pt

1 1 1
= §Q2 = CY§Q2 +01- a)§Q2
T T
- . /O 2 (O ()t + (1 a) /0 (8 (1) .
Hence

7j(0éh1 + (1 — Oé)h,Q) I i) + Oéh,l + (1 — Oé)hg)

—I(
= —I(axg+ (1 — a)xg+ ahy + (1 —a)he)
= —I(az; + (1 — a)z2)

= b/o (i (t) + (1 — )5 (t))*dt
T
+a/0 (o’ (£) + (1 — e)ay(8)) (aw (t) + (1 — a)za(1))dt

—P/O (e, () + (1 — ) (8))dt

IN

T T
o / (2 (£))2dt + (1 - a) / (1)) dt

ta /0 2 (O ()t + (1 — a) / (1) (H)dt

0
T T
—aP/O 2Bt — (1 —a)P/O 2 (8)dt
T

0

~ . ( / 2 (8 (b, () + aza () — P)dt)
T
- a) ( / 2y (8) (bary () + aza(t) — P)dt)
0
= a(—I(z1)) + (1 —a)(~I(x2)) = a(—1(h1)) + (1 — @) (—1(h2)).

Hence —1I is convex. O

Remark. Such optimization problems arising from applications fall under the subject of ‘calculus
of variations’, and we will not delve into this vast area, but we mention the following result. Let

I be a function of the form ,
d
1= [ r (z<t>, d—f(w,t) i,

where F(a, 3,7) is a ‘nice’ function and z € C'[a,b] is such that z(a) = y, and z(b) = yp. Then
proceeding in a similar manner as above, it can be shown that if I has an extremum at x(, then
x( satisfies the Fuler-Lagrange equation:

OF dl‘o d OF dJCO

— t),— (), t) —— | =—= t), —(t),t) | = t b]. 1

e (w0, 52 00) - 4 (55 (0. Gr00) ) =0, et @1y
(This equation is abbreviated by F, — %sz =0.)
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Chapter 4

Geometry of inner product spaces

In a vector space we can add vectors and multiply vectors by scalars. In a normed space, the
vector space is also equipped with a norm, so that we can measure the distance between vectors.
The plane R? or the space R? are examples of normed spaces.

However, in the familiar geometry of the plane or of space, we can also measure the angle
between lines, provided by the notion of ‘dot’ product of two vectors. We wish to generalize this
notion to abstract spaces, so that we can talk about perpendicularity or orthogonality of vectors.

Why would one wish to have this notion? One of the reasons for hoping to have such a notion
is that we can then have a notion of orthogonal projections and talk about best approximations in
normed spaces. We will elaborate on this in §4.3. We will begin with a discussion of inner product
spaces.

4.1 Inner product spaces

Definition. Let K =R or C. A function (-,-) : X x X — K is called an inner product on the
vector space X over K if:

IP1 (Positive definiteness) For all x € X, (z,z) > 0. If z € X and (x,z) = 0, then x = 0.

IP2 (Linearity in the first variable) For all x1,za,y € X, (21 + x2,y) = (x1,y) + (T2, ¥).
For all z,y € X and all a € K, {az,y) = oz, y).

IP3 (Conjugate symmetry) For all z,y € X, (z,y) = (y, z)*, where -* denotes complex conjuga-

tion?!.

An inner product space is a vector space equipped with an inner product.

It then follows that the inner product is also antilinear with respect to the second variable,
that is additive, and such that

(2, 0y) = a*(z,y).
It also follows that in the case of complex scalars, (z,z) € R for all x € X, so that IP1 has
meaning.

Mf 2 = 4 yi € C with z,y € R, then 2* = x — yi.

47
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Examples.

1. Let K=R or C. Then K" is an inner product space with the inner product

T Ca!
(x,y) =x1y] + -+ xpy,, wherez = and y =

Tn Yn

2. The vector space 2 of square summable sequences is an inner product space with
o0
<$a y> = Z xny;; for all z = (xn)nENa Yy = (yn)neN € .
n=1
It is easy to see that if

o0 o0
Z |z,]? < +00  and Z [yn|? < +oo,
n=1 n=1

o0
then the series Z xny, converges absolutely, and so it converges. Indeed, this is a conse-

n=1
quence of the following elementary inequality:

20?4 |ynl

el = foullynl < 1

3. The space of continuous K-valued functions on [a, b] can be equipped with the inner product

b
%m:/fmmww, (4.1)

We use this inner product whenever we refer to Cla,b] as an inner product space in these
notes. O

We now prove a few ‘geometric’ properties of inner product spaces.

Theorem 4.1.1 (Cauchy-Schwarz inequality) If X is an inner product space, then
forallz,y € X, |z, 9)* < (z,2){y,y). (4.2)

There is equality in (4.2) iff © and y are linearly dependent.

Proof From IP3, we have (x,y) + (y,x) = 2 Re({x,¥)), and so

(z+y,x+y) = (z,2) + (y,y) + 2Re((z, 1)) (4.3)

Using IP1 and (4.3), we see that 0 < (z + ay,z + ay) = (z,z) + 2Re(a*(z,y)) + |a|*(y,y). Let
a = re'® | where O is such that (v,y) = |(z,y)[e’®, and r € R. Then we obtain:

(x,2) +2r|(z,9)| + (y,y)r* >0 forallr € R

and so it follows that the discriminant of this quadratic expression is < 0, which gives (4.2).
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Cauchy-Schwarz

Finally we show that equality in (4.2) holds iff  and y are linearly independent, by using the
fact that the inner product is positive definite. Indeed, if the discriminant is zero, the equation
(z,x) +2r|(z,y)| + (y,y)r? = 0 has a root r € R, and so there exists a number a = r¢’® such that
(x + ay,x + ay) = 0, from which, using IP1, it follows that « + ay = 0. ]

We now give an application of the Cauchy-Schwarz inequality.

Example. Let C[0,T] be equipped with the usual inner product. Let F' be the filter mapping
C[0,T] into itself, given by

(Fu)(t)/ot e~ u(r)dr, te0,T), wueC[0,T).

Such a mapping arises quite naturally, for example, in electrical engineering, this is the map from
the input voltage u to the output voltage y for the simple RC-circuit shown in Figure 4.1. Suppose
we want to choose an input u € X such that ||ulj2 =1 and (Fu)(T) is maximum.

|

!

C ~ j

Figure 4.1: A low-pass filter.

o=

Define h € C[0,T] by h(t) = €', t € [0,T]. Then if u € X, (Fu)(T) = e~ T(h,u). So from the
Cauchy-Schwarz inequality
[(Fu)(T)| < e~ T||hl|[|u]

with the equality being taken when u = ah, where « is a constant. In particular, the solution of

our problem is
[ 2
-1
e2T

u() =\ 7
(Fuyr) = ey [ 1

Furthermore,

e', telo,T).
—1
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If {-,-) is an inner product, then we define

[zl = v/ (z, z). (4.4)

The function = +— ||z|| is then a norm on the inner product space X. Thanks to IP2, indeed we
have: |az|| = |a|||z||, and using Cauchy-Schwarz inequality together with (4.3), we have

lz+ 9l = [l + ly1* + 2Re({w, ) < ll2l® + lyl* + 2l zllly]l = (Il + Iyl

so that the triangle inequality is also valid. Since the inner product is positive definite, the norm
is also positive definite. For example, the inner product space C[a,b] in Example 3 on page 48
gives rise to the norm

2

b
|f|2=</ |f($)|2dw> , [ eClab],

Note that the inner product is determined by the corresponding norm: we have

called the L2-norm.

lz + yl> l]1* + llyll* + 2Re((z, ) (4.5)
lz =yl = lzl® + llyl* — 2Re({z, 1)) (4.6)

so that Re((z,y)) = § (|l + yl|> — lz — y[|?). In the case of real scalars, we have

(e +yl* = lle = y1?). (4.7)

In the complex case, Im({z, y)) = Re(—i(z,y)) = Re({x, iy)), so that

4

. . . . 1 . .
(lz +yl* = llz = yl* +ille + iyll* —illz - iy]*) = 3 D il ity (4.8)
k=1

RNy

<$ay> =

(4.7) (respectively (4.8)) is called the polarization formula.
If we add the expressions in (4.5) and (4.6), we get the parallelogram law:
lz +ylI* + llo = ylI* = 2[|2|” + 2]yl for all 2,y € X. (4.9)

(The sum of the squares of the diagonals of a parallelogram is equal to the sum of the squares of
the other two sides; see Figure 4.2.)

Figure 4.2: The parallelogram law.

If 2 and y are orthogonal, that is, (z,y) = 0, then from (4.5) we obtain Pythagoras’ theorem:

lz+yl? = ||z + |lyl|* for all z,y with 2 L y. (4.10)
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If the norm is defined by an inner product via (4.4), then we say that the norm is induced by an
inner product. This inner product is then uniquely determined by the norm via the formula (4.7)
(respectively (4.8)).

Definition. A Hilbert space is a Banach space in which the norm is induced by an inner product.

The hierarchy of spaces considered in these notes is depicted in Figure 4.3.

Vector spaces

Normed spaces

Inner product spaces

Hilbert spaces

Banach spaces

7

Figure 4.3: Hierarchy of spaces.
Exercises.

1. If A,B € R™*" then define (A, B) = tr(A" B), where AT denotes the transpose of the
matrix A. Prove that (-,-) defines an inner product on the space of m x n real matrices.
Show that the norm induced by this inner product on R™*" is the Hilbert-Schmidt norm
(see the remark in Example 1 on page 23).

2. Prove that given an ellipse and a circle having equal areas, the perimeter of the ellipse is
larger.

Figure 4.4: Congruent ellipses.

HinT: If the ellipse has major and minor axis lengths as 2a and 2b, respectively, then observe
that the perimeter is given by

2m 2m

P= V/(acos©)2 + (bsin©)2dO = V/(asin ©)2 + (bcos ©)2dO,
0 0

where the last expression is obtained by rotating the ellipse through 90°, obtaining a new
ellipse with the same perimeter; see Figure 4.4. Now use Cauchy-Schwarz inequality to prove
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that P2 is at least as large as the square of the circumference of the corresponding circle
with the same area as that of the ellipse.

3. Let X be an inner product space, and let (z,,)nen, (¥n)nen be convergent sequences in X
with limits x,y, respectively. Show that ((z,,yn))nen is a convergent sequence in K and
that

i (20,90 = (2.9). (4.11)

4. (x) (Completion of inner product spaces) If an inner product space (X, (-,-)x) is not com-
plete, then this means that there are some ‘holes’ in it, as there are Cauchy sequences that
are not convergent-roughly speaking, the ‘limits that they are supposed to converge to’, do
not belong to the space X. One can remedy this situation by filling in these holes, thereby

enlarging the space to a larger inner product space (X, (-,-)%) in such a manner that:

Cl X can be identified with a subspace of X and for all z,y in X, (z,y)x = (z,y)%.
C2 X is complete.

Given an inner product space (X, (-,-)x), we now give a construction of an inner product

space (X, (-,-)x), called the completion of X, that has the properties C1 and C2.

Let € be the set of all Cauchy sequences in X. If (2,)nen, (Yn)nen are in €, then define
the relation® R on € as follows:

((Tn)nen, (Yn)nen) € R if nlgr;o lzn — ynllx = 0.
Prove that R is an equivalence relation on %.
& Y1

Y2
Y3

[(l'n)neN] [(yn)TLEN] [(Zn)nEN]
X

Figure 4.5: The space X.

Let X be the set of equivalence classes of € under the equivalence relation R. Suppose
that the equivalence class of (Zn)nen is denoted by [(xn)neNL See Figure 4.5. Define vector
addition + : X x X — X and scalar multiplication - : K — X by

[(zn>n€N] + [(yn>n€N] = [(zn + yn)nEN] and a - [(xn)nEN] = [(azn>n€N]-

2Recall that a relation on a set S is a simply a subset of the cartesian product S x S. A relation R on a set S
is called an equivalence relation if

ER1 (Reflezivity) For all x € S, (z,x) € R.
ER2 (Symmetry) If (xz,y) € R, then (y,z) € R.
ER3 (Transitivity) If (z,y), (y, 2) € R, then (z,z) € R.

If © € S, then the equivalence class of x, denoted by [z], is defined to be the set {y € S| (z,y) € R}. It is easy to
see that [z] = [y] iff (z,y) € R. Thus equivalence classes are either equal or disjoint. They partition the set S, that
is the set can be written as a disjoint union of these equivalence classes.
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Inner product spaces

Show that these operations are well-defined. It can be verified that X is a vector space with
these operations.

Define (-, )% : X x X — K by
([(zn)nen], [(yn)nENDY = nlingo<zna Yn) X -

Prove that this operation is well-defined, and that it defines an inner-product on X.

[(2)nen] é
% @
y ¥4
[(y)nen]

Figure 4.6: The map .

Define the map ¢ : X — X as follows:
if x € X, then «(x) = [(2)nen],

that is, ¢ takes x to the equivalence class of the (constant) Cauchy sequence (x,z,z,...).
See Figure 4.6. Show that ¢ is an injective bounded linear transformation (so that X can be
identified with a subspace of X), and that for all z,y in X, (z,y)x = (¢«(z), (y))%-

We now show that X is a Hilbert space. Let ([(2F)nen])ren be a Cauchy sequence in X. For
each k € N, choose nj, € N such that for all n,m > ny,

1

k k

Define the sequence (yi)ren by yx = 2k , k € N. See Figure 4.7. We claim that (yx)ren
belongs to €.

l‘% 'fL‘l Jj:{) yl = x}ll
h a3 3 Yo = a2,
w5 73 i ys =z,
niy N ns
[(z3,)nen] [(%7,)nen] [(@3) nen]——=[(yn)nen]

>

Figure 4.7: Completeness of X.

Let € > 0. Choose N € N such that % < €. Let K7 € N be such that for all k,1 > K7,

1(zm)nen] = [(@n)nenlllx <,
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that is,
lim [|zF — 2| x <e
n—oo

Define K = max{N, K1}. Let k,I > K. Then for all n > max{ng,n;},

lye —wllx = llye — 2k +af — ol + 2 —ullx
< lye —abllx + |+ 2k —2bllx + 2k —wllx
k l
1 L . 1
< et |af —alllx +e

So
lyx — willx < e+ lim ||zﬁfxil||x+e<e+e+e:3e.
n—oo

This shows that (yn)nen € €, and so [(yn)nen] € X. We will prove that ([(25)nen])ren
converges to [(yn)nen] € X.

Given € > 0, choose K7 such that %1 < €. As (yr)ren is a Cauchy sequence, there exists a
K5 € N such that for all k,1 > Ko, ||yx — wi]|x < €. define K = max{K7, K2}. Then for all
k > K and all m > max{ng, K}, we have

IN

5, =yl x =, llx + N, — ymllx

1
< o Yk — ymllx
1

?‘FG

< €+€=2€

Hence
(@) men] = [Wm)menllz = lim_ g, = ymllx < 2e.

This completes the proof.

(x) (Incompleteness of Cla,b] and L?[a,b]) Prove that C[0,1] is not a Hilbert space with
the inner product defined in Example 3 on page 48.

HINT: The functions f,, in Figure 4.8 form a Cauchy sequence since for all z € [0, 1] we have
|fn(z) = f(2)] <2, and so

bma( .4
I dml?= | |fn<:c>fm<x>|2dzs4max{1,i}.

n -m
2

But the sequence does not converge in C[0, 1]. For otherwise, if the limit is f € C[0, 1], then
for any n € N, we have

1

; b+
1= 17 = [T 1@+ [ @)~ f@Pdr+ [ 1= f@)Pas

1
2 2

Show that this implies that f(z) = 0 for all # € [0,3], and f(z) = 1 for all z € (3,1].
Consequently,

which is clearly discontinuous at %
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Figure 4.8: Graph of f,.

The inner product space in Example 3 on page 48 is not complete, as demonstrated in
above. However, it can be completed by the process discussed in Exercise 4 on 52. The
completion is denoted by L?[a,b], which is a Hilbert space. One would like to express this
new inner product also as an integral, and it this can be done by extending the ordinary
Riemann integral for elements of C'[a, b] to the more general Lebesgue integral. For continuous
functions, the Lebesgue integral is the same as the Riemann integral, that is, it gives the
same value. However, the class of Lebesgue integrable functions is much larger than the
class of continuous functions. For instance it can be shown that the function

{0 ifze0,1\Q
f(””)_{1 ifz€[0,1]NQ

is Lebesgue integrable, but not Riemann integrable on [0,1]. For computation aspects,
one can get away without having to go into technical details about Lebesgue measure and
integration.

However, before we proceed, we also make a remark about related natural Hilbert spaces
arising from Probability Theory. The space of random variables X on a probability space
(Q, Z, P) for which E(X?) < oo (here E(-) denotes expectation), is a Hilbert space with
the inner product (X,Y) = E(XY).

6. Let X be an inner product space. Prove that
2

1 1
forallz,y,2 € X, [z —a*+ [z —y[” = 5llz —yl* +2||z = 5@ +v)

(This is called the Appollonius identity.) Give a geometric interpretation when X = R2.

7. Let X be an inner product space over C, and let T € £ (X) be such that for all z € X,
(Tz,z) = 0. Prove that T = 0.

HiNT: Consider (T'(xz + y),x + y), and also (T'(x + iy), z + iy). Finally take y = Tx.

4.2 Orthogonal sets

Two vectors in R? are perpendicular if their dot product is 0. Since an inner product on a
vector space is a generalization of the notion of dot product, we can talk about perpendicularity
(henceforth called orthogonality?®) in the general setting of inner product spaces.

Definitions. Let X be an inner product space. Vectors z,y € X are said to be orthogonal if
(x,y) = 0. A subset S of X is said to be orthonormal if for all z,y € S with © # y, (z,y) =0 and
forall z € S, (z,z) = 1.

3The prefix ‘ortho’ means straight or erect.
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Examples.

1. Let e, denote the sequence with nth term equal to 1 and all others equal to 0. The set
{en | n € N} is an orthonormal set in £2.

2. Let n € Z, and let T}, € C[0, 1] denote the trigonometric polynomial defined as follows:
To(z) = > 2¢€0,1].

The set {T, | n € Z} is an orthonormal sequence in C[0, 1] with respect to the inner product
defined by (4.1). Indeed, if m,n € Z and n # m, then we have

1 1 1
/ Tn(x)Tm(x)*dz _ / e27rinm€727rimzd$ _ / e27ri(n7m)zd1, —0.
0 0 0
On the other hand, for all n € Z,

1 1
||T"H§ = <TnaTn> = / €2ﬂ—inle_2ﬂ'in'rd1} = / ldx = 1.
0 0

Hence the set of trigonometric polynomials is an orthonormal set in C[0, 1] (with the usual
inner product (4.1)). ¢

Orthonormal sets are important, since they have useful properties. With vector spaces, linearly
independent spanning sets (called Hamel bases) were important because every vector could be
expressed as a linear combination of these ‘basic’ vectors. It turns out that when one has infinite
dimensional vector spaces with not just a purely algebraic structure, but also has an inner product
(so that one can talk about distance and angle between vectors), the notion of Hamel basis is not
adequate, as Hamel bases only capture the algebraic structure. In the case of inner product spaces,
the orthonormal sets play an analogous role to Hamel bases: if a vector which can be expressed as
a linear combination of vectors from an orthonormal set, then there is a special relation between
the coefficients, norms and inner products. Indeed if

n
Tr = E AUk
k=1

and the ug’s are orthonormal, then we have

n
(@, u;) < g akuk,uj> = g o (U, uj) = oy,
k=1
and

n n
Hx||2 <Z X, Uk YU, T > = Z(z,uk Uk, T Z| x, uk)

k=1

Theorem 4.2.1 Let X be an inner product space. If S is an orthonormal set, then S is linearly
independent.

Proof Let z{,...,2, € S and ay,...,a, € K be such that a1y + --- + ap,x, = 0. For
jeA{l,....,n}, wehave 0 = (0,z;) = (@121 + - + Wy, Tj) = @1{x1, ;) + - + 0 (Tn, T) = .
Consequently, S is linearly independent. ]

Thus every orthonormal set in X is linearly independent. Conversely, given a linearly inde-
pendent set in X, we can construct an orthonormal set such that span of this new constructed
orthonormal set is the same as the span of the given independent set. We explain this below, and
this algorithm is called the Gram-Schmidt orthonormalization process.



4.2. Orthogonal sets 57

Theorem 4.2.2 (Gram-Schmidt orthonormalization) Let {x1,z2,x3,...} be a linearly indepen-
dent subset of an inner product space X . Define

uy = and = Tp — (Tp,ur)us — -+ — (T, Up—1)Up—1 forn > 2.
(|1 ]] [#n — (Tn, ur)us — -+ = (T, tn—1)tn 1|
Then {u1,us,us, ...} is an orthonormal set in X and for n € N,
span{x1,..., oy} = span{ui, ..., up}.

Proof As {z1} is a linearly independent set, we see that x1 # 0. We have [Ju1|| = ”;1” =1 and
span{uy } = span{z}.

For some n > 1, assume that we have defined w,, as stated above, and proved that {u1,...,u,}
is an orthonormal set satisfying span{zi,...,z,} = span{uy,...,un}. As {z1,...,2,41} is a
linearly independent set, x,,4+1 does not belong to span{z1,...,x,} = span{us,...,u,}. Hence it
follows that

Tyt — (Tpt1, un)un — - = (Tpi1, Up)Un # 0.
Clearly ||up+1]] =1 and for all j < n we have
1 n
Uni1,Uj) = Tt 1, Uj) Tt 1, U ) (U, U
< n+1 J> ||$n+1 _ <$n+1,u1>u1 .. <$n+1;un>un” ( n+1, tj ]; n+1 J>>
1
= Tn+1,Uj) — (Tn+1, Uj
ot = ) — = (@] )~ (s a))
= 0,
since (ug,u;) =0 for all k € {1,...,n}\ {j}. Hence {u1,...,un+1} is an orthonormal set. Also,
span{uy, ..., Un, Unt1} = Span{xi, ..., Tn, Unt1} = SpAn{x1, ..., Tn, Tyt -

By mathematical induction, the proof is complete. [

Example. For n € N let x,, be the sequence (1,...,1,0,...), where 1 occurs only in the first
n terms. Then the set {z, | n € N} is linearly independent in ¢?, and the Gram-Schmidt
orthonormalization process gives {e, | n € N} as the corresponding orthonormal set. O

Exercises.

1. (a) Show that the set {1,z,2% 23,...} is linearly independent in C[—1,1].

(b) Let the orthonormal sequence obtamed via the Gram-Schmidt orthonormalization pro-
cess of the sequence {1,z,2% 23,...} in C[-1,1] be denoted by {ug,u1,us,us, ...}

Show that for n =0, 1 and 2,
2 1
wn () = ,/%Pn(x), (4.12)

Po(z) = ! <i>n(z21)”. (4.13)

2nn! \ dx
In fact it can be shown that the identity (4.12) holds for all n € N. The polynomials
P, given by (4.13) are called Legendre polynomials.

where

2. Find an orthonormal basis for R™*", when it is equipped with the inner product (A, B) =
tr(AT B), where AT denotes the transpose of the matrix A.
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4.3 Best approximation in a subspace

Why are orthonormal sets useful? In this section we give one important reason: it enables one to
compute the best approximation to a given vector in X from a given subspace. Thus, the following
optimization problem can be solved:

Let Y = span{yi,...,yn}, where y1,...,y, € X.

Given z € X, minimize ||z —yl|, subject toy € Y. (4.14)

See Figure 4.9 for a geometric depiction of the problem in R3.

€2

Figure 4.9: Best approximation in a plane of a vector in R3.

Theorem 4.3.1 Let X be an inner product space. Suppose that Y = span{yi,...,yn}, where
Y1y .-, Yn are linearly independent vectors in X. Let {uy,...,u,} be an orthonormal set such that
span{uq,...,up,} =Y. Suppose that x € X, and define

n

Yu = Z(w,uk)uk.

k=1
Then y. is the unique vector in'Y such that for ally €Y, ||z — y|| > ||z — y«|-
n

Proof If y € Y =span{yi,...,yn} =span{ui,...,u,} =Y, then y = Z(y,uk>uk, and so
k=1

k=1

( —yuy) = <=T - Z<$,Uk>uk,y>

= (x’y> - Z<$a uk)(“sz)

n
= ZC,Z yauk >

k=1
. Y)

=

=

—~
8

Thus by Pythagoras’ theorem (see (4.10)), we obtain
lz = yll* = llz = yu + v = yl* =l = yull* + llye —yl1* = llz — wall?,

with equality iff y. —y = 0, that is, y = y.. This completes the proof. [
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Example. Least square approximation problems in applications can be cast as best approximation
problems in appropriate inner product spaces. Suppose that f is a continuous function on [a, b]
and we want to find a polynomial p of degree at most m such that the ‘error’

b
8(p) = / (@) — pla)|2da (4.15)

is minimized. Let X = Cla,b] with the inner product defined by (4.1), and let &, be the
subspace of X comprising all polynomials of degree at most m. Then Theorem 4.3.1 gives a
method of finding such a polynomial p,.

Let us take a concrete case. Let a = —1,b=1, f(z) = e” for z € [-1,1], and m = 1. As
P, = spanil, z, %},
by a Gram-Schmidt orthonormalization process (see Exercise 1b on page 57), it follows that

1 V3 3\/ﬁ<x2 1>}

3

:@mspan{ﬁ,ﬁz,T - =

We have
1

(f uo) = % (e—g), (f,u1) =

and so from Theorem 4.3.1, we obtain that

p*(z)%<eé>+2x+%<eg> <x2%>

This polynomial p, is the unique polynomial of degree at most equal to 2 that minimizes the
Lo-norm error (4.15) on the interval [—1, 1] when f is the exponential function.

? <f,U2)=£( 7),

e

-1 -08 -06 04 02 0 02 04 06 08 1

Figure 4.10: Best quadratic approximation the exponential function in the interval [—1,1]: here

the dots indicate points (z,e®), while the curve is the graph of the polynomial p,.

In Figure 4.10, we have graphed the resulting polynomial p, and e” together for comparison.

O
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Exercises. (The least squares regression line) The idea behind the technique of least squares is
as follows. Suppose one is interested in two variables x and y, which are supposed to be related
via a linear function y = mx 4+ b. Suppose that m and b are unknown, but one has measurements
(1,91)- -+, (Tn,yn) from an experiment. However there are some errors, so that the measured
values y; are related to the measured values x; by y; = ma; + b + e;, where ¢; is the (unknown)
error in measurement ¢. How can we find the ‘best’ approximate values of m and b7 This is a very
common situation occurring in the applied sciences.

Y

Figure 4.11: The least squares regression line.

The most common technique used to find approximations for a and b is as follows. It is
reasonable that if the m and b we guessed were correct, then most of the errors e; := y;, —mx; +b
should be reasonably small. So to find a good approximation to m and b, we should find the m
and b that make the e;’s collectively the smallest in some sense. So we introduce the error

n

& = ie? = Z(yi—mxi —b)2
i=1

i=1
and seek m, b such that & is minimized. See Figure 4.11.

Convert this problem into the setting of (4.14).

Month Mean temperature Inland energy consumption
(°C) (million tonnes coal equivalent)

January 2.3 9.8
February 3.8 9.3
March 7.0 7.4
April 12.7 6.6
May 15.0 5.7
June 20.9 3.9
July 23.4 3.0
August 20.0 4.1
September 17.9 5.0
October 11.6 6.3
November 5.8 8.3
December 4.7 10.0

Table 4.1: Data on energy consumption and temperature.

The Table 4.1 shows the data on energy consumption and mean temperature in the various
months of the year.
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1. Draw a scatter chart and fit a regression line of energy consumption on temperature.
2. What is the intercept, and what does it mean in this case?
3. What is the slope, and how could one interpret it?

4. Use the regression line to forecast the energy consumption for a month with mean temper-
ature 9°C.

4.4 Fourier series

Under some circumstances, an orthonormal set can act as a ‘basis’ in the sense that every vector
can be decomposed into vectors from the orthonormal set. Before we explain this further in
Theorem 4.4.1, we introduce the notion of dense-ness.

Definition. Let X be a normed space. A set D is dense in X if for all z € X and all € > 0, there
exists a y € D such that ||z —y|| <e.

Examples.

1. Let cop denote the set of all sequences with at most finitely many nonzero terms. Clearly,
coo is a subspace of £2. We show that cqg is dense in £2. Let 2 = (z,,)nen € €2, and suppose
that € > 0. Choose N € N such that

o0

Z lzn|? < €2

n=N+1
Defining y = (21,...,2n5,0,0,0,...) € coo, we see that || — y||2 < e.

2. coo is not dense in £°°. Consider the sequence x = (1,1,1,...) € £°°. Suppose that e = % > 0.
Clearly for any y € cgg, we have

1
||$_yHOO:1>§:6.

Thus c¢gg is not dense in £°°. O

Theorem 4.4.1 Let {uy,us,us,...} be an orthonormal set in an inner product space X and
suppose that span{uy, uz,us, ...} is dense in X. Then for all x € X,

x = Z(z,un>un (4.16)

and

2l* = [, un)|*. (4.17)
n=1
Furthermore, if x,y € X, then

(@, y) =D (@, un) (Y, un)". (4.18)

n=1
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Proof Let z € X, and € > 0. As span{uj,us,us,...} is dense in X, there exists a N € N and
scalars v1,...,Yn € K such that

N
T — Z Ve || < €. (4.19)
k=1
Let n > N. Then
N
Z Yrug € span{uy, ..., Up},
k=1

and so from Theorem 4.3.1, we obtain

n N
E x, uk Ul T — E YnUn|| -
k=1 k=1

Combining (4.19) and (4.20), we have shown that given any e > 0, there exists a N € N such that
for allm > N,

< (4.20)

n

T — Z(z,uk>uk

k=1
that is, (4.16) holds. Thus if z,y € X, we have

(z,y) = <HILII;OZ(xauk>ukanh_{goz<yauk>uk>
k_ —
= lim <Z x, ug uk,z Yy U ) U > (see (4.11) on page 52)
k=1 k=1

n
= nlirrgoz T, Uk <uk,z Y, s U >

< €,

M: i

k=1
= Z z, Un yaun )
and so we obtain (4.18). Finally with y = x in (4.18), we obtain (4.17). [}

Remarks.

1. Note that Theorem 4.4.1 really says that if an inner product space X has an orthonormal
set {uy, ua,us, ...} that is dense in X, then computations in X can be done as if one is in
the space ¢2: indeed the map = — ((z,u1),) is in injective bounded linear operator from X
to £2 that preserves inner products.

2. (4.17) and (4.18) are called Parseval’s identities.

3. We observe in Theorem 4.4.1 that every vector in X can be expressed as an ‘infinite linear
combination’ of the vectors uy, us, ug, . ... Such a ‘spanning’ orthonormal set {uy, uz, us, ...}
is therefore called an orthonormal basis.

Example. Consider the Hilbert space C[0,1] with the usual inner product. It was shown in
Example 2 on page 56 that the trigonometric polynomials T;,, n € Z, form an orthonormal set.
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Furthermore, it can be shown that the set {T7,T%, T3, ...} is dense in C[0,1]. Hence by Theorem
4.4.1, it follows that every f € C[0, 1] has the following Fourier expansion:

oo

f=> (\T)Tk.

k=—o0

It must be emphasized that the above means that the sequence of functions (f,,) given by

n

fn = Z (faTk>Tk

k=—n

1
converges to f in the || - ||2-norm: lim / | fn(x) — f(2)|?dx = 0. O
n—oo O

Exercises.

1. (¥) Show that an inner product space X is dense in its completion X.
2. (%) A normed space X is said to be separable if it has a countably dense subset {u1, u2, us, ... }.

(a) Prove that ¢P is separable if 1 < p < +o0.
(b) What happens if p = 4007

3. (Isoperimetric theorem) Among all simple, closed piecewise smooth curves of length L in the
plane, the circle encloses the maximum area.

L

S

Figure 4.12: Parameterization of the curve using the arc length as a parameter.

This can be proved by proceeding as follows. Suppose that (z,y) is a parametric represen-

tation of the curve using the arc length s, 0 < s < L, as a parameter. Let ¢t = % and
let
x(t) = ao+ \/52(11” cos(2mnt) + by, sin(2mnt))
n=1
y(t) = co+ V2 Z(cn cos(2mnt) + d,, sin(27nt))
n=1

be the Fourier series expansions for  and y on the interval 0 < ¢ < 1.

It can be shown that

12 /1 l(dm>2+ (dy)Q] " i4 2 2( 2 42 42 Jrd2)
= 7. N = TN (G n Cn n
o |\t di P



64 Chapter 4. Geometry of inner product spaces

and the area A is given by

1 oo
dy
A= /0 x(t)E(ﬁ)dt = T;:l 2mn(and, — bney).

Prove that L? — 47 A > 0 and that equality holds iff
a1 =dy, by=-c, anda, =b, =c, =d, =0 foralln > 2,
which describes the equation of a circle.

4. (Riesz-Fischer theorem) Let X be a Hilbert space and {uy, ua, us, ...} be an orthonormal
o o
sequence in X. If (ap)nen is a sequence of scalars such that Z |on|? < +o0, then Z O,

n=1 n=1
converges in X.

HinT: For m € N, define z,, = Z apty,. If m > 1, then

n=1
m

lom a2 = 3
n=I[+1

Conclude that (2.,)men is Cauchy, and hence convergent.

4.5 Riesz representation theorem

If X is a Hilbert space, and xg € X, then the map
e (x,x0): X = K

is a bounded linear functional on X. Indeed, the linearity follows from the linearity property of
the inner product in the first variable (IP2 on page 47), while the boundedness is a consequence
of the Cauchy-Schwarz inequality:

(@, o)| < [lzolll]-

Conversely, it turns out that every bounded linear functional on a Hilbert space arises in this
manner, and this is the content of the following theorem.

Theorem 4.5.1 (Riesz representation theorem) If T € Z(X,K), then there exists a unique xo €
X such that

Vee X, Tx= (z, xg). (4.21)

Proof We prove this for a Hilbert space X with an orthonormal basis {u1,us, us, ... }.

STEP 1. First we show that Z |Tun|* < +o0. For m € N, define

n=1
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Since {u1,us,us, ...} is an orthonormal set,

lyml® = G ym) = D T (un)[* = ki (say).

Since

T(ym) = Y (T(un))" T (un) = km,

and |T'(ym)| < |T||[|yml|, we see that ky, < [|T||Vkm, that is, ky, < ||T|?>. Letting m — oo, we
obtain

YT (u)? < |IT)? < +oc.

n=1

STEP 2. From the Riesz-Fischer theorem (see Exercise 4 on page 64), we see that the series

converges in X to xo (say). We claim that (4.21) holds. Let € X. This has a Fourier expansion

x = Z(z,un>un

n=1

Hence

T(z)= Z<$aun>T(un) = Z(xa (T'(un)) up) = <=73; Z(T(un))*un> = (z,20).

STEP 3. Finally, we prove the uniqueness of g € X. If z; € X is another vector such that
Ve e X, Tx= (x,z1),
then letting = xy — x1, we obtain (xg — z1,z0) = T'(xo — 21) = (xo — 21, 1), that is,
llzo — 21]|* = (xo — 21,20 — 21) = 0.

Thus zg = x1. [}

Thus the above theorem characterizes linear functionals on Hilbert spaces: they are precisely
inner products with a fixed vector!

Exercise. In Theorem 4.5.1, show that also ||T|| = ||xo||, that is, the norm of the functional is
the norm of its representer.

HINT: Use Theorem 4.1.1.

4.6 Adjoints of bounded operators

With every bounded linear operator on a Hilbert space, one can associate another operator,
called its adjoint, which is geometrically related. In order to define the adjoint, we prove the
following result. (Throughout this section, X denotes a Hilbert space with an orthonormal basis

{ul,’U,Q,’U,g, e })
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Theorem 4.6.1 Let X be a Hilbert space. If T € £ (X), then there exists a unique operator
T € £(X) such that
Ve,y € X, (Tw,y) = (z,T"y). (4.22)

Proof Let y € X. The map L, given by z — (T'z,y) from X to K is a linear functional. We
verify this below.
Linearity: If x1,x5 € X, then

Ly(z1 + 32) = (T(21 + 22),y) = (T21 + T22,y) = (Tz1,y) + (T22,y) = Ly(1) + Ly(22).
Furthermore, if « € K and z € X, then Ly(az) = (T'(ax),y) = (oTz,y) = a(Tz,y) = aL,(z).
Boundedness: For all x € X,

1 Ly(2)] = (T, y)| < [ Tll{lyll < 1Tyl

and so [ Ly | < [ Tl[lyl| < +o0.

Hence L, € Z(X,K), and by the Riesz representation theorem, it follows that there exists a
unique vector, which we denote by T*y, such that for all z € X, L,(x) = (x,T*y), that is,

Vee X, (Tx,y)=(x,T"y),

In this manner, we get a map y — Ty from X to X. We claim that this is a bounded linear
operator.

Linearity: If y1,y2 € X, then for all z € X we have
(@, T"(y1 +y2)) = (Tz,y1 + y2) = Tz, y1) + (Tw,y2) = (@, T y1) + (2, T y2) = (2, T"y1 + T7y2).

In particular, taking x = T (y1 +y2) — (T*y1 + T*y2), we conclude that T*(y1 +y2) = T y1 +T*ya.
Furthermore, if « € K and y € X, then for all x € X,

(2, T (ay)) = (T'(x), ay) = o™ (Tx,y) = o™ (2, T"y) = (v, aT"y).

In particular, taking @ = T*(ay) — a(T*y), we conclude that T*(ay) = a(T*y). This completes
the proof of the linearity of 7.

Boundedness: From the Exercise in §4.5, it follows that for all y € X, ||[T*y|| = | Lyl < [T l|y]l-
Consequently, | T*|| < ||T|| < 4oc.

Hence T* € £(X). Finally, if S is another bounded linear operator on X satisfying (4.22),
then for all z,y € X, we have
(z,T"y) = (T'z,y) = (z, Sy),
and in particular, taking x = T*y — Sy, we can conclude that T*y = Sy. As this holds for all y,
we obtain S = T*. Consequently T is unique. [

Definition. Let X be a Hilbert space. If T € .Z(X), then the unique operator T* € Z(X)
satisfying
Ve,ye X, (Ta,y) = (x,T"y),

is called the adjoint of T.

Before giving a few examples of adjoints, we will prove a few useful properties of adjoint
operators.
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Theorem 4.6.2 Let X be a Hilbert space.

~

L IfT € Z(X), then (T*)* =T.
2. If T € £(X), then |T*| = ||T]|.

3. IfaeKand T € £ (X), then (aT)* = a*T.

>

If S,T € L(X), then (S +T)* = S* + T*.

N

If S,T € £(X), then (ST)* = T*S*.

Proof 1. For all z,y € X, we have
(@, (") y) = (T"z,y) = (y, T"z)" = (Ty,x)" = (2, Ty),
and so (T*)*y = Ty for all y, that is, (T*)* =T.

2. From the proof of Theorem 4.6.1, we see that ||T*| < ||T||. Also, |T|| = [|[(T*)*]] < [T
Consequently | T|| = ||

3. For all z,y € X, we have

(@, (aT)"y) = ((aT)z,y) = (a(Tx),y) = o(Tz,y) = ofx, T"y) = (x,a™ (T"y)) = (x, (@ T")y),
and so it follows that (aT)* = o*T™*.
4. For all x,y € X, we have

(,(S+T)y) = (S+T)x,y)

(
(Sz+ T, y)

= (Sz,y) + (T'z,y)
(, S"y) + (z, T"y)
(z,S*y + T*y)
(x, (S* +T")y),

and so (S+T)*=S*+T*.
5. For all z,y € X, we have
(z, (ST)"y) = (ST, y) = (S(Tx),y) = (Tw, 5"y) = (2, T"(5"y)) = (&, (T*5")y),

and so it follows that (ST)* = T*S*. [}

The adjoint operator T' is geometrically related to T'. Before we give this relation in Theorem
4.6.3 below, we first recall the definitions of the kernel and range of a linear transformation, and
also fix some notation.

Definitions. Let U,V be vector spaces and T : U — V a linear transformation.

1. The kernel of T is defined to be the set ker(T) = {u € U | T(u) = 0}.

2. The range of T is defined to be the set ran(T") = {v € V' | Ju € U such that T'(u) = v}.
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Notation. If X is a Hilbert space, and S is a subset of X, then S+ is defined to be the set of all
vectors in X that are orthogonal to each vector in S:

St={zeX|Vyes, (zy) =0}

We are now ready to give the geometric relation between the operators T and 7.
Theorem 4.6.3 Let X be a Hilbert space, and suppose that T € £ (X). Thenker(T) = (ran(T*))*.

Proof If z € ker(T'), then for all y € X, we have (z,T*y) = (Txr,y) = 0, and so = € (ran(T*))*.
Consequently ker(T) C (ran(T™))> .

Conversely, if z € (ran(7%))*, then for all y € X, we have 0 = (z,T*y) = (Tx,y), and in
particular, with y = Tz, we obtain that (T'z, Tx) = 0, that is Tz = 0. Hence x € ker(T"). Thus
(ran(T*))* C ker(T) as well. [}

We now give a few examples of the computation of adjoints of some operators.

Examples.

1. Let X = C™ with the inner product given by

n
(w,y) = wiy;
=1

Let T4 : C* — C™ be the bounded linear operator corresponding to the n x n matrix A of
complex numbers:
ail e A1n
A =
ani ... Apn

What is the adjoint 747 Let us denote by A* the matrix obtained by transposing the matrix
A and by taking the complex conjugates of each of the entries. Thus

*

*
all e a/,nl

A% =

al, ... @

We claim that T} = T'4~. Indeed, for all z,y € C",

n n

(Taz,y) = Z aijTj | y;
1

i=1 \j=

n o n
- § § azgx]yi
=1 j=1

n

n
= Doy ayy

j=1  i=1

n n *
pr— . * .
- :CJ a’ijyz
j=1 i=1

1=

== (.Z',TA*y>
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2. Recall the left and right shift operators on £2:

R(ml,wg,...) = (0,$1,.T2,...), L(l‘l,wg,...) = (.1‘2,.%'3,1'4,...).
We will show that R* = L. Indeed, for all z,y € £2, we have
<R‘T7y> = <(07$17x25'")5(y17y2;y37"')>

9]
*
= § TnYn+1
n=1

= <(£L'1,ZL'2,ZL'3,...),(y27y37y4,...)>
= (z, Ly).

Exercises.
1. Let (An)nen be a bounded sequence of scalars, and consider the diagonal operator D : ¢? — (2
defined by (2.18) on page 24. Determine D*.

2. Consider the anticlockwise rotation through angle © in R?, given by the operator T4y : R? —
R? corresponding to the matrix

cos® —sin®
sin® cos©

What is T 7 Give a geometric interpretation.
Let X be a Hilbert space with an orthonormal basis {u1,ug, us, ... }.

3. If T € £(X) is such that it is invertible, then prove that T is also invertible and that
(T*)—l — (T_l)*.

4. An operator T € Z(X) is called self-adjoint (respectively skew-adjoint) if T = T™* (respec-
tively T' = —T*).  Show that every operator can be written as a sum of a self-adjoint
operator and a skew-adjoint operator.

5. (Projections) A bounded linear operator P € Z(X) is called a projection if it is idempotent
(that is, P? = P) and self-adjoint (P* = P). Prove that the norm of P is at most equal to
1.

HiNT: || Pa|? = (Pa, Pa) = (Pa,z) < |[Palje].
Consider the subspace Y = span{uy, ..., u,}. Define P, : X — X as follows:

n

P,x = Z(w,uk)uk, r e X.
k=1

Show that P, is a projection. Describe the kernel and range of P,.

Suppose that {uy,uz,us,...} is an orthonormal basis for X. Prove that
Vee X, Py zinX.
6. Let X be a Hilbert space. Let A € Z(X) be fixed. We define A : Z(X) — .Z(X) by
AT)=A"T+TA, TeZLX).
Show that A € Z(Z(X)). Prove that if T is self-adjoint, then so is A(T).
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Chapter 5

Compact operators

In this chapter, we study a special class of linear operators, called compact operators. Compact
operators are useful since they play an important role in the numerical approximation of solutions
to operator equations. Indeed, compact operators can be approximated by finite-rank operators,
bringing one in the domain of finite-dimensional linear algebra.

In Chapter 2, we considered the following problem: given y, find x such that
(I—Azx=y. (5.1)

It was shown that if ||A|| < 1, then the unique z is given by a Neumann series. It is often the case
that the Neumann series cannot be computed. If A is a compact operator, then there is an effective
way to construct an approximate solution to the equation (5.1): we replace the operator A by a
sufficiently accurate finite rank approximation and solve the resulting finite system of equations!
We will elaborate on this at the end of this chapter in §5.2.

We begin by giving the definition of a compact operator.
5.1 Compact operators

Definition. Let X be an inner product space. A linear transformation 7' : X — X is said to be
compact if

V bounded sequence (x,, )nen contained in X, (Tz,),en has a convergent subsequence.

Before giving examples of compact operators, we prove the following result, which says that
the set of compact operators is contained in the set of all bounded operators.

Theorem 5.1.1 Let X be an inner product space. If T : X — X is a compact operator, then
T e Z(X).

Proof Suppose that there does not exist a M > 0 such that

Va € X such that ||z|| <1, ||Tz| < M.

71
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Let z; € X be such that [|z1]] < 1 and ||[Tz1]] > 1. If 2, € X has been constructed, then let
Zn+1 € X be such that ||z,41]] < 1 and

[T i1l > 1+ max{|[Tz]], ..., | Ten[}

Clearly (zn)nen is bounded (indeed for all n € N, ||a,,|| < 1). However, (Tx,)nen does not have
any convergent subsequence, since if ny,ny € N and ny < ns, then

[T, = Tn, || 2 [T, || = [Tn, | > 1+ max{{[Taal], ..., [T, 1[[} = [T, [| > 1.

So T is compact. m

However, the converse of Theorem 5.1.1 above is not true, as demonstrated by the following
Example which says that the identity operator in any infinite-dimensional inner product space is
not compact. Later on we will see that all finite-rank operators are compact, and in particular,
the identity operator in a finite-dimensional inner product space is compact.

Example. Let X be an infinite-dimensional inner product space. Then we can construct an
orthonormal sequence uy, us, ug, ... in X (take any countable infinite independent set and use the
Gram-Schmidt orthonormalization procedure). Consider the identity operator I : X — X. The
sequence (un)nen is bounded (for all n € N |lu,|| = 1). However, the sequence (Iuy,)nen has no
convergent subsequence, since for all n,m € N with n # m, we have

[Hun — Tum || = [[un — uml| = V2.

Hence I is not compact. However, I is clearly bounded (||I]| = 1). O

It turns out that all finite rank operators are compact. Recall that an operator T is called a
finite rank operator if its range, ran(T), is a finite-dimensional vector space.

Theorem 5.1.2 Let X be an inner product space and suppose that T € £ (X). If ran(T) is
finite-dimensional, then T is compact.

Proof Let {uy,...,un} be an orthonormal basis for ran(T"). If (z,)nen is a bounded sequence
in X, then for all n € N and each k € {1,...,m}, we have

(T an, uk)| < (| T [[|unl® < [Tl |2n]| < T} sup [l (5.2)

Hence ({TZy,u1))nen is a bounded sequence. By the Bolzano-Weierstrass theorem, it follows that

it has a convergent subsequence, say ((Txgll), u1))nen. From (5.2), it follows that ((T:C,(zl), U2))neN

is a bounded sequence, and again by the Bolzano-Weiertrass theorem, it has a convergent subse-

quence, say (<Tz%2), u2))nen. Proceeding in this manner, it follows that (z,)nen gas a subsequence

(2™ ) nen such that the sequences

(<T5E7(zm)v u1>)n€N7 ceey (<T1.$lm)7 um>)n€N

are all convergent, with limits say aq,...,am, respectively. Then

m 2 m m m
Txglm) - Z apu|| = Z(szlm), Ug) U — Z QLU Z Tz(m Jug) — agl? =370,
k=1 k=1 k=1 k=1
m
and so it follows that (Tx%m))neN is a convergent subsequence (with limit Z ajuy) of the sequence
k=1

(Txp)nen. Consequently T is compact, and this completes the proof. ]
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Next we prove that if X is a Hilbert space, then the limits of compact operators are compact.
Thus the subspace €(X) of £(X) comprising compact operators is closed, that is €(X) = €(X).
Hence %(X), with the induced norm from .#(X) is also a Banach space.

Theorem 5.1.3 Let X be a Hilbert space. Suppose that (T, )nen is a sequence of compact opera-
tors such that it is convergent in £ (X), with limit T € £(X). Then T is compact.

Proof We have
lim ||T —T,| =0.

Suppose that (x,)nen is a sequence in X such that for all n € N, ||z, || < M. Since T} is compact,
(Thzpn)nen has a convergent subsequence (Tlac,(,l))neN, say. Again, since (x%l))neN is a bounded

. 1 . 2
sequence, and 7> is compact, (TQ,CE%))"EN contains a convergent subsequence (Tgx,(,))neN. We
continue in this manner:

X o I3

xgl) .Tél) .Tél)
$§2) .TéQ) ng)

Consider the diagonal sequence (xgzzl)neN, which is a subsequence of (2, )nen. For each k € N,

(Tkx%n))neN is convergent in X. For n,m € N, we have
Tl = Tal | < | Tl = Tha(|| + | Teal? — Teal?|| + | Teal? — TaGh)|

|T = Tl 257 || + | Tealy” = ToaG )| + 1T = Tl |2l
2M||T = Tyo|| + 1T — T ().

IA A

Hence (Tz%"))neN is a Cauchy sequence in X and since X is complete, it converges in X. Hence
T is compact. [ |

We now give an important example of a compact operator.

Example. Let
ki1 k2 ki3
ko1 koo ko3
K= kg kio ks

be an infinite matrix such that

Z Z |kij|> < +oo.

i=1 j=1

Then K defines a compact linear operator on £2.

If 2 = (21, 22,23,...) € £2, then

o0 o0 oo
Kz = E kljl'j, E kgjmj, E k/’3j$j
j=1 j=1 j=1

i i |kij|2 < 4’007

i=1 j=1
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it follows that for each i € N, Z |kij|2 < +00, and so k; := (ki1, kia, ki3, ... ) € £2. Thus
j=1

z) =Y kijx;
j=1

converges. Hence Kz is a well-defined sequence. Moreover, we have

2 2
K23 = Y| kijz| <D Z [Fijl ;]
il ot =\
< i Z |k | i |22 (Cauchy-Schwarz)
i=1 j=1
= D P DD RGP | = 1?0 Tk
j=1 i=1 j=1 i=1 j=1

This shows that Kz € £? and that K € £(¢?), with

K] <

Define the operator K,, € £ (¢?) as follows:

ikljxj,...,iknjxj,0,0,0,... , x e (?

This is a finite rank operator corresponding to the matrix

k11 k1n
0o ... 0
and is simply the operator P, K, where P, is the projection onto the subspace Y = span{ey,...,e,}

(see Exercise 4.6 on page 69). As K, is finite rank, it is compact. We have

0 0
K-K, = 0 ... 0
k(n+l) B k(n+1)

and so
o o
1K —KalP < D2 3 Ikl =50
i=n+1j=1

Thus K is compact. This operator is the discrete analogue of the integral operator (2.17) on page
23, which can be also shown to be a compact operator on the Lebesgue space L?(a,b). O
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It is easy to see that if S,T are compact operators then S + T is also a compact operator.
Furthermore, if o € K and T is a compact operator, then o7 is also a compact operator. Clearly
the zero operator 0, mapping every vector z € X to the zero vector in X is compact. Hence the
set of all compact operators is a subspace of € (X).

In fact, € (X) is an ideal of the algebra .#(X), and we prove this below in Theorem 5.1.4.

Definition. An ideal I of an algebra R is a subset I of R that has the following three properties:

I1oel.
12 Ifa,be I, thena+bel.

I3 Ifaeland r € R, then ar € I and ra € I.

Theorem 5.1.4 Let X be a Hilbert space.

1. If T € Z(X) is compact and S € £(X), then T'S is compact.
2. If T € £(X) is compact, then T* is compact.
3. IfT € Z(X) is compact and S € £ (X), then ST is compact.

Proof 1. Let (2,)neny be a bounded sequence in X. As S is a bounded linear operator, it
follows that (Szy,)nen is also a bounded sequence. Since T is compact, there exists a subsequence
(T'(Sxn,, ))ken that is convergent. Thus T'S is compact.

2. Let (2 )nen be a bounded sequence in X . From the part above, it follows that T'T™* is compact,
and so there exists a subsequence (TT*z,, )ren that is convergent. Hence

HT*‘rnk - T*zm ”2 = <TT*(1'711@ - xnz)v (‘rnk - zm» < ||TT*1"nk - TT*Z'"L HH‘rnk — Ty H

hence (T™*xy, )ren is a Cauchy sequence and as X is a Hilbert space, it is convergent. This shows
that 7™ is compact.

3. As T is compact, it follows that T™* is also compact. Since S* € Z(X), it follows that T*S* is
compact. From the previous part, we obtain that (7*S*)* = ST is compact. [

Summarizing, the set ¥ (X) is a